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Single-step fabrication and work
function engineering of Langmuir-
Blodgett assembled few-layer
graphene films with Li and Au salts

Ivana R. MiloSevi¢'™, Borislav Vasi¢, Aleksandar Matkovi¢?™, Jasna Vujin?, Sonja Askrabic3,
Markus Kratzer?, Thomas Griesser*, Christian Teichert? & Rados$ Gaji¢!

To implement large-area solution-processed graphene films in low-cost transparent conductor
applications, it is necessary to have the control over the work function (WF) of the film. In this study
we demonstrate a straightforward single-step chemical approach for modulating the work function

of graphene films. In our approach, chemical doping of the film is introduced at the moment of its
formation. The films are self-assembled from liquid-phase exfoliated few-layer graphene sheet
dispersions by Langmuir-Blodgett technique at the water-air interfaces. To achieve a single-step
chemical doping, metal standard solutions are introduced instead of water. Li standard solutions (LiCl,
LiNO;, Li,CO3) were used as n-dopant, and gold standard solution, H(AuCl,), as p-dopant. Li based
salts decrease the work function, while Au based salts increase the work function of the entire film.
The maximal doping in both directions yields a significant range of around 0.7 eV for the work function
modulation. In all cases when Li-based salts are introduced, electrical properties of the film deteriorate.
Further, lithium nitrate (LiNO;) was selected as the best choice for n-type doping since it provides the
largest work function modulation (by 400 meV), and the least influence on the electrical properties of
the film.

Graphene, consisting of a single layer carbon arranged in a hexagonal lattice, has attracted extensive interest
because of the excellent mechanical and electrical properties associated with its two dimensional structure' .
Chemical vapor deposition (CVD) method has become the most common method for production of large-area
graphene films®. Still, simple and low-cost methods are needed for mass production especially when considering
the cases where high-quality films are not needed for the desired functionality, as in low-power lighting, sensors,
transparent heating, and de-icing applications®. In that context, liquid-phase exfoliation (LPE) is a perspective
way of obtaining large quantities of exfoliated graphite in solution. LPE of graphite results in a dispersion of
few-layer graphene sheets (GSs) in the solvent. However, in order to access the full potential of LPE-processed
graphene, thin-films needs to be controllably fabricated utilizing techniques capable to introduce self-ordering of
GSs’. One such example is Langmuir-Blodgett assembly (LBA). Based on surface-tension induced self-assembly
of nanoplatelets at the liquid-air interface or the interface of two liquids, LBA is a good method for production of
large-scale, highly transparent, thin solution-processed graphene films®-11.

Excellent electrical conductivity, flexibility and transparency in the visible domain make graphene a natural
choice for ultrathin, flexible and transparent electrodes in electronic devices'®!*""?. Still, a significant work func-
tion difference between graphene and frequently employed active layers of photovoltaic and light-emitting diode
(LED) devices gives rise to a high contact resistance. Contact resistance can have a significant impact on overall
efficiency and performance of the devices®. This is of a particular technological relevance considering that any
realistic application of graphene based transparent electrode must compete against those based on indium tin
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oxide (ITO) or fluorine-doped tin oxide (FTO), which have already gone through decades of interfacial optimi-
zation in order to deliver todays’ performance®!-**. Therefore, the understanding of the efficient ways for mod-
ulation of the graphene work function is crucial for improving device performances***?*. In order to enhance
the charge injection, the work function of the graphene electrode should be optimized to better match WF of the
adjacent layer in order to form an ohmic contact?.

Recently, the chemical doping has been reported to be an effective method for doping of CVD graphene and
tuning its work function by charge transfer between the graphene sheet and metal salts, organic dopants, or metal
oxide layers!'?!421-28_Such surface charge transfer induced by chemical doping is expected to efficiently control
the Fermi level of graphene sheets without introducing substitutional impurities or basal plane reactions, thus,
preventing any damage to the carbon networks and not introducing scattering centres that would lower carrier
mobility?!. Kwon et al. reported n-type chemical doping of CVD graphene with alkali metal carbonates by soak-
ing in appropriate solutions* and alkali metal chlorides by spin-coating of appropriate solutions on the trans-
ferred graphene substrates®. So far, doping of Langmuir-Blodgett graphene films prepared from LPE dispersions
has been done with nitric acid and ozone after the film was formed using the drop-casting method and UV/ozone
treatment”?’. Chemical doping is especially attractive for LPE-based graphene films since many exposed edges of
GSs are expected to enable very efficient functionalization through charge transfer doping. However, the chemical
doping with metal salt solutions has not been used to control the work function of LBA graphene films so far. In
this work LBA graphene films obtained from LPE dispersion were doped during the process of film formation.
Therefore, the formation and doping of the LBA graphene films in our work represent a single-step process. This
is a significant improvement compared to previous works where the chemical doping was applied only after the
graphene fabrication.

In the present work, we systematically investigated single-step work function modulation (increase and
decrease) of the LPE GS films achieved by chemical doping. In particular, using Li standard solutions (LiCl,
LiNO; and Li,COs;) as n-dopant, and gold standard solution H(AuCl,) as p-dopant was investigated. In contrast
to previous methods for chemical doping of CVD graphene which can be applied only after the graphene films
fabrication, here we described the method for the production and doping of LPE graphene films in a single-step.
Single-step work function modulation means doping of the film at the moment of its formation from the LPE
graphene dispersion by LBA technique at the air-metal standard solution interface. We have demonstrated tun-
ability of the WF in the range of almost 1 eV, making these metal-salt treated LPE-based graphene electrodes
suitable candidates for both electron and hole injection interfaces.

Results and discussion

Morphology of LPE GS films. Fabrication and doping of the GS films is schematically represented in
Fig. 1(a): air-metal standard solution interface, introduction of LPE dispersion and formation of the LPE GS film
at the interface, scooping of the doped film on the target substrate and finally, obtained doped LPE GS film which
is further investigated with different techniques.

Morphology of LPE GS films is depicted in Fig. 1 consisting of both optical (Fig. 1(b1-f1)) and Atomic Force
Microscopy (AFM) topographic images (Fig. 1(b2-f2)) for both undoped and metal doped LPE GS films. As
can be seen from AFM images, the doping process does not change morphology of LPE films, except that the
doped films contain more agglomerates (visible as bright particle-like domains). The following values for the
surface roughness were obtained by AFM measurements averaged on ten 50 x 50 um?areas: (a) 11.9 + 1.5nm for
undoped LPE GS film, (b) 11.5+ 3.5 nm for Li,CO; doped, (c) 13.3 + 2 nm for H(AuCl,) doped, (d) 13.7 + 1.6nm
for LiCl doped, and (e) 13.8 + 1.2 nm for LiNO; doped LPE GS films. Therefore, the surface roughness sligtly
increases by around 2 nm after the doping, while for Li,CO; doped LPE GS film is practically the same as for
the undoped film. Still, optical images recorded on larger scale depict formation of agglomerates in doped films
which could degraded their optical (leading to an increased scattering and/or absorption of incoming lights on
these clusters) and electrical properties (due to enhanced scattering of charge carriers).

The observed formation of the agglomerates is most likely not an inherent property of the particular metal-salt
doping. Overcoming this would likely require further optimization of the LBA process. However, as a benchmark
the LBA process in this study was optimized for an undoped film and was left unchanged for all of the metal-salt
doped films.

Transmittance measurements. Using the different doping metal standard solution during LBA of
graphene films was found to result in different transparency. In the UV region, the transmittance of graphene is
dominated by an exciton-shifted van Hove peak in absorption®*. Transmittance at 550 nm was 82% for undoped
and 80%, 76%, 74%, 68% for H(AuCl,), LiCl, LiNO;, Li,CO; doped LPE GS films, respectively (Fig. 2). It can be
seen that transmittance decreases for doped LPE GS films. Metal salts decrease the transmittance of the graphene
films regardless the type of the present metal (gold or lithium). The degree of the transmittance decrease was
related to not only the metal cations but also the anions. Different lithium salts decrease transmittance in differ-
ent amounts. Transmittance decrease of 14% was the highest for the LPE GS film doped with lithium carbonate
(Li,CO;). Similar results of the transmittance decrease for metal doped CVD graphene films were obtained in
studies of Kwon et al.?***%, Transmittance decrease could be a consequence of the metal particles adsorption and
agglomeration on doped films after the solvent evaporation process. Changes in the thickness of LPE GS films
with doping could not be excluded because LBA process in this study was optimized for an undoped film and was
left unchanged for all of the metal-salt doped films.

Raman measurements. Raman spectra for undoped and H(AuCl,), LiCl, LiNO,, Li,CO; doped LPE GS
films are given in Fig. 3(a). The four basic graphene/graphite peaks D (~1348 cm™}), G (~1579cm ™), D' (1614
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Figure 1. (a) Schematic representation of the LPE GS film formation and its doping in the single-step process.
(b1-f1) Optical images are shown in the top row, whereas (b2-f2) AFM topographic images are shown in the
bottom row for the following cases: (b) undoped LPE GS film, and (c) Li,COs3, (d) H(AuCl,), (e) LiCl, (f) LiNO,
doped LPE GS films. z-scale in all AFM images is 100 nm.
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Figure 2. Transmittance spectra of undoped and H(AuCly), LiCl, LiNO;, Li,CO; doped LPE GS films.

cm ') and 2D (2700 cm!) are observed for all the samples. No significant shifts of any characteristic Raman
peaks of graphene were detected after chemical doping (Fig. 3(a)).

The change of the full weight at half-maximum (FWHM) of the Raman modes after doping with metal stand-
ard solutions was negligible Fig. 3(b). The only notably change of the Raman spectra was the increase of the inten-
sity ratio of D to G peaks, I(D)/I(G) (Fig. 3(c)). The quantity of defects has been shown to be related to the ratio
between the D and G peaks, I(D)/I(G); the larger the ratio, the larger the defect density®'. We observe increase of
the defect density with H(AuCl,), LiCl, LiNO;, Li,CO; doping in relation to the undoped film and the amount of
the increase expressed in percent was 37%, 24%, 29% and 21%, respectively.

All self-assembled films suffer from a large defect density that often leads to a high sheet resistance of depos-
ited film. Therefore, the nature and density of defects in any thin film transparent conductor is important, espe-
cially when chemical treatment was used to enhance films” performance. The intensity ratio between the D and
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Figure 3. (a) Raman spectra of the undoped LPE GS film and films doped with Li and Au salts, (b) FWHM of
the four basic Raman peaks (c)The intensity ratio of D to G peak for different doping metal salts, I(D)/I1(G), (d)
The intensity ratio of D to D’ peak, I(D)/I(D’), for different doping metal salts. We refer to peak intensity as the
height of the peaks as proposed by Eckmann et al.*?.
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Figure 4. FT-IR spectra of (a) undoped and H(AuCl,), LiCl, LiNO;, Li,CO; LPE GS doped films, (b) metal
standard solutions (0.1 mg/mL) used for doping processes.

D’ peak can be used to get information on the nature of defects in graphene®>*. I(D)/I(D’) was calculated, and
the obtained results were presented in Fig. 3(d). Topological defects (like pentagon-heptagon pairs), boundaries,
vacancies, substitutional impurities and sp® defects are possible defects in graphene’!. Studies reporting a ratio of
3.5 for boundaries, 7 for vacancies, 13 for sp® and values in-between those for vacancies and sp? for substitutional
impurities can be found in the literature®**>**. From Fig. 3(d) it can be observed that the D to D’ intensity peak
ratio is nearly constant in our samples regardless of the doping solution, and the value of the ratio indicates that
the edges are the dominant type of defects in our LPE GS films.

Fourier transform infrared absorbance (FT-IR) measurements. FT-IR spectra of undoped and LiCl,
LiNO;, Li,CO;, H(AuCl,) doped LPE GS films, as well as FT-IR spectra of corresponding metal standard solu-
tions are shown in Fig. 4.

For the undoped LPE GS film FT-IR spectra is simple. It can be seen only a small peak assignable to C=C
skeletal vibration®-* of the graphene basal planes at ~1560 cm ™. This peak can also be seen in FT-IR spectra for
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Figure 5. (a) AFM topography, (b) CPD map measured by KPFM, and (c) histogram of (b) shown for
H(AuCl,) doped LPE GS film as an example. (d) Change in WF for doped LPE GS films for different dopants,
in comparison to the undoped LPE GS film. Solid red line in (d) is only a guide for the eye. (e) Schematic
representation of the work functions prior to the interaction (equal vacuum levels) for Au-based salt/graphene
and Li-based salt/graphene. The green arrows indicate direction of electron flow showing that in the case of Li
(Au) based salts, electrons are transferred to (from) graphene.

all investigated doped films at the same wavenumber indicating that graphene basal planes were not interrupt
by doping. The strong peak at around ~3400 cm™! and another, smaller one, near ~1630 cm™! can be seen in all
doped LPE GS films (Fig. (4a)) and corresponding metal standard solutions (Fig. (4b)). They are attributed to the
water molecules and are assignable to the O-H stretching vibrations (~3400 cm™!) and H-O-H bending mode
(~1630 cm')*%_ In the case of FT-IR spectra for LPE GS film doped with LiNO; the peak at ~1340cm ! and
~1390 cm ™! are assignable to the vibration mode of the NO; ™~ ions and asymmetric stretch of O-NO,, respec-
tively*®*°. Similar vibration modes can be observed in the case of FT-IR spectra for LPE GS film doped with
Li,CO; and can be assigned to the vibration mode of the CO;™ ions (1340 cm™!) and asymmetric stretch of
0-CO, (~1390 cm™!)*!, The same vibrational modes could be seen for LINO; and Li,CO, standard solutions (Fig.
(4b)).

From the observed FT-IR results (Fig. 4(a)) it is clear that additional peaks appear with LPE GS film chemical
doping. These additional peaks match with vibrational modes of the anions in solution (Fig. 4(b)). Considering
that no new peaks are visible in the given spectra (which would indicate the formation of chemical bonds) the
present peaks could be a consequence of the metal salts adsorption to the graphene lattice during the doping. In
order to understand Li and Au doping mechanisms XPS measurements were performed and they are presented
in separate section.

Work function modulation. Results for the work function dependent on the different metal standard
solution used in the LBA process are summarized in Fig. 5. The top row depicts an example with the topog-
raphy (Fig. 5(a)), corresponding contact potential difference (CPD) map measured by Kelvin probe force
Microscopy-KPFM (Fig. 5(b)), and the histogram of the CPD distribution measured on H(AuCl,) doped
graphene film (Fig. 5(c)). The histogram is characterized with a single peak, which is used for the averaging
and calculation of the absolute value of work function. The same procedure was done for all considered films.
More details about the measurements of CPD and WF calculations are given in Supplementary information in
Supplementary Figs. S3-S5. As a result, the values of the absolute work function are presented in Fig. 5(d) for
both, doped and undoped LPE GS films. As can be seen, n-doping of graphene films is achieved by Li-based salts,
whereas Au-based salt leads to p-doping.

The change of the WF due to the doping can be explained according to the schematic presentation in Fig. 5(e),
illustrating that Li (Au) as a lower (higher) work function material compared to GS films. Therefore, presence of
Li-based salts into the graphene film results in a reduction of the work function of the entire film. This behavior
can be interpreted as an increase in the Fermi level of GSs — compared to the value for the undoped films -
indicating predominantly a charge transfer from Li-based salts to graphene (n-doping), as expected when con-
sidering that Li has lower WF than graphene (graphite). In contrast to Li-based salts, the Au-based salt shows
an opposite trend for the relative change of the work function. This indicates charge transfer from graphene to
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Figure 6. (a) Schematic cross-section of the bottom-contacted back-gated FET devices, also indicating
electrical connections. (b) Optical microscopy image of one of the devices, without PDMS capping (for clarity).
LBA GS film covers the entire sample surface. (¢,d) Output curves of H(AuCl,) and LiNO; doped samples, and
(e,f) transfer curves of H(AuCl,) and LiNO; doped samples, respectively. Dashed lines represent least squares
linear fits (to selected regions) that were used to extract sheet resistance and linear mobility.

Au-based salt and a relative reduction of the Fermi level in GSs (p-doping). It is also worth mentioning that
poly-crystalline nature of LPE based GS films, large amount of sheet edges and presence of the residual solvent
(NMP) results in p-doped films’, as was also observed in the electrical measurements presented in the following
subsection. Therefore, WF values are lower for the LPE-based films by at least 200 meV, than for the pristine
exfoliated single-crystals*?. p-type doping is also reflected on the WF of the reference samples (undoped LPE GS),
and therefore on the whole accessible range for the WF modulation by this method. This was also highlighted in
Fig. 5(e), where the WFp, . .o depicts the case of undoped graphene®.

According to Fig. 5(d), the maximal doping in both directions is similar, around 0.3-0.4 eV, finally providing
a significant range of around 0.7 eV for the work function modulation of LPE GS films. The achieved range was
obtained for 0.1 mg/mL concentration of dopants. For smaller concentrations (one order of magnitude lower,
0.01 mg/mL), the observed changes in CPD were in the order of 10mV. On the other hand, for higher concentra-
tions (for one order of magnitude higher, 1 mg/mL) gave rise to the problems related to the formation of contin-
uous, large-area LPE GS films, and were therefore excluded from this study. The reported shift of the Fermi level
is very similar to the other (comparable) systems in the literature. WF values change of 0.3 eV in our experiment
(chemical doping by Au ions) are the same order of magnitude as in Kwon et al. manuscripts for gold-chloride
(WF change of 0.6 eV?!, 0.6 eV*, 0.4eV%). Compared with Kwon e al. alkali carbonate?® and chloride? graphene
chemical doping data (0.4 eV and 0.3-0.4 eV, respectively) WF values change for Li in our manuscript (0.2eV and
0.4eV) are in the same order of magnitude. Compared with literature data the same effect can be achieved but
advantages of our approach is fast and simple solution-based method for one-step fabrication and WF control of
large-area graphene films.

Sheet resistance. The schematic cross-section of the devices used for the electrical characterization is
shown in Fig. 6(a), also indicating electrical connections. An optical microscopy image for one of the devices
without PDMS encapsulation (for clarity) is shown in Fig. 6(b) illustrating source (S) and drain (D) contact geom-
etries. One characteristic set of transport and output curves for H(AuCl,) and LiNO; doped film is presented in
Fig. 6(c-f). Here linear fits were used to extract sheet resistances and apparent linear hole mobilities. Transfer
curves for all four salt-treatments and for the reference LPE GS film are presented in the Supplementary informa-
tion (Supplementary Fig. S1).

In the cases of a reference (undoped) and H(AuCl), doped LPE GS samples, output curves barely deviate from
a perfect linear behavior in a rather large bias range, indicating that the contact resistance is negligible in com-
parison to the channel. This is in contrast to all samples doped with Li-based salts, where a significant deviation
from the linear output curves were observed at higher bias, indicating non-negligible contact resistance. This can
be attributed to large WF differences with Au bottom contacts in the case of Li-based salt doping of the films.
Furthermore, while H(AuCl,) doping enhances electrical performance of the films, a significant increase of the
resistivity and reduction of the mobility was observed in the case of all Li-based salt dopings.

The slope of the transfer curves indicates that holes are the majority carriers for all samples, including both
the undoped (reference) and all metal salt doped films. Linear fits to the transfer curves were used to estimate

SCIENTIFIC REPORTS |

(2020) 10:8476 | https://doi.org/10.1038/s41598-020-65379-1


https://doi.org/10.1038/s41598-020-65379-1

www.nature.com/scientificreports/

(a) 109 (b) ()
-14. ~ -dopin
107 e p-doping e N P ;{p’- '8
_____ IR “n-doping I 107 \‘\Q frdopmng
10° = 02t T ,
) = ® 5
=) 7 e < 10
51 o a N,
& 107 £ 107 ° =,
\‘& \\\
~~~~~ -5 ‘
@ n-doping 104 e 10 \\\
100F — === @=--mm—— —— — — - = q \N
p-doping
s : - = o = - = « 10°0= ' = = @
=5 973 o Q o 5 973 o o o s w3 O Q o
93 92 Z 3 O 9% ©2 Z 3 @} 08 92 z 3 O
S mS 5 . 2 mS = ) 28 mL 3 o)
=3 &E 3 ST & s E¥ & 3
T H3 n-dopants T HS3 n-dopants T A3 n-dopants

Figure 7. The dependence of the electrical properties of LBA graphene films on the type of metal standard
solution based doping; (a) sheet resistance, and (b) apparent linear hole mobility, and (c) direct current
conductivity to optical conductivity ratio (6pc/0p). Dashed lines in (a—c) serve only as a guide for the eye.

apparent hole mobility of the devices. While the type of majority carriers was not affected by the doping, a signif-
icant (over one order of magnitude) suppression of the field-effect was observed for Li salt dopings of the films.

Figure 7 summarizes electrical properties obtained for all of the measured devices as a function of the different
metal based doping.

The results indicate that anions also play a significant role. In the case of Li-based salts, a large variation of the
electrical properties was obtained by the different choice of the anion species. Nonetheless, the experiments point
out that metal cations dictate the direction of the WF shift (see Fig. 5), as is apparent in the case of H(AuCl,) and
LiCl where only cation species is varied. Our results of metal based doping of LPE graphene films demonstrate
a tradeoff between enhancement of the electrical performance and modulation of the WE. Similar results were
obtained for CVD doping with Li and Au salts*>?. Of a particular technological relevance is large reduction of the
WE of graphene. While many methods for chemical modulation of graphene result in p-type doping*~¢, stable
and simple n-type doping is much harder to achieve?’~**. For an efficient electron injection, a significant reduction
of graphene’s WF is required. As pointed out by WF measurements and electrical characterization, LiNO; is the
best choice from the tested Li-based salts with respect to both the largest WF reduction (by 400 meV) and least
deterioration of the electrical properties of the films with ~2-3 times increase in sheet resistance compared to the
reference (undoped LPE GS).

In contrast, doping of LPE GS films by HNO; vapor results in an increase of the apparent mobility®. However,
using a LiNOj; solution reduces the mobility by one order of magnitude. Therefore, Li* cations — and not anions -
are likely responsible for the deterioration of the electrical properties upon n-doping. An increase of sheet resist-
ance was observed in doping of CVD graphene with alkali metal carbonates and chlorides**?. There, a significant
increase in the sheet resistance was related to the combination of carbon atoms and dopant metals because elec-
tron donation occurred®*. Also, Chen et al. observed that the mobility of the charge carriers decreases with the
increase of the potassium doping concentration which they attributed to additional scattering caused by ionized
potassium atoms*>*°. It is most likely that Li* cations are acting as scattering centers for the carriers, or provide
traps at the boundaries between neighbouring GSs and effectively increase contact resistance between the over-
lapping GSs.

Finally, considering that the main potential application of these LPE GS films lies in transparent electrodes,
direct current conductivity to optical conductivity ratio (opc/00p) is presented in Fig. 7(c) for all metal standard
solution doping cases and for the reference (undoped). opc/00p is a parameter frequently reported in order to
characterize the relative performance of the films in terms of transparency and sheet resistance!***°!. The higher
the ratio the better the quality of transparent electrodes®. Compared to the changes in the electrical properties
(Fig. 7(a)) the changes in the optical properties (Fig. 2) are minor. Therefore, the dependence of the op,c/op 0n
the type of the metal-ion doping clearly follows the trend set by 1/R.

X-ray Photoemission Spectroscopy (XPS) measurements. In order to understand Au and Li ion
doping mechanisms XPS measurements were performed. C 1s, Au4fand Li 1 s core-level XPS spectra are shown
in Fig. 8. N 1s, Cl 2p and O 1s spectra are presented as Supplementary Fig. S2. The C 1s peak of undoped and
LiCl, LiNO;, Li,CO;, H(AuCl,) doped LPE GS films is shown on Fig. 8(a). The C 1 s peak is deconvoluted using
Gaussian profile into 4 components for undoped and doped films: C=C/C-C in aromatic rings (284.5eV); C-C
sp’ (285.4eV); C-0 (286.6€eV) and C=0 (289€V)*>2. In the case of Li,CO; we can see a small additional peak at
289.2-291.0 eV which can be assigned to carbonate. Detected oxygen peak (C=0) is likely due to the residual
of NMP and oxygen functionalized edges (C-O) on graphene®*. The C=C/C-C peak was shifted to a lower
binding energy by about 0.16, 0.48, 0.10 and 0.83 eV for H(AuCl,), LiCl, LiNO; and Li,CO; doping process,
respectively. The C=C/C-C peak shifts in present work are a consequence of doping by different metal standard
solutions. Kwon et al. have shown that degree of doping was related to the electronegativity of the anion in the
Au complex where anions with a high electronegativity and high bond strength are adequate for use as a p-type
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Figure 8. (a) XPS C 1s spectra of undoped and H(AuCl,), LiCl, LiNO;, Li,CO; doped LPE GS films. C=C/C-C
in aromatic rings (284.5eV); C-C sp® (285.4eV); C-O (286.6eV) and C=0 (289 V) were considered. For
Li,CO; a small additional peak at 289.2-291.0 eV can be assigned to carbonate. (b) Peak intensity ratio for the
sum of C=C/C-C and C-C peaks intensities, and the intensity of C-O, Ic_c/c.c.c.c)/I(c.0y (black line) and the
ratio of Li 1 s intensity from Li salts to Li-O intensity, I;;/I;; o (red line). (¢) XPS Li 1 s spectra for different Li
compounds and for Li-O. (d) The Au 4 f peak in the XPS data of H(AuCl,).

dopant in graphene?®.. Thus, different shifts of C=C/C-C peak for different metal-salt doping materials could be
also a consequence of anions influence on graphene films.

Figure 8(c) show the Li 1s core-level XPS spectra. Literature values for Li 1 s core-level for different Li com-
pounds are: LiCl (56.2eV), Li,CO; (55.5€eV) and LiNOj; (55.8€V)*® and they correspond well to the values
obtained in this work. Li 1 s peak at 55.0 eV is assigned to Li-O bond™. Vijayakumar and Jianzhi have shown that
lithium ion tends to bind with the oxygen rather than the carbon on graphene surface, and interacts by forming
Li-O ionic bond*®. Also Kwon et al. have proposed that C-O-X complexes can be formed during doping treat-
ment and can act as an additional dipole to further reduce the value of WF*-*>%, The intensity ratio between sum
of the intensities of C=C/C-C and C-C peaks, and the intensity of C-O (Iic—c/c.cc.c)/I(c.0)) is shown in Fig. 8(b).
Also, the ratio of Li 1 s intensity from Li salts to Li-O intensity (I1;/I;; o) can be seen in Fig. 8(b). In both cases,
intensity ratios decrease for Li,COs, LiNOj3, LiCl, respectively and this implies increased formation of C-O and
Li-O bonds. Increased number of Li-O bonds follow the increasing trend of C-O bonds, which is in correlation
with the WF change (Fig. (5d)). The above mentioned results strongly suggest that the mechanism of n-type
doped LPE GS films with lithium-salts could be explained with formation of Li complexes (C-O-Li).

Figure 8(d) show the Au 4 f peak of gold-chloride doped LPE GS film. The peak is composed of metal (Au®)
and metal ion (Au®"). The peaks at 84.2 eV and 87.9 eV are assigned to neutral Au (Au’ 4f,,, and Au® 4f; ,, respec-
tively), and the peaks at 86.5eV and 90.2 eV are assigned to Au ion (Au** 4f;, and Au®* 4f;,, respectively). Au
ions (Au®*) have positive reduction potential and have tendency to spontaneously accept charges from other
materials (graphene) and reduce to Au® 222> Therefore, the mechanism of p-doped LPE GS film can be
explained as spontaneous electron transfer from graphene film to Au®", resulting in depletion of electrons in the
graphene networks, thus increasing the WF of doped graphene.

Conclusion

We demonstrate a straightforward single-step method for forming and doping of LPE GS films by metal standard
solutions through charge transfer processes. Chemical doping of graphene allows to modulate its WF in a very
large range, and therefore potentially enables to use the same electrode material for both, the injection and for the
extraction of the electrons. n-doping of graphene films is achieved by Li-based salts, whereas Au-based salt leads
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to p-doping. Furthermore, solution-processed graphene films are in particular suited for the chemical modula-
tions, since a large number of the sheet edges opens up many adsorption sites and enhances the doping effects
when compared to many other types of graphene.

The morphology of the LPE GS films does not change with the doping process, except that doped films contain
agglomerates. FT-IR measurements point out that graphene basal planes stay chemically unchanged with metal
doping and the charge transfer process is enabled with adsorption of the metal salts. Li-based salts decrease the
WE while Au-based salts increase the WF of the entire film. The maximal doping in both directions gives a signif-
icant range of around 0.7 eV for the work function modulation. Changing the dopant (Au or Li based salts) signif-
icantly affects the electrical properties of the films. In the case of the Li-based salts doping of the film, a significant
suppression of the field-effect mobility and the increase of the sheet resistance was observed. This indicates that
adsorbed Li-anions act as scattering centers for the charges. XPS data indicated that different mechanisms exist in
the case of Au and Li doping. For Au ions spontaneous charge transfer occurred from graphene, thus increasing
WE. In the case of Li doping, potential adsorption sites are a large number of the sheet edges where C-O bonds
are preferential sites for lithium ions and for forming of C-O-Li complexes. In all cases graphene films are p-type,
which is in accordance with KPFM measurements. Also, tradeoft between Li complex which reduce the value of
WF and anion which increase the value of WF could be a reason of such a doping.

Metal salts charge transfer doping — which happens with this single-step method - provides a facile and effec-
tive method to tune the WF of LPE graphene therefore extending the potential use of these materials in low-cost
transparent electrode applications.

Methods

Preparation of GS dispersion and doping solutions. A dispersion of GS in N-methyl-2-pyrrolidone
(NMP, Sigma Aldrich, product no. 328634) has been used. GS dispersion was prepared from graphite powder
(Sigma Aldrich, product no. 332461) of initial concentration 18 mg/mL. The solution was sonicated in a low-
power ultrasonic bath for 14 h. The resulting dispersion was centrifuged for 60 min at 3000 rpm immediately after
the sonication.

Stock standard solutions used in our work for n-doping are 1 mg/mL LiCl, LiNO; and Li,CO; and for
p-doping is 1 mg/mL gold standard solution (Merck, H(AuCl,), product no. 170216). Lithium standard solutions
were prepared from originated Li salts (LiCl, LiNO; and Li,CO;, Merck, product no. 105679, 105653 and 105680,
respectively). By appropriate dilution of the stock solution with deionized water we obtained 0.1 mg/mL metal
water solution which is then used in doping process.

Deposition on a substrate and doping of LPE GS films.  GS dispersion in NMP was used to fabricate
transparent and conductive films by LBA technique at a water-air interface, like in our previous work??*¢!. A
small amount of GS dispersion was added to the water-air interface and after the film was formed it was slowly
scooped onto the target substrate. Applying the same process of fabricating the GS films and using the appropriate
metal standard solution instead of water, chemical doping was achieved. As substrates SiO,/Si wafer were used
for electrical and WF measurements, while quartz and CaF, substrates were chosen for optical and FT-IR spec-
troscopy, respectively.

Characterization of undoped and doped LPE GS films.  The Morphology of LPE GS films was studied
by optical and atomic force microscopy (AFM). Topographic AFM measurements were done by NTEGRA Prima
AFM system and NSGO1 probes with a typical tip radius of around 10 nm. The surface roughness of LPE GS films
was calculated as a root-mean square of the height distribution and averaged on ten 50 x 50 pm? areas.

Kelvin probe force microscopy (KPEM) - established almost three decades ago®? and in the meantime fre-
quently applied to graphene*>*-%5 — was employed in order to characterize changes in the electrical surface poten-
tial and corresponding Fermi level shifts due to doping. For this purpose, we measured the contact potential
difference (CPD) between AFM tip and the sample surface® by using Pt covered NSGO01/Pt probes with a typical
tip curvature radius of 35 nm. In the first pass of KPFM, the sample topography was measured in tapping AFM
mode. In the second pass, the probe was lifted by 20 nm, and moved along the trajectory measured in the first
pass. Simultaneously, the sum of AC and DC voltage was applied between the sample and the probe. The AC volt-
age excites AFM probe oscillations during its movement, while the CPD between AFM tip and the sample surface
in every point is then equal to the value of variable DC voltage which cancels the AFM probe oscillations. For all
samples, the CPD was measured on five 5 x 5 pm? areas, and then averaged. In order to obtain the absolute value
of the work function, the following procedure was applied*?. The CPD is equal to the work function difference
between AFM tip (WF,) and sample (WF,), CPD = WF-WE,. The calibration of the WF, was done by a standard
procedure consisting of KPFM measurements on a freshly cleaved HOPG with a well known work function of 4.6
eV*2 Finally, the sample work function was calculated as WF,= WF, - CPD, where CPD is measured by KPFM
for all, undoped and doped LPE GS films.

The effect of chemical doping on optical properties of LBA GS films was investigated with measurements of
optical transmittance, using UV-VIS spectrophotometer (Beckman Coulter DU 720 UV-VIS Spectrophotometer).

Electrical measurements were performed under ambient conditions in a standard field-effect device configu-
ration with Si substrate acting as a back gate electrode, using Keithley 2636 A SYSTEM SourceMeter. Devices were
based on bottom-contact gold pads defined by a shadow mask with L/W =30 um/1000 um, and SiO, as a gate die-
lectric with thickness of 285 nm. Graphene films were deposited using the same LBA method as described above.
The top surface of the devices was encapsulated by polydimethylsiloxane (PDMS) films (GelPak X4) to ensure sta-
ble performance and minimize any adsorption/desorption during electrical measurements that could occur from
the surroundings (e.g. water vapor). Electrical characterization was performed on several devices of each doping
with metal standard solution, and for undoped films as a reference. For each device ten subsequent forward and
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backward transfer and output curves were measured, using low sweeping rate (~0.005-1 Hz per point in a voltage
sweep) to minimize parasitic capacitance. Sheet resistance and apparent linear field-effect mobility were extracted
using fits to output and transfer curves, respectively. For the output measurements source-drain bias was varied in
arange between —10 V and 410V, with the gate electrode grounded. For transfer measurements, the gate voltage
was varied between 0V and 50 V, with source-drain bias at 1 V in all cases except for Li,CO; where due to a very
weak field-effect (very low mobility) 10 V bias was used.

The room-temperature micro-Raman spectra of undoped and metal salt doped LPE GS films were collected
using Tri Vista 557 triple spectrometer coupled to the liquid nitrogen-cooled CCD detector. Nd:YAG laser line
of 532 nm was used for the excitation and 50 magnification objective was used for focusing the beam onto the
sample. Low laser power (less than 1 mW) was applied to prevent the thermal degradation of the sample. Each
LPE GS film sample was measured at eight different positions.

Fourier transform infrared absorbance spectra (FI-IR spectra) of undoped and metal salt doped LPE GS films
were measured over a range of 400-4000 cm ™! with Nicolet Nexus 470 FT-IR spectrometer. Standard solutions
which were used for the preparation of doped films were measured too and they were prepared by drop casting
method on the CaF, substrate.

XPS spectra were recorded using a Thermo Scientific instrument (K-Alpha spectrometer, Thermo Fisher
Scientific, Waltham, USA) equipped with a monochromatic Al Ko X-ray source (1486.6eV). High-resolution
scans were performed with a pass energy of 50eV and a step size of 0.1 eV. All analyses were performed at room
temperature.

Data availability
The datasets obtained and analysed during the current study that are not included in this article are available from
the corresponding authors on reasonable request.
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1. Introduction

Combined Raman and AFM detection of changes
in Hela cervical cancer cells induced by CeO,
nanoparticles — molecular and morphological
perspectivest

Mirjana Mileti¢,? Sonja Askrabic, (2 *2 Jan Riiger,? Borislav Vasi¢, & ¢
Lela Kori¢anac, © ¢ Abdullah Saif Mondol,® Jan Dellith,? Jurgen Popp,®
Iwan W. Schie®® and Zorana Doh¢evi¢-Mitrovic?

The design of nanoparticles for application in medical diagnostics and therapy requires a thorough under-
standing of various aspects of nanoparticle—cell interactions. In this work, two unconventional methods
for the study of nanoparticle effects on cells, Raman spectroscopy and atomic force microscopy (AFM),
were employed to track the molecular and morphological changes that are caused by the interaction
between cervical carcinoma-derived Hela cells and two types of cerium dioxide (CeO;) nanoparticles,
ones with dextran coating and the others with no coating. Multivariate statistical analyses of Raman
spectra, such as principal component analysis and partial least squares regression, were applied in order
to extract the variations in the vibrational features of cell biomolecules and through them, the changes in
biomolecular content and conformation. Both types of nanoparticles induced changes in DNA, lipid and
protein contents of the cell and variations of the protein secondary structure, whereas dextran-coated
CeO, affected the cell-growth rate to a higher extent. Atomic force microscopy showed changes in cell
roughness, cell height and nanoparticle effects on surface molecular layers. The method differentiated
between the impact of dextran-coated and uncoated CeO, nanoparticles with higher precision than per-
formed viability tests. Due to the holistic approach provided by vibrational information on the overall cell
content, accompanied by morphological modifications observed by high-resolution microscopy, this
methodology offers a wider picture of nanoparticle-induced cell changes, in a label-free single-cell
manner.

lar compartments, to enhance NP delivery and to achieve an
adequate balance between cytotoxic and cytoprotective effects,

Nanoparticles (NPs) occupy an important place in the field of
biomedicine, having potential in the diagnostics"” and
therapy®™ of a wide range of diseases. In order to design NPs
for targeting a specific cell population and/or specific subcellu-
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it is crucial to explore molecular interactions between NPs and
cells at different levels.® Methods generally used for the investi-
gation of NP-cell interactions are based on a multitude of
specific biochemical assays that target one parameter/property
per assay and need to employ labels. Screening of the effects
of NPs as anticancer agents on the tumor cells in vitro is stan-
dardly performed using viability/cytotoxicity tests such as
trypan blue staining, LDH, SRB, MTT assays and others.” '® As
mentioned previously, these tests are effect-specific, i.e. the
trypan blue test dyes the cells only if a membrane is damaged
in a way that it becomes permeable, very similar to LDH that
detects permeated membranes by measuring the level of lac-
tated hydrogenase released into a culture medium. The SRB
test registers the changes in the cell number through the
changes in total protein mass and MTT measures the degree
of preserved mitochondrial activity. Sometimes changes mani-
fested through a different effect than the one measured by a
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particular test can remain undetected. For instance, live and
metabolically active cells can experience reversible damage of
their membranes, while, inversely, dying cells at the initial
stages of apoptosis can still have their membranes intact.” The
most common viability test, trypan blue staining, in these two
cases will give false positive or false negative results, respect-
ively. Multiple tests are often needed to detect NP-induced
changes and to choose an appropriate approach for the study
of the mechanisms behind them most often requires expertise
in various analytical techniques. There is a need for method-
ologies that would enable the extraction of comprehensive
data on induced cell changes and detect non-function-specific
cellular molecular changes in a single, label-free experiment.

Raman spectroscopy, based on the inelastic scattering of
light on molecular vibrations, allows for a label-free and non-
destructive way to probe the underlying molecular fingerprint
of biological samples.'* Through the modulations of the
corresponding vibrational mode frequencies, linewidths and
intensities, characteristics of the transformations of large
molecules such as DNA, proteins and lipids can be followed.
These changes are of importance because ie. DNA damage
can be correlated to cellular processes such as inflammation
and oxidative stress,'” the endocytotic pathway of NP entrance
is related to the phospholipid concentration,"® and the change
of the protein secondary structure can mark, for instance,
unfolding or aggregation of proteins, or a change in cytoskele-
ton organization.'**® Based on this, Raman spectroscopy rep-
resents a tool with potential for fast screening of total bio-
molecular changes induced in the cells by treatment with NPs
and with a possibility of higher sensitivity to the transform-
ations that the cells undergo under the influence of NPs, com-
pared to the tests carried out for the evaluation of individual
properties such as cell membrane integrity, protein quantity,
mitochondrial activity, etc. In the field of biomedical appli-
cation of NPs, Raman spectroscopy has been mostly employed
as an imaging technique for tracing NP intake and subcellular
localization.">'” Although a few of the studies investigated
physiological or pathological changes of the cells induced by
drugs and chemicals,"®" to our knowledge, there are very few
studies that explore the use of Raman spectroscopy for the
study of cell changes induced by NPs,**** none of which
perform strict multivariate analysis of the entire spectral
region of interest for a large number of cells. In addition to the
molecular characterization performed by Raman spectroscopy,
AFM can be used for the examination of morphology, rough-
ness and composition of particular cell structures, such as cell
membrane protrusions, filopodia and lamellipodia, cytoskele-
ton or sub-membranous cytoplasmatic structures.>**® This
allows for a more complete and detailed cell morphology
investigation and membrane characterization than the one
that can be provided by biochemical assays targetting mem-
brane structures.

Among different nanoparticles that have been tested as
therapeutic agents, rare-earth oxide CeO, NPs are found to be
interesting for their therapeutic potential and proposed cell-
selective activity: while usually being toxic to cancer cells and
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sensitizing cancerous tissues to radiotherapy, CeO, NPs are
often non-toxic to normal healthy cells and even compensate
for the negative effects of the radiotherapy on healthy
tissues.”®*” The reason for such a dual activity of CeO, NPs
lies in their nonstoichiometric nature characterized by the
presence of both Ce*" and Ce®" oxidation states and high
content of oxygen vacancies. Thus, through oxidation/
reduction changes of Ce*" — Ce*", CeO, NPs can mediate both
oxygen release and intake. Dispersions of powdered CeO, NPs
in cell medium can be troublesome, which is the case with the
majority of oxide nanoparticles, and results in the agglomera-
tion of NPs.”® Biocompatible coatings such as hydrocarbons,
dextran and glucose have been used to coat ceria nano-
particles. By coating with dextran molecules, dispersions of
CeO, NPs become stable and the controlled application of NPs
in cell treatment is enabled.>® These NPs have been rarely
tested as cytotoxic agents®>*' whereas their interaction with
the cells and the influence of the coating on their activity
remain unclear. The interaction of CeO, NPs with the cells
from different cell lines has been evaluated using standard
biological assays,”””**> but their influence on the molecular
content and morphology of the cells has not been investigated
so far.

In this work, we aimed to investigate the susceptibility of
combined Raman and AFM analysis in the detection and dis-
crimination of the effects of two types of oxide NPs of the
same crystalline structure and similar composition, but with
different coating and redox activities, on HeLa cells, a cervical
carcinoma derived cell line. Special attention was dedicated
to the analysis of the possible advantages of this method-
ology over standard biological cytotoxicity assays. The effects
of dextran-coated (CD) CeO, NPs on HeLa cells were studied
for the first time, to our knowledge, and compared to the
effect of uncoated CeO, NPs. Changes in the vibrational fea-
tures of intracellular biomolecules induced by NPs were
investigated by high-throughput Raman spectroscopy of
control cells and two NP-treated cell groups and analyzed by
principal component analysis (PCA) and partial least squares
regression (PLS). AFM microscopy was used to provide a
characterization of NP-induced morphological changes, i.e.
an increase in the cell roughness, decrease in the cell height
and appearance of depressions. The cytotoxicity of CeO, NPs
was tested via trypan blue staining and SRB assay. The combi-
nation of Raman spectroscopy and AFM enabled the detec-
tion of degrading changes of the nuclear material and cell
membrane in the cells induced by both types of NPs. It was
shown that group-discriminating spectral modes character-
istic of DNA, lipids and proteins experience changes and that
the effects of CD NPs are more pronounced compared to
those of SPRT NPs. In contrast to the biological cytotoxicity
tests, Raman spectroscopy and AFM showed that uncoated
CeO, NPs also led to a deterioration of cell status. In light of
this, our study suggests that Raman spectroscopy, indepen-
dently or combined with AFM, can be used for the fast and
sensitive screening of negative effects that oxide NPs can
produce in human cells.

This journal is © The Royal Society of Chemistry 2020
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2. Materials and methods
2.1 Nanoparticle synthesis

Two types of CeO, NPs were used for the experiments.
Uncoated ceria NPs in the powder form, abbreviated in the text
as SPRT, were obtained by self-propagating room temperature
synthesis, as described in Boskovic et al.>* Dextran-coated NPs
(CD in further text) are synthesized in the form of dispersions,
based on the synthesis procedure given by Karakoti et al.,*®
using ammonia mediated oxidation and dextran T40 for
coating.

2.2 Characterization of nanoparticles

The crystalline structure of CeO, NPs was investigated by X-ray
diffraction (XRD) with a Panalytical X'Pert Pro instrument
(PANalytical, Almelo, the Netherlands). Diffraction spectra
were recorded in the 26 interval (20-60)°, with a step size of
0.5°. The X-ray radiation Cu Ka, , line (Ka;: transition KLIII; A
= 1.54056 A) was employed. The Scherrer equation was used
for the determination of the crystallite size. TEM (transmission
electron microscopy) images were acquired using a JEOL
JEM-3010 (300 keV). The average hydrodynamic particle dia-
meter was measured using a Zetasizer Nano ZS90 (Malvern
Instruments) apparatus. UV-VIS spectra of NP dispersions were
recorded wusing a Varian Super Scan 3  UV-vis
spectrophotometer.

2.3 Cell culture

HeLa cells (ATCC-CCL-2) were grown under standard cell
culture conditions (37 °C, 5% CO,) in DMEM liquid medium
with stable glutamine, 3.7 g 17" NaHCO;, and 4.5 g 1™
p-glucose (Biochrom AG, Germany) supplemented with 10%
fetal calf serum (Merck Millipore, Germany) and 1x penicillin/
streptomycin (Sigma Aldrich, Germany). Trypsin/EDTA (0.05%,
Biochrom AG, Germany) was employed to detach the cells
from the flask, either for passaging, trypan blue assay, Raman
imaging or Raman spectroscopy. The seeding density in all
cases was 300 000 cells per 25 mm? flask or 2000 per well in a
96-well plate.

2.4 Cell treatment with nanoparticles

The cells were treated with NPs 24 hours after seeding in
25 mm” flasks (6 batches for CD and 4 batches for SPRT). The
starting seeding density, before treatment with NPs, was equal
in all batches. CD NPs were added into cell culture medium, to
achieve a total concentration of 400 pg ml™'. A stock solution
of SPRT NPs has been prepared in sterile deionized water
(volume equal to the volume of the applied CD NP solution)
and then mixed with cell culture medium in order to reach the
final concentration of 400 pg ml™"'. Dissolution was aided
using an ultrasonic probe system (Bandelin SONOPULS HD
2070), with a power of 15 W, in 3 cycles of 15 s each and 5 s
break in between. The medium from the cell flasks was dis-
carded and replaced with the obtained medium with NPs (6
replicates for CD and 4 for SPRT). Proportional volumes of
sterile deionized water were added to culture medium in flasks

This journal is © The Royal Society of Chemistry 2020
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containing control cells. The cells were incubated with NPs for
48 hours, then washed with PBS and detached with trypsin/
EDTA. The cells were fixed for 20 min at room temperature in
Roti®-Histofix 4% (Roth, Germany), washed twice and re-sus-
pended in PBS. The obtained cell suspensions were used for
trypan blue assay, Raman imaging and Raman spectroscopy.
In the case of Raman measurements poly-i-lysine was used to
immobilize the fixed cells on CaF, coverslips. For AFM
measurements, the cells were grown on glass coverslips and
fixed afterwards in the same manner as described above.

2.5 Trypan blue viability test

Trypan blue at 0.4% (Sigma-Aldrich, Germany) was added to
the cell suspension in equal volumes (to obtain a 1 to 2
dilution). Stained and unstained cells were counted within
2-3 minutes using a Neubauer chamber (0.0025 mm?;
Marienfeld, Germany). The percentage of viable (unstained)
cells among the total cell population was calculated. Tests
were done in 6 replicates for control and CD-treated and in 4
replicates for SPRT-treated cells. The statistical significance of
cell number/viability differences between treated and
untreated cells was estimated by the one-way ANOVA and post
hoc Games-Howell test, performed in R.

2.6 Sulforhodamine B assay

The cells were cultured in 96-well plates and treated with NPs
(dose and time same as already described). After fixation with
trichloroacetic acid, cell cultures were stained for 15 minutes
with 0.4% (wt/vol) sulforhodamine B (SRB) (Sigma-Aldrich,
Germany) dissolved in 1% acetic acid, according to the pro-
cedure given in Skehan et al.’ The unbound dye was removed
by four washing steps with 1% acetic acid. SRB which stayed
bound to cell proteins was extracted with a 10 mM unbuffered
Tris base (Sigma-Aldrich, Germany). The absorbance of the
extracted dye solution was measured at 550 nm with a refer-
ence wavelength of 690 nm in a microplate reader (Wallac,
VICTOR2 1420 Multilabel counter, PerkinElmer, Turku,
Finland). The results were presented as the percentage of cell
growth determined from the relative ratio between the
measured absorbance of the treated sample and absorbance of
the control. The assay was performed in 8 replicates for every
experimental group. The statistical significance of differences
between the treated and untreated cells was estimated by the
one-way ANOVA and post hoc Games-Howell test, performed in
R.

2.7 Raman imaging

Raman imaging was performed on a CRM200 and alpha300
confocal Raman microscope (WITec GmbH, Ulm, Germany). A
785 nm cw diode laser (Toptica Photonics, Grifelingen,
Germany) was used as an excitation source. The laser beam is
coupled into the microscope through a single mode optical
fiber. The incident laser beam is collimated via an achromatic
lens and passed through a holographic band pass filter or a
dichroic mirror, before it is focused onto the sample through
the microscope objective lens. A Nikon Fluor (60x/1.00 NA,
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WD = 2.0 mm) water immersion objective was used. The
spatial resolution was 0.5 pm, exposure time 0.5 s and a 300 gr
mm~" grating was used as a dispersive element. Raman maps
of the cells were obtained from focal points in the horizontal
plane (XY) at different depths and also in the vertical plane
(2Y), with XY being the plane orthogonal to the incident beam
direction, and Z being the axis parallel to the incident beam
direction. Raman spectra were collected from each pixel at
different cell depths distanced 1-2.5 pm, and the corres-
ponding maps are made for each plane. The pixel size was
0.5 pm.

2.8 Atomic force microscopy

For AFM measurements, the cells were grown on glass cover-
slips, treated with NPs and fixed afterwards in the same
manner as described above, but without detaching them from
the coverslips, and then kept in PBS. Before the experiment
they were rinsed twice with water, left to dry at room tempera-
ture and then investigated by AFM. AFM measurements of
control and treated HeLa cells were performed using an
NT-MDT system NTEGRA Prima under ambient conditions (air
at the humidity of around 30-40%). Topographic imaging was
done in AFM tapping mode, using NSGO1 probes from
NT-MDT with a typical force constant of 5.1 N m™" and a
typical resonant frequency of 150 kHz. Simultaneously with
topographic images, the magnitude of AFM cantilever oscil-
lations was recorded as well. In order to make statistical ana-
lysis, the AFM measurements were performed on around 15
cells from each group (control, SPRT-treated and CD-treated
cells). Two morphological parameters were followed, the cell
height and surface roughness. The height was calculated as a
maximum height across each cell. The surface roughness was
calculated as a root-mean-square deviation of the height distri-
bution of the cell body. Before roughness calculations, all AFM
images were flattened by fitting all lines by 2™ order curves.

2.9 Raman spectroscopy

Cell Raman spectra were recorded using a custom-built
upright Raman microscopy setup,®® equipped with a fiber-
coupled laser with an excitation wavelength of 532 nm (DPPS,
Lasos) and with a power at the sample plane of approximately
50 mW. The excitation light is coupled into a 60x water-immer-
sion objective lens (NA 1.0; Nikon, Japan). The excitation fiber
is re-imaged into the sample plane, resulting in a focal spot
diameter of approximately 10 pm. The generated Raman signal
is collected by the same objective lens and focused using a
60 mm achromatic lens onto the multimodal core, which
guides the signal to a spectrometer (IsoPlane160, Princeton
Instruments) equipped with a 400 grooves mm ™" grating, and
detected  using a  charge-coupled device (CCD)
(PIXIS-400BReXcelon; Princeton Instruments). A spectral
resolution of 9 cm™" was achieved and spectra were obtained
in the interval (400-3300) cm™". For all experimental groups of
cells, i.e. control, SPRT-treated, and CD-treated, Raman spectra
were recorded and analyzed from 200-250 cells per cell group
and the whole experiment was done in duplicate.
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2.10 Spectral preprocessing and multivariate data analysis

The processing of Raman spectra was performed in the R
environment, using the hyperSpec package. The spectra of a
calibration lamp (KOSI, USA) and powdered 4-acetamidophe-
nol (Sigma-Aldrich) were used for intensity and wavenumber
calibration, respectively. The spectra were corrected for spectral
contributions from water by extended multiplicative scatter
correction (EMSC), which is implemented in the cbmodels
package.***® The known component spectra of water and cells
were used. The spectra obtained entirely from the CaF, sub-
strate were excluded from the dataset by k-means clustering.
The remaining spectra were normalized relative to the area of
spectral ranges of interest (400-1800) cm™" and (2800-3200)
cm ' In order to avoid the influence of CeO, mode at
453 cm™, the spectra were cut below 700 cm™" and used for
further analysis. Principal component analysis (PCA) was per-
formed using the prcomp function implemented in R.
PLS-LDA analysis was performed in R using widekernelpls.fit
and lda functions.

3. Results and discussion
3.1 Characterization of nanoparticles

Two different kinds of CeO, NPs were synthesized: uncoated
SPRT particles, in nano-powder form, and coated with T40
dextran, CD, in dispersive form. Their crystalline structure and
crystallite size were obtained from the analysis of X-ray diffrac-
tion patterns. XRD confirmed the fluorite Fm3m crystalline
structure of CeO, both in SPRT and CD NPs. Due to very small
sizes of the crystallites, both, the SPRT and CD XRD spectra
exhibited broad CeO, peaks, Fig. 1(a). The CD spectra,
however, had a lower intensity due to much lower sampling
mass. The crystallite size calculated from the Scherrer formula
was 4 nm for SPRT and 3.5 nm for CD NPs (Table 1).

It is known from previous studies that SPRT NPs have a
larger grain size than crystallite size, their average grain size
deduced from modeling Raman F,, mode and low-frequency
modes is 8-10 nm (ref. 37) and according to the AFM image
from Fig. S1(a)f their grain size takes a range of values below
~20 nm. The size of the grains of CD NPs was deduced from
transmission electron microscopy, Fig. 1(b). TEM micrographs
showed an average grain size of 3-4 nm and confirmed the
stability of CD dispersion, with no aggregates and agglomer-
ates observed. In addition to XRD, UV-VIS absorbance
measurements of CD and SPRT CeO, NPs have been per-
formed, confirming that both types of NPs are CeO,. The
UV-VIS spectra are presented in Fig. S2 of the ESI.{ The hydro-
dynamic radius of NPs obtained by DLS measurements
emphasized better stability of CD NPs in water dispersion,
compared to SPRT, represented by almost 20 times lower
average hydrodynamic radius (Table 1). The results indicate
that no aggregates are formed by CD NPs. DLS analysis demon-
strated the tendency of SPRT NPs to form agglomerates, and
for this reason, an ultrasonic probe system was used for the
preparation of SPRT dispersions later in the study. The TEM

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9an02518a

Published on 24 March 2020. Downloaded on 4/23/2020 7:43:36 AM.

Analyst
(a)
(111)
oy
2 (220)
L (200) ’\
L=
N s~ ]

20 /deg

View Article Online

Paper

(©)

453

Raman Intensity

300 600 900 1200 1500
Wavenumber (cm™)

Fig. 1 Characterization of NPs: (a) XRD pattern of SPRT (red) and CD (green) CeO, NPs. (b) TEM of CD CeO, NPs. (c) Raman spectrum of SPRT

CeO,, showing the characteristic band at 453 cm™.

Table 1 Crystallite size and average hydrodynamic radius of CeO, NPs

Crystallite size Hydrodynamic
(XRD) radius (DLS)
SPRT (uncoated CeO, NPs) 4 nm 849 nm
CD (coated CeO, NPs) 3.5 nm 47 nm

image of SPRT NPs in Fig. S1(b)f shows one such agglomerate.
Finally, a Raman spectrum of SPRT NPs showed a character-
istic CeO, Raman F,, mode at 453 cm™", Fig. 1(c). The Raman
mode of CeO, was not observed in the spectra of CD NPs, due
to the low concentration of small-sized CeO, NPs in the dis-
persion and their very small grain size.

3.2 Cell growth and viability assays

In order to estimate the cell growth changes induced by NPs,
both cells attached and cells detached from the flask surface,
i.e. floating in cell medium, have been counted after incu-
bation with NPs. The results showed an unequivocally signifi-
cant decrease in cell growth (cell number), following treatment
with CD NPs, with P < 0.01, Fig. 2(a).

There was, however, a significantly increased number of
detached cells for samples treated with these NPs, on average
23% of the total cell number, Fig. 2(g). Considering the
detached cells, the total cell number was still significantly
lower compared to the control, Fig. 2(b). It can be concluded
that CD NPs reduced the growth rate of HeLa cells in vitro by
five times, presenting around 18% of untreated cell growth.
The average cell growth after SPRT NP treatment was also
decreased compared to the control (64%), Fig. 2(a) and (b), yet
statistically insufficient to confirm the effects of SPRT NPs. A
decrease in the growth of CD-treated cells was also evident by
simple microscopic observations during experiments, Fig. 2(c)
and (d).

To confirm the observed changes in cell growth, a sulfor-
hodamine B (SRB) assay has been used. The test is based on

This journal is © The Royal Society of Chemistry 2020

the ability of SRB to bind to proteins’ amino acid residues in
the cells. The measured absorption of the protein-binding
dye is considered to be a measure of cell growth. The results
of the SRB assay are shown in Fig. 2(e). The mean growth of
control cells is taken as full growth, i.e. 100%, whereas the
growth of the treated cells was normalized to the mean of
control.

The SRB assay was performed in eight batches per three
sample groups (one control and two treated), showing a sig-
nificant decrease of the CD-treated cell growth rate compared
to control cells, with p < 0.05. It appeared to be reduced on
average to 46% regarding the control. Statistical significance
for the growth decrease of SPRT-treated cells was below a
threshold p value, though a decreasing trend was noticed. The
results of SRB growth tests are therefore in accordance with
the results obtained by simple cell counting, showing inhibi-
tory effects of CD NPs on HeLa cell growth.

The cell viability was assayed by trypan blue staining, which
was chosen because it gives the ratio of the number of dead
cells and the number of total cells in the same sample,
whereas the majority of viability tests, which are mostly based
on colorimetric or fluorescence detection of different reagents,
actually normalize the number of dead cells in one sample to
the total number of cells in another (control) sample.®'° Cell
viability tests performed by trypan blue staining are summar-
ized in Fig. 2(f). Although some slightly decreasing trend of
the viability of treated cells (especially SPRT-treated cells) can
be observed, one-way analysis of variance did not confirm its
statistical significance and in conclusion, neither type of CeO,
NPs influence the cell viability.

Effects of doses of 40 pg ml™" and 100 pg ml~" NPs, as well
as exposure times of 24 h and 72 h, are also studied by the
SRB test which preceded the tests described above and the
results are presented in the ESI (Fig. S3 and S47). In those
experiments, treatment with 400 pg ml~" NPs and exposure of
48 h was chosen as optimal for use in further AFM and Raman
experiments.
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Fig. 2 Results of viability/growth assays. Data presented as mean + standard error. Statistical significance legend: *P < 0.05, **P < 0.01, vs. control
group. (a), (b), (f) and (g) number of replicates N = 6/6/4, for untreated/CD-treated/SPRT-treated cells, respectively. (e) N = 8, for every group. (a),
(b), (e) and (f) Mean of control group is given as 100%, while values for treated groups are expressed related to the mean of control. Statistical signifi-
cance estimated by one-way ANOVA. (g) Data expressed as the percentage of total number of cells in culture. Statistical significance estimated by
one-way non-parametric ANOVA. (c) Microscopy image of control cells. (d) Microscopy image of CD-treated cells. Scale bar on images (c) and (d) is

approximate and reflects an order of magnitude.

3.3 Raman imaging

Raman imaging was used to confirm the intracellular localiz-
ation of SPRT NPs. Due to the small size and surface stability
of CD NPs, their Raman signal was too weak to be detected not
only in the cells but in the CD NP solution as well. In contrast,
SPRT NPs form large aggregates, which results in a strong
Raman peak at ~453 cm™' in the spectra of treated cells.
Raman maps were reconstructed based on the intensity
mapping of the integrated peak area of the Raman mode at
453 em™, Fig. 3(a). Fig. 3(b) shows maps obtained according
to the Raman intensity in another region of the same spectra,
between 1400 and 1500 cm™". This region is chosen due to a
strong signal of characteristic cell Raman features (CH, and
CH; deformation vibrations in proteins and lipids*®).

At all measured depths, both modes of cell molecules and
NPs are present in the Raman spectra. Bright spots on the
maps in Fig. 3(a) correspond to dark spots in Fig. 3(b), ie.
where the NP mode is more pronounced, the intensity of cell
modes is reduced. Considering the confocality of the system, it
appears that the NPs are distributed throughout the cyto-
plasm, and are not only located at the surface of the cell mem-
brane. The Raman images obtained in the vertical plane per-
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pendicular to the previous planes and marked as the ZY plane,
Fig. 3(c) and (d), confirm the intracellular localization of SPRT
NPs. It should be noted that similar Raman maps were made
for multiple cells, all showing the presence of NPs throughout
the cell.

3.4 Atomic force microscopy (AFM)

The AFM images of control and treated HeLa cells are
depicted in Fig. 4. The top, middle and bottom rows display
images of control: Fig. 4(a-d), CD-treated: Fig. 4(e-h) and
SPRT-treated cells: Fig. 4(i-1), respectively. Going from left to
right, the first and the second columns show two-dimen-
sional (2D), Fig. 4(a), (e), and (i), and three-dimensional (3D),
Fig. 4(b), (f), and (j), topographic images, respectively. As can
be seen, the control cell is characterized with a well-defined
nucleus and nucleolus, cell edges and lamellipodia. The
surface of the cell is rather smooth, especially on the nucleus.
On the other hand, the surface of the cell treated with CD
NPs is rough, with pronounced depressions. The nucleus is
not well differentiated from the rest of the cell. Several
nucleoli are visible, but some of them seem to be fragmented.
Finally, the nucleus and nucleoli of the cell treated with SPRT
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Fig. 3 Raman images of Hela cells treated with SPRT CeO, NPs. (a) and (b) measured in the XY plane, (c) and (d) in the ZY plane. (a) and (c) made
according to the intensity of cell Raman modes in the interval (1400-1500) cm™. (b) and (d) made according to the integral intensity of NP Raman

-1

mode in the range (400-500) cm

2D topography 3D topography

magnitude inverse topography

control cell

10 um

CD-treated

10 um

SPRT-treated

Fig. 4 AFM images of Hela cells: control (top row), CD-treated (middle row), and SPRT-treated cells (bottom row). The first and the second column
(going from the left) show 2D (a, e and i) and 3D (b, f and j) topographical images. The third column shows the AFM magnitude signal (c, g and k). 2D
topographical images with inverted contrast emphasizing cell borders are depicted in (d, h and 1). Height scales: (a) 1000 nm, (e) and (i) 700 nm.

NPs cannot be recognized and differentiated from the rest of
the cell. The cell surface is characterized with large corruga-
tions and many clusters of adsorbed NPs. The visibility of the
adsorbed NP clusters is one of the main difference compared
to the cells treated with smaller CD NPs, where NPs are
hardly visible since they probably penetrated inside cells. The
high-resolution AFM images of cell membranes are given in
Fig. S5 of the ESI,f showing the appearance of local

This journal is © The Royal Society of Chemistry 2020

depressions, 50-100 nm in diameter, in the membranes of
treated cells.

The third column of Fig. 4 contains AFM magnitude
images, Fig. 4(c), (), and (k). The magnitude signal is a kind
of an error signal with respect to the predefined set-point in
AFM tapping mode imaging. Therefore, smooth variations of
the magnitude signal across the control cell in Fig. 4(c),
especially across the nucleus, indicate a uniform cell surface
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without pronounced wrinkles. On the other hand, the magni-
tude images of the cells treated with NPs in Fig. 4(g) and (k)
are very noisy due to the corrugated cell surface. The magni-
tude image in Fig. 4(c) also shows well defined lamellipodia in
the case of the control cell. In order to single out and better
emphasize cell edges and lamellipodia, the inverse topo-
graphic images in Fig. 4(d), (h), and (1) are given in the most
right column. As can be seen, edges of the control cell contain
an abundant network of cell brushes. They are fragmented in
the cell treated with CD NPs. On the other hand, the cell
brushes are rarely seen along the edge of the SPRT-treated cell.
The images with the AFM magnitude signal and inverse topo-
graphy show that there are many small agglomerates around
the treated cells which probably originate from the fragmenta-
tion of the cell edges and lamellipodia or from NPs, in the
case of SPRT NPs.

Fig. 5(a) and (b) present changes of two main morphologi-
cal parameters, cell height and surface roughness, respectively,
due to treatment with NPs. As can be seen, the height of
treated cells is decreased in comparison to control cells, and
the change is slightly more pronounced for the cells treated
with SPRT NPs. As confirmed by the one-way ANOVA test, this
change is statistically significant for both types of CeO, NPs
compared to control, but there is no statistically significant
difference between the heights of CD- and SPRT-treated cells.
The roughness of CD-treated cells increased to around 13 nm
compared to 8 nm measured on the control cells. Increased
roughness is a result of many depressions on the cell surface
produced by interaction with NPs. The roughness of cells
treated with SPRT NPs is not considered due to big adsorbed
clusters of NPs, which prevent correct roughness calculation.
According to topographic images of control and treated cells,
it can be deduced that NPs lead to partial cell damage. This is
mainly represented by a decreased height and volume of
treated cells, increased surface roughness/corrugations, and
not well defined cell elements, such as nucleus, nucleolus,
lamellipodia and cell brushes. Overall cell shapes seem to be
not influenced by the treatment with NPs, but mainly deter-
mined by a local adhesion of cells to the substrate.

a b
1000-{ ) ®)
15
o CD-treated E
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£ 600 | 2101
2 400 | g
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200 8
0 0
control SPRT-treated control CD-treated

Fig. 5 Morphological changes due to the treatment with NPs: (a) cell
height and (b) surface roughness. Roughness of SPRT-treated cells is
not considered due to big adsorbed clusters of NPs which prevent
correct roughness calculation.

Analyst

View Article Online

Analyst

3.5 Raman spectroscopy

The obtained Raman spectra from single cells were analyzed
in order to correlate spectral feature changes with NP-induced
biomolecular changes. In Fig. 6, the Raman spectra of HeLa
cells treated with SPRT NPs, the cells treated with CD NPs and
untreated (control) cells are presented as mean + standard
deviation, in the spectral range (700-1800) cm ' and
(2800-3200) cm ™. These are the regions where the majority of
biomolecules’ vibrational peaks are positioned. The obtained
Raman spectra were analyzed by PCA, an unsupervised multi-
variate method used to extract the spectral features, which cap-
tures the variance of the analyzed group of spectra. PCA rep-
resents the spectra by a linear combination of new, mutually
orthogonal vectors, i.e. PC loading vectors, which can be multi-
plied by the corresponding coefficients, PC scores, to recon-
struct the original spectra. The first PC loading vector (PC1)
carries the largest variance of the entire spectral dataset
(control, SPRT-treated and CD-treated, altogether). The
amount of variance that PC loading vectors carry decreases
with an increasing order of PC loadings and the maximum
order is equal to the number of all the Raman spectra sub-
jected to PCA analysis. Generally, for the analysis it is
sufficient to use the first few PC components as higher PCs
usually absorb more noise.

Local extrema in a PC loading vector can be interpreted as a
relative increase/decrease of the intensity of certain vibrational
modes. If a PC loading vector contains a maximum at a certain
wavenumber and the PC score sign of a spectrum is positive, it
suggests that the intensity of the vibrational mode at that par-
ticular wavenumber has increased. If, however a PC score sign
of the spectrum is negative, the intensity of the particular
vibrational mode decreases in this spectrum. Fig. 7 shows PC
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Fig. 6 Raman spectra of control (black), SPRT-treated (red) and CD-
treated (blue) cells, presented as mean + standard deviation. Raman
intensity in a high-wavenumber region was rescaled with a factor of 1/3
for presentation purpose.
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Fig. 7 Score plots of principal component analysis (PCA). Score plots
comparing Raman spectra of control (black), SPRT-treated (red) and
CD-treated (blue) Hela cells. Centroids are marked with large bordered
circles where circle core colors match the score plot colors of individual
groups.

score plots for the first three components, whereas Fig. 8
shows the first three loading vectors (PC1, PC2, PC3) in com-
parison with two difference spectra (D1/D2), obtained as the
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difference in control mean spectrum and NP-treated cell mean
spectrum (SPRT/CD respectively). According to the PC scores
shown in Fig. 7, the PC1 component that carries 13.8% of the
total spectral variance separates best SPRT-treated cell spectra
from control cell spectra. The PC3 component accounting for
6.0% of spectral variance separates best CD-treated cell spectra
from control cell spectra. Since we aim to find the changes
between three groups of cells, we choose to analyze the PC1
and PC3 components that separate best the spectra of the
three studied cell groups, as presented in Fig. 8. Afterward,
these features are related to the molecular changes in the cells
induced by SPRT and CD NPs. Score values of the second prin-
cipal component, PC2, Fig. 7, do not show observable separ-
ation between three studied groups of cells and are not ana-
lyzed in further text.

The Raman modes present in measured spectra and their
assignment to particular biomolecular vibrations are listed in
Table 2. In Fig. S6 from the ESIT first three PC loadings in the
range (700-1800) cm ™" are shown for better clarity.

In the low-wavenumber region (700-1800 cm™"), the PC1
loading does not exhibit particularly prominent features. Still,
several peaks can be distinguished. That is the case with a
positive peak at 785 cm ™", negative extrema at 1003 cm™"' and
1670 cm™', and few peaks in the region from 1300 to
1515 cm™'. The Raman mode positioned at 785 cm™ is a
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Fig. 8 First three loading spectra (PC1-PC3, from bottom to top), exhibiting Raman spectral differences between cells treated with two types of
CeO, NPs and untreated (control) cells. Difference spectra (D1, D2), obtained by subtracting the mean spectrum of control cells from the mean
spectra of NP-treated cells, are shown at the top of the plot (blue for CD-treated cells, red for SPRT-treated cells). Most prominent modes assigned

to nucleic acids are marked with blue shading.
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Table 2 Raman modes in the measured cell spectra and their possible
assignations

Mean spectra PC1 PC2 PC3

Raman bands (ecm™) Related macromolecule

726 720 726 Nucleic acids
756 756 756 756 Tryptophan
785 785 785 785 Nucleic acids
830/853 Tyrosine
940 940 Proteins
1003 1003 1003 1003 Phenylalanine
1092 1092 1092 1092 Nucleic acids
1125 1125 1125 1125 Lipids, proteins
1245 1250 Amide III
1277 Amide III
1320 Proteins, nucleic acids
1335 1335 Proteins, nucleic acids
1372 1372 1372 1372 Nucleic acids
1402 1402 1402 1402 Proteins
1422 1420 1422 Nucleic acids
1448 1448 1448 Proteins, lipids
1488 1488 Nucleic acids
1552 1552 1548 Tryptophan
1585 1574 1574 Nucleic acids
1630 1630 1630 Amide I
1661 1670 1670 Amide T
1730 1730 1730 Lipids
2880 2883 2883 Proteins, lipids
2933 2933 2924 Proteins, lipids
2970 Lipids
3060 3060 3060 Proteins, lipids

typical marker of nucleic acids (ring breathing mode in DNA
and RNA bases®). Along with less prominent peaks at
726 cm™" and 1092 cm™', also positive in PC1 loading, as well
as the ring-breathing DNA mode at 1372 cm™" and deoxyribose
mode at 1422 cm™?, it indicates a decrease in nucleic acid
content in SPRT-treated cells (due to negative PC1 scores),
when compared to control cells.**™*" The protein and lipid
signals in a Raman spectrum cannot be clearly distinguished,
sharing often the same spectral frequencies. Nevertheless,
these modes in the PC1 loading spectrum are negative, indicat-
ing an increase in total protein and lipid content in SPRT-
treated cells. Protein modes at 756 cm™" and 1003 cm ™" are
assigned to aromatic amino acids, tryptophan and phenyl-
alanine, respectively,”>** while the mode at 1402 cm ™" (ref. 44)
arises from protein methyl groups. The prominent mode at
1670 cm™" represents the amide I band. Its precise spectral
position depends on the type of protein secondary structure.
Modes at 1448 cm™" and 1125 cm™" could arise from both pro-
teins and lipids.*>*® Those peaks are, as mentioned above,
negative in PC1 loading, having greater contribution in the
SPRT-treated cell spectra.

Although the high-wavenumber region of PC1 loading exhi-
bits only a few peaks, those are very pronounced. It therefore
demonstrates large differences in this spectral region between
groups of cells and seems to be the most important discrimi-
nating feature for SPRT-treated cells. Modes in this region orig-
inate from protein and lipid vibrations. Although individual
contributions of proteins and lipids cannot be clearly distin-
guished, it was established in the literature that the CH,
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stretching vibration at 2851 cm™*
and that the symmetric CH; stretching vibration at 2928 cm™
is more of protein character.’® Since negative peaks positioned
at 2883 cm™' and 2933 ecm™' were observed in PC1 loading,
this region indicates a higher global lipid and protein content
in SPRT-treated cells, which is in accordance with the lower
wavenumber region data.

As previously said, PC3 represents spectral changes that
help to separate the spectra of CD-treated cells from those of
control cells. Score values for PC3 are positive for CD-treated
cells and negative for control cells. When it comes to SPRT-
treated cells, it can be observed that roughly one half of cell
spectra have negative and the other half have positive values of
PC3 scores. In accordance with that, the positive peaks in PC3
loading denote a relative increase in the corresponding mole-
cules in CD-treated cells. Contrary to PC1 loading, PC3 loading
is more similar to D2, the difference spectrum of CD-treated
cells.

Most prominent bands in the PC3 loading are those
assigned to nucleic acids. That group consists of already men-
tioned 785 cm™' mode along with modes at 1092 cm™,
1488 em™"' and 1574 em .***7"*® A negative sign of these
peaks in PC3 loading leads to the conclusion that CD-treated
cells carry the smallest DNA content, while SPRT-treated cells
also have smaller DNA content compared to control, but larger
compared to CD-treated cells. Slightly less prominent negative
peaks at 1372 cm™" and 1422 cm™' can also be assigned to
nucleic acid vibrations.® The decreased DNA content is, there-
fore, the main characteristic of CD-treated HeLa cells.

Except nucleic acid Raman modes, PC3 loading contains
two positive peaks: at 1402 cm ™, assigned to proteins, and at
1448 cm™', assigned to proteins and lipids. The feature at
1730 em ™' cannot be definitely included into the analysis due
to its very low intensity, but it should be mentioned that the
mode at this position represents a typical lipid spectral
marker, while the peak at 1125 cm™' can arise both from
lipids and proteins.******> The increased lipid content is,
therefore, a discriminating feature also for CD-treated cells
(not only SPRT-treated, shown by PC1).

More protein Raman modes in PC3 loading are represented
with positive peaks at 756 cm™", 1003 cm™" and 1630 cm ™.
The first two originate from aromatic amino acids, tryptophan
and phenylalanine,” respectively, while the feature at
1630 cm™" belongs to the amide I band. The amide I band in
protein Raman spectra can be observed as a broad peak cover-
ing frequencies from 1600 cm™' to 1690 cm™', approxi-
mately.”® It has been used for studies of the protein secondary
structure,”” being highly sensitive to changes in the molecular
geometry and hydrogen binding of peptide groups. In both
difference spectra as well as in PC1 and PC3 loadings a feature
at ~1670 cm™" is present, which can be related to the relative
increase of the protein content. In PC3 loading, as well as in
CD-cell difference spectrum, a low-wavenumber wing of the
amide I band, centered around 1630 cm™', is more pro-
nounced than in PC1 loading and SPRT-treated cell difference
spectrum. This indicates changes in the protein secondary

is more of lipid character
1
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structure specific for the cells treated with CD NPs. However,
this spectral region also contains some water vibration
modes®" which were subtracted during spectra preprocessing,
but some artifacts due to this can appear.

A similar conclusion about the increase of total protein and
lipid content in NP-treated cells can be derived analyzing the
high-wavenumber region of PC3 loading. All modes in this
region, at 2883 cm ™", 2924 ecm ™! and 3060 cm ™", can be assigned
to proteins and lipids, though the band at 2883 cm™ is more of
lipid character, while the one at 2924 cm™" is more of protein
character mode.*®** It should be noticed that the peak at
2924 cm™" in PC3 loading is shifted when compared to the
2933 cm ™" peak in the original mean cell spectra, as well as com-
pared with the corresponding peak in the PC1 loading spectrum.

To summarize, PC3 indicates a decrease in nucleic acid and
an increase in protein and lipid content of NP-treated cells,
with observable differences in the relative ratio of features in
the amide I band region for SPRT- and CD-treated cell spectra,
suggesting changes in the protein secondary structure for the
latter.

Contrary to the expectations that uncoated NPs affect the
cells more strongly than coated NPs, due to their free surface
accessible to the cell molecules, the results from conventional
biological assays and Raman measurements lead to the con-
clusion that dextran-coated CD NPs had a higher impact on
cells. The reason for that could be found in the stability i.e.
the size of NPs. Coated CD NPs, being smaller in size
(3-4 nm), can affect the cells more successfully than large
aggregates of uncoated SPRT NPs, as the coated particles pass
through cell structures more easily. Our AFM measurements
showed that a portion of SPRT NPs rest on the cell surface, in
the form of large clusters, which interferes with the AFM
characterization of the cell membrane surface. However, the
Raman imaging results indicate that at least part of the SPRT
NPs passes the cell membrane and are located within the cyto-
plasm and possibly other cell organelles, except the nucleus.
Still, the level of activity of those intracellular NP aggregates is
lower than the activity of CD NPs, as has been shown by the
SRB assay. In order to ensure that the observed changes in the
growth of CD-treated cells are caused by CeO, and not by
dextran itself, we tested for potential interfering effects of a
dextran solution on cell culture. A 48 hour treatment with the
aqueous dextran solution of the concentration equal to the
one used in NP synthesis showed no effect on the growth of
cell culture. We thereby confirmed that the effect is due to
ceria solely and that dextran itself does not affect the growth,
viability and detaching of the cells from the surface.

Conventional biological assays showed that effects of NPs
were represented mainly by cell growth inhibition, ie. by a
decrease of the overall cell number in treated cell samples.
Based on the literature data, most typical Raman spectral
markers for reduced cell growth are changes in nucleic acids’
Raman modes. In our experiments, the most pronounced
differences between the treated and control Raman spectra are
also nucleic acids’ peaks, indicating the reduced quantity of
cell nucleic acids and/or nuclear condensation level. An
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increase in the overall quantity of proteins and lipids in NP-
treated cells points out the effects caused primarily by CD NPs.
This could be associated with the enlargement of the overall
cell membranous area, due to vacuolization processes, often
following NP internalization in the cell.’?

AFM showed the depletion of lamellipodia and increased
levels of cell surface corrugation, as well as poorly defined
nuclei borders and partly fragmented nucleoli, in NP-treated
cells compared to control cells. Those features are already
studied as potential mechanical biomarkers for monitoring
antitumor drug effects.>® It has been shown that the surface
roughness of HeLa cells is increased after treatment with some
antitumor drugs, which act as proliferation inhibitors.””
Protein-related changes represented by the features in the
amide I band region in the cell Raman spectra could be
related to the reorganization of cytoskeletal elements and
membrane proteins, causing cell surface modulations.

It was shown that nanoceria interfere with the cytoskeletal
organization of neural stem cells."® It was also observed that

@ 4] s = ol gl » Control
‘ = SPRT
N 05- CcD
®
G 0.0---v; - SSRGS BENE o,
w 1 ']
W -0.5- & » &
anal la : ]
Ca0] o e %
.l
2 I
154 ® a |
I

A0 -0'.5 0.0 05 1.0
PLS score 1

(b) | ® Control
e SPRT

2
a
O ol
24
-4 @
-4 - 0 2 4

LD1
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gold NPs inhibit the polymerization of cytoskeletal protein
tubulin, inducing amide bands’ shifts.'* These NPs induce cell
cycle arrest and apoptosis of human lung and breast cancer
cells, as shown in the same study. In our experiments, CeO,
NPs affected the cells by decreasing the cell growth, that could
be a consequence of apoptosis or cell cycle arrest.

3.6 Classification of the cells treated with nanoparticles

Partial least squares regression (PLS) analysis is, unlike PCA, a
supervised multivariate method and takes into account prior
knowledge on the group association of spectra. It is used to
decompose the spectral variance in such a way that it optimally
separates the spectra from different groups of samples. PLS
analysis was performed on all three groups of spectra. PLS
scores spanning the space of first two PLS components are
shown in Fig. 9(a). A PLS-LDA model was built using a share of
total spectral dataset and then tested on the remaining
spectra. Linear discriminant analysis (LDA) using first five PLS
components was trained on random 360 spectra (training set),
120 from each cell group, and the model was tested on the
remaining spectra from the total of 683.

LD1/LD2 scores for the tested spectra are shown in Fig. 9(b)
demonstrating good separation and enabling good prediction
for spectra membership in each of three groups. The sensi-
tivity of the LDA prediction was 88% and specificity was 92%.
The quality of spectra separation shows a potential for the
method application in the separation of cells of the same type
treated with different kinds of NPs.

4. Conclusions

AFM and Raman spectroscopy were used to study the morpho-
logical and molecular changes of HeLa cells exposed to
dextran-coated (CD) CeO, NPs and uncoated (SPRT) CeO, NPs.
AFM showed degrading changes of the cell membrane and
lamellipodia and an increase of surface roughness in the
treated cells. Raman spectroscopy showed that coated CD NPs
have a higher impact on HeLa cells, observed through the
decrease of DNA content and the increase of the lipid/protein
content. Furthermore, modifications in the spectral region
characteristic of the protein secondary structure, induced by
coated CD NPs, were detected in their Raman spectra. These
changes could be connected with cytoskeleton reorganization,
causing morphological modifications of the cell surface.

Based on the results of this study, single-cell Raman spec-
troscopy performed fast and on a large number of cells has
potential for quick screening of cell DNA content changes
resulting from NP exposure. Raman analysis demonstrated
that the two types of ceria NPs both affect DNA, while standard
biological assays had been able to confirm only the effects of
CD NPs. The formation of lipid structures and the modifi-
cation of cell proteins can sometimes signal the mechanism of
the NP-cell interaction, and these changes are also observable
by Raman spectroscopy, as demonstrated in this work. The
AFM investigation of surface cell properties combined with
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Raman spectral fingerprinting of surface molecular structures
might be used to extract information on the effect of NPs on
the cell-cell and the cell-environment communication. In
general, the results obtained by Raman spectroscopy provide
guidelines for a more detailed characterization of NP-cell
interactions. Finally, multivariate PLS-LDA modeling marked
the potential of Raman spectroscopy for the classification of
the cells of the same origin in different physiological statuses
caused by NPs.
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Abstract

Ultrafine pure and cobalt doped SnO, s nanocrystals (Sn; .Co O, 0 < x < 0.05) were synthesized by
microwave-assisted hydrothermal method. The as-prepared nanocrystals have single phase tetragonal rutile
structure. With increase of Co content (x > 0.01), Co entered into SnQ, lattice in mixed Co*/Co** state.
Pronounced blue shift of the band gap with cobalt doping originated from the combined effect of quantum con-
finement and Burnstain-Moss shift. Raman and photoluminescence study revealed oxygen deficient structure
of Sn0, 4 for which the prevalent defects are in the form of in-plane oxygen vacancies. Co-doping induced de-
crease of in-plane oxygen vacancy concentration and luminescence quenching. SnQO, s exhibited significantly
better photocatalytic activity under UV light irradiation, than Co-doped samples due to better UV light ab-
sorption and increased concentration of in-plane oxygen vacancies which, as shallow donors, enable better
electron-hole separation and faster charge transport.

Keywords: SnO, nanopowders, wet-chemical synthesis, defects, optical properties, photocatalysis

I. Introduction the synthesis of SnO, nanostructures with controlled
size and morphology. SnO, nanostructures like thin
films, nanobelts, nanotubes or nanowires, nanodisks and
nanocrystals have been prepared using different meth-
ods, such as carbothermal reduction process, hydrother-
mal and solvothermal, chemical vapour condensation,
laser ablation, sol-gel and molten salt techniques [9—
18]. However, for most of these methods relatively high
temperatures are required during the synthesis process
and the samples are usually subjected to additional ther-
mal treatment in order to achieve good crystallinity. In
recent years hydrothermal approaches appeared to be
widely applied as SnO, nanostructures can be obtained
with different morphologies and tunable size at mild
temperatures [8,19]. Microwave-assisted hydrothermal

Tin oxide (SnO,) is an n-type semiconductor with
large band gap (3.6 eV) at room temperature. Because of
its unique electronic, optical and electrochemical prop-
erties, SnO, is widely used in dye-sensitized solar cells,
transparent conductive electrodes, solid state sensors,
lithium-ion batteries and catalysis [ 1-7]. During the past
decade, SnO, nanostructures have become one of the
most important oxide nanostructures due to their excep-
tional properties and potential applications which are
strongly influenced by size effects and morphology [8].

In the past decade various efforts were devoted to

*Corresponding author: tel: +381 113713024,
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synthesis (MAH) became a very promising method
for obtaining size and morphology controllable oxide
nanostructures due to the unique advantages, such as
fast heating rate and uniform heating without super-
heating of the solvent, which results in small particle
size, narrow size distribution and high purity of the ob-
tained nanopowders. Therefore, MAH appeared to be
very convenient method for obtaining ultrafine SnO,
nanopowders [19,20].

SnO, nanostructures are generally less studied as po-
tential photocatalysts compared to TiO, and ZnO, de-
spite its crystalline structure being similar to TiO, and
good properties such as high photochemical stability,
non-toxic nature, strong oxidizing power, and low-cost
[21]. In order to improve the photocatalytic efficiency of
SnO2, selective doping with metal ions, transition met-
als (gold, manganese, silver and iron) and rare—earth
elements (Ce, Sm, Gd) was performed and well pre-
sented in the review paper by Al-Hamdi et al. [21].
Among the transition metals, cobalt is rarely applied
as dopant. In fact, there are only few papers dedicated
to potential applicability of Co-doped SnO, nanostruc-
tures as photocatalysts [22-24], but none of them in-
vestigated the synergic influence of defective nature
and Co-doping on photocatalytic properties of very fine
SnO, nanocrystals. It is well known that photocatalytic
efficiency of metal oxide nanostructures can be influ-
enced by the presence of intrinsic defects such as oxy-
gen vacancies [25-28]. The presence of oxygen vacan-
cies strongly influences the charge recombination pro-
cess and the band gap structure. Namely, oxygen vacan-
cies introduce the defect levels (near conduction or va-
lence band) inside the gap and behave as trapping cen-
tres for photogenerated carriers preventing the fast re-
combination. Besides, oxygen vacancies can facilitate
the transferring of charge carriers to adsorbed species
(OH™ or water molecules and dissolved oxygen present
on the surface of the catalyst) and enhance the forma-
tion of reactive radicals which are responsible for im-
proved photocatalytic activity of oxide nanostructures
[26,27]. Moreover, the formation of defect states inside
the gap reduces the band gap and extends the absorption
to visible light [25,27]. The prominent intrinsic defects
in SnO, nanostructures are oxygen vacancies as well,
which form donor/acceptor states inside the SnO, gap,
influencing its electronic structure and making it con-
ductive [4]. As oxygen vacancies play a critical role in
many new physical phenomena, it is important to inves-
tigate associated changes in the optical and electronic
properties of pure and Co-doped SnO, nanomaterials
which can have a strong impact on photocatalytic ac-
tivity of these materials.

In the work presented here, ultrafine, nonstoichio-
metric pristine and Co-doped SnO, ; nanopowders were
synthesized via simple and cost effective microwave-
assisted hydrothermal method. This paper intends to
explore how defective structure and Co-doping pro-
voke changes of optical and electronic properties of
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SnO, _,; nanocrystals influencing the photocatalytic per-
formances.

II. Experimental procedure

2.1. Materials preparation

Sn, Co, 0O, (where x = 0, 1, 3 and 5mol%)
nanopowders were synthesized by microwave-assisted
hydrothermal method using SnCl, - 5H,0 (98%, Ald-
rich), CoCl, -6 H,O, NaOH and HCI as starting pre-
cursors. Initially, 1 ml of hydrochloric acid was added
to 10ml of distilled water at 50 °C resulting in a so-
lution with pH between 0 and 1. Next, 17.529g of
SnCl, - 5 H,O was added and the mixed solution was ho-
mogenized under stirring with simultaneous increasing
of the water amount to approximately 50 ml. In a case
of the doped samples, 0.119g, 0.357 g and 0.595 g of
CoCl, - 6 H,O were added to obtain 1, 3 and 5 mol% Co-
doped samples, respectively. NaOH was added drop-
wise under vigorous stirring until the pH of the solu-
tion was adjusted to 8. The mixed solution was placed
in a 110 ml sealed Teflon autoclave and subjected to mi-
crowave heating, applying 2.45 GHz of microwave ra-
diation at a maximum power of 800 W. The as-prepared
solution was heated at 140 °C for 10 min using heating
rate of 14 °C/min and then air-cooled to room temper-
ature. The as-prepared undoped and Co-doped SnO,
nanopowders were submitted to dialysis in order to be
separated from the solution and then dried at 80 °C for
12h.

2.2. Materials characterization

The crystalline structure and average crystallite size
of the Sn,_ Co O, _; samples were evaluated using X-ray
diffraction (XRD) measurements. The measurements
were carried out using an automatic X-ray diffractome-
ter (Rigaku, Rotaflex RU200B) with CuKa radiation
(50kV, 100mA, A = 1.5405A) in a 6-20 configuration
using a graphite monochromator. The 26 scanning range
was between 20 and 70°, with a step size of 0.02°. Mi-
crostructural analysis was made by transmission elec-
tron microscopy (TEM) FEI Titan 60-300 operating at
voltages between 60 and 300kV, using a field emission
gun (FEG) with an objective lens (Super Twin) and a
corrector that allows resolution of 0.08 nm.

Micro-Raman scattering measurements were per-
formed at room temperature in the backscattering con-
figuration on Tri Vista 557 Raman system equipped with
a nitrogen-cooled CCD detector, using 532nm laser
line of optically pumped semiconductor laser (Coher-
ent Verdi G) as an excitation source. UV-visible dif-
fuse reflectance spectra were acquired with a Cary 5G
spectrophotometer in the 200—-800 nm range. Diffuse re-
flectance spectra were transformed into the absorbance
spectra by the Kubelka-Munk method. The ellipsomet-
ric measurements were performed using high resolu-
tion variable angle spectroscopic ellipsometer (SOPRA
GESSE-IRSE) of the rotating polarizer type. The data
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were collected at room temperature in the UV-Vis spec-
tral range with a resolution of 0.02eV, for the inci-
dence angle of 70°. Photoluminescence emission mea-
surements were performed at room temperature using
Spex Fluorolog spectrofluorometer with C31034 cooled
photomultiplier under Xenon lamp excitation at 380 nm.

2.3. Photocatalytic experiments

The photocatalytic activity of the Sn; Co,O, s sam-
ples, for the degradation of methylene blue (MB) as
model pollutant, was tested under UV illumination. The
different samples with the same photocatalyst amount
(150 mg/1) were immersed in 20 ml of an aqueous so-
Iution of methylene blue (5.0 mg/1). The beakers were
placed in a photo-reactor at controlled temperature
(15 °C), under magnetic stirring, and were illuminated
by six 15W UV lamps (TUV Philips, maximum inten-
sity at 254 nm). The solution was placed in the dark for
60 min to reach the adsorption/desorption equilibrium
before UV light exposure. Blank experiment without
UV irradiation demonstrated no adsorption of MB dye
on the surface of the Sn; ,Co, O, ; samples. The photo-
catalytic experiments were conducted at the natural pH
= 6 of MB dye. At regular time intervals 2 ml aliquots
were taken, centrifuged to remove any catalyst particles
and the concentration of the dye was determined by UV-
Vis absorption spectrophotometer (Shimadzu-UV-1601
PC) monitoring the variation of absorbance at 663 nm.

The formation of hydroxyl radicals (OH*®) on the sur-
face of the SnO, ; sample under the UV light illumi-
nation was examined by photoluminescence (PL) tech-
nique using terephthalic acid (TA) as a probe molecule.
The detailed experimental procedure was described in
reference [29]. TA is known to react with OH® rad-
icals induced on the photocatalyst’s surface where it
produces highly fluorescent 2-hydroxyterephthalic acid
which shows an intense PL peak at around 425nm.
The intensity of this peak is proportional to the amount
of OH"® radicals [30,31] produced in the photocatalytic
process. The changes of the 425 nm PL peak intensity
were measured at room temperature using 315 nm exci-
tation.

II1I. Results and discussion

3.1. Crystal structure and morphology

Figure 1a shows XRD patterns of the Sn, Co, O,
(0 < x < 0.05) nanopowders, whereas the Rietveld re-
fined XRD spectra of the SnO, 5 and Sn, 4sCo,, 15O, 5
samples are presented in Figs. 1b and 1c. The XRD pat-
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Figure 1. XRD patterns of Sn, Co, O, ; nanocrystals

(0 < x £0.05) indexed to tetragonal rutile structure of

SnO, (a), Rietveld refined XRD spectra of SnO, _; (b)

and Sn,, y;Co, s O,_; (c) nanoparticles

terns of all the samples revealed single phase tetrag-
onal structure (cassiterite phase). The XRD peaks at
26.6, 33.8, 51.9 and 65.8° can be assigned to (110),
(101), (211) and (301) planes, which are in good agree-
ment with literature data (ICDS Ne 9163). No secondary
phases like Co oxides, Co clusters or other tin ox-
ide phases were observed. Moreover, broad diffraction
peaks of low intensities compared to those of bulk SnO,,
point to low crystallinity and small crystallite size of the
SnO, nanoparticles.

The average lattice parameters and unit cell volume
obtained from the Rietveld refinement data are given
in Table 1. These results showed an expansion of the
SnO, unit cell with increasing cobalt content up to 5%.
This variation originates from the substitution of smaller
Sn** cations (0.83 A) with larger Co®* cations in high
spin state (0.89 A) [32]. The slight shrinkage of the unit
cell observed for the 5% Co-doped sample can be re-
lated to the presence of increased amount of smaller
Co** cations (Is: 0.68 A or hs: 0.75 A). The average
crystallite size (D) of the Sn;_ Co,O, s nanocrystals was
calculated with the Scherrer formula using the 110 re-
flection and their values are reported in Table 1. Obvi-
ously, the mean crystallite sizes of the undoped and Co-
doped samples are less than Bohr exciton radius (2.7 nm
for SnO,) [33] and with increased Co-doping the crys-
tallite size of the Sn;  Co O, ; nanocrystals decreases.
Such a trend implies that Co-doping has an inhibiting
effect on the crystal growth. This inhibiting effect of Co
on the crystal grains growth was already confirmed in
the work of Babu et al. [34].

TEM images of the undoped and Co-doped SnO,
samples are presented in Fig. 2. TEM images revealed

Table 1. Lattice parameters (a, c), unit cell volume (V) and average crystallite size (D) of the Sn, ,Co, O, ; nanocrystals

Sample a=b[A] c[A) V[A}] D [nm]

Sn0, 4722 +0.002 3.180+0.003 70905 2.5
Snj00C0y 00,5 4747 +0.002 3.201+0.003 72.131 2.4
Sny,C0y 30,5 4.759+0.002 3.206+0.002 72.609 2.3
SnyosC0y 5O, 4.744+0.002 3.186+0.002 71.703 2.2
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Figure 2. TEM images of Sn, .Co,0,; (0 < x < 0.05)
nanoparticles

that the undoped SnO, ; sample is composed of single
crystalline nanoparticles of very small size and quasi-
spherical shape. The morphology of the Sn, ,Co,O,
nanoparticles remained the same with Co-doping. The
particles are of spherical shape with the size less than
3 nm, which is in good agreement with the results ob-
tained from XRD data. The observed agglomeration of
the Sn,_Co, O, s nanoparticles can be ascribed to small
crystallite sizes.

3.2. Raman analysis

SnO, tetragonal rutile crystalline structure (space
group P4,/mnm) has four active Raman modes (non-
degenerate Ay,, Biy, By, modes, and a doubly degen-
erated E, mode), two active infrared modes (A, and
E,) and two silent modes (A5, Bi,) [35]. The positions
of Ayg, Big, Byg and E, Raman modes in SnO, single
crystal under ambient conditions are 634, 123, 776 and
475 cm’!, respectively, and the Aj, and E, modes are of
much higher intensity compared to By, and B, modes
[35].

The Raman spectra of nanocrystalline, non-
stoichiometric SnO, s are modified in comparison with
single-crystal or polycrystalline SnO,, because Raman
spectroscopy is more sensitive to intrinsic defects and
confinement effect than conventional XRD technique.
Namely, the position, bandwidth and intensity of Ra-
man modes are size dependent, i.e. Raman modes are
broadened, of lower intensity and shifted towards lower
or higher energies depending on phonon dispersion
curves. Besides, new modes of defect origin can appear
[36,37]. The room temperature Raman spectra of the
Sn,_Co,0, s nanocrystals are presented in Fig. 3 and
they are deconvoluted using Lorentzian profiles (full
lines in Fig. 3).

In the Raman spectrum of the pure SnO, ;, the most
prominent mode is located at ~574cm’!. This mode
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Figure 3. Deconvoluted room-temperature Raman spectra of
Sn,_.Co,0, s nanoparticles

is characteristic for non-stoichiometric SnO, ; and it
is not present in the Raman spectra of SnO, single-
crystal [35]. Density functional calculations performed
by Liu et al. [38] have shown that this mode arises
from in-plane oxygen vacancies (Vp;,) in the surface re-
gion of SnO, s nanoparticles, intensity of which is pro-
portional to their concentration. In very fine nanopar-
ticles this mode has the highest intensity due to the
increased concentration of oxygen vacancies. Raman
mode at ~627 cm’! can be ascribed to the A, mode of
rutile SnO, structure. This mode is of lower intensity,
broadened and shifted to lower wave numbers compared
to the bulk counterpart, due to the phonon confinement
effect [37]. As the crystallite size of the undoped SnO,
is smaller than the Bohr exciton radius, the size effect
can be very pronounced in this sample. Another broad
Raman mode at ~479 cm™ is assigned to E, mode and
it is shifted to higher wavenumbers with size decrease
of SnO, _; nanocrystals [37]. Besides these modes, addi-
tional modes at around 430 and 540 cm™! appear. These
new modes are usually seen in very fine SnO, nanopar-
ticles [37-39], nanotubes [40] or nanoribbons [41] be-
cause of the increased degree of local disorder, i.e. loss
in long-range order due to the large number of lattice va-
cant positions, especially at the surface of nanoparticles.
These modes are of high intensity in small nanoparticles
and disappear with particle size increase. According to
some literature data, due to the relaxation of the selec-
tion rules in nanostructured SnO,, the mode at 540 cm’!
is assigned to the Raman forbidden mode (B,,) [40,41],
whereas the new mode at around 430cm™! can be as-
signed to the oxygen vacancy clusters (V¢) [39]. The
Ay, and E, modes exhibited redshift and broadening
with Co-doping. The redshift and broadening of these
modes are expected with substitution of Sn** ions with
larger Co”* ions and decreased crystallite size due to
the phonon confinement effect. The positions and inten-
sities of the Ay,, E, and oxygen vacancy related modes
(Voin and V() are presented in Fig. 4. As it can be seen
from Fig. 4, the intensity of A;, mode increases with
increased Co concentration, whereas the intensity of £,
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Figure 4. Positions and intensities of A;, and E, (a) and vacancy (V;, and V¢) (b) Raman modes

mode is higher in the Co-doped samples compared to
the undoped SnO, ;. The E, mode intensity slightly de-
creased in samples doped with higher Co content, as a
consequence of lattice distortion and reduction in lattice
space symmetry. The position of the Raman mode as-
cribed to in-plane oxygen vacancies (574 cm™!) did not
change significantly, whereas the Raman mode related
to vacancy clusters (430cm™) shifts to higher energies
with Co-doping. The intensity of both modes decreased
in the Sny, 4,Co,, 13O, s sample and this trend is more ev-
ident for the Sn; osCo,, 15O, s sample. The intensity re-
duction of oxygen vacancy related modes in these sam-
ples implies that the concentration of oxygen vacancies
decreased. The decrease of the oxygen vacancy concen-
tration is expected if the part of Co cations were in Co™*
state or if some Co cations were interstitially incorpo-
rated in SnO,_; lattice [33,42].

In order to see if Co cations substituted Sn** in Co**
state or the part of them was in Co®* state, UV-Vis
absorption measurements were performed and the ab-
sorption spectra of the Sn, ,Co, O, s samples are pre-
sented in Fig. 5. In the UV range, the absorption spec-
trum of SnO, ; displays a strong absorption due to

Absorbance

400 500 600
Wavelength (nm)

200 300 800

Figure 5. UV-Vis spectra of Sn,_ Co,O,_; nanoparticles

the SnO, interband transition. Two peaks at 230 and
283 nm are superimposed giving the broad band which
might correspond to the surface Sn** species and to
the Sn**—Sn>* intervalence charge transfer, respec-
tively [43]. In Co-doped samples the broad band is
shifted to lower wavelength implying the band gap in-
crease with Co-doping. In the absorption spectra of
the Sn,, ;Co, 130, s and Sn;, 4sCo, ,sO, ; samples, new
bands appear. The band around 329nm can be as-
signed to the partial change of oxidation state of Co®*
to Co>* [44], whereas the broad band around 400 nm
can be ascribed to lAlgiz—ﬂng transition of low spin
Co’* ions in octahedral environment [45]. The inten-
sity of these bands increased in the Sn;y5Cog)sO, s
sample pointing to the increased concentration of Co**
ions. The bands around 544 and 635nm can be re-
lated to 4A,(F)—>4T,(P) transition of tetrahedral Co*
species [45]. Therefore, from the absorption spectra of
the Sn o,Co,, (30,5 and Sn 4sCoy (sO,_s samples it can
be deduced that part of Co cations entered into SnO,
lattice in Co>* state, concentration of which increased
with the increased dopant content. This result supports
the finding obtained from the refined XRD spectrum of
the Sn,, 45Co, (50O,_s sample, since the shrinkage of the
unit cell was ascribed to the increased amount of Co’*
cations.

Our conclusions derived from absorption measure-
ments are well-supported by recently published work of
Roy et al. [46] concerning Co-doped SnO, nanocrys-
tals. From the XPS study, Roy et al. [46] confirmed the
mixed valence nature of Co ions in the host lattice and
they have found that the relative concentration of Co>*
exceeds that of Co®" with the increase of dopant con-
tent. This study also showed that Co incorporation into
SnO, leads to the reduction of oxygen vacancies which
is consistent with our Raman study.

3.3. Optical and electronic properties

The investigation of complex dielectric function by
spectroscopic ellipsometry offers an insight into the
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Figure 6. Determination of the direct band gap for Sn, ,Co O, ; nanoparticles using Tauc law(a); variation of the band gap
energy obtained from ellipsometric measurements (EZ,"" ) and from quantum confinement model (AEZ,”") (b) and
concentration of charge carriers n, for Sn,  Co, O, ; samples (c)

most important optical properties of the nanomaterials,
such as, optical band gap, interband and intraband tran-
sitions, defect electronic states. The imaginary part of
dielectric function is directly related to the electronic
density of states and in a case of nanopowders it can be
deduced from the ellipsometric measurements by apply-
ing two-phase model approximation (in our case: SnO,
nanocrystals/air). In order to investigate the optical band
gap behaviour and the influence of Co dopant on the
absorption edge in SnO, ; nanocrystals we applied the
Tauc model for direct band gap transition [47], knowing
that SnO, is a direct band gap material [48]. In this case
general expression for &,(E) is:

(2 E*)’ = a(E ~ Ey) M
where E is the photon energy, E, is the band gap and a is
the constant related to the density of states for the con-
duction band. The Tauc plots of the Sn, ,Co O, ; sam-
ples obtained from ellipsometric measurements are pre-
sented in Fig. 6a. Linear extrapolation to zero absorp-
tion (straight lines in Fig. 6a) gives the band gap energy
values of the Sn,_Co O, ; samples.

In Fig. 6b, the dependence of the band gap energy
(from Fig. 6a) on dopant content for the Sn, ,Co O, ¢
samples is represented with open circles. It is obvious
that Co-doping induces an increase of the E,. Also, it
is important to notice that all investigated samples have
the band gap values higher than that for bulk SnO,. Such
changes in electronic properties of SnO, nanomaterials
can be a consequence of the quantum confinement ef-
fect. This effect causes an increase of the band gap value
due to the stronger localization of electronic states in-
side the volume of nanocrystals. The band gap energy

107

shift, caused by this effect, can be calculated according
to the following relation [49]:

h2n?

AEAC’M =Eg+ 2u - D?

(2)

where E, is the band gap value for the bulk SnO,
(3.6eV), D is the crystallite radius and y is the reduced
effective mass of the electron-hole pair. From the XRD
results it was obtained that the average crystallite size
of the undoped SnO, ; nanocrystals is lower than Bohr
exciton radius, and that it has a tendency of further de-
crease with Co-doping. Therefore, it is reasonable to
take into account the quantum confinement effect in or-
der to properly analyse the band gap behaviour of the
Sn,_ Co, 0O, s samples. Taking the D values from Table
1 and knowing that u = 0.38my [48], the band gap val-
ues (AEL™) that arise from the quantum confinement ef-
fect were calculated using Eq. 2. The AE;™ values are
presented in Fig. 6b with open squares. Comparing the
AE{" values with E™ ones it is obvious that observed
band gap increase of the Sn; ,Co, O, s samples cannot
be ascribed only to the quantum confinement effect.
Another effect that can cause a shift of optical ab-
sorption edge to higher energies is the Burstein-Moss
effect, which becomes more relevant in doped semicon-
ductors (like transparent conducting oxides) with high
charge carrier concentration. The Burstein-Moss effect
is already registered in doped SnO, thin films [50,51].
According to this effect, the widening of the optical gap
is caused by metallic doping and increase of carrier den-
sity which leads to the filling of empty semiconductor
electronic states in the vicinity of Fermi level and its
shift to higher energies. Assuming parabolic bands and
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spherical Fermi surface the band gap shift due to the
Burstein-Moss effect can be calculated by simple rela-
tion [4]:

h? 2/3
AEJ = = (37° - n) 3)

U

where & is Planck constant, u is the reduced effective
mass and 7, is the carrier concentration.

Additional charge, i.e. increased charge carrier den-
sity in pure and doped SnO, ; nanocrystals, can orig-
inate from the donor type defects like oxygen vacan-
cies and Co-dopants. Raman spectra have already ev-
idenced defective structure of SnO, ;, whereas Co**
dopants bring additional charge when substituting Sn**
ions. Hence, the observed increase of the E, from Fig.
6b can be ascribed to the Burstein-Moss shift (AEZM).
Combining Eqgs. 2 and 3 it is possible to estimate the
concentration of charge carriers (n,) in the Sn; ,Co O,
samples and the obtained values are presented in Fig.
6c. These calculated values are in good agreement with
literature data for SnO, thin films [52]. As can be seen
from Fig. 6¢, doping of SnO, ; nanocrystals with Co
ions causes an increase of the charge carriers concen-
tration and shift of the optical absorption edge toward
UV region, making the investigated material more con-
ductive and at the same time more transparent.

It is well known that large number of defects, such as
oxygen vacancies or vacancy clusters, can be formed at
the SnO, nanoparticles surface and subsurface [21]. In-
trinsic oxygen vacancies can be of three types: in-plane
(Voin), bridging (Vpp) and subbridging (Vpsp) vacan-
cies [36,38]. These vacancies can be in different charge
states, i.e. vacancies which trap one, two or none elec-
trons, so called F*, FO and F** centres, and they can
form defect levels inside the SnO, 5 gap [53]. Among
the optical spectroscopy methods, photoluminescence
(PL) spectroscopy is convenient method to investigate
the defect structure of the pure and Co-doped SnO,
samples.

Room temperature PL spectra of the SnO, g,
Sn, 49Coy 4,0, and Sn; 4sCo, (5O, ; samples using a
wavelength of 380nm for excitation are presented in
Fig. 7a. The PL spectrum of SnO, s is deconvoluted

into four Gaussian peaks centred at 510, 575, 470 and
446 nm (inset of Fig. 7a). In the deconvoluted PL spec-
trum of the undoped SnO, ; two bands dominate: broad
intense band centred at around 510 nm and another band
of lower intensity at around 575 nm. Since the excita-
tion and emissions are both lower than the band gap
of SnO, 4, neither of these PL bands can be ascribed
to the recombination of the Sn 4p conduction electrons
with a holes from a O 2p band. The broad green lu-
minescence around 510 nm is already seen in SnO, thin
films [10] and nanoparticles [36] and it was attributed to
the in-plane oxygen vacancy defects [36]. Therefore, the
strong PL peak at 510 nm (2.45eV) is ascribed to Vy;,
defects. This finding is in accordance with correspond-
ing Raman spectrum in which the most prominent Ra-
man mode originates from in-plane oxygen vacancies.
Another PL band at 575 nm (2.15eV) can be ascribed to
the isolated bridging oxygen vacancy defects, i.e. singly
ionized F'* defects [53]. The PL bands around 470 and
440 nm were seen in SnO, nanopowders [54]. These PL
bands obtained with similar excitation line as in our case
were ascribed to have excitonic origin [54]. It is well
known that excitonic bands are formed near the band
edge and they are usually of much narrower bandwidth
than PL bands which originate from defect structures.
As the band gap of the SnO, ; sample is around 4 €V, it
can be concluded that PL bands at 446 and 470 nm lie
deeper in the gap. Hence, it is unlikely that these two
bands originate from some excitonic states. Perform-
ing density functional calculation for defective SnO,
nanocrystals, Liu et al. [38] have shown that PL peaks at
446 and 470 nm originate from the subbridging oxygen
vacancies, Vpsp. Schematic model for different relax-
ation processes in the SnO, _; nanocrystals is presented
in Fig. 7b.

Co-doping induced complete reduction of PL inten-
sity. Even the smallest percent of Co-doping (see Fig.
7a) almost completely quenched the luminescence. By
integrating the spectra of the Sn,_ Co, O, _; samples from
Fig. 7a, the areas within the boundary of emission were
calculated for both undoped and doped samples in or-
der to compare the quantum efficiencies. As the spectra
were recorded under the identical excitation/absorption
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Figure 7. Room-temperature PL spectra of Sn, , Co_O,_; nanoparticles (a) and the schematic of relaxation mechanism (b)
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conditions, the drop in quantum yield value was esti-
mated to be nearly 93%, which evidently implies that
cobalt doping drastically quenches the photolumines-
cence of SnO, ;. It has been already demonstrated that
Co ions act as luminescence quenchers for metal oxides
like TiO, or ZnO, decreasing the intensity of PL emis-
sion by forming the large number of nonradiative cen-
tres [55,56]. Therefore, it can be inferred that Co-doping
of the SnO, ; nanocrystals increases the nonradiative re-
combination processes.

3.4. Photocatalytic performances

The degradation of MB under the UV light in the
presence of the Sn, Co, O, ; samples is shown in Fig.
8a. The blank experiment in the absence of the cata-
lyst (black curve) displayed almost no photocatalytic
degradation of MB under UV irradiation. The SnO,
nanoparticles exhibited high photocatalytic activity as
the degradation of MB was completed after 6 h. The
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Figure 8. Photocatalytic degradation of MB in the presence
of Sn; , Co, O, ; samples (inset: pseudo first-order reaction
kinetics of SnO,_; sample) (a) and illustration of proposed

photodegradation mechanism under
UV light illumination (b)

photocatalytic efficiency of the SnO,_; nanoparticles is
much better than the ones of bulk SnO, [53] and is com-
parable to other reported works on SnO, nanoparticles
[24,57]. Photoinduced degradation of MB was signifi-
cantly slower in the presence of Co-doped samples. Af-
ter 6 h, the MB degradation of 50% was obtained in the
presence of the Sn;, 40Co, 0, catalyst, whereas sig-
nificant decrease of photocatalytic activity was regis-
tered for the Sn o;Co, 130, s and Sn;, 45Coy, 45O, 5 sam-
ples. The obtained results are in accordance with the
solitary work of Entradas et al. [22] who showed that
increased Co-doping resulted in the decreased photocat-
alytic activity of SnO,. The experimental kinetic data
for SnO, ; catalyst were fitted to the rate equation of a
pseudo first-order reaction In(C/Cy) = kt, where k is the
rate constant and Cy and C are the initial dye concen-
tration and that at time 7. The reaction kinetics for the
SnO,  catalyst (inset of Fig. 8a) follows the first order
and the reaction rate constant estimated from the slope
of the linear fit is 0.323 h™!. The degradation process of
MB is initiated when the electron-hole pairs are formed
on the SnO, ; surface under the UV irradiation. Photo-
generated electrons and holes, if not recombined, can
migrate to the catalyst surface and react with adsorbed
oxygen, water molecules or hydroxyl anions generating
hydroxyl (OH®), superoxide (O3") or (HO3) radicals.
These reactions can be presented by Eq. 4-8:

Sn0, + hy — SnO, (e, + hi) (4)
€ap + Ogqy — 037 )
h{, + H,O — H" + OH"* (6)
h?, + OH™ —> OH" 7)
0y + H* — HO} ®)

The photocatalytic efficiency of semiconductors like
SnO, can be enhanced by introducing lattice defects
such as oxygen vacancies because these defects can be
active sites on the photocatalyst surface and delay the
recombination of photogenerated electrons and holes
[21,58]. The as-prepared SnO,_; nanopowders are very
much oxygen deficient as confirmed by Raman results.
The oxygen vacancies can form defect states inside
the gap influencing the electronic structure of SnO,
nanoparticles, as already seen from PL spectrum. By
applying complementary techniques such as ultravio-
let photoelectron spectroscopy and ion-scattering spec-
troscopy, Cox et al. [59] analysed oxygen vacancy elec-
tronic states on the SnO, surface and they showed
that in-plane oxygen vacancies Vp;, form defect elec-
tronic states inside the SnO, gap near the conduc-
tion band behaving like F* centre donor states. Bridg-
ing/subbridging oxygen vacancies form states near the
valence band [59] playing the role of hole acceptors.
These donor/acceptor states can serve as carrier traps for
electrons and holes ensuring better charge separation ef-
ficiency and suppression of e-h recombination process.
Besides, doubly ionized (F**) or singly ionized (F*)
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in-plane or subbridging vacancies formed at the surface
of the catalyst facilitate charge transfer to adsorption
species like H,O or O,, forming reactive radicals re-
sponsible for dye degradation. The holes, hJ,, trapped
by oxygen vacancies at the nanoparticle surface react
with adsorbed H,O or OH ™ groups to form OH" radicals
(Egs. 6 and 7). Besides, electrons, e, can be trapped
by surface F** vacancies which convert to F*. Molec-
ular oxygen adsorbed on the SnO, ; surface can capture

electrons located on F* states [58] to form O3~ radicals:
e, +F— FF )
F"+0, — Oy + F** (10)

Therefore, it is reasonable to assume that in-plane
and subbridging/bridging oxygen vacancies in different
charge states play significant role in enhancing the pho-
tocatalytic efficiency of SnO, ;. The proposed mecha-
nism of photodegradation process is presented in Fig.
8b.

Among the reactive radicals, OH® radicals are con-
sidered to be the most important oxidative agent in
photocatalytic reactions on metal-oxide nanostructures.
They have one of the highest oxidation potentials among
the oxidizing species (2.8 V) and can rapidly attack
pollutants on the semiconductor surface. These radi-
cals are considered as non-selective oxidizing species,
since they can oxidize almost all electron rich organic
molecules because of its electrophilic nature. OH® rad-
icals are usually formed by the reaction between the
holes and OH™ or water molecules present on the
surface of the catalyst (Eqs. 6 and 7). The forma-
tion of OH® radicals on the surface of UV-illuminated
SnO, ; was tested by performing the experiment with
terephthalic acid, described in detail in section 2.3.
The concentration of OH® radicals was estimated from
the intensity change of the PL peak attributed to 2-
hydroxyterephtalic acid which is known to be propor-
tional to the amount of OH® radicals formed [30,31].
Figure 9 showed that intensity of PL peak at around
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Figure 9. PL intensity change of 430 nm peak observed
during UV illumination of SnO,_; sample in the solution of
terephthalic acid and recorded at different time
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430nm gradually increased with the prolonged irradi-
ation time pointing to the higher formation rate of hy-
droxyl radicals. This result indicates that increased for-
mation of OH*® radicals has a great effect on the photo-
catalytic activity of SnO, ;. Further investigations will
be directed to the estimation of the optimal SnO, con-
centration and the influence of solution pH on the SnO,
photocatalytic properties. In that sense, more detailed
mechanism study needs to be performed.

With Co-doping the photocatalytic performances of
SnO, ; were deteriorated. The reasons can be found in
increased number of nonradiative centres with increas-
ing cobalt concentration which act as trapping centres,
immobilizing the fast transfer of photo-generated elec-
trons to the nanoparticle surface. However, one of the
main reasons can be found in the decreased concen-
tration of oxygen vacancies which promotes the charge
separation enhancing at the same time the photocatalytic
activity. Also, the increased band gap of the Co-doped
samples decreases the number of photons with sufficient
energy to initiate photocatalytic processes, i.e. less UV
energy is absorbed.

IV. Conclusions

Single phase ultrafine Sn,_Co, O, ; nanocrystals, of a
tetragonal (cassiterite-type) crystal structure, were pre-
pared using a simple microwave-assisted hydrothermal
synthesis at low temperature without the addition of
any surfactant. Rietveld refinement of the XRD data
showed that Co cations entered substitutionally into
SnO, ; lattice and the unit cell volume increased up to
x = 0.05. The slight shrinkage of the unit cell of the
Sn,, 45Co,, 15O, sample was ascribed to the increased
amount of Co®* cations. The average crystallite size
of the SnO, ; nanocrystals was less than Bohr exci-
ton radius and it was found to decrease with increas-
ing Co-doping level. UV-Vis absorption measurements
confirmed that Co cations entered into the SnO, ; lat-
tice in mixed valence state for higher dopant content (x
> 0.01) and the concentration of Co®* cations increased
in the Sn, 45Co,, ,sO,_ s sample. Raman spectra revealed
oxygen deficient structure of the SnO, ; nanocrystals,
whereas the oxygen vacancy concentration decreased
with increased Co-doping. Further, Co-doping brought
significant changes in the optical and electronic prop-
erties of tin oxide. SnO, ; nanocrystals exhibited blue
shift of the band gap energy, compared to the bulk coun-
terpart, due to the combined phonon confinement and
the Burstein-Moss effects. The optical band gap energy
increased with increasing Co concentration. The lumi-
nescence process in SnO, ; nanocrystals mainly origi-
nated from oxygen vacancy related defects and it was
completely quenched in the Co-doped nanocrystals due
to the increased nonradiative recombination processes.
The oxygen-deficient SnO, _; was efficient for the light-
induced degradation of methylene blue. Enhanced pho-
tocatalytic activity of SnO, ; can be ascribed to the
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oxygen vacancies-assisted better charge separation and
faster charge transport to adsorbed species. On the other
hand, deteriorated photocatalytic performances of Co-
doped SnO, ; nanopowders can be ascribed to the de-
creased oxygen vacancy concentration and less amount
of absorbed UV light because of the band gap widening.
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ABSTRACT

Quantum confinement in two-dimensional semiconductor nanoplateletes (NPLs) is determined by their thickness
which can be precisely controlled during the synthesis. As a result, NPLs have a very narrow luminescence
spectrum and they can provide light sources with very high color purity. Switchable light sources needed for a
wide range of applications require the dynamic control of the luminescence. One efficient approach for this
purpose is direct charge injection into NPLs. In order to study charging/discharging processes and local electrical
properties of CdSe/CdS core-shell NPLs as the model system, here we employed electrical methods based on
atomic force microscopy (AFM). Simple and efficient procedures for “write/read/erase” operations are pre-
sented: charges are written by a biased AFM tip in contact with the NPLs, their charge state is read by Kelvin
probe force or electric force microscopy, whereas injected charges are erased by inversely biased AFM tip. The
amount of injected charges is well controlled by a magnitude, polarity and duration of the applied bias voltage,
whereas the rate of subsequent spontaneous charge relaxation is dominantly determined by ambient humidity.

1. Introduction

Optoelectronic applications of colloidal semiconductor nanocrystals
(NCs) in light-emitting diodes (LEDs) [1] and solar cells [2] are based
on their size-tunable electronic and optical properties [3,4]. Due to
quantum confinement, discrete energy levels which determine the
electronic band gap and optical transitions can be precisely controlled
by modifying the size and shape of semiconductor NCs. As a result, they
are characterized with a narrow and tunable emission spectrum cov-
ering a broad range from ultraviolet, through visible to near-infrared
region [1,5-7]. At the same time, relatively simple, cost-effective,
flexible and environment-friendly fabrication methods of colloidal
chemistry, compatible with various assembling techniques, provide
large-area structures needed for applications [8,9].

Although the optoelectronic properties of semiconductor NCs are
most relevant for applications, electrostatic properties play a significant
role as well, since the charge occupation of discrete electronic states
determines the strength and rates of optical transitions [10,11].
Therefore, charging can be an efficient method for the switching of
luminescence in semiconductor NCs. This property is very interesting
from practical point of view and such dynamic control significantly
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extends the scope of NCS’ applicability. In this context, the most sui-
table control methods are the electrical ones, such as direct charge
injection [12-14], doping [15,16], electric-field control [17-19], or
incorporation into LED devices [1,5-7].

Electrical properties of semiconductor NCs are commonly in-
vestigated at macro-scale, on large ensembles of nanostructures
[20,21]. On the other hand, atomic force microscopy (AFM) based
methods enable local studies with a high spatial resolution reaching the
single-nanoparticle level. As a result, these methods could provide ad-
ditional information about local transport properties [22-24] and
electronic band structure [25,26]. In addition, AFM based methods are
very efficient for the local charging of semiconductor NCs and mod-
ulation of their photoluminescence [27] and electrical properties [28],
or for the demonstration of inverse effects, where an external light in-
duces local charges in semiconductor NCs leading to photoionization
[10,11,29,30] or charge separation [31-33].

Recently, two-dimensional (2D) nanoplatelets (NPLs), a new class of
colloidal semiconductor NCs, have attracted a lot of attention because
the quantum confinement is determined by NPL thickness [34-37].
Since the thickness can be controlled more precisely than the geometry
(size and shape) of standard three-dimensional NCs such as quantum
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dots, 2D NPLs provide more narrow emission and light sources with
improved color purity. Although, the luminescence control of 2D NPLs
by electrical methods has been demonstrated recently [38-40], their
electrostatic properties at nanoscale and their control by direct charge
injection have been still unexplored.

In this paper, we use AFM based electrical methods, Kelvin probe
force microscopy (KPFM) and electric force microscopy (EFM), in order
to study local electrical properties of 2D CdSe/CdS core-shell NPLs.
They were selected as the model system due to enhanced spontaneous
emission and lasing compared to the core-only NPLs [41,42]. We show
that charging/discharging of NPLs can be well controlled by a magni-
tude, polarity and duration of the bias voltage applied by the AFM tip.
The paper is organized in the following way. After the initial morpho-
logical analysis in Section 3.1, the results for the local electrical surface
potential of the NPLs are presented in Section 3.2. Write operation or
local charging of the NPLs by the AFM tip as a function of the tip bias
voltage and hold time is demonstrated in Section 3.3. KPFM and EFM
methods are employed for the read operation and characterization of
charged NPLs. The time relaxation of injected charges is studied in
Section 3.4 by successive KPFM measurements. Finally, in Section 3.5, a
simple AFM based method for the erase operation and fast discharging
is illustrated.

2. Material and methods
2.1. Sample preparation

Core-shell CdSe/CdS NPLs having 4.5 ML CdSe core and 3 ML CdS
shell, with ca. 20 nm X 30 nm lateral size, were synthesized according
to a published procedure [43-45]. These NPLs, being hydrophobic,
were functionalized with mercaptoacetic acid (MAA) and thereby ne-
gatively charged. After the treatment with MAA, NPLs were rinsed with
isopropanol and dispersed in water. Commercial highly n-doped Si
wafer with 85 nm thick SiO, film on the top was treated in aminopropyl
trietoxy silane (APTS) dissolved in toluene, in order to positively charge
SiO,. After being left in solution for 20 min, the substrate was rinsed
with toluene. In the next step, the colloidal solution of negatively
charged CdSe/CdS NPLs was dropcast onto the wafer covered with ATS
and left for 20 min in order to allow for electrostatic self-assembly to
occur. After 20 min the substrate was rinsed and 2D layer of close-
packed core-shell NPLs on SiO, surface was obtained. According to the
preparation procedure, the investigated sample can be considered as a
film consisting of CdSe/CdS NPLs functionalized with MAA and thin
layer of APTS polyelectrolyte underneath. Hereafter it will be called
CdSe/CdS film.

2.2. AFM measurements

In order to investigate morphology and local electrical properties of
CdSe NPLs, we employed NTEGRA Prima AFM system. Basic topo-
graphic imaging was performed in tapping AFM mode. AFM phase and
magnitude signals were recorded simultaneously with the topography
in order to resolve shape and edges of NPLs with a better resolution.
The phase signal corresponds to the phase lag of the AFM cantilever,
while the magnitude signal represents the oscillation amplitude of the
AFM cantilever.

Local electrical properties were characterized by two-pass techni-
ques, EFM and KPFM. AFM probes NSGO1/Pt from NT-MDT with Pt
coating were used. In both EFM and KPFM, topography was measured
in the first pass by AFM tapping mode. Then, the AFM probe was lifted
by 20 nm and the scanning was performed along the same topographic
line measured in the first pass. During the second pass in EFM, DC
voltage was applied between the AFM probe and the sample while the
probe was excited mechanically. The measured EFM signal in the
second pass corresponds to the phase lag of the AFM cantilever which is
proportional to the gradient of the normal electric force. In order to
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avoid any confusion with the AFM phase measured during basic topo-
graphic imaging, this signal will be hereafter called EFM phase.

On the other hand, during the second pass in KPFM, a sum of AC
and variable DC voltage was applied between the AFM probe and
sample. The AC voltage excited oscillations of the AFM probe, while the
value of the variable DC voltage which canceled these oscillations was
equal to the electrical surface potential or to the contact potential dif-
ference (CPD) between the probe and sample. The CPD is equal to the
work function difference between the tip and sample, WF;, and WE,
respectively. The absolute value of the sample work function WE was
calculated as WE = WFy, — CPD, where the work function of Pt coated
AFM tips were calibrated using HOPG as a reference [46].

In order to interpret EFM measurements and the interaction be-
tween biased AFM tip and the sample, i.e. whether this interaction is
attractive or repulsive, and in order to determine the polarity of charges
injected into the sample, the phase signal was adjusted prior to EFM
measurements in the following way. By varying the phase of the piezo-
driver, the initial AFM phase was set to 90° at the mechanical resonance
of employed AFM cantilever, with a decreasing phase across the re-
sonance (with a negative slope). Taking into account that the attractive
(repulsive) AFM tip-sample interaction shifts the resonance to lower
(higher) frequencies, the attractive (repulsive) interaction is char-
acterized by a decrease (increase) of the phase shift in the considered
case.

AFM methods for local charging and subsequent charge detection
[47] have been well developed in recent years for semiconductor NCs
[27,28], organic nanostructures [48,49], carbon nanotubes [50], 2D
materials [51-53] and even biological nanostructures [54]. In this
study, the local charging was performed according to the following
procedure. After the initial electrical characterization carried out in
either KPFM or EFM mode, the AFM system was switched into contact
mode, the AFM tip approached to the sample surface, and DC voltage in
the range + 10 V was applied to the AFM tip. The hold time (defined as
a time during the bias voltage was applied) was varied from several
seconds up to several minutes. After that, the probe was lifted, the
voltages were turned off, and the system was switched back into one of
the targeted electrical modes in order to characterize changes in elec-
trical properties induced by the injected charges.

3. Results and discussion
3.1. Morphology

Transmission electron microscopy (TEM) image of CdSe/CdS NPLs
is given in Fig. 1(a). As can be seen, the NPLs are randomly oriented and
typically more elongated in one direction having approximately a rec-
tangular shape with the size of several tenths of nanometers. Although
TEM provides the best spatial resolution, AFM enables simpler and
faster morphological characterization. 2D and three-dimensional (3D)
topographic images of CdSe/CdS film obtained by AFM are depicted in
Fig. 1(b) and (c), respectively. Film thickness of 4.7 + 1.5 nm was de-
termined as an average value of the height distribution while the de-
viation was calculated as an average roughness. The autocorrelation
image is given in Fig. 1(d). The dominant feature is the bright circular
domain in the middle. Since the autocorrelation image is approximately
isotropic, NPLs do not have any preferential orientation in the plane.
Due to the convolution with the AFM tip, NPLs look like rounded grains
in topographic images. Therefore, in the grain-size analysis, they were
approximated with circular plates. The histogram of their size dis-
tribution is displayed in Fig. 1(d). As can be seen, the average NPL
radius is around 15 nm, implying that a typical NPL can be represented
by a thin disc with a diameter of around 30 nm.

The AFM phase and magnitude signals are displayed in Fig. 1(e) and
(f), respectively. As can be seen, boundaries between adjacent NPLs are
better resolved whereas the contrast between the NPLs and underlying
substrate is more pronounced due to generally higher sensitivity of
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phase and magnitude signals to NPL edges. Therefore, these AFM modes
provide a high spatial resolution for the imaging of 2D NPLs similar to
TEM.

3.2. Electrical surface potential

Topography and CPD map of CdSe/CdS film measured by KPFM are
presented in Fig. 2(a) and (b), respectively. The histogram of the CPD
map is depicted in Fig. 2(c). It is characterized with a single and narrow
peak with the average CPD of 817 + 7 mV. Taking into account mea-
surements on five different 2 X 2 um? areas, the average CPD is
800 + 25 mV, demonstrating that CdSe/CdS NPLs have uniform surface
potential. The absolute value of the work function of CdSe/CdS film
was found to be 4.13 + 0.04 V (after the calibration of the Pt coated
AFM tip) which is in good agreement with literature data [55].

Although KPFM is a convenient technique which directly gives CPD
as a result, the spatial resolution limited to 20-30 nm does not allow
resolving of individual NPLs. In order to overcome this limitation, EFM
was employed instead. The EFM phase signal is proportional to gradient
of the electric force in the normal direction. As a result, although EFM
and KPFM share similar experimental setups, the EFM phase calculated
as a spatial derivative is much more sensitive to spatial variations of
surface electrical properties. Topography and EFM phase map of CdSe/
CdS film are given in Fig. 3(a) and (b), respectively. As can be seen,

. i ;
[deg] 30 0 [PA] 35

Fig. 1. Morphology of CdSe NPLs: (a) TEM image, (b) 2D and (c) 3D topographic image, (d) autocorrelation image, (e) histogram of the equivalent NPL radius, (f)
AFM phase and (g) AFM magnitude image.

individual NPLs are clearly resolved in both topographic and EFM
image. Most of NPLs have similar EFM contrast. Still, the EFM phase
signal is correlated with the topography, which implies that bigger
topographic features, which correspond to clusters of several NPLs
(appeared during sample preparation), give more pronounced EFM
phase contrast.

In order to obtain quantitative information from EFM measure-
ments, the EFM imaging was performed as a function of the EFM bias
voltage in the range + 10 V. For every bias voltage, an average EFM
phase shift of CdSe/CdS NPLs was determined. The results of these
measurements are summarized in Fig. 3(c) showing a parabolic de-
pendence of the EFM phase on the EFM tip voltage. The experimental
data were fitted by the following function [48,53,54]

@pev = C(Verm — Vip)® + Co(Verm — Vip) + @y, 1

where Vipy is the EFM voltage applied on the AFM probe in the second
pass of EFM imaging, V;, is the electrical surface potential which cor-
responds to the CPD measured by KPFM, whereas C;, C,, and @, are
additional fitting constants. The first term in Eq. (1) corresponds to the
capacitive tip-sample interaction, whereas the second term represents
the Coulombic interaction between biased AFM probe and localized
charges at the sample surface [48,53,54].

The fitting curve is presented in Fig. 3(c) by the solid line, the da-
shed line shows the contribution of the parabolic function (the

counts

790 CPD [mV] 840

Fig. 2. (a) Topography and (b) CPD measured by KPFM. (c) Histogram of the CPD distribution.
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Fig. 3. (a) AFM topographic and (b) EFM phase image. The EFM voltage in the second pass was — 8 V. (¢) An average EFM phase of CdSe/CdS NPLs as a function of
EFM voltage in the second pass. Dots stand for experimentally measured values, the solid line is fit to Eq. (1), whereas the dashed and dashed-dotted lines stand for
the contribution of the parabolic and linear term from Eq. (1), respectively. Every dot represents the EFM phase obtained by the averaging of all NPLs within one scan

area of 1 X 1 um? for a given EFM voltage.

capacitive interaction), whereas the dashed-dotted line represents the
linear function (Coulombic interaction) from Eq. (1). The local elec-
trical surface potential Vg, of CdSe/CdS film obtained from the fit is
0.795 + 0.025V. V;, corresponds to the EFM voltage where the EFM
phase curve reaches the minimum &,. This is exactly the voltage by
which the EFM phase curve is shifted along the voltage axis. The fitting
procedure gives non-zero and positive coefficient C, meaning that
Coulombic interaction has a certain contribution in the measured EFM
phase shift. As can be seen in Fig. 3(c), for the positive (negative)
voltage difference Vgry — Vip > 0 (Verm — Vip < 0), Coulombic interac-
tion leads to a higher (lower) EFM phase shift represented as a change
between the solid and dashed line. According to the phase convention
explained in Section 2.2, an attractive (repulsive) interaction is char-
acterized by a decrease (increase) of the phase shift. Therefore, in the
considered case, the electrical interaction is repulsive (attractive) for
positive (negative) voltage difference Vgpy — Vi, meaning that as-de-
posited NPLs are slightly positively charged. This is inconsistent with
the preparation procedure where NPLs were negatively charged.
However, after the deposition, the NPLs inevitably come into the con-
tact with oxygen from air which is well known as p-type dopant for
metal chalcogenide quantum dots [56]. Similar p-doping after the ex-
posure to air and the reaction with oxygen was observed for other 2D
system such as graphene [57] and thin organic films [48]. Therefore,
positive charging of as-deposited NPLs most probably originates from
the doping by ambient oxygen. According to the results presented in
Fig. 3, EFM allows for a high-resolution electrical imaging of CdSe/CdS
films at the single-nanoparticle level. At the same time, electrical sur-
face potential and properties of the electrical interaction can be de-
termined with the same spatial resolution, but an additional processing
and fitting of experimentally measured data are necessary.

3.3. Local charging

Results for the electrical surface potential and EFM phase measured
after the local charging of CdSe/CdS film at a single point are presented
in Fig. 4. The KPFM map measured after the charging at the central
point, for the bias voltage Vi, = —8 V and hold time T, = 30 s is de-
picted in Fig. 4(a). The cross section of the CPD map along the dashed
line is given in Fig. 4(b) showing a significant drop in CPD around the
charging point of around ACPD ~ 200 mV (ACPD was calculated as a
difference between CPD of uncharged (CPD,) and charged areas
(CPDy,)). The EFM phase maps after the local charging at a negative
bias voltage are depicted in Fig. 4(c) for a positive (top) and negative
(bottom) EFM voltage. EFM phase profiles along the dashed lines are
given in Fig. 4(d). As can be seen, the EFM phase contrast is reversed
upon changing the polarity of the EFM voltage which proves Coulombic
tip-sample interaction.

(a)

0O 1 2 3 4 5
distance [um]

V>0

Vip<0

1 2 3 4
distance [um]

Fig. 4. Electrical characterization after the local charging at the bias voltage
Vi, = —8 V and for the hold time T, = 30s: (a) CPD map measured by KPFM,
and (b) the cross section of the CPD along the dashed line in part (a), (c) EFM
phase maps for positive (top) and negative EFM voltage (bottom), and (d) cross
sections along the dashed lines in (c).

The EFM phase grows up for the positive EFM voltage when the
electrical tip-sample interaction is repulsive. On the other hand, the
EFM phase falls down for the negative EFM voltage when the interac-
tion is attractive. Therefore, the sample is locally positively charged,
although the charging was performed at a negative bias voltage. This is
in accordance with KPFM measurements which indicate a local de-
crease of Fermi level. According to these results, the mechanism of local
charging is not based on charge injection by a biased AFM tip, but on
the polarization of the sample surface. This means that negatively
biased AFM tip does not inject negative charges, but polarizes the
surrounding medium and attracts positive charges.

While the CPD map measured after the charging in Fig. 4(b) consists
of a rather smooth potential dip, EFM phase profiles consist of a smooth
dip/rise (depending on the bias voltage during the charging) and of
superimposed oscillating phase. The oscillating part corresponds to
individual NPLs which become either brighter (top EFM image in
Fig. 4(c)) or darker (bottom EFM image in Fig. 4(c)) than surrounding
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Fig. 5. Change of CPD as a function of bias voltage during the local charging:
(a) CPD maps measured by KPFM after the charging for bias voltages in the
range + 8V for the fixed hold time T, = 30s (the scan size is 5 X 5um?
whereas the CPD scale is 700 — 770 mV (760 — 810 mV) for the negative (po-
sitive) bias voltages), (b) CPD profiles extracted from the maps in part (a), and
(c) ACPD (calculated from the profiles in part (b) for the central points) as a
function of the bias voltage with a linear fit represented by the dashed line.
Change of CPD as a function of the hold time during the local charging: (d) CPD
maps measured by KPFM after the charging for the hold time in the range
1 —300s and at the fixed bias voltage Vi, = —8 V (the scan size is 5 X 5 um?
whereas the CPD scale is 630 — 760 mV), (e) CPD profiles from the maps in part
(d), and (f) ACPD (calculated from the profiles in part (e) for the central points)
as a function of the hold time with a linear fit represented by the dashed line.

and uncharged NPLs. The modified EFM phase of NPLs after the char-
ging indicates that charge storage can be detected in individual NPLs.

In order to test the influence of the voltage Vi, applied during the
charge injection, electrical surface potential was measured by KPFM
after the charging for V;, in the range + 8 V and for the fixed hold time
Ten = 30s. Corresponding CPD maps and profiles are depicted in
Fig. 5(a) and (b), respectively. As can be seen, the charged areas have a
circular shape with a diameter increasing with [V and reaching around
5um for the highest voltage. These areas behave like potential wells
while their depth increases with [Vy,|. Change of the CPD between
charged and uncharged areas, ACPD, as a function of V, is plotted in
Fig. 5(c). ACPD can be fitted with a linear curve represented by the
dashed line. For the chosen range of Vi, ACPD changes almost linearly
in the range ~ +200 mV.

Similar study was carried out in order to test the influence of the
hold time in the range 1 — 300s, while keeping constant the voltage
during charging (V;, = —8V). CPD maps measured after the charging
are shown in Fig. 5(d). The central black circle becomes wider and
darker with increasing T, reaching around 5 pm in a diameter for the
longest hold time. CPD profiles are given in Fig. 5(e) showing potential
wells whose depth increases with T,. The change of the CPD between
charged and uncharged areas, ACPD, as a function of Ty, = 30s is de-
picted in Fig. 5(f). Dashed line stands for a fit to the experimentally
measured points. By omitting two starting points and going from
T.n = 10s, ACPD grows practically linearly with T, up to — 1000 mV.

Injected charges are trapped in CdSe/CdS film, in CdSe/CdS NPLs
and/or in the underneath polyelectrolyte layer, whereas they can be
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stored at the surface of underlying silicon-dioxide as well. The con-
sidered system can be approximated as a plane capacitor. The bottom
electrode is silicon, the top electrode consists of CdSe/CdS film and top
charged layer of silicon-dioxide, whereas the rest of the silicon-dioxide
layer acts as a dielectric. Surface density of injected charges can be
approximately calculated according to the following expression
0 = £&/tq-:ACPD, where ACPD is change in CPD due to charging, ¢, is
the vacuum permittivity, whereas ¢, and t4 are the permittivity and
thickness of a dielectric layer between the NPLs and silicon layer.
According to results from Fig. 5, the following relations hold,
ACPD = ayV;, and ACPD = ar Ty, where ay and ar are the slopes of the
linear fits in Fig. 5(b) and (d), respectively. Surface charge density can
be then represented as , where Cs = €y¢,/t4 is the capacitance per area.
Therefore, although density of charges injected just into NPLs can not
be determined, according to the last formula, density of injected
charges can be simply controlled and adjusted by V,;, and Tqy,.

3.4. Time relaxation of injected charges

Time relaxation of injected charges was studied by successive KPFM
mapping after the initial charging. The KPFM mapping was maintained
until the complete charge relaxation characterized by a nearly flat CPD
map. The consecutive CPD maps measured by KPFM are presented in
Fig. 6(a) and (d) for the charging by a positive and negative bias vol-
tage, respectively. Corresponding CPD profiles are given in Fig. 6(b)
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Fig. 6. Time relaxation of the charges injected by applying — 8 V for 60 s: (a)
successive CPD maps measured by KPFM before almost complete relaxation
(the scan size is 4 X 4 um?), (b) CPD profiles, and (c) change of the —CPD— as a
function of time. Time relaxation of the charges injected by applying 8 V for
120 s: (d) successive CPD maps measured by KPFM (the scan size is 4 X 4 um?),
(e) CPD profiles, and (f) change of the CPD as a function of time. Dashed lines in
parts (c) and (f) stand for the exponential fits to the experimentally determined
points. Time difference between adjacent points is equal to the time needed for
one complete KPFM scan which is 366 s for the case in parts (a—c), and 450 s for
the case in parts (d—f).
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Fig. 7. Physical models for the time relaxation: (a), (b) the equivalent electrical
scheme, and (c) a simplified scheme taking into account that the water-layer
resistance Ry, is much smaller than the in-plane resistance Ryp;, of the CdSe/CdS
film consisting of CdSe/CdS NPLs functionalized with MAA and a thin layer of
APTS polyelectrolyte underneath.

and (e), whereas the change of CPD as a function of time is given in
Fig. 6(c) and (f), respectively. The absolute value IACPDI| was fitted by
an exponential function ACPDy-exp(—t/7), where t is time, T stands for
the time constant of the relaxation process, whereas ACPD is the ab-
solute value of ACPD at the initial moment (the moment when the first
KPFM scan was finished). According to the fitting results, the time re-
laxation constants are 418 s and 358 s for positive and negative V,,
respectively, therefore, around 6 — 7 min.

The relaxation rates strongly depend on humidity. At ambient
conditions, the sample surface is covered by a thin water layer acting as
an additional conducting channel through which injected charges flow
away [51]. Simple physical model of the considered system is depicted
in Fig. 7(a). As can be seen, there are two films at the top of the silicon-
dioxide: the first one is the CdSe/CdS film which consists of CdSe/CdS
NPLs functionalized with MAA and a thin layer of APTS polyelectrolyte
underneath, whereas the second film is a water layer. Both films have
corresponding capacitances with respect to the grounded silicon sub-
strate, Cyp, and Cyy, respectively. Since the charge transport through the
films is lateral, they are modeled by two resistors, Ryp, and Ry,.
Equivalent electrical scheme is given in Fig. 7(b). It is a series circuit
between two parallel capacitances, Cyp, and Cy, and resistances, Rypp
and Ry,.

The lateral current through CdSe/CdS film measured by conductive
AFM (C-AFM) was zero which indicated a very high resistance Rypr. In
order to study charge relaxation in such high-resistance films, KPFM
was employed instead [22]. At high humidities above 50%, discharge
was very fast (much faster than several minutes needed for one KPFM
scan) and it was not possible to observe any charging. Obviously, in this
case the water film resistance Ry, is very low. On the other hand, the
charge relaxation measurements presented in Fig. 6 were done at a
lower humidity of around 30%. As a result, the water film resistance Ry,
is increased, while discharge process is prolonged and can be followed
by KPFM. According to the previous analysis, the water layer resistance
Ry, is much lower than the resistance of CdSe/CdS film, Rypy.. Therefore,
Rypr can be then omitted, whereas a simplified electrical scheme is
given in Fig. 7(c). The time constant of the RC circuit is 7 = RyCeq,
where C¢q = CypL + Cy. As a result, the relaxation time depends
dominantly on the water film resistance Ry,, which falls down at in-
creased humidity thus making the relaxation and discharging very fast.

3.5. “Write/read/erase” operations

In addition to charge injection by a biased AFM tip or “writing”
operation and KPFM/EFM measurements aimed for “reading” opera-
tion, a full control of the charge density requires an efficient mechanism
for fast charge erasing in order to avoid long process of spontaneous
relaxation discussed in the previous section. In order to erase or nullify
charges, it is necessary to ground the sample or to inject charges of
opposite polarity during a certain hold time. Such procedure is illu-
strated in Fig. 8(a). The first CPD map was recorded after charging at
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Fig. 8. Write/erase operation: (a) CPD maps measured by KPFM after (0) the
writing operation only (charge injection at the negative bias voltage), and (1-4)
several trials for the writing and subsequent erasing of injected charges with
different combinations of the positive bias voltages and hold times, (b) CPD
profiles extracted from the maps in part (a), and (c) change of the CPD for all
five cases in part (a). The dashed line is a guide to eye. The scan size of CPD
maps is 5 X 5pm?.

— 8V for 60 s. The next four CPD maps represent trials aiming to nullify
the injected charges in the following way: by subsequent grounding the
film for 30 s and by charging the film at the positive voltage of 8V for
three different hold times 30 s, 10 s and 20 s. CPD profiles are presented
in Fig. 8(b) whereas the evolution of ACPD is shown in Fig. 8(c). The
writing operation at — 8 V for 60 s generates a potential well with a
depth of around 300 mV. Erasing operation should flatten the potential
as much as possible and give zero ACPD. In this respect, the erasing
operation 4 gives the best performance.

4. Conclusion

In a summary, the initial work function of CdSe/CdS film of around
4 eV can be locally modified by the charging with a biased AFM probe.
Such “write” operation generated 2D, circular potential wells, with a
diameter of several microns and a depth of several hundreds of mili-
volts. Since the silicon-dioxide and the polyelectrolyte layer beneath
NPL can also trap charges, it was not possible to determine the exact
density of charges stored in NPLs only. Still, it was shown that the
magnitude, polarity and duration of applied bias voltage very effi-
ciently controlled the depth and diameter of the induced potential
wells. Therefore, it is reasonable to expect that a proper combination of
these control parameters would give a desired charge density in NPLs.
“Read” operation was based on KPFM and EFM methods. While the first
one gave CPD and work function of NPLs directly as an output, EFM had
a better spatial resolution which allowed the electrical imaging of single
NPLs. The rate of the spontaneous charge relaxation was dictated by
environmental humidity. At the humidity of around 30%, the time re-
laxation constant was around 5 min, whereas at higher humidities in-
jected charges could not be detected by KPFM/EFM due to very fast
discharging through a water adlayer on NPLs. In order to avoid the
spontaneous relaxation, trapped charges can be nullified and erased by
inversely polarized AFM tip. Presented procedures for “write/read/
erase” operations provide efficient means for dynamic control of a
charge state of CdSe/CdS NPLs, while further experiments should ex-
plore capability of these procedures for the luminescence control.
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Introduction

Nanocrystalline rare earth hydroxides have started to draw
attention in the recent years because they are relatively facile

Nitrate-assisted photocatalytic efficiency of
defective Eu-doped Pr(OH); nanostructurest

S. Askrabi¢,*® V. D. Aratjo,” M. Passacantando,” M. I. B. Bernardi,” N. Tomig¢,?
B. Doj¢inovi¢,® D. Manojlovi¢,” B. Calija, 29 M. Mileti¢® and
Z. D. Doh¢evi¢-Mitrovic*?

Pr(OH)s one-dimensional nanostructures are a less studied member of lanthanide hydroxide
nanostructures, which recently demonstrated an excellent adsorption capacity for organic pollutant
removal from wastewater. In this study, Pr;_,Eu,(OH); (x = 0, 0.01, 0.03, and 0.05) defective
nanostructures were synthesized by a facile and scalable microwave-assisted hydrothermal method
using KOH as an alkaline metal precursor. The phase and surface composition, morphology, vibrational,
electronic and optical properties of the as-prepared samples were characterized by X-ray diffraction

(XRD), X-ray photoelectron spectroscopy (XPS), inductively coupled plasma optical emission
spectrometry (ICP-OES), transmission electron microscopy (TEM), field emission scanning electron
microscopy (FE-SEM), Raman, infrared (IR), photoluminescence (PL), and diffuse reflectance

spectroscopy (DRS). It was deduced that the incorporation of Eu®* ions promoted the formation of
oxygen vacancies in the already defective Pr(OH)s;, subsequently changing the Pr(OH)s nanorod
morphology. The presence of KNOs phase was registered in the Eu-doped samples. The oxygen-
deficient Eu-doped Pr(OH)s nanostructures displayed an improved photocatalytic activity in the removal
of reactive orange (RO16) dye under UV-vis light irradiation. An enhanced photocatalytic activity of the
Eu-doped Pr(OH)s nanostructures was caused by the synergetic effect of oxygen vacancies and Eu®*
(NOs™) ions present on the Pr(OH)s surface, the charge separation efficiency and the formation of the
reactive radicals. In addition, the 3% Eu-doped sample exhibited very good adsorptive properties due to
Pr;_xEu,(OH)s
nanostructures with the possibility of tuning their adsorption/photocatalytic properties present a great
potential for wastewater treatment.

different morphology and higher electrostatic attraction with the anionic dye.

to synthesize and usually do not require high-temperature
annealing. As all rare earth compounds, lanthanide hydroxides
display an interesting catalytic, optical, magnetic and adsorp-
tive properties."> They also represent a straightforward
approach for obtaining rare earth oxides since these hydroxides
can be transformed to the corresponding oxides by annealing
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at higher temperatures. Rare earth hydroxides in the form of
one-dimensional nanostructures were synthesized by different
methods such as precipitation, hydrothermal or microemulsion
method or electrodeposition.>® It is known that lanthanide
hydroxides most often crystallize into one-dimensional (1D)
structures, such as nanorods, nanobundles or nanobelts. These
1D porous structures have the potential for applications in
water pollutant removal since their dimensionality makes them
much more accessible to the pollutant molecules. Moreover, it
is expected that the abundance of -OH groups (inherent in
these materials) can have a significant impact on their photo-
catalytic and adsorptive properties. As the 1D nanostructures
are expected to have a better surface activity if the total surface

This journal is © the Owner Societies 2017
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to volume ratio is higher, it is of interest to obtain nanorods/
nanowires with a high length-to-diameter ratio. The 1D geometry
(the aspect ratio of longer to shorter dimension) can be tuned in
the hydrothermal synthesis process by changing the molar ratios
of [OH J/[Ln*"], where OH™ ions originate from the hydroxide
precursor and Ln** ions from lanthanide salt or oxide, but this
ratio is also dependent on the choice of alkaline metal hydroxide.
In the case of Eu(OH);, it was shown that with increasing ratio of
[OH J/[Eu’"], the aspect ratio of the 1D nanostructures decreased
when NaOH was used,® but increased when KOH was used."°

Among nanocrystalline lanthanide hydroxides, the electro-
chemically prepared 1D Pr(OH); nanostructures were shown to
possess the excellent adsorptive properties regarding the dye
removal from water.®’ Electrodeposition was also used to produce
the 1D Pr(OH); nanostructures that demonstrated good adsorp-
tion of phosphates.? Furthermore, the 1D porous Pr(OH); nano-
wire bundles synthesized by a template-free electrochemical
deposition method demonstrated good ferromagnetic properties.”
In addition, the toxicity studies of the porous Pr(OH); nanostruc-
tures demonstrated their great potential as the environmentally
friendly adsorbent materials.”

There are only a few papers dedicated to the investigation of the
1D Pr(OH); nanostructures™® and a majority of them concerned
the adsorptive properties of this material. To the best of our
knowledge, the photocatalytic properties of pure or doped
Pr(OH); have not been investigated up till date. This is probably
due to the relatively large band gap of these materials (4.7 eV) and
their consequent insufficient efficiency in the absorption of the
solar radiation. However, a recent study by Dong et al.®> showed
that oxygen vacancies can create the electronic states within the
band gap of La(OH); nanorods, extending their photoresponse
range and making them very efficient photocatalysts. In addition,
doping of La(OH); nanorods with lanthanides, Ln', drastically
improved their photocatalytic activity; Eu®* was one of the
dopants that produced the best results in this direction.*

In this study, Pr(OH); nanorods and Pr;_,Eu,(OH); (x = 0.01,
0.03, and 0.05) nanostructures were obtained by a microwave-
assisted hydrothermal method. We demonstrated that Eu doping
influences the changes in the Pr(OH); morphology, the adsorption
affinity, and can substantially increase the photocatalytic activity of
Pr(OH); nanorods towards the dye degradation. In addition, the
doping changes the content of oxygen vacancies, which, together
with synthesis-introduced nitrates and morphology, determine
whether the resulting nanostructures are dominantly photo-
catalysts or adsorbents. The facile and scalable synthesis, the
high photocatalytic activity of Eu-doped Pr(OH); nanostructures
and the possibility of tuning the ratio of their adsorptive/photo-
catalytic activity present a great potential for their application in
the efficient and cost-effective pollutant removal.

Experimental

Preparation of pure and Eu-doped Pr(OH); nanostructures

Pr, ,Eu,(OH); (x = 0, 0.01, 0.03, and 0.05) nanostructures were
prepared by the microwave-assisted hydrothermal method

This journal is © the Owner Societies 2017
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from the precursor oxides, PrsO;; and Eu,O;. The synthesis
procedure included the following steps: first, the precursors
were dissolved in aqueous HNOj3; subsequently, 0.02 mol of the
dissolved Pr- and Eu-precursors (0, 1%, 3% and 5% at. Eu) were
added into 50 mL of distilled water. Following this, 50 mL of a
10 M KOH solution was added rapidly under vigorous stirring.
KOH was chosen as a precursor for the hydrothermal synthesis
of pure and doped Pr(OH); nanorods in this study, as it has
been shown that it enhances the formation of 1D nanorods
with a higher ratio of length to diameter.'® The mixed solution
was placed in a 110 mL Teflon autoclave (filling 90% of its
volume), which was sealed and placed in a microwave-assisted
hydrothermal system; 2.45 GHz of microwave radiation was
applied at a maximum power of 800 W. The temperature was
measured with a temperature sensor (type K thermocouple)
inserted into the vessel. Each of the as-prepared solutions was
subjected to the microwave hydrothermal synthesis and heated
to a temperature of 140 °C for 10 min. The products were then
air-cooled to room temperature. The as-obtained precipitate
powder was washed several times with distilled water and iso-
propyl alcohol and then dried on a hot plate at 60 °C for 24 h.

Characterization

The powder X-ray diffraction (XRD) characterization was performed
using a Shimadzu diffractometer (Model XRD-7000, CuKo. radiation
(4 = 1.54 A), 40 kv and 30 mA). The scanning range was between
5 and 120° (20) with a step size of 0.02° and a step time of 5.0 s. The
Rietveld analysis was performed using the Rietveld refinement
program GSAS." A pseudo-Voigt profile function was used. The
specific surface area (Sger) was estimated from the N, adsorption/
desorption isotherms at liquid nitrogen temperature following the
multipoint BET procedure using a Micromeritics ASAP 2000. The
determination of the concentrations of europium in the doped
samples was performed by inductively coupled plasma optical
emission spectrometry (ICP-OES) using an iCAP 6500 Duo ICP
(Thermo Fisher Scientific, Cambridge, UK) spectrometer and
RACIDS86 charge injector device (CID) detector with iTEVA opera-
tional software. The quantification of europium in the solutions
was performed at the following emission wavelength: Eu II
381.967 nm. The morphology of the nanostructures was charac-
terized by transmission electron microscopy (TEM) and field
emission scanning electron microscopy (FE-SEM). The TEM
characterization was conducted on a Philips CM 300 microscope
operating at 300 kV. The SEM measurements were carried out on
a Tescan MIRA3 field emission gun at 10-20 kV under high
vacuum. The SEM working distance was between 3.3 and 4 mm.
The room-temperature micro-Raman spectra of Pr;_,Eu,(OH);
nanostructures were excited using solid state Nd:YAG laser line
of 514 nm. Low laser power (~2 mW) was applied to prevent
the thermal degradation of the sample. Tri Vista 557 triple
spectrometer coupled to the nitrogen-cooled CCD detector was
employed for the spectra collection at room temperature. X-ray
photoelectron spectroscopy (XPS) measurements were performed
using the PHI ESCA system equipped with a non-monochromatic
Al X-ray source (1486.6 eV) with a hemispherical analyzer. The
infrared transmission spectra (IR) were obtained on a Thermo
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Nicolet 6700 Fourier transform infrared spectrophotometer at
room temperature. Diffuse reflectance spectra (DRS) were acquired
using a Specord M40 Carl Zeiss spectrometer. The room-
temperature PL measurements were performed on a Spex Fluorolog
spectrofluorometer using a 340 nm excitation wavelength.

Photodegradation tests

The photocatalytic activity of Pr; ,Eu,(OH); nanostructures
under UV light irradiation was evaluated by monitoring the
decomposition of reactive orange (RO16) as a model pollutant.
The batch-type experiments were performed in an open thermo-
stated cell (at 25 °C) equipped with a water circulating jacket
to maintain the solution at room temperature. A mercury lamp
(125 W) was used as a light source. The initial concentration of
RO16 in an aqueous suspension was 50 mg L' and the working
volume was 25 mL. Before the photocatalytic experiment, the cell
was kept in dark for 60 min in order to achieve the adsorption-
desorption equilibrium. At regular time intervals, the aliquots
were taken and the dye concentration was monitored by measuring
the variation of the intensity of absorption peak at Zmax = 494 nm
using a Varian Super Scan 3 UV-vis spectrophotometer. The photo-
catalytic experiments were conducted at the natural pH of the RO16
dye (pH = 4.7). In order to detect the formation of the photo-
generated hydroxyl radicals (OH*), the photoluminescence (PL)
measurements were performed using terephthalic acid, which is
known to react with OH® radicals and produce highly fluorescent
2-hydroxyterephthalic acid. The experiment was conducted at
ambient temperature and the photocatalyst was placed in an
open thermostated cell filled with 20 mL of 5 x 10~* mol L™*
terephthalic acid in a diluted NaOH aqueous solution with a
concentration of 2 x 10™% mol L™". A UV light source was used
and a sampling was performed after 5, 10, and 15 min. The PL
spectra of the reaction solution, using an excitation wavelength
of 315 nm, were measured on a Spex Fluorolog spectrofluoro-
meter system following the changes of the PL peak at 425 nm,
at which the 2-hydroxyterephthalic acid exhibits an intense
PL peak.

Results and discussion

The structural characterization of the obtained Pr; ,Eu,(OH);
(x=0,0.01, 0.03, and 0.05) nanostructures was performed using
XRD analysis and the diffraction patterns are shown in Fig. 1.
All diffraction peaks of the as-synthesized samples can be
perfectly indexed to the hexagonal P6;/m space group (ICSD
No. 200487 or JCPDS No. 83-2304)."* The secondary peaks
(marked with (*) in Fig. 1) at 23.5° 33.9° and 43.7° were
detected in the Eu-doped samples and ascribed to KNO; that
was formed from the precursors.”® The lattice parameters
(a and ¢) and oxygen occupancy factor (Ogecyp) calculated from
the Rietveld refinement and the quality factors (Rexp and Rgragg)
of the refinement are summarized in Table 1.

The lattice parameters slightly decreased with Eu doping
due to the substitution of the larger Pr*" ion (radii = 1.179 A)
by the smaller Eu®" ion (radii = 1.12 A)'® except for the 3%
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Fig. 1 XRD patterns obtained for Pr;_,Eu,(OH)s nanostructures (0 < x <
0.05). The positions of the diffraction peaks assigned to KNOz are marked
with asterisks.

Table 1 Specific surface area (Sget), lattice parameters (a) and (c), oxygen
occupancy factor (Ogccup), and density (p) of Pry_Eu,(OH)z hanostructures

a

SBET o o P Rexp RBragg
Sample (m”g™") a’(A)  “(A)  Ooccwp’ (gem™) (%) (%)
Pr(OH); 130.52  6.453(4) 3.769(9) 0.84(8) 4.45 11.6 6.0
1% Eu  83.24  6.453(4) 3.768(9) 0.80(2) 4.39 12.6 7.0
3% Eu  63.05 6.461(1) 3.769(0) 0.66(6) 4.22 13.0 8.5
5% Eu  82.77  6.449(0) 3.763(4) 0.74(5) 4.34 11.9 6.0

¢ Calculated via the Rietveld refinement.

Eu-doped sample. The decrease in Ogecyp With Eu doping
signifies an increase in oxygen vacancy content. From
Table 1, it can be seen that the 3% Eu-doped sample has the
smallest Ogccup, L€., the highest content of oxygen vacancies,
the presence of which can be responsible for the observed
lattice expansion in this sample.'® In Table 1, the BET specific
surface area and the density of the as-synthesized samples are
also presented. Clearly, the specific surface area (Spgr)
decreased in the doped samples compared to that of the pure
hydroxide and was the lowest in the 3% Eu-doped sample.

The type of dopant and its incorporation influence the
properties of the obtained materials to a great extent. Therefore,
it is important to determine precisely the amount of the incorpo-
rated Eu in Pr; _,Eu,(OH); (0.01 < x < 0.05) nanopowders. In that
sense, the ICP analysis was performed and the results reveal that
the content of the incorporated Eu is slightly lower than its
nominal content for each doped sample (see Table 2).

The morphology of pure and Eu-doped nanostructures was
characterized by TEM and FE-SEM. Fig. 2 shows the TEM
images of pure and Eu-doped Pr(OH); nanostructures, while
the SEM images are shown in Fig. S1 in the ESL{ Pure Pr(OH);
dominantly consists of well-dispersed nanorods with diameters
ranging between 5 and 10 nm (Fig. 2(a)). With the increase
of the Eu dopant content, the morphology of the obtained
nanomaterials changed and besides nanorods, the increasing
presence of irregularly shaped grains that do not have the
nanorod morphology was also observed. This can be explained
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Table 2 Measured Eu content of Pr;_,Eu,(OH)s nanostructures by
ICP-OES

Measured Eu  Atomic
Theoretical Eu content concentration
Sample content (mgg™') (mgg ) (%)
Prg.9oEUg.01(OH)3 7.91 6.45 0.82
Proo7EUg03(OH);  23.72 20.50 2.59
Pr0495EuO.05(OH)3 39.48 32.64 4.13

Fig. 2 TEM images of (a) Pr(OH)s, (b) Pro.g9Euo.01(OH)s, () Pro.g7EU0.03(OH)s,
and (d) Prg.9sEug 05(OH)s nanostructures. The insets are the magnified images
of individual nanorods.

by the known fact that the dopant atoms can change the
crystallization directions and act as the nucleation centers,"”'®
thus changing the resultant morphology of the sample. It is also
worth to mention that in the case of the 3% Eu-doped Pr(OH);
sample, two types of nanorods were formed-narrow nanorods
with diameters in the range 7-15 nm (similar to pure Pr(OH);)
and wider nanorods, with diameters of the order of 50 nm (shown
in the inset of Fig. S1(c), ESIY).

The nature of the Eu ion incorporation was further studied
by Raman spectroscopy through analyzing the influence that
Eu doping has on the vibrational properties of the starting
material, Pr(OH);. The crystal symmetry of Pr(OH); is hexago-
nal with a symmetry group P63/m, for which the group theory
predicts 11 Raman active modes: 4A,, 2E;, and 5E,, modes.'*°
In Fig. 3, the room-temperature Raman spectra of pure and
Eu-doped Pr(OH); are shown. The main Raman modes of
Pr(OH); are present in the spectra of the pure and doped
samples and are positioned at the energies: 140 cm " (peak 1),
240 cm ' (peak 2), 294 cm ' (peak 3), 359 cm ™' (peak 4),
and 465 cm ™" (peak 5). The modes positioned at 240 cm™ " and
294 cm™ ! are ascribed to the Eiz and E,; lattice vibrations of
OH™ anion, whereas the E,; lattice vibrational mode of heavier
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Fig. 3 Room-temperature Raman spectra of Pry_,Eu,(OH)s nanostructures.

Pr’* ions is positioned at a lower energy of 140 cm™'. The
vibration frequencies of the OH™ atomic group are positioned
at359 cm ' and 465 cm™ ! (E,g and E; modes).'>** The Raman
peaks 3, 4 and 5 shifted slightly to higher wavenumbers in the
Pry.95EU, 05(OH);3 spectrum, which can be explained by a certain
degree of Eu substitutional incorporation onto the Pr sites as
these peaks are positioned at higher wavenumbers in Eu(OH);
compared to Pr(OH);*° Several low-frequency modes at
~53 ecm™ !, ~85 em™!, ~107 em !, ~127 cm™', and
~137 cm™ " are present in the Raman spectra of the Eu-doped
samples. These modes correspond to nitrates, in the form of
either nitrate monohydrate layers interconnected with hydrogen
bonds*"*? or KNO;.?*** Both of these compounds can be formed
from the unreacted nitrate ions originating from the precursor.
The sharp Raman modes positioned at 715 cm™* and 1050 cm ™
correspond to the vibrations of NO;~ ions.>*** Based on the
results of Raman spectroscopy and keeping in mind the X-ray
diffraction results, we can conclude that some amount of the
crystalline KNO; phase is present in the Eu-doped Pr(OH);
samples. The XPS measurements of the Pr; ,Eu,(OH); samples
enabled the elucidation of changes in the chemical composition
and electronic structures with Eu doping and determined the
valence states of various species present in the pure and doped
samples.

Fig. 4(a) shows the survey XPS spectra of the Pr; ,Eu,(OH)3
samples, while the Pr 3d, Eu 3d, O 1s, and K 2p/C 1s XPS spectra
are shown in Fig. 4(b). The Pr 3d spectra (Fig. 4(b), upper left)
contain two spin-orbit doublets, labeled ¢/c’ and b/b’ with
approximate energies of 929/949 eV and 933/954 eV, respectively.
These doublets represent the 3ds, (¢, ) and 3ds, (¢, b')
components of the Pr 3d spectra. An additional structure ¢ is
present in the 3d;/, component and its presence can be explained
by multiple effects. The doublets ¢/c’ and b/b" are found both in
Pr*" and Pr’", so they cannot be used to distinguish between
these two valence states of Pr. The small peaks observed at
~923 eV and ~943 eV are identified as X-ray satellites, originating
from the non-monochromatic X-ray source. From the Eu
3d spectra (Fig. 4(b), upper right), we can observe that the
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Fig. 4 XPS spectra of Pr;_Eu,(OH)s nanostructures: (a) survey spectra, (b) high-resolution spectra of Pr 3d, Eu 3d, O 1s and K 2p/C 1s regions and

(c) deconvolution of O 1s region into three peaks.

components Eu 3ds/, and 3d;z,, are positioned at ~1134.7 eV
and ~1164.1 eV, respectively. These values correspond to the
Eu®* valence state. When compared to the literature values for
Eu,0; (1133.7),>° Eu(OH); (1134.3)*® and Eu(NOs); (1136.4),>°

Table 3 Elemental composition of Pr(OH)s;, pure and Eu-doped as
determined by XPS

Atomic concentration (%)

it can be observed that these peaks are closest to those of Sample  Pr 0 Eu Eu/(Eu+Pr)  Vacancy/lattice
Eu(OH);, which confirms the substitutional incorporation of Pr(OH); 24.501  75.499  0.000 0.16
Eu®* and the absence of europium oxide/nitrate. More evidence 1% Eu  21.674  77.846  0.480  2.0% 0.20
indicati h . in th les is the f 3% Eu 19.189 78.369 2.441 11.3% 0.22
indicating that Eu,O; 1s not present in these samples is the fact 5% Eu 21.213 75.030  3.757 15.0% 0.26

that the strong Raman mode of Eu,0; at ~330 cm ' was

not registered in the Raman spectra. The K 2p states are
particularly prominent in the 1% and 3% Eu-doped samples
(see Fig. 4(b)) and originate from the KNO; phase, as already
observed in the XRD and Raman spectra of the doped samples.
A low-intensity C 1s peak (see Fig. 4(b)) originates from the
surface impurity carbons, while the N1s states are characterized
by very low-intensity peaks visible in the survey XPS spectra.
The O 1s peaks of Pr; ,Eu,(OH); samples (Fig. 4(c)) are asym-
metric and have been deconvoluted into three components
positioned at ~529 eV, ~531 eV, and ~532 eV. The vertical
dashed lines shown in Fig. 4(c) indicate the binding energy (BE)
position of these three components. The latter two are generally
ascribed to the lattice oxygen and adsorbed -OH groups,
possibly from water,>>” while the peak at ~529 eV can be
ascribed to the surface oxygen vacancies.>’

The elemental composition of the investigated samples
obtained by XPS measurements is represented in Table 3. The
atomic concentrations, shown in Table 3, were obtained con-
sidering the sensitivity factors of PHI (Physical Electronics) and
the peak features of Pr(3ds/,), O(1s) and Eu(3ds,) (Fig. 4). It can
be noticed that the relative atomic concentrations of Eu,
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calculated as Eu/(Eu + Pr), were higher than the nominal
stoichiometric concentrations of this element. This can be a
consequence of the segregation of the dopant atoms on the
materials surface as already registered by XPS in other rare
earth nanocomposites.”® This finding suggests that Eu*" ions
are segregated at the surfaces of nanocrystals, but mostly
connected to oxygen ions as deduced from the Eu 3d binding
energies. From the peak area fitting data of the components
that belong to lattice oxygen and oxygen vacancies, we have
calculated the oxygen molar ratio, which is also summarized in
Table 3. Although XPS provides the information about the
surface stoichiometry, the obtained ratio is in agreement with
the XRD results (see Table 1), confirming that the Eu-doped
samples are more oxygen deficient.

Infrared spectroscopy (IR) was employed to evidence the
presence of the -OH groups as well as other organic and
inorganic species. The IR transmission spectra of the pure
and Eu-doped Pr(OH)s, obtained in the range 500-4000 cm ™',
are shown in Fig. 5. The peak at 670 cm ™' represents the Pr-O-H
lattice vibration.’**° The prominent broad peaks at 1382 cm ™"
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Fig. 5 (a) IR transmission spectra and (b) normalized IR spectra of pure

and Eu-doped Pr(OH)z nanostructures.

and 1505 cm™ " belong to the symmetric and asymmetric COO™
vibrations® due to the adsorbed carbon species. Another sharp
peak at 1385 cm ™" with a much higher intensity in the spectra of
the doped samples is observed. This sharp peak can be ascribed
to the NO, ™~ vibrations® together with the observed low-intensity
peak at ~828 cm™ !, which also corresponds to the NO;~ vibra-
tions and is present only in the doped samples.*® The intensity of
this sharp peak (1385 cm™") is very high in the 1% Eu-doped
sample and decreases with the increase in the dopant concen-
tration as shown in the normalized IR spectra in Fig. 5(b)
(normalized to the Pr-OH vibration peak), which is in agreement
with the XPS K 2p spectra of the pure and doped samples.
Another sharp peak at 3600 cm ™' represents the vibrations of
the OH™ groups from Pr(OH);/Eu(OH);, while the broad peak at
3400 cm ™' corresponds to the delocalized OH ™ vibrations from
the adsorbed H,O on the sample surface.>***

The UV-vis absorption spectra of Pr; ,Eu,(OH); are pre-
sented in Fig. 6(a). A strong absorption band can be observed
in the region below 270 nm, corresponding to the band gap,
and is shifted to a lower wavelength for the Eu-doped samples
compared to that in the Pr(OH); spectrum. Several sharper
peaks at 446 nm, 462 nm, 470 nm, 583 nm and 591-597 nm
represent the Pr®* electronic transitions. These peaks were
observed in both pure and doped samples.

There are no peaks that can be ascribed to the intraband
4f-4f Eu®* electronic transitions due to the fact that the doping
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percentage is low. Another very broad absorption peak at
~340 nm can be ascribed to the formation of oxygen-vacancy
impurity levels within the band gap. These states are already
seen in the defective La(OH); nanorods (with the absorption
around 280 nm) and ascribed to the surface oxygen vacancy
states formed during the synthesis process.>

From the absorption spectra shown in Fig. 6(a), by applying
the absorption spectra fitting method for the indirect electronic
transitions,*® the band gap of these materials was estimated.
Fig. 6(b) presents the Tauc plots*® for the indirect transition of
the Pr; ,Eu,(OH); samples. It was deduced that the pure
Pr(OH); band gap of ~4.78 eV was shifted to ~4.5 eV in
Pry.90EU, 01(OH)3 and Pry o7Eug o3(OH)3, while it increased again
in Pry osEug 05(OH)3, approaching the Pr(OH); value. The lower
gap of the 1% and 3% Eu-doped samples can be explained by
the presence of a higher amount of the KNO; phase in these
samples, which have a lower band gap'*** compared to that of
Pr(OH),.

In order to probe the intraband defect states, the PL mea-
surements were performed using a 340 nm excitation light with
the purpose of exciting the states corresponding to the broad
peak centered at 340 nm in the absorption spectra (see
Fig. 6(a)). The PL spectra of Pr; ,Eu,(OH); samples shown in
Fig. S2 (ESIt) consist of an intense PL peak centered at 430 nm
and several lower intensity Pr** emission peaks that are
red-shifted, compared to those of their counterparts in the
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absorption spectra. The characteristic Eu®*" peaks are not
observed because of the presence of the hydroxyl groups, which
act as the luminescence quenching centers and can increase
the non-radiative processes.*’ The intensive blue emission peak
can be attributed to the deep level oxygen vacancy defect states
and originates from the recombination of an electron occupying
the vacancy and the photogenerated holes.>*® The intensity of
this peak increases in the 3% and 5% Eu-doped samples. This is
in accordance with the XPS and XRD results, which showed that
the oxygen deficiency increased with increased Eu content.

Although the determined band gap values of Pr; ,Eu,(OH);
nanostructures are relatively high, the sub-band gap state
observed from the PL and UV-vis absorption spectra (see
Fig. 6(a) and Fig. S2, ESIt) allows for these structures to be
tested as the potential photocatalysts in the UV region. Therefore,
the photocatalytic degradation of the RO16 dye was tested for
Pr, ,Eu,(OH); nanostructures under UV light.

The kinetics of the degradation of RO16 under UV light is
shown in Fig. 7(a). It is evident that RO16 can be effectively
removed by the Pr; ,Eu,(OH); nanostructures. The pure
Pr(OH); sample showed a moderate adsorption in the dark
and its photocatalytic removal efficiency was more than 90%
after 180 min. A pronounced adsorption in the equilibrium
period of 60 min before the exposure to UV light was seen in
the 3% Eu-doped sample. On the contrary, the 1% and 5%
Eu-doped samples showed no adsorption. The iso-electric point
of a photocatalyst influences the adsorption process to a great
extent. Therefore, the zeta potentials for pure, 1%, and 3%
Eu-doped Pr(OH); (shown in Fig. 8(b)) were measured in the pH

RO16 (50mg/L) —=—Pr(OH){ (a)
LO A o—1%TEn
—&— 3 % Eu
40‘8' l-a—59%Eu
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Fig. 7 (a) Degradation of RO16 dye under UV light in the presence of the

pure and Eu-doped Pr(OH)z nanostructures and (b) the first-order reaction
kinetics and constant k values.
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Fig. 8 (a) PL spectral changes observed during UV illumination of the
Pro.95EUg.05(0OH)3 sample in the solution of terephthalic acid after 5, 10, and
15 min and (b) zeta potential dependence on pH value for pure, 1%, and 3%
Eu-doped Pr(OH)s.

range of 2.0-12.0 and their iso-electric points were 8.2, 7.6 and
8.8 respectively. At pH = 4.7, which was the natural pH value of
the solution, the surface charge of the catalysts is positive in the
following order: 3% Eu > Pr(OH); > 1% Eu. As the RO16 dye
molecule is negatively charged, the best adsorption is expected
in the 3% Eu-doped sample due to the stronger electrostatic
interaction between the adsorbent and the adsorbate. A slightly
weaker adsorption is expected in Pr(OH); and the lowest is in
the 1% Eu-doped Pr(OH); sample. This is in good agreement
with the experimental results. The changes in the morphology
of the 3% Eu-doped Pr(OH); (i.e. the existence of two types of
nanorods with diameters of the orders of magnitude ~10 nm
and ~50 nm as shown in Fig. S1(c), ESIt) and the increased
amount of oxygen vacancies (deduced from the Rietveld analysis)
in this sample can be additional reasons for the enhanced
adsorption.

The Eu-doped Pr(OH); nanostructures exhibited a much faster
removal efficiency than pure Pr(OH); and a faster dye removal at
the beginning of the reaction (Fig. 7(a)). A rapid removal of RO16
was observed in the first 30 min and after 70 min, the dye was
almost completely removed. Under the similar conditions, the
Eu-doped Pr(OH); nanostructures demonstrated a much better
photocatalytic activity than Degussa.>’*® The photocatalytic
degradation of RO16 followed the first-order kinetics (Fig. 7(b)),
expressed by the equation In(C/C,) = kt, where C is the initial dye
concentration and C is the dye concentration at time ¢. The first-
order rate constant k values, obtained from the slope of In(C/Cy)
vs. t, for the Pr;_,Eu,(OH); samples are presented in Fig. 7(b).
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It can be deduced that the Eu-doped samples have significantly
higher k values than that of pure Pr(OH);, confirming that these
samples are better photocatalysts than the pure Pr(OH); sample.

The XRD, XPS and UV-vis absorption spectra have revealed
that the Pr, ,Eu,(OH); samples are oxygen deficient. In addition,
the XRD results have confirmed that the oxygen deficiency
increases with Eu doping. The XPS measurements suggested
the high segregation of Eu ions on the surface of the doped
nanostructures. The presence of lattice defects such as oxygen
vacancies (Vo) and Eu®” ions, particularly on the surface of
Eu-doped nanostructures, can influence, to a great extent, the
photocatalytic activity of the Pr; ,Eu,(OH); samples.

The photo-generated electrons or holes can be captured by
Vo, which forms impurity levels inside the band gap and serves
as charge carrier trap, suppressing the e-h recombination
process.>® Moreover, the vacancies facilitate the charge transfer
to the adsorbed species on the catalyst surface such as O, or
H,0, forming reactive radicals (superoxide radical (O,*") or
OH"), the existence of which is important for a fast and
successful photocatalytic degradation of organic dyes. It is
well-documented that at the surface of oxide nanostructures
such as TiO, or CeO,, water dissociation takes place exclusively
on the oxygen vacancy defect sites, where every surface Vo
enables the formation of two hydroxyl groups.®™** The infrared
study of Pr; ,Eu,(OH); nanostructures confirmed the presence
of hydroxyl groups from water.

The formation of the OH® radicals was tested on the surface
of the Pr, ¢5EU, o5(OH); photocatalyst under UV irradiation and
detected by the PL method. The PL spectra of the reaction
solution were measured at room temperature and are presented
in Fig. 8(a). Terephthalic acid reacts with the OH® radicals
producing 2-hydroxyterephthalic acid, which exhibits a PL peak
at 425 nm.** The intensity of this peak is proportional to the
amount of OH* radicals produced in the solution.***> As shown
in Fig. 8(a), a substantial increase of the intensity of the 425 nm
peak with prolonged illumination time indicates the increasing
amount of OH® radicals produced at the surface of the
Pry.05sEU 05(OH)3 sample.

The existence of the surface and subsurface vacancies also
enables better adsorption of O,, which can capture the photo-
generated electrons or electrons located on Vo, producing the
superoxide radical groups.*’*® In addition, due to a high
oxidative potential of the holes, they can directly attack the
dye, leading to its oxidation (h" + dye — dye*" — oxidation of
the dye). Furthermore, the photogenerated holes can easily
react with the surface-bound H,O or hydroxyls (OH "), forming
the hydroxyl radicals (OH®). Although similar studies, to the
best of our knowledge, have not been performed for the Pr(OH);
nanostructures, it is reasonable to assume that the oxygen
vacancies have an important role in the photocatalytic process
at the Pr; _,Eu,(OH); surface. Furthermore, the recent papers of
Dong et al.® and Wang et al.,'" aimed at the investigation of the
photocatalytic properties of the defective La(OH); nanorods
and La(OH); nanorods doped with 4f elements, demonstrated
the crucial role of oxygen vacancies in the photocatalytic degrada-
tion of dyes and strongly support our findings. The oxygen vacancy
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states in the band gap were registered by the PL and absorption
measurements.

Moreover, Eu*" ions are often used as the dopants that can
prevent rapid recombination of the photogenerated electrons
and holes because they create the surface states that present a
barrier for electrons.*”” The emission from these states was not
observed in the PL spectra excited with 340 nm probably due to
the OH bond quenching. However, since the Eu®" states were
registered by XPS, they can be responsible for the enhanced
photocatalytic activity of the Eu-doped nanostructures due to
the abovementioned electron trapping effect.

In the recent paper of Mahlalela et al., it was demonstrated
that TiO, nanoparticles exhibited an enhanced photocatalytic
activity in the presence of KNOj;. This was ascribed to the
increased production of the hydroxyl radicals due to the
presence of NO;™ anions. The direct photolysis of nitrate ions
(NO3 ™) during irradiation with A > 280 nm can result in the
formation of the NO,* and O°*" radicals. In the presence of
water, the O°" radicals can be protonated, leading to the
formation of the hydroxyl radicals (OH*) and OH™ ions according
to the following reaction:*®

(NO3 ) 5 (NOy )= NO,* +0°~ +H,0 — NO5* + OH* + OH ™
8]

In this way, the concentration of the OH® radicals is increased,
thus enhancing the photodegradation of the dyes. Furthermore,
nitrate ions are good acceptors for the photoinduced electrons,
forming the nitrogen trioxide anion radicals (NO,*>7). These
radicals on reacting with water would form powerful nitrogen
dioxide (NO,*) anions, which are capable of oxidizing the dyes."®

The XPS, XRD and Raman analysis confirmed the presence
of the KNO; phase in the Eu-doped samples. The presence of
NO; ™ ions at the surface of the doped samples can additionally
improve their photocatalytic properties due to the abovemen-
tioned radical formation. Considering all previously mentioned
results, a mechanism of photocatalytic reactions in Eu-doped
Pr(OH); is proposed and presented in Fig. 9.

The photocatalytic stability was tested on the Pr, 9sEUg 05(OH)3
sample. Fig. S3 (ESIt) shows the repeated photocatalytic runs
under the UV light irradiation. Although there was a certain drop
in the efficiency in the second run, these results indicated that the
Eu-doped Pr(OH); catalysts were stable. The drop in the efficiency
after the first run is ascribed to the adsorbed dye molecules and
the reduction of a number of the active sites since the catalyst is
recycled by centrifugation and deionized water washing without
any additional chemical treatment.

Therefore, an enhanced photocatalytic activity of the Eu-doped
Pr(OH); nanostructures can be explained by the presence of
oxygen vacancies, Eu®*" trapping states and KNOz-mediated
hydroxyl radical production at the surface of our as-prepared
samples. The synergy of these three factors resulted in the
efficient separation of the photogenerated electrons and holes
and their transfer to adsorbed species at the surface, thus
enabling excessive formation of the reactive radicals and effi-
cient dye degradation.

Phys. Chem. Chem. Phys., 2017, 19, 31756-31765 | 31763
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Fig. 9 Illustration of the photocatalytic mechanism of Eu-doped Pr(OH)s
under the UV light irradiation.

This study provides a new insight into the role of oxygen
vacancies, 4f dopants and a proper choice of alkaline metal
hydroxides in promoting the photocatalytic efficiency of
Pr(OH);. Our future studies would be dedicated to the investi-
gation of the influence of other 4f dopants on the morphology,
the electronic structure and the photocatalytic performances of
Pr(OH); nanostructures.

Conclusions

In summary, the defective Pr; ,Eu,(OH); nanostructures were
synthesized by a simple microwave-assisted hydrothermal method
and the comprehensive characterization has been performed by
XRD, XPS, ICP-OES, FE-SEM, Raman, IR and DR spectroscopy.
It is observed that Eu** doping promotes the formation of oxygen
vacancies and changes the morphology of Pr(OH); nanorods. Eu**
ions also have a tendency to segregate at the surface of the
nanostructure. Furthermore, the presence of KNO; phase is
registered in the doped samples. The Eu-doped nanostructures
exhibit an excellent photocatalytic activity towards the photo-
degradation of an azo dye compared to that of pure Pr(OH);
nanorods. Oxygen vacancies, the change in the morphology and
the presence of Eu®" and NO; ™~ ions at the Pr(OH); surface play a
significant role in improving the photocatalytic properties of the
Pr(OH); nanostructures. The enhanced photocatalytic activity of
the Pr; ,Eu,(OH); nanostructures originates from the combined
effect of oxygen vacancies and Eu®" ions, which act as trapping
centres, subsequently enabling the facile charge transfer to the
adsorbed species. In this way, a fast electron-hole recombination
can be suppressed and more reactive radicals can be formed.
The presence of the KNO; phase in the Pr; ,Eu,(OH); samples
additionally improves the photocatalytic performances of Pr(OH);
nanostructures, Ze., the presence of NO;~ ions can enhance the
production of NO,* and OH® radicals. Furthermore, the 3%
Eu-doped sample exhibited very good adsorption properties due

31764 | Phys. Chem. Chem. Phys., 2017, 19, 31756-31765
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to a higher electrostatic attraction of anionic dye and different
morphology compared to those of other samples. The possibility
of tuning the ratio of photocatalytic versus adsorptive activity of
the Eu-doped Pr(OH); nanostructures makes them desirable for
environmental applications.
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ABSTRACT: Multiferroic heterostructures’ contribution to the
persistent growth of ultrafast wireless communications may pave
the way for future SG technology. In line with this, we herein
report the development of an engineered hybrid multiferroic
core—shell nanostructure with a soft magnetic core and a

e

ferroelectric shell. In this system, the attributes of the v T
. . . M-E coupling set-up § ] - 24
ferromagnetic core were modulated by a ferroelectric coating i L
3. g . : . . : . 1. F

over it, in order to impart a bifunctionality to it and thus induce i o
magnetoelectric coupling in it for multifunctional device i J.r"')
applications. The phase, crystal structure and morphology of L Lol

MFO@BTO core-shell structure T e e

these composites have been investigated using X-ray diffraction
(XRD), transmission electron microscopy (TEM), scanning _/
electron microscopy (SEM), and confocal Raman spectroscopy.
The origin of strain mediated magnetoelectric coupling effect at
the ferromagnetic core and ferroelectric shell interface was also investigated. Raman spectroscopy is efficiently utilized to manifest
the multiferroism in the core—shell samples. High resolution transmission electron microscopy images and domain structure
mapping using confocal Raman microscopy along with Raman images substantiate the core—shell nature of the samples. The
findings manifest how tuning of the ferromagnetic phase influences the magnetoelectric coupling at the interface and reveal novel
approaches for manipulating the attributes of a ferromagnetic—ferroelectric interface for innovative device applications. The
outcome of the experiments indicates an energy efficient move toward the control of the E-field by the magnetic field, which
demonstrates an enormous prospective for novel low power electronic, magnonic, and spintronic devices.

1. INTRODUCTION nons'>'* or the quantized hybrid spin—lattice excitations in
multiferroics' ' have opened up vast doors in the emerging
magnonic and spintronics technology and production of fast,
reliable, and low power magnetoelectric devices.

Multiferroics are fascinating for engineering of future
generation of fast and nonvolatile hybrid type memories like
multiferroic or magnetoelectric memories (MERAMS) with

The voltage control of magnetism, exhibited by multiferroics,
makes them attractive and promising for multifunctional device
applications.' > Hence, the exploration of hybrid multiferroic
materials or artificial multiferroics in which ferromagnetism and
terroelectricity coexist is highly appealing and of great
techno_}o§ical significance.””® Multiferroic materials are rare in

nature and of great demand due to their potential to unlimited write-erase cycles and enormous data transfer
conserve power and space and their amazing applications in
information technology,8 data storage,ll magnetoelectric Received: December 13, 2016
11 . . 12,13 . .

sensors,  multiple-state memories, and emerging ultra- Revised:  January 26, 2017
low-power spintronics technology.'”"® The electromag- Published: January 30, 2017
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rate.'/7*° They magnificently assist one to realize a highly

energy efficient and switchable four-state (+P, + M), (+P, —M),
(=P, + M), (=P, —M) memory. The quest for development of
engineered hybrid multiferroic structures” for energy efficient
spintronics and magnetoelectric memories' > was propelled
by the enhanced values of magnetoelectric coupling (ME)
demonstrated by ferromagnetic—ferroelectric heterostructures'
at room temperature, rather than that exhibited by the single
phase multiferroics that exhibit multiferroicity at cryogenic
temperatures.”' ~*® Engineered hybrid multiferroic heterostruc-
tures”’ with large values of magnetoelectric coupling have been
reported in ferromagnetic—ferroelectric composites, such as
cobalt ferrite—barium titanate ceramic composites,”® BaTiO;—
MgFe,0, composites,” BaTiO;—MgFe,0, composite powders
(synthesized by a Pechini one-pot method),*® (x)MgFe,0,—(1
— x)BaTiO; systems composites’’ and also in hybrid
multiferroic core—shell structures like Ni@BiFeO,,””
NiFe,0,@BaTiO;,**™*° Nij Zn, ;Fe,0,@BaTiO;,>° and
CoFe,0,@BaTiO;.*” However, as far as the authors know,
the preparation of MgFe,0,@BaTiO; core—shell nanocompo-
sites with varying magnetic core sizes has never been reported.

We focus on composite structures of spinel ferrite of AB,O,
structure®” and perovskites of (ABO;) structure.”” Ferrites, the
most desirable magnetic materials, have wide applications as
waveguides for electromagnetic radiation and in high-density
data storage, sensors, microwave devices, food pathogen
detection, and nanomedicine.**™** Furthermore, MgFeZO438
is highly promising in spintronics, owing to its high curie
temperature.”” On the other hand, BaTiO; (BTO) possesses
exceptional ferroelectric attributes at room temperature, in
addition to the multiferroic nature at the nanoscale; hence, we
found no best candidate other than BaTiO; (BTO)™* to realize
our objective of achieving ferromagnetic—ferroelectric systems
with enhanced multiferroicity.

Functionality of the hybrid multiferroic nanostructures is
highly dependent on the morphology of the magnetic and
terroelectric counterparts and could be extensively tailored by
playing around with their geometry.”* As far as the authors
know there are no reports that explains how the magneto-
electric coupling gets tuned in a hybrid* core—shell multi-
ferroic system by varying the magnetic core sizes. The existence
of spin—phonon coupling'” mediated by the lattice distortion™®
has been investigated by several researchers in multiferroics like
YMnO,,*” TbMn,05.*

In this work, we have focused our attention on preparing
three core—shell systems in which soft magnesium ferrite core
of different particle sizes were coated with BaTiO; shell to
study its influence in enhancing the magnetoelectric coupling
between the magnetic and ferroelectric phases. Emphasis is
given to the development of core—shell multiferroic composite
structures with enhanced ME coupling than the individual
phases. The sketch map of a ferroelectric shell over a
ferromagnetic core (FM@FE) as shown in Figure 1 is attractive
because of the interfacial magnetoelectric effects, due to
coupling at FE (ferroelectric)/(FM) ferromagnetic interfaces.

The Morphology of the developed core—shell samples were
verified using X-ray diffraction, transmission electron micros-
copy, scanning electron microscopy, and Raman spectroscopy
while the coupling between the ferromagnetic and ferroelectric
phases was studied by a magnetoelectric coupling setup and
confocal Raman spectroscopy.

4353

(a) (0) (c)
Figure 1. Sketch map of ferromagnetic@ferroelectric core—shell

nanocomposites of varying cores sizes.

2. EXPERIMENTAL SECTION

2.1. Materials. Magnesium nitrate, Mg(NO;),.6H,0 (99%
purity, Fisher Scientific Chemicals), ferric nitrate Fe(NO;);-
9H,0 (99.99% purity, Fisher Scientific Chemicals), poly(vinyl
alcohol) (PVA) (99.99% purity, Fisher Scientific chemicals),
citric acid, barium carbonate, and titanium isopropoxide
(Sigma- Aldrich).

2.2. Synthesis. The MgFe,0, @ BaTiO; (MFO@BTO)
core—shell nanoparticles were synthesized by a two-step
method. Nanoparticles of polycrystalline MgFe,O, were
prepared by a sol—gel method, using high purity nitrates of
magnesium and iron. In a typical reaction, aqueous solution of
0.1 M magnesium nitrate and 0.2 M ferric nitrate was prepared
and sonicated. PVA with a weight equal to the weight of the
metal jons in the solution was added to the mixed solution. The
solution was evaporated until the formation of a viscous sol and
dried completely so that it can be powdered. The powder
obtained was divided into three and calcined at three different
high temperatures to obtain MgFe,O, nanoparticles of different
particle sizes labeled as MFO1, MFO2, and MFO3. The
MgFe,0, nanoparticles (MFO1, MFO2, and MFO3) were
dispersed under vigorous stirring into the BaTiO; precursor
solution containing a mixture of BaCOj, citric acid, and
titanium isopropoxide, probe sonicated, dried, and calcined at
800 °C to obtain MgFe,0,@BaTiO; core—shell nanoparticles
(MFO@BTO1, MEO@BTO2 and MEO@BTO3).

The MgFe,0,/BaTiO; composite samples were synthesized
by mixing the two phases, prepared independently, followed by
annealing. MgFe,O, nanoparticles (MFO3) prepared by sol—
gel method, and BaTiO; prepared by sol—gel method, were
mixed at ratio 1:1 in the presence of acetone, grinded and
sintered at 800 °C for 2 h. The obtained powder was pressed
into pellets at 500 MPa and sintered at 800 °C for 2 h. Silver
paste was coated on the sintered pellets to get electrical
contacts.

2.3. Characterization. X-ray diffraction (XRD) measure-
ments of the core and core—shell samples were carried out by
using X’PERT PRO PANalytical X-ray diffractometer with Cu
Ka radiation. The scanning electron microscopy (SEM) study
was carried out by an energy-filtered 200 kV JEOL 6390
scanning electron microscope. The transmission electron
microscopy (TEM) images were obtained from JEOL GEM
2100 transmission electron microscope equipped with an
Oxford energy transmission electron microscope for elemental
analysis operated at 200 kV. Confocal Raman spectra and
Raman image was acquired using WITEC alpha300 RA
confocal Raman microscope with a 100X/NA= 0.9 air objective
and an excitation wavelength of 532 nm (600 g/mm grating
blazed at S00 nm). The ME coupling studies were performed

DOI: 10.1021/acs.jpcc.6b12461
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by using a dynamic lock-in amplifier ME coupling measurement
set up. Micro-Raman spectra were acquired in the back-
scattering configuration using the micro-Raman system Jobin
Yvon T64000.

3. RESULTS AND DISCUSSION

X-ray diffraction (XRD) patterns of MgFe,0, (MFO), BaTiO,
(BTO), and MgFe,0,@BaTiO; (MFO@BTO) samples are
shown in Figure 2. A well crystallized single phase of

—BTo
—— MFO@BTO3

30000 4
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10000
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T T T
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Figure 2. XRD patterns of MFO3 BTO, and MFO@BTO3.

magnesium ferrite with cubic spinel structure was detected.
The fundamental peak at 20 = 36.45° with maximum intensity
correspond to the (311) plane of magnesium ferrite (PDF data
71—1232). Peaks corresponding to the reflections from other
planes, (220), (400), (440), and (422), are also detected but
with weak intensities. The nonexistence of any additional
intermediate phases indicates the high purity level of the
samples. The crystalline size of the nanoparticle was calculated
using the Scherrer equation. The crystalline size increased with
increasing annealing temperature. The particle diameter of the
core is 5, 14, and 20 nm for MFO1, MFO2, and MFO3,
respectively. The formation of cubic perovskite structure of
Barium titanate was confirmed from the XRD pattern (PDF 89-
2475). The peaks corresponding to the magnesium ferrite with
cubic spinel structure and Barium titanate with cubic perovskite
structure were observed in the XRD patterns of MEO@BTO.
In the XRD pattern of MFO@BTO, the fundamental
reflections from the planes (311), (400), (511), and (440)
characterizing the cubic spinel structures and from the planes
(110), (111), and (211) characterizing the ferroelectric barium
titanate were strongly observed.

The SEM images for both pure MFO powder and MFO@
BTO composite powders are shown in Figure 3. The SEM

images of MFO nanoparticles show that the particles are
spherical in shape and are slightly agglomerated. After coating
the ferrite particles with ferroelectric shell, the agglomeration
decreases and spherical shape particles with uniform particle
size are produced.

A typical transmission electron microscopy image of the core
is shown in Figure 4. The TEM image shows that the materials
are spherical in shape with uniform size distribution. The
average grain size is found to be 5—6 nm which should be
superparamagnetic in nature. The TEM images confirm the
grain size calculations from XRD. The formation of spinel
structure of Magnesium ferrite is confirmed by d-spacing values.
The d-spacing of 0.284 nm corresponds to the (110) plane of
BTO while the d-spacing of 0.295 nm corresponds to the (220)
plane of MFO. This confirms the cubic spinel and the
perovskite structure of the core—shell samples. (PDF No. 89-
3084). The crystal planes identified from the selected area
diffraction (SAED) pattern are found to be in conformity with
that from XRD pattern.

The TEM images (Figure S and 6) confirm the formation of
core—shell structure of MFO@BTO samples. The darker core
and brighter shell can be clearly seen in the TEM images.
Figure Sb shows the HRTEM image of the core—shell sample.
The d-spacing of 0.284 nm corresponds to the (110) plane of
BTO while the d-spacing of 0.295 nm corresponds to the (220)
plane of MFO. This confirms the cubic spinel and the
perovskite structure of the core—shell samples. The SAED
patterns of core—shell samples shown in Figure S and Figure 6
also confirm the crystallinity of as-synthesized core—shell
samples.

Chemical purity and stoichiometry of the MgFe,O, sample
was confirmed by EDX (Figure 7a) before encapsulating it in
ferroelectric matrix. The EDAX spectrum shows strong peaks
corresponding to magnesium, oxygen and iron. The elemental
composition and atomic concentration is shown in Table. 1.
EDAX spectrum of the core—shell sample (Figure 7b) was also
studied to confirm the stoichiometry of the prepared sample.
The spectrum reveals the presence of elements Mg, Fe, O, Ba,
Ti and O in the magnesium ferrite@barium titanate core—shell
sample. Their atomic concentrations are given in Table 2.

Raman spectroscopy is reported to be highly promising in
studying the spin dynamics and the effect of the spin- phonon
coupling in multiferroics at local scale. It has played an
important role in the study of spin—phonon coupling in
BiFeO;, """ Ba, (Sr, ,Co,Fe,;,0,,° and other compounds.’
Confocal Raman spectroscopy”” that probes the vibrational
energy levels within a molecule is employed to acquire the
molecular fingerprints and high resolution Raman image of the
core—shell samples. Confocal Raman image of the MFO@BTO
samples shown in Figure 8a—c helps to study the structural

Figure 3. SEM images of (a) MFO3 at 100 nm and (b) MFO@BTO3 core—shell sample: Scale bar = 100 nm.
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Figure 4. (a) TEM image: scale bar = 2 nm. (b) HRTEM image. (c) SAED pattern of magnesium ferrite (MFOL1).

Figure S. (a) TEM image: scale bar = S nm. (b) HRTEM images and (c) SAED pattern of MFO@BTOL.
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(c)

Figure 6. (a) TEM and (b) SAED pattern of MEO@BTO?2 and (c) TEM and (d) SAED pattern of MFO@BTO3.

deformations of the sample. Raman image shows the
ferromagnetic and ferroelectric domain allocation at the sample
surface by color distribution.”> Contrast in the Raman image
confirms the multiferroic nature of the samples. The confocal
Raman spectra show characteristic mode at 220 cm™" attributed
to the ferroelectric’* nature of the multiferroic sample. The
Raman modes between 300 to 700 cm™ are the two-phonon
peaks due to the Fe—O bonding™ and are assigned to magnetic
character of multiferroic MEO@BTO. The band observed at
~1300—1500 cm™' is associated with two-phonon Raman
scattering,48 and the strong band observed at 1320 cm ™" is the
two phonon scattering band®* observed in MFO. Thus,
confocal Raman spectroscopy manifest the strong spin—
phonon coupling'” in MEO@BTO samples.

3.1. Magnetoelectric (ME) Coupling Responses. The
coexistence of the ferroelectric and magnetic phases in MFO@
BTO samples brings about the magnetoelectric (ME) effect,
which is characterized by the magnetoelectric voltage
coeﬂ']cient,SS’SS’56 dE/dH. The investigation of the
magnetoelectric (ME) coupling of the samples was performed
by using a dynamic lock-in amplifier ME coupling®” %
measurement set up to quantitatively figure out the actual
magnitude of a. The details of the experimental setup are
mentioned elsewhere.*”

In multiferroic composites composed of magnetostrictive and
ferroelectric phases, the magnetoelectric effect depends on the
applied magnetic field. The ac magnetic field (H,.) dependence
of the ME voltage developed at room temperature in the BTO
(Figure 9), MEO@BTO core—shell samples (Figure 10), and
MFO/BTO composite sample (Figure 11) at a fixed frequency
of 850 Hz with constant dc bias field of 1000 and 4000 Oe are
shown below. The variation of ME voltage as a function of dc
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magnetic field for the MFO@ BTO core—shell samples is
shown in Figure 12.

The magnetoelectric (ME) coupling responses of the BTO
and MgFe,0,@BaTiO; core—shell samples were investigated.
ME voltage coefficient was S mVem™Oe'™ for the synthesized
nanomultiferroic BaTiO; sample (Figure 9). However, an
enhanced ME voltage coefficient @ as high as 25 mVem™
Oe™! (MFO@BTO1) and 28 mVem™ Oe™ (MFO@BTO3)
was obtained for the artificial multiferroic MgFe,O,@BaTiO;
core—shell samples (Figure 10), higher than that reported for
MgFe,0,/BaTiO; composite samples’' (Figure 11). Thus, the
results can be summarized as the magnetoelectric (ME)
coupling response of the samples follows the trend MEgro <
MEyro/r0 < MEypo@sTo-

The higher ME coefficient of the MgFe,O,@BaTiO; core—
shell samples may be attributed to better coupling between the
two phases at the ferromagnetic—ferroelectric interface. This
can be elucidated by the proximity effects and larger interfacial
area offered by the core—shell structure. The core—shell
structure guarantee firm and compact coupling between
ferroelectric and ferromagnetic phases to a great extent and
hence, an improved magnetoelectric coupling response was
achieved in ferromagnetic—ferroelectric core—shell nanopar-
ticles as expected.’® It can be clearly seen that the spin-
dependent transport mechanism in multiferroics is highly
influenced by the interface between the two phases and core—
shell geometry has an appreciable role to play in significantly
enhancing the magnetoelectric effect. The enhanced ME
voltage coefficient displayed by the core—shell samples (Figure
10) indicate the strong spin—lattice correlations in the
synthesized samples. Strain mediated elastic coupling at the
core (ferromagnetic)—shell (ferroelectric) interface is attributed
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Figure 7. EDAX spectrum of (a) MFO3 and (b) MFO@BTO3.

Table 1. Elemental Composition and Atomic Concentration
of MFO from EDAX Spectrum

element weight (%)
magnesium 3.113
iron 73.719
oxygen 23.168

Table 2. Elemental Composition and Atomic Concentration
of MEO@BTO from EDAX Spectrum

element weight (%) atomic (%)
0 2428 50.40
Mg 10.20 13.93
Fe 39.79 23.66
Ti 12.81 8.88
Ba 12.93 3.13
totals 100 100

to account for the magnetoelectric coupling in the core—shell
samples. Comparing the magnetoelectric response of the core—
shell structured samples, it can be observed that, MEyro@proi<
MEyro@sro2 < MEpmpo@sros- The underlying reason may be
basically that, due to the smaller size of MFO grains in sample
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MFO@BTOI, reduced magnetic properties is expected as a
result of the size effect which is influenced by the sintering
temperature and consequently a weaker ME coupling. In
addition, the comparatively larger size of MgFe,O, grains in
sample MFO@BTO3 yields superior magnetic properties that
couple with ferroelectric properties of BTO and contribute to
the large value of observed ME coupling coefficient, which
indicate a strong ME coupling between the phases. Thus, the
somewhat superior ME response of the MFO@BTO3 sample,
compared to the MFO@BTOI1 sample, may be due to the
improved ferromagnetic and ferroelectric functionalities of the
constituent phases that contribute to a larger piezoelectric
strain at the MFO@BTO interface. The noticed variations in
the magnetoelectric coeflicients is indicative of the probable
domain structure modification® that occurs in the in these
hybrid systems.

These findings pave the way for experimental achievement
for the development of system with strong ME coupling®”
responses, and they provide important implications for the
design and performance optimization of related devices
comprising of this kind of core—shell magnetoelectric®’
materials.
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Figure 9. ME voltage vs ac magnetic field with constant dc bias
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3.2. Raman Spectroscopic Studies. MgFe,0, is a spinel
ferrite with Fd3m crystal symmetry. It is a partially inverse
spinel;** ie., some of the Mg®* ions are not positioned on
tetrahedral sites only but also appear on the octahedral sites.
The crystal symmetry Fd3m defines five Raman active modes in
the center of Brillouine zone: I = A}, + E, + 3F,,. Observed
Raman spectra of MgFe,0,, BaTiO; and core—shell particles
with MgFe,O, core and BaTiO; shell (MFO@BTO3) are
shown in Figure 13. The spectra of core—shell nanoparticles
(Figure 13a) are almost identical to the spectrum of their core
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material, MgFe,O, (Figure 13b). The assignation of the modes
was performed according to the literature data for MgFe,O,
and similar spinels.”’ Three F,; modes present in the pure
MgFe,0, and core—shell particles are positioned at 212, 487,
and 550 cm™". The mode positioned at 329 cm™" was assigned
to the E, vibration, whereas the mode positioned at ~706 cm™!
with a broad shoulder at ~654 cm™ was assigned to the Ay
vibration. Correlation of the highest wavenumber mode, Ay
with particular atomic movements is not consistent with the
literature data reported so far. This mode represents symmetric
breathing vibration of oxygen atoms around cation on the
tetrahedaral position,”* but the question of whether the cation
positioned on the octahedral site influences the wavenumber of
this mode remains opened. Hosterman®” in his thesis compared
the literature A;; mode wavenumber values for a normal spinel
ZnB,0, (B = Cr, Fe), where trivalent B cations are positioned
on octahedral sites only and concluded that the discrepancy
between the wavenumber values of A}, mode in ZnCr,0, and
ZnFe,O, is too large if it is presumed that octahedral site
cations do not influence A, mode.”® Furthermore, splitting of
the Raman A;, mode in several inverse or partially inverse
spinels was reported by Errandonea,”* and this was explained
by the fact that, both types of cations are present on the
octahedral sites which results in different wavenumbers of A;,
vibrational modes. Such splitting was observed in MgFe,O,@
BaTiO; core—shell particles. Weak intensity modes positioned
at 223, 298, and 411 cm™! were also observed in the Raman
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J. Phys. Chem. C 2017, 121, 4352—4362


http://dx.doi.org/10.1021/acs.jpcc.6b12461

The Journal of Physical Chemistry C

25
= 1000 Oe
+ 4000 Qe ul
.
2.0+ .:'.r:
£ L
G 5"
S 1.5 5!
£ T
-] ll'
& ]
£ 1.0 'lf
= o’
w ¢
= 05+ o
|
L4
(a)
°|° L L ) ) L) L] T T T
0 10 20 30 40 50 60 70 BO 90 100
Ac magnetic field (Oe)
3.0
= 1000 Oe
25 ¢ avoooe ._::=
aige’
T 201 e
o ] oY o
= N =n.
£ 154 .5-
— s.
s 1 F
8 1.04 I’.
S n?
> o
w 054 J
= ]
4 .f
.
001 (b)
v T T v T s T
0 20 60 80 100

40
Ac magnetic field (Oe)

Figure 10. ME voltage vs ac magnetic field with constant dc bias
magnetic field for (a) MFO@BTO! and (b) MFO@BTO3.

= 1000 Oe
204 ® 4000 Qe
.
e
E ..l:. L]
= 1.54 RS o
& n g"
— L
@ l...
=] | ]
= l:. ¢
— L]
S 1.04 . e*
w i)
- L ]
= e
o
»
'.
D.5-F
20 40 60 80 100

Ac magnetic field (Oe)
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spectra of pure MgFe,O, and MgFe,O0,@BaTiO; core—shell
particles (Figure 13a). These modes are marked with arrows in
Figure 13a and represent hematite vibrations.”> The appearance
of these modes leads to the conclusion that hematite phase is
present in small amounts and randomly distributed in the shell.
Positions of the A, higher wavenumber mode differ slightly in
the spectrum obtained from the hematite—containing sur-
rounding (blue curve) and the hematite free surrounding (pink
curve) shown in Figure 13a. This can be ascribed to the
decrease in Fe** concentration in the shells due to the
formation of iron oxide phase.
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(MFO@BTO3) particles, (b) MgFe,O, (MFO), and (c) BaTiO,
(BTO).

Pink and blue curves from the graph (Figure 13a) represent
spectra obtained from two different positions on the sample.
The blue spectrum is deconvoluted with Lorentzian profile and
the fit (red curve) is shown in graph a. The arrows present the
modes of the hematite phase.

Raman active phonons of the BaTiOj; tetragonal phase which
belong to P4 mm crystal symmetry are I' = 3A,+B+4E.”° In
BaTiO; (Figure 13c), the most intense modes of tetragonal
phase are positioned at 260, 305, 519, and 715 cm™". A broad
peak at 264 cm™' belong to the A; (TO) mode, whereas
sharper peaks at 30S, 519, and 715 cm™" belong to the [B,,
E(TO + LO)], [A(TO), E(TO)], and [A,(LO), E(LO)]
modes.*

Data presented in Table 3 show that some of the vibrational
modes in the spectrum of MgFezO4,67 positioned at 329 and
706 cm™" were shifted in the spectra of core—shell particles and
broadened. This is due to the influence of BaTiO; modes
positioned at 260, 305, and 715 cm L Unfortunately, the latter
BaTiO; modes are broad and of low intensity which is why they
could not be modeled in order to obtain meaningful results;
their existence is confirmed by the broadening of MgFe,O,
modes. The narrowing of the mode at 649 cm™ is probably
caused by the higher crystallinity in the spots where less of
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Table 3. Fit-Obtained Values of the Characteristic Peak Wavenumbers and the Widths in the Spectra of MgFe,0, and
MgFe,0,/BaTiO; Core—Shell Particles at Two Different Positions

MgFe,0, MgFe,0,/BaTiO; position 1 MgFe,0,/BaTiO; position 2
® (cm™) fwhm (cm™) ® (cm™) fwhm (cm™) ® (cm™) fwhm (cm™)

212 34 218 39 219 53
329 36 331 Ss 329 56
487 48 487 S0 488 45
550 S0 552 S0 535 53
654 80 656 80 649 56
706 45 709 S0 704 N

hematite is present and therefore less iron vacancies in the
original lattice.

4. CONCLUSION

The 0—0 type multiferroic magnesium ferrite @ barium titanate
core—shell structure, with enhanced coupling between the
electric and magnetic phases was proficiently developed. The
vibrational modes in the spectrum of MgFe,0, and the shift in
the spectra of core—shell particles was efficiently studied by
micro Raman spectra. Raman spectroscopy indicated the
encapsulation of ferrite inside the ferroelectric particles. The
Raman spectrum of the core—shell particles was excitingly
found to be almost identical to the spectrum of their core
material, MgFe,0,. Confocal Raman mapping was used to
identify the domain arrangement within the core—shell
structure. Existence of strong spin—phonon coupling and
mapping of ferromagnetic and ferroelectric domains within the
core—shell structure was made possible through confocal
Raman spectroscopy. The clear indication of strong magneto-
electric coupling realized in the developed core—shell hybrid
structures, which is not present in any of the parent phases
(MFO or BTO) and is greater than that achieved in the
multiferroic composite sample at room temperature, highlights
the significance of the core—shell architecture. Remarkably,
among the developed core—shell structures, enhanced coupling
with a large magnetoelectric coupling coefficient value is
identified in the multiferroic core—shell structure with a
comparatively larger ferromagnetic core (diameter ~20 nm)
within the ferroelectric BTO shell. It is worth finding out that,
the magnetoelectric coupling effects in hybrid multiferroic
structures are dependent on the geometry of magnetic phase
and is enhanced by enrichment of the ferromagnetic phase
(increasing magnetic core sizes). The observations unearthed in
this study are promising in the deeper perception of the
dynamics of magnetoelectric coupling that originate between
ferromagnetic and ferroelectric phases in hybrid multiferroic
systems and proves helpful when employing these materials for
futuristic device applications.
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WO3/TiO, and TiO, coatings were prepared on titania substrates using facile and cost-effective plasma
electrolytic oxidation process. The coatings were characterized by X-ray diffraction, scanning electron
microscopy, Raman, UV-vis diffuse reflectance spectroscopy, and X-ray photoelectron spectroscopy.
With increasing duration of PEO process, the monoclinic WO5; phase became dominant and new
monoclinic WO, g6 phase appeared. The optical absorption edge in the WO3/TiO, samples, enriched with

Keywords: WO3/WO, o6 phase, was shifted to the visible region. The photocatalytic efficiency of WO3/TiO, and pure
2- gaf‘;m“cwres TiO, samples was evaluated by performing the photodegradation experiments in an aqueous solution of
. OXx1des

Rhodamine 6G and Mordant Blue 9 under the visible and UV light. The WO3/TiO, catalysts are much more
efficient than pure TiO, under visible light and slightly better under UV light. The improvement of
photocatalytic activity in the visible region is attributed to better light absorption, higher adsorption
affinity and increased charge separation efficiency.

D. Crystal structure
B. Optical properties
D. Catalytic properties

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Among semiconductor materials, titanium dioxide (TiO3) in
anatase phase has been shown as excellent and widely used
photocatalyst for the degradation of different organic contami-
nants, because of its physical and chemical stability, high oxidative
power, high catalytic activity, long-term photostability, low cost
and ease of production. Many organic compounds can be
decomposed in an aqueous solution in the presence of TiO,,
illuminated by photons with energies greater than or equal to the
band gap energy of titanium dioxide (3.2 eV for anatase TiO,) [1-6].
The major drawback for TiO, commercial use lies in its wide band
gap, and relatively high recombination rate of photoinduced
electron-hole pairs. The modification of TiO, by doping with
metals and non-metals [7-12] or by Ti>* self-doping [13,14] have
been extensively performed in order to improve its photocatalytic
activity under the visible irradiation.
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Another very promising approach is the combination of TiO,
with metal oxides like V,0s, ZnS, InVO,4, WOs3 [15-19] or graphene
[20]. Among the metal oxides, WO has smaller band gap (2.8 eV)
than TiO, and better absorbs visible light. Moreover, WO3 has a
suitable conduction band potential and acts as a trapping site for
photoexcited electrons from TiO,. The photogenerated holes from
the valence band of WO3; move towards and accumulate in the
valence band of TiO,. In such a way the efficiency of charge
separation is increased, enhancing at the same time the photo-
catalytic acivity of TiO, [21]. Additionally, the formation of W03
monolayer on TiO, increases the acidity of the WO3/TiO, surface
enabling the adsorption of greater amount of hydroxyl groups and
organic reactants on the surface [21,22]. In recent years, WO5/TiO,
composites were synthesized using different methods such as
sol-gel, ultrasonic spray pyrolysis, ball milling, hydrothermal,
sol-precipitation, and impregnation to improve photocatalytic
activity of TiO, under the visible light [23-28]. Thin films of TiO,/
WOs; have also been prepared by dip and spin coating [29,30] or by
one-step oxidation method [31]. In most of these reports it was
demonstrated that WO3/TiO, composites were found to have much
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higher photocatalytic activity under the visible light than pure TiO,
[24,26,28,31]. Therefore, the combination of these two materials
can lead to increased charge carrier lifetime and improved
photocatalytic activity under the visible irradiation. Among
different synthesis routs, plasma electrolytic oxidation (PEO)
process is very facile, cost-effective and environmentally benign
process for producing of well-adhered and crystalline oxide films,
but the studies on structural and photocatlytic properties of
WO3/TiO, films (coatings), produced by PEO process, are limited
[32-34].

In this study WO5/TiO, coatings were synthetized on titanium
substrate by using PEO process. Structural and optical properties of
the coatings were fully characterized by XRD, SEM, Raman, XPS,
and diffuse reflectance spectroscopy. The aim of this work was to
tailor the band gap energy of WO3/TiO, coatings towards the
visible spectral region, varying the time of PEO process and to
explore the photocatalytic properties of the coatings. The photo-
catalytic efficiency of WO3/TiO, coatings was tested under the
visible and UV light irradiation using Rhodamine 6G and Mordant
Blue 9 as model pollutants. We demonstrated that this approach
provides an efficient route for the formation of cost-effective and
improved visible-light-driven photocatalysts.

2. Experimental
2.1. Preparation of WOs3/TiO, coatings

WO3/TiO, coatings were prepared on titanium substrate using
plasma electrolytic oxidation (PEO) process. PEO process is an
anodizing process of lightweight metals (aluminum, magnesium,
zirconium, titanium, etc.) or metal alloys above the dielectric
breakdown voltage, when thick, highly crystalline oxide coating
with high corrosion and wear resistance, and other desirable
properties are produced. During the PEO process, numerous small
sized and short-lived discharges are generated continuously over
the coating’s surface, accompanied by gas evolution. Due to
increased local temperature, plasma-chemical reactions are
induced at the discharge sites modifying the structure, composi-
tion, and morphology of such oxide coatings. The oxide coatings
formed by PEO process usually contain crystalline and amorphous
phases with constituent species originating both from metal and
electrolyte. WO5/TiO, coatings were formed on the rectangular
titanium samples (99.5% purity, Alfa Aesar) of dimensions 25 mm
x 10 mm x 0.25 mm, which were used as working electrodes in the
experiment. The working electrodes were sealed with insulation
resin leaving only an area of 1.5cm? as an active surface. Before
starting the PEO process, titanium samples were degreased in
acetone, ethanol, and distilled water, using ultrasonic cleaner and
dried in a warm air stream. The anodic oxidation process was
conducted in an aqueous solution of 107> M 12-tungstosilicic acid
(H4SiW12040), at constant current density (150 mA/cm?). During
PEO process, the electrolyte circulated through the chamber-
reservoir system. The temperature of the electrolyte was kept fixed
at(20+1)°C. Detailed description of PEO process is given in the ref.
[33].

After plasma electrolytic oxidation, the samples were rinsed in
distilled water to prevent additional deposition of electrolyte
components during drying. The WO3/TiO, samples were obtained
by varying the time of PEO process from 90 s up to 300s. The pure
TiO, sample was obtained after 300 s of PEO process.

2.2. Characterization of WOs/TiO5 coatings
The crystal structure of WOs/TiO, samples was analyzed by

X-ray diffraction (XRD), using a Rigaku Ultima IV diffractometer in
Bragg-Brentano geometry, with Ni-filtered CuKoa radiation

(A =1.54178 A). Diffraction data were acquired over the scattering
angle 26 from 15° to 75° with a step of 0.02° and acquisition rate of
2°/min. The XRD spectra refinement was performed with the
software package Powder Cell. The TCH pseudo-Voigt profile
function gave the best fit to the experimental data.

Scanning electron microscope (SEM) JEOL 840A equipped with
an EDS detector was used to characterize the morphology and
chemical composition of formed oxide coatings.

Micro-Raman scattering measurements were performed at
room temperature in a backscattering geometry, using a Jobin-
Yvon T64000 triple spectrometer system and Nd:YAG laser line of
532 nm as an excitation source. The incident laser power was kept
less than 10 mW in order to prevent the heating effects.

UV-vis diffuse reflectance spectra were acquired using the
Specord M40 Carl Zeiss spectrometer.

X-ray photoelectron spectroscopy (XPS) was used for the
surface composition analysis of WO3/TiO, coatings. XPS was
carried out on a VG ESCALAB II electron spectrometer with a base
pressure in the analysis chamber of 10~8 Pa. The X-ray source was
monochromatized AlKa radiation (1486.6 eV) and the instrumen-
tal resolution was 1eV. The spectra were calibrated using the C1s
line (284.8eV) of the adventitious carbon and corrected by
subtracting a Shirley-type background.

2.3. Photocatalytic experiments

The photocatalytic activity of WO3/TiO, samples was evaluated
by monitoring the decomposition of Rhodamine 6G (R6G) and
Mordant Blue 9 (MB9) under the irradiation of two different light
sources: fluorescent and UV lamps. The photocatalytic measure-
ments on R6G solution (initial concentration in water: 10 mg/L)
have been performed using a 36 W visible fluorescent lamp
(Hyundai eagle), whose emission spectrum, compared to sunlight
spectrum, is given in Ref. [9]. The cuvette (3 mL) was placed at
about 5cm from the lamp. The evolution of the rhodamine
concentration was followed by measuring the variation of the
intensity of main absorption peak at ~525 nm. UV-vis absorption
measurements as a function of the light exposure time were
performed by using USB2000 spectrometer by Ocean Optics. The
solution was placed in the dark for 60 min to reach the adsorption/
desorption equilibrium before visible light exposure.

The photocatalytic activity of WO3/TiO, samples under UV light
irradiation was evaluated using aqueous solution of MB9 as a
model pollutant. Batch type experiments were performed in an
open thermostated cell (at 25°C). The cell was equipped with a
water circulating jacket to maintain the solution at room
temperature. A mercury lamp (125 W) was used as a light source
and was placed 13 cm above the surface of the dye solution. The
initial concentration of MB9 in an aqueous suspension was 50 mg/L
and the working volume was 25 mL. Before the lamp was switched
on, the cell was kept in dark for 60 min in order to achieve the
adsorption-desorption equilibrium. At regular time intervals the
aliquots were taken and the concentration of the dye was
determined by UV-vis spectrophotometer (Super Scan) at Aqx=
516 nm. The photocatalytic experiments were conducted at the
natural pH of the dyes (pH=7 in a case of R6G solution and at
pH =6 in a case of MB9 solution). All photocatalytic measurements
were repeated at least twice to check their reproducibility.

In order to detect the formation of free hydroxyl radicals (OH®)
on the UV illuminated WO3/TiO, surface, photoluminescence (PL)
measurements were performed using terephthalic acid, which is
known to react with OH* radicals and produces highly fluorescent
2-hydroxyterephthalic acid. The experiment was conducted at
ambient temperature. The WO3/TiO, photocatalyst (TW300) was
placed in open termostated cell filled with 20 mL of the 5 x 104
mol L~! terephthalic acid in a diluted NaOH aqueous solution with
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a concentration of 2 x 1073 mol L', UV lamp (125 W) was used as a
light source. Sampling was performed after 15, 30, 60 and 90 min.
PL spectra of reaction solution, using excitation wavelength of
315 nm, were measured on a Spex Fluorolog spectrofluorometer
system at wavelength of 425 nm for which the 2-hydroxytereph-
thalic acid exhibits intense PL peak.

3. Results and discussion
3.1. Crystal structure and morphology

XRD patterns of the WO3/TiO, samples obtained for 90 (TW90),
120 (TW120), and 300 s (TW300) of PEO process are presented in
Fig. 1. The diffraction peaks which appear in TW90 sample at
20=23.3°, 33.4°, 54.2° belong to (002), (022) and (042) planes of
monoclinic WO3 phase, which crystallizes in P2;/c (No. 14) space
group. Besides these XRD peaks, the XRD pattern also shows peak
at 25.3° which belongs to TiO, anatase crystal phase (space group
14;/amd (No. 141)) and intense peaks of elemental Ti (space group
P63/mmc (No. 194)). This indicates that Ti substrate is not
completely oxidized to form TiO, during the PEO process. With
increasing duration of PEO process, for the TW120 and TW300
samples, the XRD peaks of WO3; phase became more intense. The
spectra refinement, using Powder Cell program, showed that
besides WO3 phase a monoclinic WO, o5 phase appeared (space
group P2/c (No. 13)). Furthermore, the intensities of XRD peaks
which belong to TiO, phase and elemental Ti decreased implying
that the WO3/TiO, coatings were enriched with WO3/WO, gg
phase. According to the JCPDS database for W03, WO, g¢, TiO5, and
elemental Ti (JCPDS: 43-1035 (WO3), 30-1387 (WO, 96), 16-0934
(TiO3) and 44-1294 (elemental Ti)) very good agreement is
obtained between experimental and calculated diffraction pat-
terns of the WO3/TiO, samples. In Fig. 1 are marked main XRD
peaks of W03 and WO, g6 phases for clarity. The lattice parameters
and the estimated volume fractions (%) of different phases for the
WO3/TiO, samples are given in Table 1.

In Fig. 2 are presented SEM images of WO5/TiO, samples. In the
TW90 sample produced with shorter PEO time, certain number of
microdischarge channels together with molten regions was
present because of the rapid cooling of the electrolyte. With
increasing time of PEO process, when the thickness of the oxide
coating was increased, the number of microdischarge channels and
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Fig.1. XRD patterns of TW90, TW120 and TW300 samples formed in various stages
of PEO process, together with the XRD spectrum of Ti-substrate. In the inset is given
XRD spectrum of anatase TiO, obtained on Ti-substrate after 300 s of PEO process.

50 55 60 65

Table 1
Phase fraction (vol%) and cell parameters (A) of WO3/TiO, samples.
Phase TW90 TW120 TW300
W05 a=7.4060 a=7.3026 a=7.4060
b=7.6400 b=7.5398 b=7.5177
c=7.6455 c=7.6933 c=7.5920
29.6% 29.1% 54.5%
WO, .96 / a=11.9006 a=11.8000
b=3.8258 b=3.8098
c=59.6312 ¢=59.7400
36.70% 20.90%
TiO, a=3.7778, a=3.7841, a=3.7790
c=9.4440, c=9.5105, c=9.4124
66.0% 32.2% 23.8%

Ti a=2.9481 a=2.9594 a=3.0510
c=4.7325 c=4.7254 c=4.7820
4.3% 2.0% 0.9%

micropores decreased followed by increased roughness of the
coating’s surface.

The quantitative elemental analysis confirmed the presence of
Ti, O and W and the elemental composition of the samples is shown
in Table 2. EDS analysis confirmed the increasing trend of W
content with increasing of PEO time.

3.2. Raman and diffuse reflectance spectra

The Raman spectra of WOs/TiO, samples produced for different
duration of PEO process are shown in Fig. 3a. Several modes
originating from two crystalline oxide phases can be identified
(marked on Fig. 3a as T and W).

The Raman modes positions were determined using Lorentzian
fit procedure and the deconvoluted spectra of TW90, TW120 and
TW300 samples are presented in Fig. 3b. Besides the modes at
about 144 cm™" (Eg(1y), 197 cm ™" (Eg(2)), 393 cm ™" (B1g(1y), 516 cm ™"
(A1g, Big(2)) and 638 cm™! (Eg(3y) which belong to anatase phase of
TiO, [35], several modes characteristic for monoclinic WO5 phase
are present [22,36,37]. The broad band at ~703cm™! and strong
band at ~793 cm™! are assigned to the stretching (O-W-0) modes
of the bridging oxygen of the WOg octahedra. The bands observed
at ~272cm™' and at ~316cm™! are assigned to the bending
(0—W—0) vibrations of bridging oxygen in monoclinic m-WO3
[22,37]. The band positioned at ~989 cm ! is assigned to the dioxo
(W=0), symmetric vibration of the isolated surface WO, structure,
whereas its weak shoulder at ~942 cm™! represents asymmetric
vibration of the same atomic group [22,37]. The low frequency
mode at 58cm ! belongs to the to lattice modes of monoclinic
WO3 phase [38].

Further, from the Lorentzian fit procedure it was obtained that
the ratio between the intensity of the peak positioned at 639 cm™!
and the sum of the intensities of the 703 cm~' and 793 cm~! peaks
decreased with the increase of PEO time. This fact supports the
XRD results that WO5 content increases with prolonged duration of
PEO process.

In Fig. 4 are presented the Raman spectra of TW90, TW120 and
TW300 samples in the C—H and O—H region. The Raman band at
around 2885cm™! originates from the overlapped CH;3 and CH,
stretching vibrations [39]. Broad Raman peak in the 3000-
3600 cm™~! frequency range can be assigned to the O—H stretching
vibration of water molecules adsorbed on the surface of the WOs/
TiO, coatings [3,5].

The absorption spectra of TW90, TW120 and TW300 samples
are given in Fig. 5a. With increasing content of WO3 phase the
absorption edge shifts to higher wavelengths. In the spectra of
TW120 a structure around 380-400 nm can be observed, which is
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Fig. 2. SEM micrographs of WO3/TiO, samples formed in various stages of PEO process: (a) TW90, (b) TW120 and (c) TW300 sample.

very pronounced in the TW300 sample. The appearance of this
absorption structure can be attributed to the electronic population
of WO3 conduction band [40]. From the absorption spectra from
Fig. 4a, applying the same procedure as Ghobadi in his work [41],
the band gap energies for pure TiO, and WOs3/TiO, samples were
estimated. In Fig. 5b are presented the Tauc plots for indirect
transition, as TiO, and WOs are indirect band gap semiconductors
[26]. The band gap (Eg) energies are 3.19 eV for pure TiO,, and 2.84,
2.77 and 2.6eV for TW90, TW120 and TW300 samples, respec-
tively. It is obvious that with increasing WO3 content the band gap
decreases compared to pure TiO, and shifts to the visible spectral
range. Patrocinio et al. [40] have shown that in TiO,/WOs films, the
WO5 conduction band introduces new low lying electronic levels
with respect to the conduction band of TiO,, causing the lowering
of the band gap energy of composite samples compared to pure
TiO,. This finding is in accordance with the band gap behavior of
our WO3/TiO, samples from Fig. 5b.

3.3. XPS analysis

The XPS study was further used to confirm the chemical binding
states of W 4f. The W 4f XPS spectra of the TW90 and TW300
samples and the results of their decomposition into peaks are
shown in Fig. 6. The W 4f spectrum of TW90 sample (Fig. 6a) can be
deconvoluted into one doublet with binding energies of 35.8 (W
4f;,>) and 38.1eV (W 4fs>), respectively. The energy position of
this doublet corresponds to the W®* oxidation state [42].

In the TW300 sample (Fig. 6¢) the contribution of W>* states
from nonstoichiometric oxide phase can be seen. The W 4f

Table 2
EDS analysis of the WO3/TiO, composites.
Sample EDS data
Ti (at%) W (at%) 0 (at%) W/Ti
TW90 6.98 1417 78.85 2.03
TW120 6.22 16.12 77.66 2.59
TW300 4.09 17.16 78.75 4.1

spectrum can be deconvoluted with two doublets. The first two
characteristic peaks at 36 (W 4f;,5) and 38.3eV (W 4fs/5)
correspond to WS* state as in the case of TW90. The binding
energies of these peaks are somewhat higher than that for TW90
sample. The up-shift in binding energy can be ascribed to the
presence of defects and OH-groups on the surface [43], existence of
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Fig. 3. Room-temperature Raman spectra of WO3/TiO, samples (a). The TiO, and
WO35 Raman modes are marked as T and W. Deconvoluted Raman spectra of TW90,
TW120 and TW300 samples (b).
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Fig. 4. Raman spectra of WO5/TiO, samples in the C-H and O-H spectral region.

which is confirmed by Raman analysis (Fig. 4). The binding
energies of the second doublet at 34.5 (W 4f;,>) and 36.5 eV (W 4f5,
) correspond to W state [42]. These results are in accordance
with XRD analysis.

The O 1s spectra of TW90 and TW300 samples (Fig. 6b, d) are
decomposed into three peaks. The major peak at binding energy of
531.2 eV can be assigned to the oxygen atoms in WO3 and to the
OH-groups present on the surface [32,44]. The second peak
observed at 530.6eV has been attributed to oxygen bound to Ti
[26], whereas the binding energy of the third peak at 533.1eV
corresponds to the oxygen in water molecules bound in the
coating’s structure or adsorbed on its surface [45]. The relative
intensity of the XPS peaks at 531.2 eV and 533.1 eV was increased in
the TW300 sample. The intensity increase of these peaks can be
related to the presence of sub-stoichiometric WOs_, phase
(WO5.96). Similar behavior was reported in the paper of Shpak
et al. [44] in which these peaks were more intense in WOs_, oxides
than in stoichiometric WOs;. This finding is also supported by the
Raman spectrum of TW300 sample (Fig. 4), for which the intensity
of the Raman mode, corresponding to the water molecules
adsorbed on the surface, is higher than in TW90 sample.

3.4. Photocatalytic performances of WO3/TiO, coatings

Fig. 7a shows the kinetics of degradation of R6G for pure TiO,
and WO;3/TiO, samples under the visible light. No detectable
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degradation of R6G was registered without the presence of WOs/
TiO, samples (black circles on Fig. 7a). As can be seen from Fig. 7a,
both TiO, and WO3/TiO, coatings adsorbed the dye in the
equilibrium period of 60 min before the exposure to visible light.
It is known from the literature that the zero point charge (pH,p.) of
TiO,, lies between 6 and 6.8 [46-48], whereas the isoelectric point
of W03 is even lower and lies in the range 1.5-2.5 [49]. At higher pH
values than these WOs and TiO, surfaces should be negatively
charged. Therefore, the adsorption of the R6G as cationic dye at
pH =7, points out that the surfaces of WO53/TiO, and TiO, coatings
are negative and attract the positively charged R6G. The dye
adsorption ability can be crucial for the high catalytic activity of the
catalyst, because it can enhance the electron/hole transfer
efficiency and contact with photogenerated active species.

When TiO, and WOs/TiO, samples were subjected to visible
radiation, composite coatings have shown much better photo-
efficiency and demonstrated to be far superior than pure TiO,. The
highest activity was observed for the TW90 and TW120 samples
for which the photodegradation of R6G reached almost 80% after
60 min. With further increase of WO5 content, the photocatalytic
efficiency slightly decreased, but is still much higher than for pure
TiO,.

Further, the photocatalytic activity of WO3/TiO, coatings for
degradation of MB9 was tested under the UV light. In Fig. 7b is
presented the photodegradation of MB9 in the presence of WO;/
TiO, samples. In the dark, WOs3/TiO, coatings showed no
adsorption of MB9. The absence of adsorption can be explained
by highly anionic character of MB9 and electrostatic repulsion
between the dye and negatively charged surface of WOs3/TiO,
coatings.

The photocatalytic activity of WO3/TiO, samples was improved
with increased content of WO3 phase, and the TW300 sample
exhibited better activity than pure TiO,. As can be seen from
Fig. 7b, after 240 min more than 80% of dye was degraded in the
presence of WO3/TiO, coatings.

Photocatalytic degradation of both dyes can be well described
by first-order kinetic equation, In(C/C,)=kt, where C, is the initial
dye concentration and Cis the dye concentration at time t. The first
order kinetic constant k is obtained from the slope of the In(C/C,)
versus t for both dyes. In Table 3 are given the first order rate
constants for R6G and MB9 (kgrsg, kmpo), together with the
corresponding linear correlation coefficient (R?). In a case of R6
G degradation under the visible light, the highest k value (kgreg) was
obtained for the TW90 sample. In a case of MB9 degradation under
UV light, value of kypg increased with increasing amount of WOs.

The degradation rate constant k of WO3/TiO;, coatings under
visible light is almost five times higher than that of TiO,, whereas
its value under UV light are comparable with TiO,, suggesting that
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Fig. 5. Absorbance spectra (a) and Tauc plots for indirect band gap for WO3/TiO, samples (b). In the inset is given Tauc plot for indirect band gap for pure TiO,.
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Fig. 7. Photocatalytic degradation of R6G under visible light (a) and MB9 under UV
light (b) in the presence of WO5/TiO, and TiO, coatings.

composite coatings are very efficient photocatalysts under visible
light.

3.5. Hydroxyl radical analysis

The formation of free hydroxyl radicals (OH®) was tested on the
surface of TW300 photocatalyst under UV irradiation and detected
by PL method. Applying similar procedure as described in the
paper of Su et al. [50], TW300 sample was placed in terephthalic
acid solution and illuminated by UV light. PL spectra of the reaction
solution were measured at room temperature after 15, 30, 60 and
90 min, and these spectra are presented in Fig. 8. The terephthalic
acid reacts with OH® producing 2-hydroxyterephthalic acid, which
exhibits PL peak at 425nm [51]. The intensity of this peak is
proportional to the amount of OH® produced in water [50,51]. As
can be seen from Fig. 8, gradual increase of PL intensity at 425 nm
with prolonged illumination time points at increasing amount of
OH" radicals produced at the surface of TW300 sample.

3.6. Mechanism of the reaction
The photocatalytic degradation of R6G or MB9 is initiated by the

photoexcitation of the WO3/TiO, coatings when the electron-hole
pairs are formed on the catalyst’s surface. According to the

Table 3
The pseudo-first rate constants for R6G and MB9 together with R

Sample krec x 1072 (min~!)  R? kmpo x 1072 (min~')  R?

TW90 1.52 0.975 0.44 0.990
TW120 1.24 0.957 0.47 0.982
TW300 1.20 0.963 0.65 0.966
TiO, 0.28 0.888 0.41 0.963
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Fig. 8. PL spectral changes observed during UV illumination of TW300 sample in
the solution of terephthalic acid after 15, 30, 60 and 90 min. The PL spectra of pure
terephthalic acid is also presented.

generally accepted photoexcitation mechanism, electrons from the
conduction band of TiO, can easily diffuse into the conduction
band of WOs3 [40,52]. Since W(VI) can be easily reduced to W(V),
WOs3 acts as an acceptor of conduction band electrons from TiO,,
whereas the photogenerated holes migrate in the opposite
direction, i.e. from the lower-lying valence W03 band to the
valence band of TiO,. In such a way the charge separation efficiency
can be increased.

In Fig. 9 is given an illustration of photo-induced electron-hole
separation and reacting radicals formation. The presence of holes
in the dye solution permits a direct oxidation of the dye, due to
high oxidative potential of the holes (h*):

h* +dye — dye** — oxidation of the dye (1)

Further, hydroxyl radicals (OH®) are usually formed by the
reaction between the holes and OH™ or water molecules present on
the surface of the catalyst. The OH® radicals attack the dye in
aqueous solution leading to its degradation:

OH* +dye — photodegradation of the dye (2)

The photo-induced electrons can also react with dissolved
oxygen to form superoxide ions (O,~*) which in contact with H,0
molecules form OH™ ions and finally OH® radicals.

It is known from the literature that WOs is almost 15 times
more acidic thanTiO; [21,22,31], so it is expected that the surface of
PEO produced WOs3/TiO, coatings is more acidic than that of TiO,,
and has a higher affinity for chemical species having unpaired
electrons. Because of higher acidity, the surface of WOs3/TiO,
coatings can absorb more H,O and OH~ generating more OH*®
radicals. The XPS and Raman spectra of WOs3/TiO, composite
coatings gave an evidence that adsorbed H,0 and hydroxyls are
present on the surface of WO3/TiO, coatings, existence of which is
important for the formation of OH® radicals. PL measurements,
performed on TW300 sample, (Fig. 8) clearly demonstrated that
with increasing illumination time the increasing amount of OH®
radicals is formed on the surface of photocatalysts, which
manifests through higher photocatalytic activity of TW300 sample.

The absorption measurements have shown that the band gap
energy of TiO; is higher than that of WO3/TiO, coatings. Namely,
with prolonged time of PEO process, the W03 content increases
followed by an appearance of WO, o phase. As the conduction
band of nonstoichiometric WOs_, oxides is lower with respect to
WO3 and TiO, (Fig. 9) [53], the presence of WO, g phase will
further reduce the band gap of WOs3/TiO, samples towards the
visible spectral range, as already noticed from the Tauc plots from
Fig. 5. As a result, the electron-hole recombination will be more
difficult and more reactive radicals can be produced at the WO5/
TiO, surface. Therefore, WO3/TiO, coatings should be more
efficient as catalysts under the visible light. The photocatalytic
degradation of R6G and kinetics of the reaction confirmed that
WOs/TiO; coatings are efficient photocatalysts in the visible region.
Slight decrease of photocatalytic activity of TW300 sample in a
case of R6G photodegaradation (Fig. 7a) can be explained by the
occurrence of photochromism [27,40]. Namely, the electron
accumulation at the WOs conduction band can be more
pronounced with increased WOs5; content. The accumulated
electrons can react with OH® radicals forming OH™ ions or can
reduce the number of superoxide radicals [27,40] degrading at
some extent the photocatalytic activity of WO3/TiO, coatings. The
presence of pronounced absorption feature around 380-400 nm in
the absorbance spectrum of TW300 sample confirms this
assumption. Another reason can be found in the formation of
small polarons, appearance of which is characteristic for WO3 and
WO3_ phases. The photoexcited electron-hole pairs can be rapidly
quenched by recombination of photoexcited holes with electrons
from localized polaron states, whereas photoexcited electrons

Fig. 9. Schematic diagram of electron-hole pairs separation and proposed mechanism of photodegradation over WO3/TiO, photocatalysts.
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populate polaron states [54], reducing on the other side the
photocatalytic efficiency of the catalyst.

4. Conclusion

WO3/TiO, composite and pure TiO, coatings have been
prepared on titania substrates using facile and cost-effective
PEO process. The structural, morphological, optical properties and
chemical composition of these samples were investigated by
different methods such as XRD, SEM, Raman, UV-vis diffuse
reflectance spectroscopy and XPS. XRD and Raman analysis
revealed that the coatings are mainly composed of monoclinic
WOs and anatase TiO,. With increasing duration of PEO process the
crystallinity of the samples was improved, the WO5 phase become
dominant and a certain amount of monoclinic WO, ¢ phase
appeared. XPS analysis confirmed the XRD results and revealed the
presence of OH-groups and adsorbed H,0 on the surface of WO5/
TiO, coatings. The increasing amount of WO3/WO, g6 phase caused
a decrease of optical band gap, i.e. shift from near UV to visible
spectral region. The photocatalytic activity of WO5/TiO, samples
has been measured by monitoring photodecolouration of two
model pollutants in aqueous solution, R6G under visible and MB9
under UV light irradiation. The WO3/TiO, samples have shown
enhanced photocatalytic activity compared to pure TiO, under the
visible light irradiation. Slight decrease of photocatalytic activity
under the visible light in the sample enriched with WO3/WO, ¢
phase can be ascribed to the occurrence of photochromism and/or
small polaron formation. Under the UV light, the WO;/TiO,
photocatalysts have shown slightly better photocatalytic activity
than pure TiO,. PL mesurements demonstrated the correlation
between photoactivity and the formation rate of OH*® radicals
under UV light irradiation, i.e. higher amount of OH® radicals
formed, the better photoactivity of WO3/TiO, photocatalysts was
achieved. The kinetics of the reaction in the case of both azo dyes
followed the pseudo-first order. The degradation rate constant k of
WO3/TiO, coatings under the visible light is almost five times
higher than that of TiO,. Much better photocatalytic activity of the
WO3/TiO, samples compared to pure TiO5 in the visible range can
be attributed to better light absorption, higher adsorption affinity
and increased charge separation efficiency with increasing content
of WO3/WO, g6 phase.
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Abstract

Y-doped HfO, nanopowders, produced by metathesis synthesis, exhibit ferromagnetism at room temperature. The X-ray diffraction and Raman
measurements have shown that HfO, nanopowders undergo phase transformation from monoclinic to tetragonal and cubic phase with increasing
of Y content. The X-ray photoelectron spectroscopy and Raman analysis gave evidence that Y-doped HfO, nanopowders are oxygen deficient.
The ferromagnetic properties of Y-doped HfO, nanocrystals are dependent on crystal structure changes. The structural transformation from
monoclinic to tetragonal phase with Y doping is followed by increased ferromagnetic ordering because of the increased concentration of oxygen
vacancies (Vo) in different charge states. Higher Y content favors the formation of cubic phase and the ferromagnetism significantly weakens. In
cubic hafnia phase, yttrium can form (Vo—Yyy) defect complexes in different charge states. The appearance of these complexes can be responsible

for the degradation of ferromagnetic ordering.
© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hafnia (HfO,) is very promising and technologically impor-
tant material because of potential applications in spintronic dev-
ices, high-temperature fuel cells and has attracted much attention
as high-k dielectric gate material to replace the SiO, in metal-
oxide-semiconductor devices. HfO, has three polymorphs, i.e.
monoclinic (M), tetragonal (T) and cubic (C) phase. Under amb-
ient conditions the monoclinic phase of hafnia is stable phase
and undergoes transition to tetragonal or cubic phase at high
temperature [1]. These last two phases are far more important in
technological applications than the low-temperature monoclinic
phase. Stabilization of the tetragonal and cubic hafnia phases at
room temperature can be achieved by doping with divalent or

*Corresponding author. Tel.: +381 11 3713024; fax: +381 11 3162190.
E-mail address: zordoh@ipb.ac.rs (Z.D. Dohcevié-Mitrovic).
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trivalent cation dopants such as Mg”>* or Y** which brings
additional oxygen vacancies in the lattice and stabilize one of
two high-temperature phases of hafnia [2,3].

HfO, is an insulating oxide and is expected to be nonmagnetic
because Hf* "and O®~ are not magnetic ions with full or empty
f and d shells of Hf** ion. The discovery of unexpected room-
temperature ferromagnetism (RTFM) in undoped monoclinic
HfO, thin films [4] has opened a path to a new class of ferr-
omagnetic materials which can play important role in new
generation of spintronic devices. The magnetic ordering was up
to now presumably investigated in monoclinic hafnia thin films
and possible mechanism for the observed magnetism is still
controversial. Different types of defects like oxygen (Vo) or
hafnia vacancies (Vi) were claimed responsible for the FM in
haftnia. The FM ordering in M-phase of HfO,, proposed by Coey
and coworkers [5], can arise from unpaired electrons in bonding
molecular orbitals formed by hybridization of hafnium orbitals
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surrounding a neutral three-coordinated oxygen vacancy. Direct
exchange between defect-related molecular orbitals will be ferro-
magnetic and may be strong if defects are situated in the interface
layer [5]. Recent calculations of Glinchuk et al. [6], based on the
direct variational method, showed that neutral oxygen vacancies
in the vicinity of the film—substrate interface can become mag-
netic and mediate long range FM order in HfO, thin films.
Furthermore, theoretical calculations of Mufloz Ramo et al. [7],
based on DFT periodic and embedded cluster methods, showed
that in monoclinic HfO, four-coordinated oxygen vacancies can
exist in five different charge states (V2+, v, VO, VvV, and
V27). These defects form localized levels in the hafnia band gap.
Some of these states have different electron occupancies and bear
different magnetic moments [7]. Contrary to these findings, the
first principle calculations [8,9] showed that hafnium vacancies,
as cation vacancies, can be responsible for the ferromagnetism in
monoclinic HfO,. The removal of neutral Hf atoms introduces
holes in the valence band formed of oxygen 2p levels. This leads
to the splitting of the valence band and formation of high-spin
defect states, causing the FM order for short Vy—Vy¢ distances.
On the other hand, the first-principles calculations of Zheng at al.
[10], performed on undoped monoclinic HfO,, showed that there
are no stable defects that can carry a magnetic moment and con-
firmed that it is unlikely that hafnia vacancies are formed since
their formation energy is high. From the above cited reports, it
can be summarized that the appearance of ferromagnetism in
hafnium oxide and its origin, still remains a matter of debate and
deserves further investigation.

In the present work, we report room temperature ferromagnet-
ism in Y-doped HfO, nanopowders. The ferromagnetic ordering
is dependent on the crystal structure changes induced by Y. To
the best of our knowledge, magnetic properties of hafnia nanop-
owders doped with yttrium have not been studied yet. HfO,-
based oxides, as high-k metal-oxide dielectrics, are already under
consideration to replace silicon dioxide as gate dielectric for next
generation of complementary metal-oxide semiconductors. The
combination of ferromagnetic response at room temperature and
above with dielectric properties of HfO,-based oxides should
enable the integration of metal-oxide semiconductors with spintr-
onics technology. Therefore, Y-doped HfO, can be a promising
candidate for the applications in spintronics.

2. Experiment

A highly pure, nanosized yttrium doped HfO, powders
(Hf; _, Y, O,_5, 0.05<x<0.2) are obtained by metathesis
synthesis described in detail elsewhere [11]. Starting chemicals
were hafnium chloride (HfCly), yttrium nitrate hexahydrate (Y
(NO3);-6H,0) and sodium hydroxide (NaOH) from Alfa
Aesar GmbH, Germany. The purity of starting chemicals
was 99.9% without any magnetic ion impurity presence (such
as Fe, Co etc.). The samples were always handled with Teflon
tweezers to avoid any metal contamination. The compositions
of the starting reacting mixtures were calculated according to
the nominal composition of the final reaction product. Yttrium
doped hafnia solid solutions were prepared varying weight
fraction of yttrium (Y) in the range 5-20 mol%. All samples

were annealed at 600 °C for 5 min in order to obtain better
crystallinity. The obtained Hf; _,Y,0,_s nanopowders were
characterized using different methods.

The X-ray diffraction (XRD) spectra of the samples have been
measured on a Simens X-ray Diffractometer (Kristaloflex 500)
with Ni filtered CuKa radiation. The room temperature measure-
ments were performed in the 26 range from 20° to 80° in a
continuous scan mode with a step width of 0.02° and at a 260
scanning rate of 1°/min.

Non-contact atomic force microscopy (NC-AFM) measurements
were carried out using Omicron B002645 SPM probe VT AFM
25. NC-AFM images were obtained in the constant frequency shift
mode (—20 Hz) and with constant vibrating amplitude (0.2 V).

Micro-Raman scattering measurements were performed at
room temperature using a Jobin-Yvon T64000 triple spectrometer
system and Ar*/Kr™ mixed laser line of 488 nm as an excitation
source. The incident laser power was kept low (less than 10 mW)
in order to prevent heating effects.

X-ray photoelectron spectroscopy (XPS) was used for the oxida-
tion state and atomic ratio analysis. XPS was carried out on a PHI
Quantera equipment with a base pressure in the analysis chamber
of 107 Torr. The X-ray source was monochromatized AlKa
radiation (1486.6 eV). The spectra were calibrated using the C 1s
line (284.8 eV) of the adsorbed hydrocarbon on the sample surface.

The magnetic properties of the Hf; _,Y,O,_ s samples were
performed on a vibrating sample magnetometer in a high field
measuring system (HFMS, Cryogenic Ltd).

3. Results and discussion

X-ray diffraction spectra of pure and Y-doped HfO, samples
are presented in Fig. la. The XRD spectra of pure HfO, and
Hf,_,Y,O,_ s samples up to 10% of Y, show the monoclinic and
tetragonal phase coexistence. With further increasing Y content, in
15% and 20% Y-doped samples the cubic phase appears. The
main reflections of the monoclinic, tetragonal and cubic phases are
marked with M, T and C in Fig. 1a. All diffraction peaks for the
M, T and C phases in pure and Y-doped HfO, samples are indexed
with the P2,/c, P4,/nmc and Fm3m space group, respectively. The
lattice parameters of the monoclinic, tetragonal and cubic phases
are given in Table 1.

The volume fractions of different hafnia polymorphs in undoped
and Y-doped HfO, samples were estimated from the integrated
intensities of the M (— 111), M (111) and T (111) diffraction peaks
following the procedure proposed by Toraya et al. [12]. The
estimated volume fractions for HfO, and Y-doped samples (given
in %) are presented in Table 1.

As can be seen from Fig. 1a and Table 1, the monoclinic phase
prevails over the tetragonal phase in pure HfO, sample. The XRD
peaks are broadened which is characteristic of small (about 5 nm),
oxygen deficient nanocrystals [11]. The XRD patterns of the
Y-doped HfO, samples (labeled as HfY5-HfY20 according to the
mol% of yttrium in doped samples) indicate the formation of solid
solutions in the entire dopant compositional range without a pres-
ence of yttrium oxide or hydroxide phases. The yttrium substitution
of Hf (Yyr) introduces oxygen vacancies in hafnia lattice and
induces crystal structure changes of the HfO, nanopowders. The
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Fig. 1. (a) XRD patterns of Y-doped HfO, nanopowders at room temperature.
The pure HfO, sample is given as a reference. The symbols stand for:
M-monoclinic, T-tetragonal and C-cubic phase. The corresponding AFM images
of (b) HfY10 and (c) HfY15 samples are presented.

Table 1
Composition and cell parameters of HfY samples obtained from XRD
measurements.

Sample Monoclinic P2,/c Tetragonal P4,/nmc  Cubic Fm3m
(%) a b c (%) a c (%) a
HfYO 58 5.1453 5.1788 52919 42 3.5994 5.1191 - -
HfY5 21 5.1418 5.1613 5.2928 79 3.6103 5.0980 - -
HfY10 14 5.1265 5.1416 5.2830 86 3.6009 5.1835 — -
HfY15 3 5.1169 5.1686 5.2967 46 3.6086 5.1800 51 5.1003
HfY20 16 5.1250 5.1797 5.2945 58 3.5737 5.1462 26 5.1166

structural transformation from monoclinic to tetragonal and cubic
phase is a consequence of combined effect of doping with a lower
valence state dopant and oxygen deficiency [2,3,11]. In the HfY5
sample the intensity of monoclinic reflections decreases implying
that the content of monoclinic phase decreases on account of the
tetragonal phase. This trend is even more pronounced for the
HfY10 sample. In a case of the HfY15 sample, the XRD peaks
which belong to M-phase are not visible anymore. The position of
main diffraction peaks at 30.35°, 35.20°, 50.63° and 60.17°
indicate that the cubic phase is formed [13] as dominant phase
in this sample (see Table 1).

The tetragonal-cubic phase transformation is difficult to follow
by an XRD method because of very low sensitivity of this method
to the structural changes induced by oxygen displacement and

nonstoichiometry. However, disappearance of M-phase, position of
diffraction peaks and their significant broadening in a case of the
HfY15 sample indicate the tetragonal-cubic phase transformation,
as suggested by Fujimori and coauthors [14]. For the HfY20 sam-
ple, the content of T and M phases increases on the account of the
cubic phase. This fact was somehow surprising because the cubic
phase in HfO, is stabilized around 18 mol% of yttrium [15] or
even less [16].

The morphology of the Y-doped nanopowders was analyzed
by an AFM method. The AFM images of HfY10 and HfY15
samples, given in Fig. 1b and c, showed that the Hf; _,Y,O,_;
nanopowders are composed of very small and agglomerated
particles.

Raman scattering is much more sensitive method than the
XRD to the structural changes induced by oxygen displace-
ment and is powerful tool to investigate the tetragonal-cubic
phase transformation in Y-doped HfO,. The Raman spectra of
Hf, _,Y, O, _s samples are shown in Fig. 2.

All Raman modes in HfY5 sample can be assigned to the
monoclinic phase [17] except the mode at 500 cm ! (marked as
M/T1 in Fig. 2), which is also characteristic for the tetragonal
phase [14]. The Raman modes are broadened because of the
increased oxygen vacancy concentration when hafnia is doped
with trivalent ions like Y [15]. With further increase of the Y
content in the HfY10 sample, the Raman modes become broader
implying that oxygen vacancy concentration further increases.
New modes (marked as T2 and T3 in Fig. 2) appear and can be
ascribed to the tetragonal phase [18]. The Raman mode denoted
with asterisk (¥) at ~190cm™! can originate from a small
amount of y-phase of HfO,. The y-phase can be identified only by
Raman scattering [15]. In the HfY 15 sample, the intensity of the
Raman peaks which belong to the monoclinic and tetragonal
phase decreases and the Raman modes became smeared out.
Intensity drop of the mode at ~500 cm ™' reflects the tetragonal-
cubic phase transition [14]. The F,, mode of C-phase is not seen,
because it is usually of very low intensity [17]. In the Raman
spectrum of the HfY20 sample, the modes of T-phase became

*
T4
*
* W, HFY20
> W R
= | rw "L’V«‘ ' 'J““‘“VW el
g o gl A .\’“'\J,/
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= ;"‘y‘“f- N T T Ll T T
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©
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Fig. 2. Raman spectra of Hf; _,Y,0,_5 (0.05 < x <0.2) samples. The bands
of monoclinic and tetragonal phases are designated by M, T1, T2, T3 and T4.

Additional modes which can originate from y-HfO, and cubic Y,O3 phases are
denoted by asterisk ().
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more intensive than the modes of M-phase implying that the T-
phase is dominant phase in this sample. This is in accordance with
the XRD results. Additional modes at 360 cm ™' and 460 cm ™"
can be ascribed to the cubic-Y,05 phase probably formed at the
nanoparticle surface [19].

The chemical state and composition of the Hf; _, YO, 5
nanopowders were studied by XPS analyses. The XPS spectra
of Hf 4f, O 1s and Y 3d region for Y-doped samples are given
in Fig. 3a—c.

The deconvolution of the Hf 4f, O 1s and Y 3d spectra is
performed for Y-doped samples using mixed Gaussian and
Lorentzian functions. In Fig. 4a—c are presented deconvoluted
XPS spectra of Hf 4f, Y 3d and O 1s region in a case of HfY5
sample for brevity.

The same procedure is applied for the rest of the samples and
the binding energies (BE) of the most prominent XPS transitions

Intensity (a.u)

Intensity (a.u)

534 532 530 58 526
Binding Energy (eV)

Intensity (a.u)

164 162 160 158 156 154
Binding Energy (eV)

Fig. 3. The XPS spectra of (a) Hf 4f, (b) O 1s and (c) Y 3d region for Y-doped
HfO, nanopowders.
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Fig. 4. Deconvoluted XPS spectra of (a) Hf 4f, (b) O Is and (c) Y 3d region
for HFYS sample.

(Hf 4f, Y 3d, O 1s and C 1s) for Hf; _,Y,0,_ s nanopowders are
summarized in Table 2. No other contamination except carbon was
detected in all investigated samples. XPS analysis of H 4f and O 1s
gave evidence that the Hf; Y, O, s samples are nonstoichio-
metric. From the O/Hf ratio, given in Table 2, it can be seen that
the oxygen-deficiency increases with increasing Y content, with the
exception of the HfY20 sample. This fact can be explained by the
formation of the cubic-Y,O3 phase, already seen in the Raman
spectrum of this sample.

The cations relative concentration for Hf; _,Y,O,_ s samples,
presented in Table 3, confirmed very good agreement between the
surface and the nominal (bulk) stoichiometry. The errors regarding
the quantitative data are found in the range of + 10%, whereas the
accuracy for BEs assignments is + 0.2 eV.
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Table 2

XPS binding energies (eV) of the individual peaks and composition of the HfY samples.

Sample Cls O Is Hf 4f Y 3d Y-OH-C Stoichiometry
0>~ OH 72 52 52 3/2 O/Hf

HfYS 284.8 530.1 531.8 16.6 18.3 156.9 159.0 157.4 159.6 1.9

HfY10 284.8 530.2 531.9 16.7 18.4 157.0 159.1 157.5 159.8 1.8

HfY15 284.8 530.1 531.9 16.6 18.3 157.0 158.9 157.5 159.8 1.83

HfY20 284.8 530.1 531.8 16.7 18.4 157.0 159.1 157.4 159.7 1.95

Table 3 undoped HfO, with three- and four-coordinated oxygen vacancies.

Composition of HFY samples. Yttrium as a dopant ion in 3% valence state brings additional

Sample Yad at% HEAE atth vacancies in the hafnia lattlce. in order to keep the charg<? neutrality

(Fig. 5b). With further addition of Y, the concentration of the

HfYS 4.9 95.1 oxygen vacancies should be increased and the monoclinic phase of

HfY10 9.3 90.7 HfO, transforms first into the tetragonal and then into the cubic

HIY1S 146 85.4 phase as presented in Fig. 5c and d.

HfY20 19.1 80.9

The Hf 4f spectrum from Fig. 4a is composed of two spin-
orbit doublet peaks (Hf 4fs, and Hf 4f;,) which originate from
the Hf bound to the oxygen. The Hf 4f;, peak is situated at
16.6 eV with a difference of 1.7 eV in binding energy between
doublets. This peak is shifted to higher binding energies
compared to the HfO, standard powdered sample (16.2eV)
[20] in all Y-doped samples (see Table 2). The higher binding
energies of Hf 4f;,, peak in Y-doped samples suggest that these
nanopowders are deficient in oxygen and are non-stoichiometric
[21,22]. The primary peak at 530.1 eV in the O 1s spectrum of
Y-doped samples (see Fig. 4b and Table 2) is also shifted
towards higher BE. This peak is ascribed to the oxygen bonded
into the lattice and exhibits the shift probably because of the
oxygen deficiency in the samples. Another subpeak in the O 1s
spectrum at 531.8 eV (see Table 2) is assigned to adsorbed OH
groups in the outermost surface layer [23,24]. The deconvoluted
XPS spectrum of the Y 3d doublet (3ds,, and 3ds,) is presented
in Fig. 4c for the HfY5 sample. The average positions of the Y
3ds, peaks in Hf; _,Y,0,_ s samples are given in Table 2 and
are located around 157 eV. These peaks are slightly shifted to
higher energy compared to the position of 3ds, peak in Y,O3
standard sample (156.5eV) [20]. The shift to higher BE is
expected if we have the formation of the Hf=Y-O bonds [16].
The fitting of the Y 3d spectra of doped samples requires
additional doublet (binding energies are given in Table 2). The
second doublet can be attributed to Y-OH—C bonds confined to
the surface as a result of the OH and hydrocarbon adsorption
from the atmosphere.

In summary, XPS and Raman analysis of the Hf;_,Y,O,_;
samples confirmed that yttrium doping increases the concentration
of oxygen vacancies, whereas XRD and Raman results showed that
the incorporation of yttrium induces structural phase transformation.
These findings are in agreement with Manory et al. [13] who
reported that tetragonal and cubic phase of HfO, are stable at room
temperature in nonstoichiometric HfO,. In Fig. 5 we gave an
illustration of the phase transformation in HfO, with Y doping. In
Fig. 5a is presented the monoclinic phase of nonstoichiometric

The room temperature magnetization versus magnetic field
(M-H) data for pure HfO, and Y-doped samples is shown in
Fig. 6a. It can be seen that all samples show a ferromagnetic signal
at room temperature superimposed onto a diamagnetic back-
ground. The observed ferromagnetism is characteristic for the
nanostructured nature of the investigated samples [25] and is
intrinsic as there are no magnetic impurities present in the samples
(see experimental part). The susceptibility of the diamagnetic
component, i.e. the slope of the high-field parts of the curve,
remains constant with yttrium doping because of the closed Y>
shells. After subtracting the diamagnetic component, the corrected
magnetization curves are shown in Fig. 6b. The magnetization
curves are almost anhysteretic, as it is often the case for
ferromagnetic oxides [26]. The saturation magnetization value
(Ms) for the undoped sample is about 2.2 x 10~ > emu g~ '. The
obtained value is comparable with the other reports on ferromag-
netism in undoped oxide nanocrystals [25-29], but higher than the
reported value on HfO, powders [5]. The value of Mg increases
for the HfY5 sample and reaches its maximum of 2.9 x 10>
emug~ ' for the HFY10 sample. The saturation magnetization
significantly drops off in the HfY15 and HfY20 samples to the
values of 1.2x 10" emug™ " and 0.7 x 10™ > emu g~ ' respec-
tively. The change of the Mg for pure HfO, and Hf, _,Y,0,_;
samples is presented in Fig. 6c.

The experimental reports [30-33] confirmed the existence of
RTFM in pure and doped hafnia films and clearly proved that the
RTFM originates from the presence of oxygen vacancies. The lack
of oxygen vacancies or filling up vacancies can degrade or even
completely destroy the FM ordering. Scarce literature data conc-
erning the appearance of the FM in other hafnia nanostructures like
nanopowders or nanorods [33-35] have also pointed out that the
oxygen vacancies play a major role in the magnetic exchange
mechanism. The appearance of RTFM in pure HfO, can be
interpreted in the framework of the impurity band exchange model
proposed by Venkatesan et al. [4]. According to this model, the
intrinsic oxygen vacancies act as a donor of electrons, leading to
the n-type doping of the hafnia. The electrons trapped in oxygen
vacancies in HfO, form extended hydrogen-like orbitals because of
the relatively high dielectric constant of hafnia. When the defect
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@ Hafnium

@ Yitrium

. Oxygen, 4-coordinated
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3 Oxygen vacancy, 4-coordinated
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Fig. 5. Structural phase transformation with Y doping (a) pure HfO, monoclinic phase, (b) monoclinic phase of HfO, doped with Y, (c) tetragonal phase and (d)

cubic phase of HfO, with increased Y content.

concentration increases, the overlapping of the defect-related
orbitals can form an impurity (defect) band. The mixing of the
defect band with empty 5d states of hafnia enables the transfer of
some of the electrons to the 5d band. The 5d electrons will in turn
polarize the defect band establishing the ferromagnetic coupling
[4]. The oxygen vacancies in monoclinic hafnia can be in different
charge states having different number of trapped electrons and
bearing different magnetic moment [7,36]. Some of these defects
like negatively (Vg ) or positively (V) charged vacancies form
levels near the conduction band, as shown in the paper of Xiong
et al. [36]. They calculated the energy levels of the oxygen vacancy
defects in different charge states for HfO, and showed that the
energy levels of the Vg and VJ defects lie very near to the
conduction band (approximately at 0.8 and 1.1 eV below the
conduction band edge). Consequently, it is reasonable to assume
that the defect band, formed from Vg and V(J)r states, will lie near

the conduction band. The fraction of the electrons from defect band
can be transferred to the 5d states causing the spin splitting of the
defect band. The formation of the spin-split defect band provides
necessary condition for the appearance of ferromagnetism [4]. In
Fig. 7a is given the schematic representation of the defect levels
induced by oxygen vacancies in different charge states according to
the calculations performed in Ref. [34]. The mixing of the defect
band with the 5d states of hafnia and its spin-splitting is presented
in Fig. 7b.

Having in mind theoretical calculations [7,36] and experimen-
tal observations [30-33] and knowing from the Raman and XPS
results that Hf; _ Y, O, _ s nanopowders are oxygen deficient, we
concluded that the oxygen vacancies can be attributed to be the
main source of ferromagnetism in undoped and Y-doped HfO,
nanopowders. In the HfYS sample, with Y doping the concentra-
tion of oxygen vacancies should increase (see Fig. 5b) in order to
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Fig. 6. Magnetic properties of Hf; Y, O, _ s samples. (a) Raw magnetization
curves versus magnetic field, M(H), (b) M(H) after subtraction of the linear
diamagnetic component, (c) Saturation magnetization (Ms) change and (d)
relative polymorph composition change with yttrium content.

keep electroneutrality. At the same time the content of tetragonal
phase begins to prevail over the monoclinic one. The FM signal
is stronger than that in undoped HfO,. With increasing Y content
up to 10%, the saturation magnetization and the strength of FM
ordering further increase, when the content of the tetragonal phase
in HfY10 sample becomes dominant (Fig. 5c¢). In the HfY15
sample the cubic phase appears and the strength of FM interaction
weakens, reaching the lowest value of Mg (0.7 x 1073 emu g b}
for HfY20. This value of Mg is almost three times lower than for
HfY 10 sample. From the change of the polymorphs composition
with increasing Y content presented in Fig. 6d, it can be seen that
the change of Mg and T-phase content have similar trend. In a
case of HfY20 sample, Mg continues to decrease despite the fact
that the amount of T-phase is slightly increased.

The theoretical calculations performed by Chen et al. [37] can
offer the explanation for the degradation of FM ordering in
HfY15 and HfY20 samples. Namely, Chen et al. [37] calculated
the formation energies of the oxygen vacancies in different charge
states for Y-doped cubic HfO,. It is found that with higher

a

Conduction band —

)]

| = e
-0
e

Energy (eV)

[=]

Valence band
Vo V& Vv§ V&

Fig. 7. Schematic representation of the (a) defect levels which originate from
point defects and (b) a spin-split defect band.

Y content, oxygen vacancies form complex defects with yttrium
(Vo—Yyp) in different charge states (Vo-Yup) ™, (Vo-Yup ™+
and WO—YHf)O complexes). Among these complexes, the single
positively charged complexes (Vo—Ypp) ™ are the most stable ones.
Y as dopant changes the charge state of oxygen vacancies and
lowers the highest occupied levels induced by V4 and VJ
vacancies into the valence band. Therefore, the highest occupied
levels of (Vo—Yup ™ and (Vo—Yup) ™ complex defects will lie in
the vicinity of the valence band. With further increasing of Y
content the highest occupied levels of (VO—YHf)O complexes would
also fall into the valence band [37]. Considering the results from
Ref. [37], it is reasonable to assume that in HfY15 and HfY20
samples, because of the increased Y content and the presence of
cubic phase, certain number of (Vo—Yyyy) defect complexes can be
formed. The appearance of (Vo—Ypp defect complexes will
degrade the ferromagnetic interaction because the defect band
formed from (Vo—Yyr) complex defects states will lie near to the
valence band. The mechanism of electron transfer from defect band
to 5d empty states which leads to its polarization and establishing
of ferromagnetic interaction is not applicable anymore. The form-
ation of cubic-Y,0; phase at nanoparticle surface, seen in the
Raman spectrum of HfY20 sample can explain further degradation
of ferromagnetism in this sample.

4. Conclusions

In summary, nonstoichiometric Hf; _ . Y,O, _ 5 nanosized pow-
ders (0 <x<0.2) are obtained by metathesis synthesis. The
transformation of crystal structure from monoclinic to tetragonal
and cubic phase M —T—C) with increased Y doping was
confirmed by XRD and Raman measurements. The XPS and
Raman studies testified that the Hf; _ Y, O, _ 5 nanopowders are
nonstoichiometric. All samples exhibit room temperature ferro-
magnetism which increases with increased tetragonal phase con-
tent and degrades with the appearance of cubic phase. The FM
ordering in Hf;_,Y,0,_ s samples can be explained in the
framework of impurity band exchange model where oxygen
vacancies in different charge state, as n-type dopants, play major
role in establishing ferromagnetism. Further increasing of Y cont-
ent stabilizes the cubic phase in 15% and 20% Y doped samples
and the ferromagnetic interaction weakens. In a cubic phase
certain number of oxygen vacancy-yttrium complexes (Vo—Yps)
can be formed. Those complexes form defect states inside the
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bandgap of hafnia. The highest occupied defect states will lie in
the vicinity of the valence band. The electron transfer from deep
lying defect states to the 5d empty states of hafnia, which enables
the establishing of ferromagnetic interaction is not realistic any-
more. The presence of cubic-Y,O; phase additionally degrades
ferromagnetic ordering in the 20% Y doped sample.
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ABSTRACT: Ultrafine CeO,_s nanopowder, prepared by a simple and cost-effective self-
propagating room temperature synthesis method (SPRT), showed high adsorption
capability for removal of different azo dyes. Batch type of adsorption experiments with fixed
initial pH value were conducted for the removal of Reactive Orange 16 (RO16), Methyl
Orange (MO), and Mordant Blue 9 (MB9). The equilibrium adsorption data were
evaluated using Freundlich and Langmuir isotherm models. The Langmuir model slightly
better describes isotherm data for RO16 and MO, whereas the Freundlich model was found
to best fit the isotherm data for MB9 over the whole concentration range. The maximum
adsorption capacities, determined from isotherm data for MO, MB9, and RO16 were 113,
101, and 91 mg g~* respectively. The adsorption process follows the pseudo-second-order
kinetic model indicating the coexistence of chemisorption and physisorption. The
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mechanism of azo dye adsorption is also discussed.

B INTRODUCTION

Synthetic dyes are widely used in a number of industries such as
textile and leather industries, paper printing, cosmetics, and
pharmaceuticals. It is estimated to be more than 10000
commercially available dyes with over 7 X 10° tons of dyestuff
produced annually."* Azo dyes represent about 60—70% of the
dyes used in the textile industry. Some of them show aquatic
toxicity or allergenic effects, and under reductive conditions
they produce aromatic amines that are carcinogenic.” Azo dyes
represent a class of synthetic, colored, organic compounds,
which are characterized by the presence of one or more azo
bonds. These dyes belong to the most toxic ones compared to
other forms of dyes." Large quantities of these dyes (10—15%
of the total world production) are released into the wastewater
(typical concentration 10—200 mg L™"), the presence of which
poses a major threat to the aquatic organisms as well as animals
and humans because of their nonbiodegradability, toxicity, and
potential carcinogenic nature.*”¢

Dye removal from textile effluents is a major environmental
problem because of the difficulty to treat such streams by
conventional physicochemical and biological treatment meth-
ods. The methods such as filtration, coagulation, flocculation,
ion exchange, and photocatalytic degradation are unsatisfactory
for wastewater treatment because they are expensive and may
produce more toxic byproducts. Among the various available
water treatment techniques, adsorption is the most reliable and
efficient technique for dye removal, despite the fact that usually

-4 ACS Publications  © 2014 American Chemical Society

the adsorbent needs to be regenerated, which increases the cost
of the process and can be a time-consuming procedure. The
liquid phase adsorption has been shown to be an efficient way
for removing the suspended solids, organic matter, and oil from
aqueous solutions. Adsorption appears to offer the best
perspective over all the other treatments because it can handle
fairly large flow rates, producing a high quality effluent and does
not result in the formation of harmful substances, such as ozone
and free radicals which are present during the photodegradation
process using UV.

Activated carbon is the most widely used adsorbent for this
purpose, because it has a high surface area and high capacity for
adsorption of organic matter, but its use is limited because of its
high production cost and significant problems with the
regeneration of the spent activated carbon.”® A great variety
of low-cost biomass materials’ '® have been used to produce
activated carbon for the treatment of wastewaters. In recent
years, low cost agricultural wastes have been investigated as
potential biosorbents,"* but most of these cheap substitutes
have to be subjected to the process of carbonization which
increases process costs. Therefore, there is still a high demand
for cheaper adsorbent materials with high adsorption capacity.
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Nowadays, nanoscience and nanotechnology play important
role in environmental protection. There is a strong need to
develop simple and economical methods for producing
nanomaterials with higher adsorption rates which can efficiently
remove various contaminants. Nanomaterials with high surface
area are the most promising candidates as adsorbents in organic
dye removal >'*~"

Among various metal oxide semiconductors, CeO, is widely
used in many application areas such as catalysis, fuel cells,
sensors, and UV shielding, owing to its outstanding physical
and chemical properties. The application of ceria as effective
sorbent is not so often studied. There are few reports in which
it is demonstrated that ceria is effective sorbent for the removal
of high toxic pollutants such as'’ As(V) and Cr(VI) and azo
dyes such as Congo Red'® or Acid Orange* from water. The
adsorption experiments, performed to remove Reactive Orange
16 and Methyl Orange from wastewaters, mainly used as
adsorbent waste biomass,?® various types of sludge, and
biosorbents."'*'*?°72% Although most of these sorbents were
relatively cheap and effective in dye removal, they showed
modest and rarely high sorption capacities. On the other side,
to the best of our knowledge there is almost no study which
concerns the adsorption of Mordant Blue 9.

Herein we present the adsorption capability of ceria
nanoparticles for removal of different azo dyes such as Reactive
Orange 16, Methyl Orange, and Mordant Blue 9. Ceria
nanopowder, obtained by a simple and cost-effective method,
has shown very high efficiency toward azo dye removal and has
been proven to be a promising alternative for wastewater
treatment.

B EXPERIMENTAL SECTION

1. Materials Preparation. The ultrafine CeO,_s nanopowder was
fabricated via a simple and economical self-propagating room
temperature synthesis method (SPRT).*”*® Starting reactants were
cerium nitrate hexahydrate (Ce(NO,;);6H,0) (Acros Organics
99.5%) and sodium hydroxide (Carlo Erba). Hand-mixing of nitrate
with NaOH was performed in alumina mortar for ~10 min until the
mixture turned light brown. After being exposed to air for 4 h, the
mixture was suspended in water. Rinsing of NaNO; was performed in
a centrifuge at 3500 rpm for 10 min. This procedure was performed
four times with distilled water and twice with ethanol. The precipitate
was dried at 60 °C overnight. The reaction based on the self-
propagating room temperature method can be written as follows:

2[(Ce(NO,),-6H,0] + 6NaOH + (1/2 — )0,
— 2Ce0,_; + 6NaNO, + 15H,0 (1)

2. Characterization Methods. X-ray powder diffraction (XRD)
data of the sample were collected on a Siemens D-5000 diffractometer
with Cu Ka radiation over the 26 range from 20° to 80°. Atomic force
microscope (AFM) images were taken using the Omicron B00264S
SPM PROBE VT AFM 25 instrument in noncontact mode at room
temperature. The powder specific surface area of the sample was
calculated following the multipoint BET procedure on the
Quantachrome ChemBet-3000 setup. The pore size distribution was
derived from nitrogen adsorption-desorption isotherm obtained at 77
K. The infrared (IR) transmission spectra of CeO,_; pellets before and
after dye adsorption were measured on a Thermo Nicolet 6700
Fourier transform infrared spectrophotometer at room temperature.
Micro-Raman spectra were collected in the backscattering config-
uration using the TriVista 557 Raman system. The 488 nm line of an
Ar*/Kr* mixed gas laser was used as an excitation source. In order to
avoid sample heating, the incident laser power on the samples was kept
below 20 mW. Surface charge (zeta potential) of ceria nanoparticles at
different pH was measured using Zetasizer Nano ZS90 (Malvern

Instruments) apparatus. Suspensions were prepared using deionized
water as dispersing medium and were ultrasonicated for 15 min prior
to the measurements using an ultrasonic bath. The pH values of
suspensions were adjusted by adding HCI and NaOH solutions to the
starting suspension of CeO,_s nanopowder.

3. Adsorption Experiments. The adsorption experiments were
carried out as batch tests in a magnetically stirred thermostated glass
vessel with three different concentrations (50, 100, and 200 mg L) of
Reactive Orange 16 (RO16), Methyl Orange (MO), and Mordant
Blue 9 (MB9). All measurements were performed at initial pH values
of 6.2, 6, and 4.6 for MO, MB9, and RO16 dye solutions, respectively.
The suspensions were stirred for 2 min at room temperature in the
dark. The adsorption capacity (for the 200 mg L™" concentration of
dyes) of coconut-based powdered activated carbon (PAC), of large
specific surface area (1200 m?/g), was determined for comparison.
The working volume (25 mL) and the quantity of ceria nanopowders
and PAC (50 mg) were kept fixed in all adsorption experiments. At
fixed contact time, the samples were taken, centrifuged, and analyzed
on a Shimadzu 1700 UV-vis spectrophotometer within the spectral
range where maximum absorption for each dye occurs. In Table S1
(see the Supporting Information) are given the chemical structure and
the wavelength of maximal absorption (A,,) for each dye.

B RESULTS AND DISCUSSION

The powder XRD pattern of CeO,_s nanopowder is presented
in Figure la. Diffraction peaks corresponding to cubic fluorite
structure are clearly observed. All XRD peaks are broadened,
indicating that the crystallite size is within the nanometer range.
The average size of CeQO,_; nanocrystals, estimated by the
Wiliamson-Hall method,® is about 6 nm. The noncontact
AFM image of CeO,_s sample (Inset of Figure 1b) shows small
and agglomerated nonporous CeO, s particles. The pores
between agglomerated CeO,_s nanoparticles are also visible on
the AFM image. Particle size distribution obtained from the
AFM image of CeO,_; sample is presented in Figure 1b, and it
was modeled by asymmetric double sigmoidal function. The
average particle size is 11.4 nm.

To determine the surface area and pore size distribution,
nitrogen adsorption—desorption isotherms at 77 K were
recorded, and these are given in the inset of Figure Ic.
According to the IUPAC classification,®® the nitrogen
adsorption—desorption isotherm is attributed to the Langmuir
IV type. The pore size distribution was determined from the
desorption branch of the isotherms using the BJH (Barrett—
Joyner—Halenda) method and is shown in Figure lc. It can be
observed that the sample has bimodal pore size distribution in
the mesoporous area with the first mode peak around 2 nm and
the second one in the range 3—4 nm. The value of the BET
specific surface area (Sgpr) is 74 m”> g™

Further, we examined the performances of CeO,_s nano-
powder as a potential adsorbent for removal of RO16, MO, and
MB9. The adsorption measurements were carried out with
three different concentrations of the dye solutions (50, 100, and
200 mg L"), and absorption spectra of the dye solutions were
collected after certain time intervals. The UV—vis spectrum of
RO16 is given in Figure 2a (blue line) for the concentration of
50 mg L™". The absorption spectrum of RO16 in the presence
of CeO,_s nanoparticles after 2 min is also presented in Figure
2a (red line). As can be seen, the RO16 characteristic bands
decreased promptly, indicating that RO16 was removed from
the solution. The corresponding photo image (right panel of
Figure 2a) shows that the solution is almost colorless. The
absorption spectra of the MO and MB9 before (blue line) and
after 2 min (red line) in the presence of CeO,_s nanoparticles
are given in Figure 2b,c. Absorption spectra of these two dye
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Figure 1. XRD spectrum (a), particle size distribution obtained from
AFM (b), and pore size distribution curve obtained from the
desorption branch of the isotherm (c) for CeO,_; nanopowder.
Insets present the AFM image and the nitrogen adsorption—
desorption isotherm of CeO,_; nanopowder.

solutions after 2 min showed that the dyes were present in a
very low concentration. From the photo images (right panel of
Figure 2b,c), it can be noticed that the solutions were almost
colorless after 2 min. The experiment was repeated with an
increased concentration for all three dyes (100 mg L™'), and
the obtained results were similar.

The concentration of RO16 in the solution was further
increased to 200 mg L™". The absorption spectra of RO16 dye
solution in the presence of CeO,_s nanoparticles, presented in
Figure Sla (Supporting Information), demonstrate that CeO,_;
quickly removes the RO16 from the solution. After 40 min, the
equilibrium state was reached. The adsorption measurements
were also performed on the solutions of MO and MB9 (200 mg
L") in the presence of CeO,_s nanopowder, in order to
compare the efficiency of adsorption process onto ceria
nanopowder for all three dyes. The adsorption capacity of
CeO,_5 nanoyowder was determined from the mass balance
relationship: ' >'**

(Cy—CIV
a m ()

e

The adsorption rate and the amount of adsorbed dye with
contact time for the solutions of RO16, MO, and MB9 (200 mg
L") are illustrated in Figure 3ab. As can be noticed from
Figure 3, for all three curves, it is characteristic that the
adsorption process is rapid in the initial stage, whereas in the
later stage it becomes much slower. The adsorption rate for
RO16 was higher at the beginning, but after 60 min much
better elimination of MO from the solution was observed,
whereas the adsorption rate of MB9 was still lower. The
equilibrium was achieved after 40 (60) min for RO16 (MO),
whereas for MB9 it was achieved after 180 min. The adsorption
capacities of CeO,_s nanopowder in the case of MO, MB9, and
RO16 were 100, 94, and 91 mg g_l, respectively.

Further, the adsorption capacities of CeO,_s nanopowder
and activated carbon were compared. The adsorption capacity
of commercial activated carbon (50 mg) is presented in Figure
4 for MO (a) , RO16 (b), and MB9 (c) solutions (200 mg
L™"). In the case of MO dye solution, it can be noticed that at
the beginning of the adsorption process the activated carbon
was slightly faster than CeO,_; nanopowder and reached the
equilibrium state after 20 min. After 60 min, both curves
overlapped. In the case of RO16 dye solution, activated carbon
was much slower compared to CeO,_s After 40 min, CeO,_;
nanopowder reached equilibrium and eliminated almost 90% of
RO16 from the solution, whereas activated carbon needed 2 h
to reach the final adsorption capacity of 85 mg g~' which was
still lower than that of ceria nanopowder (91 mg g™'). The
adsorption capability of CeO,_s for MB9 is lower than that for
activated carbon, although after 2 h the final adsorption
capacities were comparable.
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Figure 3. Adsorption rate (a) and amount of adsorbed dyes (b) for the
solutions of MO, RO16, and MB9 (200 mg L™") in the presence of
CeO,_s nanopowder. Mass of adsorbent = 50 mg; solution volume =
25 mL.

In Figure Sa—c are shown the IR transmission spectra of pure
dyes and CeO,_; nanopowders after dye adsorption. For
comparison, the IR spectrum of pure CeO,_s nanopowder is
also given in Figure Sa—c.

The IR spectra of pure dyes have some common character-
istic bands.***' 73 The bands at 1040/1120 cm™' in MO,
1054/1139 cm™ in ROI16, and 1044/1136 cm™' in MB9
originate from the symmetric stretching vibrations of the SO;~
group (,(SO;57)). The band at 1204 cm™ in MO, 1236 cm™
in RO16, and 1190 cm™ in MB9 represents the asymmetric
stretching vibrations of the SO;~ group (1,(SO;7)). The band
at 1368 cm™' in MO and 1372 ecm™" in RO16 belongs to the
C—N stretching vibrations. The bands at 1422, 1410, and 1409
cm™" in MO, RO16, and MBY, respectively, are assigned to the
N=N stretching vibrations. The bands at 1520/1608 cm™" in
MO and 1586 cm™' in RO16 are from the aromatic ring
stretching vibrations. The band at 1672 cm™ in the spectra of
RO16 originates from the stretching vibrations of the carbonyl
C=0 group.

In the IR spectrum of MO dye adsorbed on CeO,_s (shown
in Figure Sa), the IR bands of the MO dye are of much lower
intensity. The pronounced changes of the IR bands character-
istic for sulfonate stretching vibration mode are observed. The
1,,(SO;7) band at 1204 cm™ is much weaker after MO
adsorption on CeQ,_; and shifted to ~1193 cm™' (marked
with arrow in Figure Sa). The v,(SO;~) band at 1040 cm™" in
MO s slightly shifted to 1034 cm™' (marked with arrow in
Figure Sa) in the CeO,—MO spectrum, the intensity of which
is much lower after adsorption. All these changes can indicate
that the sulfonate group is strongly involved in the adsorption
of MO onto CeO,_s>* In the IR spectrum of RO16 adsorbed
onto CeO,_s (Figure Sb), a significant intensity decrease of the
IR bands at 1054/1139 and 1500 cm™, characteristic for SO;~
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Figure 4. Comparison of adsorption capacities between CeO,_;
nanopowder and activated carbon in the case of (a) MO, (b) RO16,
and (c) MB9 dye solutions (200 mg L™"). Mass of adsorbent = 50 mg;
solution volume = 25 mL.

group and N—H bending vibrations,*® is observed too. Many
other bands which belong to pure RO16 dye are much weaker
or barely visible in the CeO,_;—RO16 spectrum, as for instance
the band at 1410 cm™' for N=N stretching vibrations. The
carbonyl C=0 peak at 1672 cm™' in the IR spectrum of
RO16, is almost absent from the CeO,_s—RO16 spectrum. The
v,(SO;7) band is shifted from 1139 to 1136 cm™ in the
Ce0O,_s—RO16 spectrum. In the IR spectrum of CeO,_s;—MB9
(Figure Sc), a major decrease of the MB9 band intensity is
observed and the slight shift of the asymmetric ,(SO;~) band
is barely visible (marked with arrow in Figure Sc). All this
indicates that RO16 and MB9 are also strongly adsorbed onto
the CeO,_; surface. In Figure 5d is presented the IR
transmission spectrum of pure CeO,_; in the extended spectral
range. As can be seen, strong bands near 3400 and 1620 cm™!
are attributed to the adsorbed H,O and hydroxyls.””*® The
absorption band at 1384 cm™ originates from CO, molecule
vibrations.

Raman spectra, obtained on CeO,_s nanopowder before and
after dye adsorption, are presented in Figure 6 and are
consistent with the IR measurements. In the Raman spectra of
nanocrystalline CeO,_; treated with dyes, besides the F,, mode
of pure CeO,_; positioned at ~456.5 cm™" and the mode at

dx.doi.org/10.1021/1a502969w | Langmuir 2014, 30, 11582—11590
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~600 cm™ which belongs to intrinsic oxygen vacancies,®
additional modes are observed. These new modes correspond
to the vibrations of different atomic groups of dye molecules,
such as -N=N—-, —C=0, —S=0, —O—H, and aromatic ring
vibrations. The most prominent mode frequencies deduced
from the spectra of ceria treated with MO, RO16, and MB9 are
summarized in the Table S2 (see the Supporting Information).
As the majority of the atomic group vibrations characteristic for
the dye molecules in question are observed in the Raman
spectra of dyed ceria nanopowder, it can be concluded that in
all three cases the adsorption of dye molecules took place.
The IR and Raman spectra unambiguously showed that MO,
RO16, and MB9 are adsorbed on CeO,_; surface. In addition,
from the IR spectra of three azo dyes adsorbed on CeO, ;
nanopowders, we concluded that v, and v, bands of sulfonate
groups are affected considerably. The intensity ratio of these
bands (v,,(SO;7)/1,(SO;7) = 0.4) for adsorbed MO onto ceria
is different from the same ratio in the spectrum of isolated MO
(145(8SO;37)/(SO;™) = 0.9). The changes of the v, and v
band intensities of sulfonate groups are also registered in the IR
spectra of adsorbed RO16 and MB9 onto ceria. It is further
worth mentioning that the frequency difference Av,
(V,(SO37) = 1,(SO;7)) in the MO, RO16, and MB9 spectra
is higher than that in the corresponding spectra of adsorbed
dyes on ceria (see Figure S). This is characteristic of the
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bidentate type coordination according to the Deacon and
Phillips40 empirical rule and the work of Bauer et al,*! formed
when OH groups situated on the surface metal cations are
substituted with oxygen atoms from azo dyes. Ji et al.* noticed
similar changes to ours in the IR spectra of acid orange
adsorbed onto CeO, surface and proposed that a bidentate type
bridge is formed between sulfonate group and Ce*' cations.
According to the observed changes in the IR spectra of MO,
RO16, and MB9 adsorbed on CeO,_s nanopowder, it is
reasonable to assume that all three dyes form a bidentate type
bridge on the ceria surface, where two oxygen atoms of the
SO;~ group are bound to one or two Ce** cations in a process
that involves the substitution of surface coordinated OH groups
on Ce*" cations with oxygen atoms from azo dyes.

Another very important factor for dye removal concerns the
capability of CeO,_; nanopowders to easily form oxygen
vacancies on the surface which accompany functional groups.
The surface functional groups can interact with dye molecules
via hydrogen bonds and/or electrostatic forces promoting the
adsorption of dye molecules. The first principle density
functional theory calculations performed by Yang et al.** have
shown that, in oxygen deficient ceria, the adsorbed water
molecules prefer to decompose near the oxygen vacancy site,
forming surface hydroxyls, where H atoms are bonded with
surface oxygen atoms. Therefore, they concluded that in
reduced ceria both adsorbed H,O and surface hydroxyls coexist.
Their calculations are in good agreement with experimental
work of Kundakovic et al.** performed on oxidized and reduced
CeO, thin films, who detected surface hydroxyls only in
reduced ceria films.

Having in mind that our ceria is oxygen deficient, it is
reasonable to assume that hydroxyl groups, already observed in
the IR spectra, are present on the surface of CeO,_;
nanopowder. The experimental determination of the pH
value at zero point charge (pHypc) revealed that CeO,_s has
pHzpc = 6.3 (Figure S2 in the Supporting Information). As pH
values of the dye solutions are lower than pHypc of CeO, 5
(see section 3 in Experimental Section), CeO,_s as adsorbent
acts as a positive surface. The electrostatic attraction between
ceria nanoparticles and negatively charged dye ions is an
operable mechanism. In that case, the ceria surface hydroxyls
are protonated:

Ce—OH + H' —» Ce—OH,* (3)

In aqueous solution, the sulfonate groups (R—SO;Na)
dissociate and are converted to anionic dye ions. The
adsorption process further proceeds due to the electrostatic
attraction between these two oppositely charged ions:

Ce—OH," + R-SO;” 2 Ce—OH," - "0,5-R (4)

Mlustration of the adsorption mechanisms between dye
molecules and CeO,_s adsorbent is shown in Figure 7.

As we stated earlier, the adsorption rate at the beginning of
the process (presented in Figure 3a) is higher for RO16 than
for MO and MB9. The difference in removal efficiency between
three dyes can be explained by the fact that the pH value of the
RO16 solution is close to the pH value where ceria net positive
charge surface has maximum, whereas the pH values of MO
and MB9 dye solutions are close to the pH;pc value of CeO,_;.
Therefore, the electrostatic interaction between RO16 dye
molecules and CeO,_; at the beginning will be stronger than
that for MB9 and MO. It is important to emphasize that

a) b) c)

Figure 7. Schematic representation of RO16, MO, and MB9
adsorption on CeQ,_s surface. (a) Electrostatic interaction between
protonated ceria surface and sulfonate group in the dye molecule; (b,
c) bidentate type structures between sulfonate group and Ce** cations.

sulfonic groups, which dissociate in aqueous solution and
convert to R—SO;™ anions, are negatively charged even at
higher acidic solutions, because their pK, values are lower than
zero.* Finally, the interaction between OH groups on the
surface of CeO, s and NH groups of the ROI16 is also a
possible mechanism for RO16 dye adsorption'® and can explain
the higher adsorption rate in the case of RO16 at the beginning
of the process.

The study of the adsorption equilibrium isotherm is helpful
in determining the maximum adsorption capacity of adsorbent
for given adsorbate. These isotherms relate the dye uptake per
unit mass of adsorbent, g, to the equilibrium liquid phase
concentration C.. In Figure 8 are presented the adsorption
isotherms for RO16 (a), MO (b), and MB9 (c) dye solutions,
measured at room temperature. Adsorption isotherms were
analyzed according to Langmuir and Freundlich models in
order to determine the best-fit model. Langmuir’s model
predicts the monolayer coverage of the adsorbate, assuming
that all adsorption sites are identical and energetically
equivalent, whereas the Freundlich’s model assumes the
adsorption on heterogeneous surface composed of nonidentical
adsorption sites with different energy of adsorption. The
isotherm equations and isotherm parameters for both models
are listed in Supporting Information Table S3.

The adsorption isotherms of RO16 and MO from Figure
8a,b can be fitted by both the Langmuir and Freundlich
equations. Both models give reasonable good fit in the case of
MO and RO16, although the values of correlation coefficients
(Supporting Information Table S3) are slightly higher for the
Langmuir isotherm. The sorption data of MB9 are much better
represented by the Freundlich model (Figure 8c and
Supporting Information Table S3) which expresses adsorption
in a multilayer manner on an energetically heterogeneous
surface.

The parameter 1/n from the Freundlich equation character-
izes the heterogeneity of the site energies and the adsorption
intensity, that is, the degree of nonlinearity of adsorption
isotherm. In their work, Tseng and Wu* have defined a
favorable level for the adsorption isotherm curves and gave a
classification for the values of parameter 1/n. Despite the fact
that the Langmuir model seems more suitable to describe the
sorption of MO and RO16 onto ceria, according to Tseng’s
classification, the parameter 1/n (listed in Supporting
Information Table S3) lies in the range of strongly favorable
(for RO16 and MO) and favorable (for MB9) adsorption.
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Figure 8. Adsorption isotherms of (a) RO16, (b) MO, and (c) MB9
dye solutions on CeO,_; at room temperature. Initial dye
concentration = 50—230 mg L™'; mass of adsorbent = SO mg;
solution volume = 25 mL.

Therefore, keeping in mind that oxygen-deficient surface of
nanosized ceria is more heterogeneous than homogeneous, it is
reasonable to conclude that adsorption of MB9, MO, and
RO16 on CeO,_s nanopowders reflects the presence of more
than one kind of adsorbent—adsorbate surface interaction. The
maximal adsorption capacity values of CeO, s nanopowder
from isotherm data were found to be 113, 101, and 91 mg g™
in the case of MO, MB9, and RO16 respectively.

To get further insight into the mechanism of adsorption,
pseudo-first- and pseudo-second-order models were used to
simulate the adsorption data for various contact times from
Figure 3b. The pseudo-first-order model didn’t give a good fit
of the experimental data and will be omitted in further
discussion. Kinetic data were further analyzed with the pseudo-
second-order kinetic model shown in Figure 9. The linear form
of the pseudo-second-order model is expressed as follows:

t 1 t

+
9, ka4, (4)

where ¢, and g, refer to the amount of adsorbed dye at
equilibrium and at time ¢, respectively, and k, is the equilibrium

Table 1. Pseudo-Second-Order Kinetic Model Parameters
Together with Experimental g, Values for Adsorption of
Each Dye

Gocat (MG &) ooy (mg g™") Ky (g mg™! min™") R

MO 106.3 100 144 x 1073 0.9994
RO16 100 91 9.09 X 1073 0.9999
MB9 96.3 93.6 1.13 x 1073 0.9977

coefficients. Calculated g, values, tabulated in Table 1, are in
quite good agreement with experimental ones and the
correlation coefficients have large values (R* > 0.99). It can
be concluded that the adsorption of MO, RO16, and MB9 on
CeO,_s nanopowder follows the pseudo-second-order kinetic
model which relies on the assumption that chemisorption and
effective electrostatic interactions play a major role in the
adsorption process.***” Comparing the adsorption capacities of
CeO,_s nanopowder with other adsorbents mentioned in the
Introduction, we can conclude that CeO,_; nanopowder,
produced by cost-effective SPRT method, shows efficient
adsorption properties and is a promising candidate for
environmentally friendly adsorbents in water treatment.

Bl CONCLUSIONS

The CeO,_s nanopowder, synthesized by a facile and cost-
effective SPRT method, appeared to be a very effective sorbent
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for the MO, RO16, and MB9 azo dyes. The adsorption process
was monitored at fixed initial pH value and varying dye
concentration and contact time. Infrared and Raman spectros-
copy measurements confirmed that the adsorption of azo dyes
on the CeO,_; surface took place. The experimental adsorption
data for the MO and RO16 were slightly better fitted with the
Langmuir isotherm, whereas the Freundlich isotherm was a
better fit for MB9 over the whole concentration range.
According to the values of the Freundlich constant (1/n), the
adsorption of MB9, MO, and RO16 lies in a favorable and
strongly favorable zone. The highest adsorption capacity of
CeO,_s was obtained for MO (113 mg g™") and then for MB9
(101 mg g™') and RO16 (91 mg g™'). The formation of a
bidentate type bridge between sulfonate group and Ce** cations
and the protonation of ceria surface hydroxyls can be
responsible for effective adsorption process. Adsorption of
MO, RO16, and MB9 dyes follows the pseudo-second-order
equation with good correlation. These results imply that,
besides strong electrostatic sorption, chemisorption mechanism
may play an important role for the dye adsorption. Based on
our results, ceria nanopowder prepared by the SPRT method
represents an effective dye adsorbent and can be a promising
substitute in wastewater treatment.
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Figures showing absorption spectra of RO16 (200 mg L™") and
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This material is available free of charge via the Internet at
http://pubs.acs.org.

H AUTHOR INFORMATION

Corresponding Author
*E-mail: zordoh@ipb.ac.rs.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Bojan R. Stojadinovi¢ for the AFM image and Bojan
Calija for the zeta potential measurements. This work was
financially supported by the Serbian Ministry of Education,
Science and Technological Development under Projects
ON171032 and III45018 and bilateral Project Serbia-Italy
No. RS13MO11.

B REFERENCES

(1) Lee, J. W.; Choi, S. P.,; Thiruvenkatachari, R;; Shim, W. G.;
Moon, H. Evaluation of the performance of adsorption and
coagulation processes for the maximum removal of reactive dyes.
Dyes Pigm. 2006, 69, 196—203.

(2) Gomez, V.; Larrechi, M. S.; Callao, M. P. Kinetic and adsorption
study of acid dye removal using activated carbon. Chemosphere 2007,
69, 1151-1158.

(3) Silva, J. P,; Sousa, S.,; Rodrigues, J.; Antunes, H; Porter, J. J;
Goncalves, I; Ferreira-Dias, S. Adsorption of acid orange 7 dye in
aqueous solutions by spent brewery grains. Sep. Purif. Technol. 2004,
40, 309-315.

(4) Ji, P. F.; Zhang, J. L.,; Chen, F.; Anpo, M. Study of adsorption and
degradation of acid orange 7 on the surface of CeO, under visible light
irradiation. Appl. Catal, B 2009, 85, 148—154.

(5) Venkatesha, T. G.; Viswanatha, R;; Nayaka, Y. A.; Chethana, B. K.
Kinetics and thermodynamics of reactive and vat dyes adsorption on
MgO nanoparticles. Chem. Eng. J. 2012, 198, 1-10.

(6) Sahasrabudhe, M.; Pathade, G. Biodegradation of azo dye C.I
Reactive Orange 16 by an actinobacterium Georgenia sp. CC-NMPT-
T3. Int. J. Adv. Res. 2013, 1, 91-99.

(7) Mohan, D.; Pittman, C. U., Jr Activated carbons and low cost
adsorbents for remediation of tri- and hexavalent chromium from
water. J. Hazard. Mater. 2006, 137, 762—811.

(8) Pollard, S. J. T.; Fowler, G. D.; Sollars, C. J.; Perry, R. Low-cost
adsorbents for waste and wastewater treatment: a review. Sci. Total
Environ. 1992, 116, 31-52.

(9) Amin, N. K. Removal of direct blue-106 dye from aqueous
solution using new activated carbons developed from pomegranate
peel: Adsorption equilibrium and kinetics. J. Hazard. Mater. 2009, 165,
52—-62.

(10) Sharma, Y. C.; Uma; Upadhyay, S. N. Removal of a cationic dye
from wastewaters by adsorption on activated carbon developed from
coconut coir. Energy Fuels 2009, 23, 2983—2988.

(11) Aygiin, A; Yenisoy-Karakas, S.; Duman, I Production of
granular activated carbon from fruit stones and nutshells and
evaluation of their physical, chemical and adsorption properties.
Microporous Mesoporous Mater. 2003, 66, 189—19S.

(12) Kannan, N.; Sundaram, M. M. Kinetics and mechanism of
removal of methylene blue by adsorption on various carbons—a
comparative study. Dyes Pigm. 2001, 51, 25—40.

(13) Annadurai, G; Juang, R. S.; Lee, D. J. Use of cellulose-based
wastes for adsorption of dyes from aqueous solutions. J. Hazard. Mater.
2002, 92, 263—274.

(14) Haddadian, Z.; Shavandi, M. A.; Abidin, Z. Z.; Fakhru'l-Razi, A.;
Ismail, M. H. S. Removal methyl orange from aqueous solutions using
dragon fruit (Hylocereusundatus) foliage. Chem. Sci. Trans. 2013, 2,
900-910.

(15) Cheung, W. H; Szeto, Y. S; Mckay, G. Enhancing the
adsorption capacities of acid dyes by chitosan nano particles. Bioresour.
Technol. 2009, 100, 1143—1148.

(16) Wu, C. H. Adsorption of reactive dye onto carbon nanotubes:
Equilibrium, kinetics and thermodynamics. ]. Hazard. Mater. 2007,
144, 93—100.

(17) Zhong, L. S.; Hy, J. S; Cao, A. M; Liu, Q;; Song, W. G.; Wan,
L. J. 3D flowerlike ceria micro/nanocomposite structure and its
application for water treatment and CO removal. Chem. Mater. 2007,
19, 1648—1655.

(18) Ouyang, X. W.; Li, W.; Xie, S. L.; Zhai, T.; Yu, M. H,; Gan, J. Y,;
Lu, X. H. Hierarchical CeO, nanospheres as highly-efficient adsorbents
for dye removal. New J. Chem. 2013, 37, 585—588.

(19) Zhai, T.; Xie, S. L; Lu, X. H; Xiang, L; Yu, M. H; Li, W,;
Liang, C. L; Mo, C. H;; Zeng, F.; Luan, T. G.; Tong, Y. X. Porous
Pr(OH), nanostructures as high-efficiency adsorbents for dye removal.
Langmuir 2012, 28, 11078—1108S.

(20) Won, S. W,; Yun, H. J,; Yun, Y.-S. Effect of pH on the binding
mechanisms in biosorption of Reactive Orange 16 by Corynebacte-
rium glutamicum. J. Colloid Interface Sci. 2009, 331, 83—89.

(21) Won, S. W.; Choi, S. B.; Yun, Y.-S. Performance and mechanism
in binding of Reactive Orange 16 to various types of sludge. Biochem.
Eng. J. 2006, 28, 208—214.

(22) Janaki, V.; Vijayaraghavan, K.; Ramasamy, A. K; Lee, K. J.; Oh,
B. T.; Kamala-Kannan, S. Competitive adsorption of Reactive Orange
16 and Reactive Brilliant Blue R on polyaniline/bacterial extracellular
polysaccharides composite-A novel eco-friendly polymer. J. Hazard.
Mater. 2012, 241, 110—117.

(23) Suteu, D.; Zaharia, C; Malutan, T. Removal of orange 16
reactive dye from aqueous solutions by waste sunflower seed shells. J.
Serb. Chem. Soc. 2011, 76, 17.

dx.doi.org/10.1021/1a502969w | Langmuir 2014, 30, 11582—11590


http://pubs.acs.org
mailto:zordoh@ipb.ac.rs

Langmuir

(24) Zhao, D.; Zhang, W.; Chen, C.; Wang, X. Adsorption of Methyl
Orange dye onto multiwalled carbon nanotubes. Procedia Environ. Sci.
2013, 18, 890—89S.

(25) Saha, T. K;; Bhoumik, N. C.; Karmaker, S.; Ahmed, M. G.;
Ichikawa, H.; Fukumori, Y. Adsorption of Methyl Orange onto
Chitosan from Aqueous Solution. J. Water Resour. Prot. 2010, 2, 8.

(26) Ai, L; Zhang, C.; Meng, L. Adsorption of Methyl Orange from
Aqueous Solution on Hydrothermal Synthesized Mg—Al Layered
Double Hydroxide. J. Chem. Eng. Data 2011, 56, 4217—4225.

(27) Yu, X;; Li, F; Ye, X;; Xin, X.; Xue, Z. Synthesis of cerium(IV)
oxide ultrafine particles by solid-state reactions. J. Am. Ceram. Soc.
2000, 83, 964—966.

(28) Boskovic, S.; Djurovic, D.; Dohcevic-Mitrovic, Z.; Popovic, Z.;
Zinkevich, M.; Aldinger, F. Self-propagating room temperature
synthesis of nanopowders for solid oxide fuel cells (SOFC). J. Power
Sources 2008, 145, 237—-242.

(29) Zhou, X.-D.; Huebner, W. Size-induced lattice relaxation in
CeO, nanoparticles. Appl. Phys. Lett. 2001, 79, 3512—3514.

(30) Lowell, S. Characterization of Porous Solids and Powders: Surface
Area, Pore Size and Density; Kluwer Academic Publishers: Dordrecht,
The Netherlands, 2004.

(31) Jia, T.-J; Song, G.; Li, P.-W,; He, T.-C.; Mo, Y.-J,; Cui, Y.-T.
Vibrational modes study of methyl orange using SERS-measurement
and the DFT method. Mod. Phys. Lett. B 2008, 22, 2869—2879.

(32) Sathiyabama, J.; Rajendran, S.; Selvi, J. A.; Amalraj, A. J. Methyl
orange as corrosion inhibitor for carbon steel in well water. Indian J.
Chem. Technol. 2008, 15, 462—466.

(33) Liu, Y.; Sun, D. Z. Development of Fe,0;-CeO,-TiO,/gamma-
Al O; as catalyst for catalytic wet air oxidation of methyl orange azo
dye under room condition. Appl. Catal, B 2007, 72, 205—211.

(34) Hua, Q; Shi, F. C; Chen, K; Chang, S. J; Ma, Y. S; Jiang, Z.
Q; Pan, G. Q; Huang, W. X. Cu,O-Au nanocomposites with novel
structures and remarkable chemisorption capacity and photocatalytic
activity. Nano Res. 2011, 4, 948—962.

(35) Telke, A. A; Kalyani, D. C.; Dawkar, V. V.; Govindwar, S. P.
Influence of organic and inorganic compounds on oxidoreductive
decolorization of sulfonated azo dye CI Reactive Orange 16. J. Hazard.
Mater. 2009, 172, 298—309.

(36) Galindo, C.; Jacques, P.; Kalt, A. Photodegradation of the
aminoazobenzene acid orange 52 by three advanced oxidation
processes: UV/H,0, UV/TiO, and VIS/TiO, - Comparative
mechanistic and kinetic investigations. J. Photochem. Photobiol, A
2000, 130, 35—47.

(37) Yue, L; Zhang, X.-M. Structural characterization and photo-
catalytic behaviors of doped CeO2 nanoparticles. J. Alloys Compd.
2009, 475, 702—70S.

(38) Danish, M.,; Hashim, R.; Ibrahim, M. N. M.,; Sulaiman, O.
Characterization of physically activated acacia mangium wood-based
carbon for the removal of methyl orange dye. BioResources 2013, 8, 16.

(39) Dohtevi¢-Mitrovi¢, Z. D.; §éepanovi(:, M. J.; Grujic-Brojc¢in, M.
U,; Popovi¢, Z. V.; Boskovi¢, S. B.; Matovic, B. M.; Zinkevich, M. V,;
Aldinger, F. The size and strain effects on the Raman spectra of
Ce,_,Nd,0,_4 (0 < x < 0.25) nanopowders. Solid State Commun.
2006, 137, 387—390.

(40) Deacon, G. B.; Phillips, R. J. Relationships between the carbon-
oxygen stretching frequencies of carboxylato complexes and the type
of carboxylate coordination. Coord. Chem. Rev. 1980, 33, 227—250.

(41) Bauer, C.; Jacques, P.; Kalt, A. Investigation of the interaction
between a sulfonated azo dye (AO7) and a TiO, surface. Chem. Phys.
Lett. 1999, 307, 397—406.

(42) Yang, Z.; Wang, Q; Wei, S;; Ma, D;; Sun, Q. The effect of
environment on the reaction of water on the ceria(111) surface: A
DFT+U study. J. Phys. Chem. C 2010, 114, 14891—14899.

(43) Kundakovic, L.; Mullins, D. R.; Overbury, S. H. Adsorption and
reaction of H,0 and CO on oxidized and reduced Rh/CeO,(111)
surfaces. Surf. Sci. 2000, 457, 51—62.

(44) Lima, E. C; Royer, B.; Vaghetti, J. C. P,; Simon, N. M,; da
Cunha, B. M.; Pavan, F. A,; Benvenutti, E. V.; Catalufia-Veses, R.;
Airoldi, C. Application of Brazilian pine-fruit shell as a biosorbent to

11590

removal of reactive red 194 textile dye from aqueous solution: Kinetics
and equilibrium study. J. Hazard. Mater. 2008, 155, 536—550.

(45) Tseng, R.-L.; Wu, F.-C. Inferring the favorable adsorption level
and the concurrent multi-stage process with the Freundlich constant. J.
Hazard. Mater. 2008, 155, 277—287.

(46) Zhu, Y.-P; Liu, Y.-L.; Ren, T.-Z.; Yuan, Z.-Y. Hollow manganese
phosphonate microspheres with hierarchical porosity for efficient
adsorption and separation. Nanoscale 2014, 6, 6627—6636.

(47) Yeddou-Mezenner, N. Kinetics and mechanism of dye
biosorption onto an untreated antibiotic waste. Desalination 2010,
262, 251-259.

dx.doi.org/10.1021/1a502969w | Langmuir 2014, 30, 11582—11590



DENTAL MATERIALS 30 (2014) 476-486

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.intl.elsevierhealth.com/journals/dema il i

Nano-structural and compositional basis

@ CrossMark

of devitalized tooth fragility

Ksenija Zelic®, Petar Milovanovic®, Zlatko Rakocevic®, Sonja Askrabic¢,
Jelena Potocnik®, Miroslav Popovic?, Marija Djuric®*

a University of Belgrade, School of Medicine, Institute of Anatomy, Laboratory for Anthropology, 4/2 Dr. Subotica,

11000 Belgrade, Serbia

Y University of Belgrade, INS Vinca, Laboratory of Atomic Physics, 12-14 Mike Alasa, 11001 Belgrade, Serbia
¢ University of Belgrade, Institute of Physics, Center for Solid State Physics and New Materials, 118 Pregrevica,

11000 Belgrade, Serbia

d University of Belgrade, Faculty of Physics, 12-16 Studentski trg, 11000 Belgrade, Serbia

ARTICLE INTFO

ABSTRACT

Article history:

Received 17 December 2012
Received in revised form
28 July 2013

Accepted 22 January 2014

Keywords:

Endodontics

Dentin

Atomic force microscopy
Micro-Raman spectroscopy
Energy dispersive X-ray analysis

Objective. Increased tooth fragility after devitalization is commonly observed but there is no
definite mechanistic explanation for such phenomenon. Therefore, itisimportant to analyze
more profoundly structural and compositional properties of this altered form of dentin. The
present study investigates the differences between normal and devitalized dentin using
advanced techniques.
Methods. Atomic force microscopic imaging (AFM), energy dispersive X-ray analysis (EDX)
and micro-Raman spectroscopy were performed on 16 dentin specimens, eight vital and
eight that underwent root-canal treatment at least two years before extraction and had no
infection in root canals before or after devitalization.
Results. The mean size of mineral crystals showed by AFM was larger in devitalized than
in healthy dentin in the same age category. AFM phase shifts in devitalized cases revealed
altered mechanical characteristics and suggested differences in composition of material
between devitalized teeth and healthy controls. No significant difference in Ca/P ratio
between vital and devitalized teeth was found using EDX. However, micro-Raman analyses
showed that in devitalized teeth, apart from hydroxyapatite, dentin contained significant
amounts of apatite phases with lower calcium content: octacalcium phosphate, dicalcium
phosphate dihydrate and tricalcium phosphate.
Significance. Differences between vital and devitalized dentin bring new insights into the
basis of devitalized tooth fragility. Larger mineral crystals could account for decreased
mechanical strength in devitalized teeth. Moreover, calcium-phosphate phases with lower
Ca content have lower material strength, and the presence of these phases in devitalized
teeth may explain their increased fragility.
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1. Introduction

Tooth fracture remains one of the major problems in den-
tistry. As it is commonly observed in dental practice, one
of the main factors leading to increased tooth fragility is
its devitalization [1-3]. However, hitherto there have been
no definite mechanistic explanations for devitalized teeth
fragility.

Many factors contributing to weakening of devitalized
teeth have been proposed [4]. First of all, a large amount
of tooth tissue that has to be removed during endodon-
tic procedure impairs tooth geometry which may reduce
its fracture resistance [5,6]. Use of irrigants and medica-
tions, during root canal treatment, could demineralize the
dentin around the pulp cavity [7,8]. Bacterial collagenolytic
activity with subsequent deterioration of dentin structure [9]
could also contribute to tooth weakening. Additional hypoth-
esis that has been a subject of several studies proposed
that the moisture content of dentin changes after devital-
ization [4,10-12], consequently changing dentin mechanical
properties. However, these factors cannot fully explain
why endodontically treated teeth are more susceptible to
fracture [4].

Since dentin is the most abundant tissue in human tooth,
it is expected that alterations in its structure can lead to
increased fragility of the tooth [1,3]. Dentin is a biological
composite of mineral phase (hydroxyapatite — approximately
50% by volume), organic phase (type I collagen fibrils, approx-
imately 30% by volume), and fluid [13]. In recent years, novel
techniques have been extensively used to study the morphol-
ogy of dentin as well as other calcified tissues [14-16]. Using
various advanced characterization methods (X-ray diffraction,
small angle X-ray scattering, atomic force microscopy, trans-
mission electron microscopy) the size and shape of mineral
crystals, their orientation, molecular/chemical composition
and mechanical properties of dentin were closely studied
[1,3,17-21].

Micro- and nano-structural alterations due to caries,
sclerosis and aging, as well as the effects of the dental
procedures can have significant impact on tooth strength.
Recently, novel techniques have been used to analyze some
altered forms of dentin with the aim to predict the influ-
ence of the microstructural alteration on tooth strength
[3]

However, up to now, there have been no attempts to
analyze the possible changes in the shape, size and compo-
sition of the nanocrystalline apatite mineral of the devitalized
dentin.

Therefore, in this study we have performed combined
atomic force microscopy, scanning electron microscopy/
energy dispersive X-ray analysis and micro-Raman spec-
troscopy characterization of the intertubular dentin material
in vital and devitalized teeth, with the aim to examine
the nano-structural and compositional basis for observed
mechanical deterioration of devitalized teeth. We hypothe-
sized that losing blood supply and subsequent elimination
of the dentin fluid in devitalized teeth could leave traces on
the nano-structure and material composition of the dentin,
resulting in its altered mechanical characteristics.

2. Materials and methods
2.1. Specimen selection and preparation

The experimental group consisted of eight specimens of
freshly extracted human premolars with root canal treatment
performed at least two years before extraction. The exclu-
sion criteria associated with root canal infection were: history
of a previous root canal infection, current radiological signs
of acute or chronic periapical infection and macroscopically
visible deterioration of periapical tooth cement and dental
socket which were examined after extraction. All teeth were
filled with gutta-percha. The control group consisted of eight
specimens of intact (vital) teeth. The specimens of both vital
and devitalized groups were divided according to the age of
individuals at the moment of extraction into two categories:
young (18-22 years of age) and old (55-60 years of age). All
teeth were extracted for orthodontic or periodontal reasons
at Department of Oral Surgery, School of Dentistry, Univer-
sity of Belgrade according to the protocol approved by The
Ethical Committee of The School of Dentistry, University of
Belgrade and for every tooth the Patient’s Informed Consent
was obtained. The teeth were cleaned, stored frozen and ana-
lyzed shortly after the extraction. Each specimen was taken
from different tooth.

The whole teeth were mounted in epoxy resins (Mecaprex
KM-U, Grenoble, France) and were cut longitudinally (parallel
with the tooth canal) to provide 1 mm thick sections using a
diamond-saw microtome (Leica SP1600, Nussloch (Germany)
under constant water irrigation (Fig. 1A). A low-speed dia-
mond wheel saw 650 with water soluble coolant (South Bay
Technology Inc., San Clemente, CA, USA) was used to obtain
dentin specimens (Fig. 1B). To avoid influence of endodon-
tic irrigants on dentin the specimens were cut at least 2mm
away from the root wall (Fig. 1B). At this point influence of
endodontic irrigants cannot be expected [22]. The specimens
were approximately 3mm x 3mm x 1 mm in size.

2.2.  Atomic force microscopy (AFM) imaging

Each dentin specimen was ultrasonicated for 5 min to remove
any possible debris and organic dirt as previously suggested
[23-25] and then placed horizontally onto the sample disk, and
imaged by Multimode quadrex Scanning Probe Microscopy
(SPM) with Nanoscopellle controller (Veeco Instruments Inc.,
New York, NY, USA) under ambient conditions. Height and
phase images were simultaneously acquired under standard
AFM tapping mode using a commercial SNC (solid nitride
cone) AFM probe (NanoScience Instruments, Inc. Phoenix, Ari-
zona, USA). As specified by the manufacturer, the cantilever
was 125pum in length, with force constant 40 N/m, the tip
radius less than 10 nm and resonant frequency of 275kHz. At
least 10 images were taken per specimen to account for pos-
sible spatial variability. Images of various sizes were made:
3pm x 3pm, 2pm x 2 pm, 1pum x 1 pum, 500nm x 500nm and
300nm x 300nm. The scans were taken with 256 lines per
scan (256 x 256 pixels). The images were acquired from various
locations of intertubular dentin to assure representative-
ness of the observed properties. Particular care was taken to
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Fig. 1 - Schematic sequence illustrating the procedure of
obtainment of the specimen. Each tooth was cut
longitudinally (parallel with the tooth canal) to provide
1mm thick sections (A). Red area on picture A refers the
longitudinal section from which the specimen was
obtained. Blue section on picture B shows the exact
specimen location. (For interpretation of the references to
color in this legend, the reader is referred to the web
version of the article.)

prepare and analyze all specimens in the same manner to
assure validity of inter-specimen comparisons. Hydroxyap-
atite crystal size was determined by measuring maximum
dimension of each crystal using Veeco Nanoscope III software
(version 5.31r1) like in previous studies [26,27]. Following esti-
mation of sample size using MedCALC software ver. 9.1.0.1,
about 100 crystals per study group were considered for the
quantitative analysis. Statistical analysis was performed using
analysis of variance in SPSS ver.15 and the values p<0.05
were considered statistically significant. Tapping mode AFM
is able to map simultaneously the topography of the speci-
men (height image) and the compositional variations (phase
image) of the specimen’s surface [28]. Variations in material
properties lead to a phase lag of the cantilever oscillation. This
phase lag is simultaneously monitored by the AFM control
electronics and transformed into phase image. Specifically, the
relationship of phase-shifts and energy dissipation enables
linking experimental data to materials properties such as
stiffness, viscoelasticity, etc. Therefore, phase image gives
non-quantitative information about specimen material prop-
erties [28].

The measuring conditions for all images and all the spec-
imens were constant to allow comparison of the results
obtained during AFM characterization. Drive frequency of
87.68kHz was maintained constant during the imaging, while
the drive amplitude was 851 mV. Origin Lab 8.0 program was

used for curve fitting and determination of peak positions and
areas under the curve.

2.2.1. AFM imaging: power spectral density and fractal
dimension

Power spectral density (PSD) analysis was performed on AFM
topography images using the software WSxM (WSxM v5.0,
developed by Horcas et al. [29]). Power spectral density is an
advanced approach for roughness analysis that arises from
Fourier decomposition of an image into the waves of partic-
ular wavelengths [30-33]. PSD analysis reveals characteristics
of the surface structure [31-33] and describes the contribution
of various morphological elements to the surface roughness
[30,33]. The power spectral density data were extracted from
the images of various sizes and the data points collected
from all images belonging to one specimen were then rep-
resented on a single graph showing log PSD vs. log spatial
frequency of the specimen. The data points were fitted lin-
early as previously suggested [30,33,34], obtaining the slope
of the trendline in each specimen (p <0.05). In addition, frac-
tal dimension (FD) - a descriptor of the complexity of object’s
structure [35] corresponding to visual perception of roughness
[36] — was calculated from log PSD vs. log spatial frequency
graphs according to the following equation: FD=0.5%(7 — f)
(B=absolute value of the slope of PSD trendline) [30,37,38].

2.3.  Scanning electron microscopy (SEM) and energy
dispersive X-ray analysis (EDX)

To provide adequately flat surface for microanalyses, the
dentin specimens were polished using carbide papers of
increasing smoothness (from 600 up to 4000 grit) under con-
stant water irrigation on semiautomatic Unipol 810 polishing
machine (MTI Corporation, Richmond, CA, USA). The spec-
imens were ultrasonicated to remove any polishing-related
debris and were left to dry naturally at room temperature.

Following sputter coating with gold (Au) in Ion Sput-
ter Coater (Bal-Tec SCD 005, Leica Microsystems, Nussloch,
Germany; WD 50mm, 30mA, 90s), the specimens were
mounted on a scanning electron microscope (SEM, JEOL JSM
6460 LV, Peabody, MA, USA) equipped with electron dispersive
X-ray spectroscopy (EDX, OXFORD-Inca X sight). For EDX anal-
ysis, the system was operated at 20kV, with constant working
distance in line with previous studies [39]. Spectra of atomic
composition of the specimens’ surface were obtained by spot
EDX analysis in five spots located in intertubular dentin in
each specimen, under visual control of SEM. The EDX soft-
ware automatically evaluates relative contribution of each of
the detected elements within the region of interest to a total
of 100%.

2.4. Micro-Raman spectroscopy

Micro-Raman spectroscopy measurements were performed
using DXR Raman Microscope (Thermo Scientific, Waltham,
MA, USA). Nd:YAG doubled frequency line of 532nm was
used as an excitation source, whereas the applied power was
10 mW. Objective with 10x magnification was used with the
resulting average spot diameter of 2.1 pm on the specimen.
All the spectra were collected at room temperature in high


dx.doi.org/10.1016/j.dental.2014.01.014

479

DENTAL MATERIALS 30 (2014) 476-486

rin
nim

100, 000

100,000

6000 T 1 1 N | ‘ 1 - 1 ] L]
=-=-young de\ritalized*
e —— young vital 7
—— old vital
4000 —-=-old devitalized |
3000 4
3
m
2000 4
1000 ~ 4
0 il

T g Y T T T T I
O 20 40 60 B0 100 120 140 160 180
Phase ()

E

Fig. 2 - Atomic force microscopic characterization of dentin in vital and devitalized teeth. AFM 3D topographic images
(305 nm x 305 nm) of devitalized (A) and vital dentin (B); corresponding AFM phase images of devitalized (C) and vital dentin
(D); differences in surface phase composition of dentin in devitalized and vital teeth (E). For all phase images z-range is 100°.
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Fig. 3 - An illustrative power spectral density graph
showing contribution (power) of surface morphological
features of various sizes (spatial frequencies) to overall
surface roughness. Linear fitting of the PSD data allowed
calculation of the PSD slope which is considered as a true
material characteristic.

resolution mode, in the range (300-1800)cm~!, from the
dentin tooth area of the teeth specimens (Fig. 1). Spec-
tra acquisition and background fluorescence correction were
performed in software package OMNIC (Thermo Scientific,
Waltham, MA, USA). Raman spectra were analyzed using
OriginPro 8 Software. Multiple-point baseline correction and
smoothing were performed as previously suggested [21].
Raman band positions were compared with those of dentin
and apatite known from the literature [40-51]. A selected sub-
region of each spectrum was fitted with Lorentzian profile [52].

3. Results
3.1. AFM
3.1.1. AFM topography and crystal size analysis

AFM topography images revealed granular organization of
dentin apatite structure (Fig. 2A and B). Quantitative analy-
sis of the observed surfaces demonstrated that the mean size
of mineral crystals was larger in devitalized when compared
with healthy teeth (young: 51.4+19.5nm vs. 36.2+14.4nm,
old: 35.2+14.5nm vs. 32.6 £13.7 nm; p <0.001).

3.1.2.  Power spectral density and fractal analyses

Power spectral density analysis was obtained based on AFM
topography images, providing quantitative characterization
of the surface structure (Fig. 3). Linear fitting of PSD data
(p<0.05) revealed differences in the pattern of surface rough-
ness between vital and devitalized teeth, where the PSD
slopes showed a trend to steeper values in the vital teeth
(young: PSDgjope = —3.985, old: PSDgjope = —3.885) when com-
pared to devitalized cases (young: PSDgjpe =—3.646, old:
PSDgjope = —3.719).

In both young and old cases, the fractal dimension was
calculated from the PSD data showing higher values in devi-
talized specimens when compared to vital specimens (young:
1.677 vs. 1.508; old: 1.640 vs. 1.558), indicating their higher
degree of structural complexity and surface roughness. This
is in line with larger mineral crystals observed in devitalized
dentin. The differences in surface morphology were more pro-
nounced between devitalized and vital teeth in young cases
than in the elderly, where healthy elderly teeth already pre-
sented a changed surface complexity in comparison with the
young.

3.1.3. AFM phase analysis

AFM phase imaging of dentin surfaces mapped spatial distri-
bution of material properties as reflected in different phase
shifts of the cantilever during the tip-sample interaction
across the specimens’ surface (Fig. 2C and D). Further eval-
uation of the phase images revealed that dentin surfaces
reflected two distinct phase peaks on histograms derived from
the AFM phase images: the peak corresponding to a lower
phase shift (left peak), and the peak corresponding to a higher
phase shift during the tip-specimen interaction (right peak)
(Fig. 2E). Since all the specimens were imaged under the same
scanning conditions, it was possible to compare the peak pos-
itions between the specimens. The AFM phase images and
related histograms showed notable differences in material
properties between different groups of specimens (Fig. 2C-E).
Fig. 2E shows that the exact position of the peaks, as well as
their area under the curve, differed among the groups. In par-
ticular, not only that the histograms of phase images of the
devitalized dentin showed a slight shift of the left peak to the
right when compared to vital dentin, but also the relative area
under the right peak increased remarkably in devitalized spec-
imens (in old: 28% vs. 2.5%; in young: 32% vs. 5.3%), revealing
that a higher proportion of the devitalized dentin surface was
composed of a material producing a higher phase shift during
the tip-specimen interaction.

3.2.  EDX analysis

EDX analysis showed similar Ca/P ratio between vital and
devitalized specimens. The averaged weight Ca/P ratios were:
1.87+£0.01 in young vital dentin, 1.85+0.08 in young devi-
talized dentin, 1.914+0.02 in old vital dentin and 1.90+0.10
in old devitalized dentin (p>0.05). However, the average
content of calcium was slightly lower in devitalized teeth
(32.45+0.03 wt% —young vital dentin, 29.17 4 0.50 wt% — young
devitalized dentin, 30.94+0.30wt% - old vital dentin and
28.17 £ 0.90 wt% — old devitalized dentin).

3.3. Micro-Raman spectroscopy

In Table 1 Raman shifts observed in Raman spectra are
presented (see Fig. 4A), together with the reference data.
Regions of the spectra, characterized by the appearance of
the vibrational modes of hydroxyapatite (HAP), other calcium
orthophosphates (octacalcium phosphate - OCP, dicalci-
umphosphatedihydrate - DCPD and tricalcium phosphate -
TCP) and collagen, were analyzed.
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Table 1 - Raman modes positions and assignments observed in the evaluated dentin specimens.

Raman Assignment  Relevant Reference Experimental positions of Raman modes found in the samples
shifts calcium
phosphate
phases/protein
structure
Young Young vital Old vital Old devitalized
devitalized dentin dentin dentin
dentin
413 v HPO, 2~ oCP [40] 411 413
424 voPO43~ OCP [40] 422 426w 422
432m voPO43~ HAP [41] 432 430 430 432
439 v2PO43~ TCP [42] 439
857 c—C Proline, collagen [43] 857m 857w 857m 857m
871-891 872-1,CO32~  B-type [44] 879w
879w 878w
878-11P043~  DCPD [42] 885m 881
878-1,C032~  A-type [44] 883w
886m
883-v;HPO,2~ OCP [42]
938 v1P0O43- P0O43- in aqueous [45] 933 933 938 933
medium
958vs v1PO43~ HAP [41] 958 958 958 958
985 v1PO43~ DCPD [42] 984 980vw 980
[46]
1046m v3P0,3~ HAP [41] 1044s 1044m 1044m 1044vs
B-type
1060-1090  1070-1,CO32~  B-type [41]
1074-13P043~  TCP [42] 1076m 1078m 1078m 1078w
1076-v3P0,3~ HAP [41]
1080-v3P0,3~  OCP [42] 1082m
1081-v3P0,3~ DCPD [42]
1105-1112 v3HPO4>~ OCP [40] 1106
1107 v1C032- A-type [41] 1107w 1107w 1107m
1245 Amid III [41] 1244 1242 1246 1260
1345 (0=C)—C*—H «-Helix, secondary [47] 1346m 1346w 1346m 1346s
structure of protein
1384m 1384vw 1384 1384m
1415 v3C03%~ Free ions [48] 1407w 1407vw 1407w 1407w
1510-1550 Amide II [49] 1523 1523vw 1521w 1521
1546m 1546vw 1546w 1546w
1590-1720 Amide I [50,49] 1570-1720bb 1570-1720bb 1570-1720bb 1570-1720bb
1670 Amide I [41] 1678 1676 1676 1672
1630 H,O bending  Crystalline hydrates, [51,40] 1631w 1631w
OCP, DCPD
1645 1645m 1645m

HAP, hydroxyapatite; OCP, octacalcium phosphate; TCP, tricalcium phosphate; DCPD, dicalcium phosphate dehydrate; A-type, A type carbonate
apatite; B-type, B type carbonate apatite; vw, very weak; w, weak; m, medium; s, strong; vs, very strong Raman mode, bb, broad band.

Most prominent feature in the spectra of all the specimens
is a mode positioned at ~958 cm~! (Fig. 4B), representing the
vibration of PO43~ group, referred to as vq in the literature
[41,53]. Shift of this mode to lower frequency compared to the
standard HAP frequency (962 cm™?) and the mode asymmetry
toward lower frequencies reflect the presence of A-type car-
bonated HAP [29] where CO32~ group substitutes OH~ group
of HAP. Other HAP PO43~ vibrational modes observed in the
spectra were: ~432 cm™1(1;), ~1043 cm~? (v3), ~1076 cm ! (v3).

Carbonate modes characteristic for both A-type and B-
type HAP [41] were observed at positions ~870-880cm™1,
~1078 cm~?! and ~1107 cm~! suggesting the presence of both
carbonated HAP types.

Vibrational modes of HPO42, characteristic for OCP
appeared in the spectra obtained from both young and old
devitalized teeth with approximate positions: ~413cm™1,
~1106 cm~1 [40].

A mode positioned at ~980 cm~! was observed in the spec-
tra of devitalized teeth and old vital tooth, being the most
intensive and broadest in young devitalized and remarkably
weak in old vital dentin. This mode was assigned to v; PO43~
in DCPD [30,34]. v3PO43~ mode of DCPD and OCP can also be
a part of the broad band (1060-1090) cm~? since it is expected
to appear at ~1080cm™1! [42].

Amide bands, each consisting of several modes, were
registered in the regions 1230-1310cm~! (amide III),
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Fig. 4 - Raman micro-spectroscopy of the dentin in devitalized and vital teeth: Raman spectra of four dentin specimens (A);
the most prominent Raman modes of the evaluated specimens (B).

1550-1590cm~! (amide II) and 1590-1720cm~! (amide
III) [41,49,50], originating from collagen amino acids’
functional groups. However, relative intensities of these
bands varied throughout different specimens. Due to the
large bandwidths it was difficult to resolve individual
modes and use them in order to obtain mineral/matrix
ratio.

Pronounced intensities of 1630cm~! and 1645cm~! H,0
bending modes [40] superposed on the broad band assigned
to amide I vibrations in the spectra of devitalized teeth
can be taken as a confirmation of the presence of non-HAP

orthophosphates containing water molecules in these speci-
mens, such as OCP and DCPD.

4, Discussion

Altered forms of dentin such as transparent [1,3,23] or
sclerotic dentin [54] have been studied recently. However,
structural and compositional alterations of endodontically
treated dentin remain unclear. In this study, combined AFM,
SEM/EDX and micro-Raman analyses were used to verify the
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occurrence of nano-structural and compositional changes
which would explain the increased fragility of devitalized
teeth. First of all, larger mineral crystals that were observed
in AFM images of devitalized teeth could account for their
decreased mechanical strength, according to previous obser-
vations in other mineralized tissues [26,27] and mechanical
behavior of various large-grained ceramics [55,56]. Namely, in
large-grained structures an increased flaw size and fewer grain
boundaries facilitate crack propagation, therefore decreasing
overall strength of the material [56-58].

In contrast to the bone matrix of aged trabecular bone
where the enlarged mineral crystals were flattened leading
to a decreased roughness [27,30], higher fractal dimension
observed in devitalized teeth indicates that the large crystals
in these teeth are associated with increased surface rough-
ness. Moreover, different slopes of PSD trendline in vital vs.
devitalized teeth might suggest different types and character-
istics of processes that participated in building the surfaces,
as it was suggested in various synthetic materials [33] as well
as in other biological materials [30].

Apart from crystal growth during formation when contin-
uous deposition of mineral around nucleation sites increases
their size, crystals can become bigger as a consequence
of aggregation (coalescence) process of pre-formed crystals
[27,59,60]. During the coalescence process the existing min-
eral is reorganized to larger crystals, as a result of the surface
tendency to achieve thermodynamically more favorable state.
Materials science suggests that this process depends on the
spatial density of crystal clusters and becomes dominant with
increasing the fraction of the surface occupied by the crys-
tals [59]. This mechanism has been particularly discussed for
cases without further deposition of the components [59]. In
that context, it is likely that continuous flow of dentin fluid
through the tubules in vital teeth is essential for exchange
(dissolving and reprecipitation) of the mineral in a dynamic
equilibrium; in contrast, it can be speculated that the lack of
continuous mineral exchange, owing to the absence of fluid in
devitalized teeth, might favor the conditions for physical pro-
cesses of coalescence leading to larger crystals and increased
fractal dimension, as observed in this study.

Apart from differential nano-morphological properties,
material properties differed between the devitalized and vital
dentin, which was evident in the AFM-based phase anal-
ysis. Namely, AFM phase imaging records the phase shift
of the cantilever oscillation relative to the signal sent to
piezo driving the cantilever during the tip-specimen interac-
tion [27,33,61,62]. The phase shift is related to the amount
of energy dissipated during tip-sample interaction [62] and
AFM phase mode gives non-quantitative information on com-
position of the surface and certain mechanical properties,
such as stiffness, viscoelasticity, etc. [28,62,63]. In this con-
text, the observed phase shifts in devitalized cases revealed
altered mechanical characteristics and suggested difference
in the composition of the material. However, AFM does
not provide precise chemical characterization of the speci-
mens, and therefore additional spectroscopic techniques were
needed to analyze the chemical basis of changed material
properties observed with AFM phase imaging. As energy
dispersive X-ray spectroscopy showed that the overall Ca/P
ratios were not notably different between the specimens, the

differences in phase composition were further examined by
micro-Raman spectroscopy. Notably, Raman microanalyses
clearly showed significant presence of calcium phosphate
phases other than pure hydroxyapatite (HAP) in devitalized
teeth. Hence, whereas in devitalized dentin (both young and
old) vibrational modes assigned to octacalcium phosphate
(OCP), dicalcium phosphate dihydrate (DCPD) and tricalcium
phosphate (TCP) were quite prominent, these calcium phos-
phate phases were less intensive in an old healthy tooth and
almost undetectable in a young healthy tooth.

Some recent studies [64,65] suggested that dentin nano-
crystals are covered with a dynamic hydrated layer, which has
a composition close to the one of DCPD [66] and demonstrates
similarities with the Fourier transform infrared spectroscopy
(FTIR) spectrum of OCP [67]. It was reported [64,65] that this
fine substructure would be irreversibly altered after drying.
Drying would likely increase crystallinity of this layer, result-
ing in a more detectable crystalline DCPD or OCP, which could
be confirmed by a greater prominence and decreased width
of the corresponding Raman vibrational modes. Therefore,
significant presence of partly crystallized DCPD and OCP in
devitalized teeth might suggest the following sequence: after
devitalisation the teeth lose blood supply and occlusion of
dentin tubules advances, which leads to progressive drying
of dentin, where crystallization of water from the superficial
hydrated layer of the mineral crystals would favor develop-
ment of clear DCPD or OCP phases. Comparing Raman spectra
of young and old healthy teeth, our data suggest that similar
process, albeit slower, occurs with aging as the pulp shrinks
and dentin tubules become occluded.

Raman modes, characteristic for the pure hydroxyapatite,
remained unchanged in both vital and devitalized teeth. In
contrast, as mentioned above, the amount of other, less
ordered calcium phosphate phases (OCP, DCPD, TCP) increased
probably as the hydrated layer become relatively crystalline in
devitalized teeth. Those apatitic phases become incorporated
on the surfaces of the crystals; however, the process of crystals
aggregation would lead to presence of these phases even in
the interior of the crystals, altering mechanical characteristics
of dentin. Namely, previous material studies suggested that
apatitic phases with lower calcium content had lower mate-
rial strength [68]. Since TCP, OCP and DCPD have lower calcium
content than the pure hydroxyapatite [57], their increased pro-
portion in dentin mineralized matrix of devitalized cases (also
visible in decreased calcium content in EDX analysis) might
explain decreased strength of such teeth. Moreover, experi-
mental studies confirmed that the presence of DCPD phase
was associated with a decreased compressive strength [69],
while similar results were found for increased content of beta
TCP [56].

In addition, as properties of dental materials used in
restorative dentistry should correspond to the properties of
dental tissues, the assumed changes in dentin hardness and
its fracture resistance should also be considered in manufac-
turing new materials designed for devitalized teeth.

The study limitation is relatively small number of speci-
mens. However, our sample size is in agreement with other
studies performing similar advanced examination tech-
niques on teeth [1,3,23,70,71]. Furthermore, relatively small
number of specimens allowed larger number of experimental
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techniques to be performed on each, thus providing more
comprehensive insight into the nano-structural basis of
devitalized teeth fragility.

5. Conclusion

Our complex analysis revealed that process of tooth devitali-
sation does lead to alterations in dentin nano-structure which
could be the basis of increased fragility of devitalized teeth.

Specifically, finding of larger mineral crystals on AFM
images comparing to healthy teeth suggests that the elimina-
tion of dentin fluid disrupts the mineral dynamic equilibrium
and leads to increasing in crystal size. In large-grained struc-
tures crack propagation is facilitated and therefore the overall
strength of the material is decreased.

Influence of devitalization on dentin composition has been
registered by AFM phase images and further confirmed and
closely studied on micro-Raman spectroscopy. As dentin is the
major structural component of the tooth, presence of weaker
apatite phases in devitalized dentin certainly influence the
whole tooth strength.

Since our study is of cross-sectional design, further
experimental studies will be beneficial to clarify the exact
mechanisms of morphological and chemical transformations
in devitalized teeth and their influence on mechanical prop-
erties.
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Abstract

Nanosized Mg-doped ceria powders were obtained by self-propagating room temperature reaction without us-
ing surfactants or templates. X-ray diffraction analysis and field emission scanning microscopy results showed
that the doped samples are solid solutions with fluorite-type structure and spherical morphology. Raman spec-
tra revealed an increase in the amount of oxygen vacancies with the increase of Mg concentration. This in-
creasing results in a narrowing of the bandgap of CeQ,. The photocatalytic performances of the Mg-doped
ceria solid solutions were evaluated by decomposing an organic dye, crystal violet under UV irradiation. The
Mg-doped ceria solid solutions exhibit significantly better photocatalytic activity than the pure CeO, and com-
mercial TiO,. The higher first rate constant of the Mg-doped samples demonstrated that they are much more
efficient than TiO, and CeO, under UV light. Mg** dopant ions and oxygen vacancies play a significant role
in the enhancement of photocatalytic performances of the Mg-doped ceria.

Keywords: ceria, solid solution, oxygen vacancies, UV light illumination, nanocatalysis

I. Introduction (oxygen vacancies) and to maintain at the same time a
fluorite-type crystal structure. This can be done either by
the promotion of Ce** reduction into Ce** or by doping
with transition or rare-earth elements [7]. CeO, is not

: . : h generally considered as a photocatalytic material due
a good electron acceptor, it can provide lattice oxygenin  ( its wide band gap and specific 4f electron configura-

chemical reactions because of lower formation energy  (jon Despite the fact that little work was carried out in
for oxygen vacancy [2-4]. Also, CCQ% pr.omoteS the  the field of photocatalytic applications of CeO, [8-10]
chemical activity of the material by facilitating electron .o o1t studies demonstrated that improvement of ceria
transfer frgm suitable .adspe.ci.es i.nto an oxide surface photocatalytic properties can be done by proper choice
[5.6]. A higher catalytic activity is related to the type, ¢ qopant elements and their incorporated amounts [11]

size, and distribution of oxygen vacancies. It is demon- . 4,y creating surface defects as the most reacting sites
strated that surface defects were more readily formed  \1:ch can enhance the visible light activity of nanos-

in CeO, nanostructures Wlth special morphology, such . ctyred ceria [12]. In addition, the preparation meth-
as cubes, nanobelts, nanowires and nanotubes. There- 45 haye also a significant influence on the ceria struc-
fore, for the design of ceria based .ma'Fer}a@s with high e (homogeneity, morphology, grain size, crystal de-
oxygen storage and transport capacity, it is important t0. e .(g etc.) and its optical and photocatalytic properties.
know how to increase the number of structural defects Therefore, tuning the band gap energy and tailoring the
 Corresponding authors: tel/fax: +381 11 3408 224 realc(:tivity of ceria-based catalysts is still a challenging
task.

Nano ceria (CeO,) has been extensively studied as an
active or supporting catalytic material due to its superior
oxygen storage-and-release properties [1]. Since ceria is

e-mail: mato@vinca.rs
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In this work the Mg-doped ceria nonpowdered solid
solutions (Ce, Mg O, ,, 0 < x < 0.4) were prepared
by facile and cost-effective self-propagating room tem-
perature reaction (SPRT). The influence of Mg content
on structural, optical and photocatalytic properties was
examined. The evaluation of photocatalytic activity of
synthesized catalysts has been carried out by degrada-
tion of crystal violet as a model pollutant. The mecha-
nism for the band gap narrowing of Mg-doped ceria and
the enhancement of the photocatalytic performances are
also proposed.

II. Materials and methods

The solid solutions of magnesium-doped samples
were prepared by a SPRT method using metal nitrates
and sodium hydroxide as the starting materials. This
technique gives the possibility of producing very fine
powders with very precise stoichiometry in accordance
with the tailored compositions [13—16]. Preparation of
Ce, Mg O, ; powders was performed by hand mixing
chemicals according to:

2[(1 -x)Ce(NO,), - 6 H,0 + xMg(NO,), - 6 H,0] + 6 NaOH +
+ (4 -6)0, — 2Ce,_Mg,0, ; + 6NaNO, + ISH,0 (1)

The compositions of the reacting mixtures were calcu-
lated according to the nominal composition of the final
reaction product. Compositions of Ce, Mg O, ; were
synthesized with x ranging from 0.0 to 0.4. The de-
scribed reaction belongs to a group of double exchange
reactions and develops spontaneously after being initi-
ated, terminating extremely rapidly. After the mixture of
reactants (Ce(NO;),-6 H, O, Aldrich, Mg(NO;),-6 H,O,
Aldrich) was mechanically activated (by hand mixing
instead by heating) the reaction took place at room tem-
perature and terminated very quickly. The obtained mix-
tures of reaction products according to Eq. (1) were sub-
jected to a centrifuge treatment to eliminate NaNO, and
drying at 80 °C.

After drying, the composition of the solid solutions
was identified by means of powder XRD on a Rigaku
IV, XRD diffractometer with CuKa radiation at room
temperature. The average crystallite size was measured
from the 111 XRD peak using the Scherrer formula. The
values of the unit cell parameters of all the analysed
powders are calculated on the basis of the equation:

4sin0 1 R +i2+ P

T2 T T 2
A dhkl a

2

where 6 is the Bragov angle, hk/ are Miller indices, A is
the wavelength (1.54184 ;\), and a is parameter of the
unit cell of the crystal [17].

SEM analysis using Zeiss DSM 982 Gemini scan-
ning electron microscope proved that the obtained pow-
ders were in the nanometric size range. The room-
temperature Raman spectra were obtained using a U-
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1000 (Jobin-Ivon) double monochromator in back scat-
tering geometry. The Raman spectra were excited by
the 514nm line of an Ar*/Kr* ion laser operating at
low incident power (~20 mW) in order to avoid sample
heating. The measurements of UV-Vis absorption spec-
tra of the samples were carried out on a Specord M40
Carl Zeiss spectrophotometer in a spectral range 200—
600 nm, at room temperature.

The specific surface area and the pore size distri-
bution (PSD) of the doped CeO, samples were anal-
ysed using the Surfer (Thermo Fisher Scientific, USA).
PSD was estimated by applying BJH method [18] to the
desorption branch of isotherms and mesopore surface
and micropore volume were estimated using the #-plot
method [19].

Photocatalytic activity of the synthesized Mg-doped
samples was evaluated by the degradation of crystal vi-
olet (CV) under UV light irradiation. The photochem-
ical reactor consisted of UV lamp (Roth Co., 16 W,
2.5mW/cm?, A, = 366nm) positioned annularly to
the 50 ml quartz flask. The acidity of solutions was not
additionally adjusted and pH values were in the range
from 6.7 to 7.0. The rates of photocatalytic degrada-
tions of CV were followed at initial concentration of
0.01 mmol/dm?. The amount of used catalyst was 30 +
2mg. CV photolysis test was performed prior to photo-
catalytic measurements and no significant dye degrada-
tion was observed. The prepared Ce; Mg O, ; samples
were immersed into CV solution and the solution was
continuously stirred and kept in the dark for 1h to es-
tablish adsorption-desorption equilibrium before being
irradiated. Photocatalytic activity of the Ce; Mg O, ;
solid solutions were compared to commercial standard
TiO, sample - Degussa P25 (having specific surface
area, S ger, of 56 m?/g, pore volume of 0.25 cm?/g, av-
erage pore size of 17.5 nm, crystallite size of 21 nm and
the following phase composition: anatase, 81 vol.% and
rutile, 19 vol.%) and the undoped CeO, sample.

The reaction rate constant (k) was determined assum-
ing quasi first order kinetics using the following equa-
tion:

In—=k-t 3)

where C is the initial dye concentration, C, is the con-
centration at time ¢. The slope of the In(Cy/C;) versus
time plot gives the value for the rate constant k.

III. Results

3.1. Characterization of Mg-doped ceria

XRD spectra of the Ce, Mg O, ; samples, presented
in Fig. 1, revealed that the obtained powders are a single
phase with the fluorite crystal structure. Main diffraction
peaks in each sample were significantly broadened indi-
cating small crystallite size and/or strain. New peak is
observed for the sample doped with 40 at.% of Mg, in-
dicating that the limit of Mg solubility in ceria crystal
lattice is in the range from 30 to 40 at.%. This high sol-
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Figure 1. X-ray diffraction patterns of synthesized of
Ce, Mg O, ; nanopowders (* - brucite phase)
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Figure 2. Lattice parameter (ay) Ce, Mg O, ; samples as a
function of Mg content

ubility may be attributed to the nanometric nature of the
obtained powders. Excess of Mg is very reactive and in
contact with moisture make a brucite phase Mg(OH),,
marked with asterisks in Fig. 1. XRD spectra exhibit
very diffuse diffraction lines with increasing Mg con-
tent, which makes difficult to indicate precisely some
atomic planes (hkl: 200, 220, 311, 420).

Calculation of cell parameters (Fig. 2) based on X-ray
results, shows the linear dependence of unit cell param-
eter versus concentration of Mg?* ions. With increas-
ing of Mg?" ion concentration the cubic ceria lattice
shrinks. According to Shannon’s compilation [19], the
ionic radii of Ce** and Mg>* for coordination number
(CN) 8, are 0.97 and 0.89 A, respectively. Thus, doping
with a smaller sized Mg?* ion and increasing of dopant
concentration, will lead to the contraction of the ceria
lattice. Also, lattice parameter (ag) of doped ceria versus
Mg?* content, obeys Vegard’s law, implying that Mg>*
substitutionally entered into ceria lattice. The crystallite

size, calculated on the basis of XRD data, for all pow-
ders is less than 5 nm.

Room-temperature Raman spectra of the Mg-doped
ceria are presented in Fig. 3, whereas in the inset is
given the Raman spectrum of the undoped CeO,. Room-
temperature Raman spectrum of the undoped CeO,
sample shows the strong peak at ~455 cm™! correspond-
ing to the triply degenerate F,, mode characteristic for
the fluorite cubic CeO, structure. The red shift of this
mode compared to its bulk counterpart (464 cm™) and
pronounced asymmetry on the low-energy side orig-
inates from the phonon confinement, strain and the
presence of defects [20,21]. In the sample doped with
10 at.% of Mg, Fzg mode is shifted to ~457 cm™!, due to
the substitutional incorporation of Mg, as ion of smaller
ionic radius, into ceria lattice. With further increasing
of Mg content, Fp, mode shifts to higher energies and in
the 40 at.% Mg doped sample, this mode is positioned
at ~460cm™.

Another mode of lower intensity, positioned at
~600cm™, is characteristic for nanometric ceria and is
attributed to the presence of intrinsic oxygen vacancies
[20,22], due to the partial reduction of Ce** to Ce®*.
This mode is also presented in the Mg-doped samples.
From the Lorentzian fit procedure (insets in Fig. 3), it
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Figure 3. Room temperature Raman spectra of Mg-doped
samples (insets present Raman spectrum of undoped CeO,
and Lorentzian fits of intrinsic vacancy mode)
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Peaih 11
100nm

Figure 4. Typical FESEM images of 20 at. % Mg-doped ceria
sample
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Figure 5. (A/)? plots for Mg-doped samples (inset presents
absorption spectra of doped samples)
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Figure 6. N, adsorption (solid symbols)/desorption (open
symbols) isotherms and the pore size distribution (inset)
of Mg-doped samples
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was obtained that intensity of this mode increases with
an increase of Mg content, pointing at increased intrin-
sic oxygen vacancy concentration [22]. In the spectra of
the sample with 40 at.% Mg, new broad, low intensity
mode around 270 cm’! is observed. This mode (marked
with asterisks in Fig. 3) can be ascribed to the E, mode
of Mg(OH), (brucite) phase, which is in good agree-
ment with XRD measurement [23]. It is evident from
the Raman spectra of the sample with 40 at.% Mg that
limits of Mg solubility in ceria crystal lattice is less than
40 at.%.

The as-prepared ceria powders consist of rounded
particles with size less than 10 nm, roughly estimated
(Fig. 4). The particles are linked in the form of black-
berry, which together form cauliffower morphology.
There is no difference of morphology and particle size
between the Mg-doped ceria samples. It seems that var-
ious doping concentration has no influence on the mi-
crostructure of the powders.

The optical band gap of the undoped CeO,, which
corresponds to the O 2p —— Ce 4f° transition, was pre-
viously determined to be around 3.6 eV [24]. From the
absorption spectra of the solid solutions Ce, Mg O, ,
(x = 0.1, 0.2, 0.3 and 0.4), presented in the inset of
Fig. 5, the band gap energies of the Mg-doped samples
were obtained using Tauc law for direct transition and
applying absorption spectrum fitting method [25]. The
plots of (A/2)* vs. 1/ are presented in Fig. 5, where
A is the absorbance and A is the wavelength. The lin-
ear extrapolation of (A/1)” to zero gives a wavelength
A, which corresponds to the optical band gap. The band
gap values can be obtained using well known relation
E, = 1240/4,. The estimated direct band gap values
(Eg) for Ce; Mg O, s samples are given in Fig. 5. It
can be seen that with Mg doping up to 30 at.% band gap
values decreased from 2.88 to 2.75 eV due to the forma-
tion of defect (localized) levels inside the gap with Mg
doping [26]. In the sample with 40 at.% of Mg dopant
the E is slightly increased to 2.94 eV. Such an increase
can be a consequence of the presence of Mg(OH), phase
which has higher band gap value than CeO, [27] or to
the Burstein-Moss effect caused by increased electron
concentration and lifting of the Fermi-level because of
increased Mg content and oxygen vacancies concentra-
tion [28].

Nitrogen adsorption/desorption isotherms for the
Mg-doped samples, are shown in Fig. 6. According to
the IUPAC classification [29] isotherms of samples are
of type IV and with a hysteresis loop which is asso-
ciated with mesoporous materials. In all samples, the
shape of hysteresis loop is of type H3. Isotherms re-
vealing type H3 hysteresis do not exhibit any limiting
adsorption at high P/P,, which is observed with non-
rigid aggregates of plate-like particles giving rise to slit-
shaped pores [30]. Specific surface areas calculated by
BET equation, S ggr, are listed in Table 1. S ggr val-
ues for all Mg-doped samples are comparable (between
110-120m?/g), i.e. the amount of dopant does not have
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Table 1. Porous properties of Ce, Mg O, ; nanopowders

S BET S meso S mic Vmic 'm
Sample
P ImYgl [mg] [m%g] [em/g] [nm]
CeO, 70 45 25 0.013 -
CeyoMg,,0, 114 104 10 0.003 3.7
Cey¢Mg,,0, 110 110 0 0 4.3
Ce,,Mg,;0, 120 120 0 0 52
Ce, Mg, ,0, 113 113 0 0 4.4
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Figure 7. t-plots of Mg-doped samples

an essential influence on the overall specific surface area
of the doped nanopowders. On the contrary, the undoped
ceria sample has significantly smaller specific surface
area than the doped ones. Therefore, the Mg doping
increases the porosity of ceria. Pore size distribution
(PSD) of samples possesses sharp PSD peak with most
of the pore radius between 2-20 nm (inset of Fig. 6) im-
plying that the samples are mesoporous. Values of mean
pore radius, for all samples, are presented in Table 1.

The ¢-plot, obtained on the basis of the standard nitro-
gen adsorption isotherm, is shown in Fig. 7. The straight
line in the medium #-plot region gives a mesoporous sur-
face area including the contribution of the external sur-
face, S 50, determined by its slope, and the micropore
volume, V,,;., which is given by the intercept. The cal-
culated porosity parameters (S ;es0, S mic> Vimic) are given
in Table 1. z-plot analysis confirmed that all samples
are mesoporous, although a small amount of microp-
ores (pore radius below 2 nm) was detected in the sam-
ple with 10 at.% of Mg and undoped ceria.

3.2. Photocatalytic performance of Mg-doped ceria

The influence of the dopant concentration on the pho-
tocatalytic activity of the Mg-doped ceria nanopowders
has been studied through the photocatalytic removal of
organic dye crystal violet (CV) under UV light irradia-
tion. The kinetics of degradation of CV is represented
in Fig. 8. As can be seen from Fig. 8, the pure ceria
has shown modest photocatalytic activity. With increas-
ing Mg content, the degradation of CV became signif-
icant. The samples with higher Mg content (>10at.%
Mg) have shown even better photocatalytic activity than
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Figure 8. Photocatalytic degradation of CV in the presence
of Ce, ,Mg, O, ; nanopowders and TiO, (insert represents
photocatalytic efficiency after 24 h)

the commercial TiO, Degussa P25, which is known as
one of the most efficient photocatalysts for dye degrada-
tion.

The reaction kinetics from Fig. 8, follows the first
order and the degradation rate constants for 30 and
40at.% Mg-doped samples, together with TiO, and
CeO, as reference samples, are summarized in Table 2.
It can be seen that the degradation rate constant for the
Ce,, Mg 50, s and Ce, Mg, ,0, ; samples are higher
than reference samples, implying that higher concentra-
tion of Mg in CeO, lattice improves the photocatalytic
efficiency of ceria.

Table 2. The pseudo-first rate constants for CV after
exposition time of 8 h

Sample kh'l] R?
Cey,Mgo50,, 0.081 0.980
CeoMg,0,, 0078  0.998

CeO, 0.026 0.982
TiO, 0.056 0.910

After 24 h the photocatalytic activity of the solid so-
lutions with concentrations of 20 and 40at.% of Mg
respectively, are the same as a TiO, standard, whereas
the Ce, ;Mg ;0,_; sample exhibited higher activity (in-
set of Fig. 8). Such high photocatalytic activity of the
Ce,,Mg, ;0, s sample can be attributed to its large spe-
cific surface area, the largest one among all the studied
nanopowders, regular mesoporosity and favourable av-
erage pore size. A slightly lower photocatalytic activity
of the ceria sample with 40 at.% Mg can be explained
by the appearance of secondary brucite phase.

In Fig. 9 an illustration of the proposed mechanism
of photocatalytic reactions is given. Upon UV light il-
lumination photogenerated electrons and holes can be
trapped by dopant ions, i.e. Mg>" ions can be electron
acceptors and/or hole donors. Reduction of the band
gap of the Mg-doped samples implies that Mg?* ions
introduce states into the band gap of CeO,. In such a
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Figure 9. Illustration of the photocatalytic mechanism at
Mg-doped CeO, interface under the UV light irradiation

way, Mg doping could be effective in delay of electron-
hole recombination process, increasing the lifetime of
the charge separation. The trapped electrons can be sub-
sequently scavenged by molecular oxygen, which is ad-
sorbed on the CeO, surface, to generate the superox-
ide radical (O,*). Superoxide radicals in contact with
H, O molecules form OH™ ions and finally OH® radicals,
which attack the dye in aqueous solution leading to its
degradation. Due to high oxidative potential, the posi-
tive holes act as good oxidizing agents for dye degra-
dation. The trapped holes can directly attack the dye or
can interact with OH™ or water molecules present on the
surface of the catalyst forming hydroxyl radicals (OH®).

Ceria nanoparticles are prone to the formation of oxy-
gen vacancies (VO) which promote the formation of
Ce’" ions in the grain boundary region [30]. In order
to attain charge neutrality with Mg doping, oxygen va-
cancies will be created in the ceria lattice. This fact is
confirmed from Raman measurements. V, as defects
can also introduce localized state below the conduction
band of CeO, [24] reducing the band gap. Furthermore,
a high concentration of surface donor defects (V, and
Ce’") can serve as charge carrier traps and adsorption
sites which transfer charge to adsorbed species like O,
or H,O on ceria surface. In such a way, oxygen va-
cancies can delay the electron-hole recombination pro-
cess and support the charge carrier transfer to the ceria
surface, improving the photocatalytic efficiency of ce-
ria. Theoretical and experimental results on TiO, and
ZnO have shown that excess electrons localized on the
oxygen vacancy states affect surface adsorption and in-
crease photocatalytic activity of TiO, and ZnO [31,32].
Therefore, it is reasonable to assume that besides Mg?*
ions as trapping centres, oxygen vacancies have a strong
impact on the increased photocatalytic activity of Mg-
doped ceria.

IV. Conclusions

Mg-doped ceria nanopowders (Ce; Mg O, ,, 0 <
x < 0.4) have been successfully fabricated via self-
propagating room temperature reaction without any sur-
factant or template. The obtained samples are of fluo-
rite cubic structure, composed of rounded particles with
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size less than 10 nm with the higher specific surface
area than the pure CeO,. Substitutional doping with
lower valence Mg?* ions promotes the formation of
oxygen vacancies in ceria lattice, the amount of which
increases with an increase of dopant concentration. The
increased dopant concentration results in an effective
red shift of the band gap value of the Ce, Mg O, ; sam-
ples due to the formation of localized states inside the
ceria gap. Only the sample with 40 at.% of Mg exhib-
ited slight blueshift of the band gap due to the appear-
ance of brucite phase. The photocatalytic activity of the
Mg-doped CeO, for degradation of azodye crystal violet
was examined under UV light irradiation. It was found
that the samples with Mg content higher than 10at.%
have much better photocatalytic performances than the
undoped CeO, and commercial Degussa P25. Localized
electronic states of Mg?* ions and oxygen vacancies can
capture photogenerated charge carriers delaying recom-
bination process, but can also serve as active sites on
ceria surface to transfer charge to adsorbed species like
O, or H,O forming reactive radicals.

Acknowledgement: This work was financially sup-
ported by the Ministry of Education, Science and Tech-
nological Development of the Republic of Serbia un-
der the projects III 45012 and ON171032. The authors
would like to thank Nenad Tadi¢, Faculty of Physics,
University of Belgrade for the UV-Vis measurements.

References

1. G.A. Deluga, J.R. Salge, L.D. Schmidt, X.E. Verykios,
“Renewable hydrogen from ethanol by autothermal re-
forming”, Science, 303 (2004) 993-997.

. M.V. Ganduglia-Pirovano, J.L.ED. Silva, J. Sauer,
“Density-functional calculations of the structure of near-
surface oxygen vacancies and electron localization on
CeO, (111)”, Phys. Rev. Lett., 102 (2009) 026101.

. A. Migani, G.N. Vayssilov, S.T. Bromley, F. Illas, K.M.

Neyman, “Greatly facilitated oxygen vacancy formation in

ceria nanocrystallites”, Chem. Commun., 46 (2010) 5936—

5938.

M. Nolan, S.C. Parker, G.W. Watson, “The electronic

structure of oxygen vacancy defects at the low index sur-

faces of ceria”, Surface Sci., 595 (2005) 223-232.

G.N. Vayssilov, Y. Lykhach, A. Migani, T. Staudt, G.P.

Petrova, N. Tsud, T. Skala, A. Bruix, F. Illas, K.C. Prince,

V. Matolin, K.M. Neyman, J. Libuda, “Support nanostruc-

ture boosts oxygen transfer to catalytically active platinum

nanoparticles”, Nature Mater., 10 (2011) 310-315.

M. Baron, H. Abbott, O. Bondarchuk, D. Stacchiola, A.

Uhl, S. Shaikhutdinov, H.J. Freund, C. Popa, M.V.G.

Pirovano, A.J. Sauer, “Resolving the atomic structure

of vanadia monolayer catalysts: Monomers, trimers, and

oligomers on ceria”, Angewandte Chemie Int. Edition, 48

(2009) 8006-8009.

. M. Mogenson, N.M. Sammes, G.A. Tompsett, “Physical,

chemical and electrochemical properties of pure and doped

ceria ”, Solid State Ionics, 129 (2000) 63-94.

JM. Coronado, A.J. Maira, A. Martinez-Arias, J.C.

Conesa, J. Soria, “EPR study of the radicals formed upon



B. Matovi¢ et al. / Processing and Application of Ceramics 11 [4] (2017) 304-310

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

UV irradiation of ceria-based photocatalysts”, J. Pho-
tochem. Photobio. A: Chem., 150 (2002) 213-221.

G.R. Bamwenda, T. Uesigi, Y. Abe, K. Sayama, H.
Arakawa, “The photocatalytic oxidation of water to O~
over pure CeO,, WO,, and TiO, using Fe3* and Ce** as
electron acceptors”, Appl. Catal. A: Gen., 205 (2001) 117-
128.

M.D. Herndndez-Alonso, A.B. Hungria, A. Martinez-
Arias, M. Fernandez-Garcia, J.M. Coronado, J.C. Conesa,
J. Soria, “EPR study of the photoassisted formation of rad-
icals on CeO, nanoparticles employed for toluene pho-
tooxidation”, Appl. Catal. B: Environ., 50 (2004) 167-175.
L. Yue, X.-M. Zhang, “Structural characterization and
photocatalytic behaviors of doped CeO, nanoparticles”, J.
Alloys Compd., 475 (2009) 702-705.

M.M. Khan, S.A. Ansari, D. Pradhan, D.H. Han, J. Lee,
M.H. Cho, “Defect-induced band gap narrowed CeO,
nanostructures for visible light activities”, Ind. Eng. Chem.
Res., 53 (2014) 9754-9763.

B. Matovic, Z. Dohcevic-Mitrovic, M. Radovic, Z.
Brankovic, G. Brankovic, S. Boskovic, Z.V. Popovic,
“Synthesis and characterization of ceria based nanometric
powders”, J. Power Sources, 193 (2009) 146—149.

B. Matovic, J. Pantic, J. Lukovic, S. Ilic, N. Stankovic, M.
Kokunesovski, M. Miljevic, “Synthesis and characteriza-
tion of (Ba,Yb) doped ceria nanopowders”, Process. Appl.
Ceram., 5 (2011) 69-72.

M. Prekajski, Z. Dohcevic-Mitrovi¢, M. Radovié, B.
Babic, J. Pantié, A. Kremenovié, B. Matovi¢, “Nanocrys-
taline solid solution CeO,-Bi,05”, J. Eur. Ceram. Soc., 32
(2012) 1983-1987.

M. Stojmenovic¢, S. Boskovi¢, S. Zec, B. Babi¢, B. Ma-
tovi¢, D. Bucevac, Z. Dohcevi¢-Mitrovi¢, F. Aldinger,
“Characterization of nanometric multidoped ceria pow-
ders”, J. Alloys Compd., 507 (2010) 279-285.

Lj. Karanovi¢, D. Poleti, X-ray Structural Analysis, In-
stitute for Textbooks and Teaching Resources, Belgrade,
2003.

E.P. Barret, L.G. Joyner, P.P. Halenda, “The determination
of pore volume and area distributions in porous substances.
I. Computations from nitrogen isotherms”, J. Am. Chem.
Soc., 73 (1951) 373-380.

B.C. Lippens, B.G. Linsen, J.H. d. Boer, “Studies on pore
systems in catalysts I. The adsorption of nitrogen; appara-
tus and calculation”, J. Catal., 3 (1964) 32-37.

R.D. Shannon, “Revised effective ionic radii and system-
atic studies of interatomie distances in halides and cha-
leogenides”, Acta Crystallogra. Section A, 32 [5] (1976)

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

310

751-767.

Z.D. Dohcevié-Mitrovié¢, M.J. §éepanovié, M.U. Gruji¢-
Brojcin, Z.V. Popovi¢, S.B. Boskovi¢, B.M. Matovi¢, M. V.
Zinkevich, F. .Aldinger, “The size and strain effects on the
Raman spectra of Ce; ,Nd, O, ; (0 < x < 0.25) nanopow-
ders”, Solid State Commun., 137 (2006) 387-390.

PJ. Colomban, G. Gouadec, “Raman spectroscopy of
nanostructures and nanosized materials”, J. Raman Spec-
trosc., 38 (2007) 598-603.

Z.D. Dohcevi¢-Mitrovié, M.U. Gruji¢-Brojc¢in, M.J.
§éepanovié, Z.V. Popovic¢, S.B. Boskovi¢, B.M. Matovic,
M.V. Zinkevich, F. Aldinger, “Ce,_, Y(Nd), O, s nanopow-
ders: potential materials for intermediate temperature
SOFCs”, J. Phys.: Condens. Mat., 18 (2006) S2061-
S2068.

P. Dawson, C.D. Hatfield, G.R. Wilkinson, “The polarized
infra-red and Raman spectra of Mg(OH), and Ca(OH),”,
J. Phys. Chem. Solids, 34 (1973) 1217-1225.

M. Radovi¢, B. Stojadinovié, N. Tomié, A. Golubovié,
B. Matovié, 1. Veljkovi¢, Z. Dohcevi¢-Mitrovi¢, “Investi-
gation of surface defect states in CeO, , nanocrystals by
Scanning - tunneling microscopy /spectroscopy and ellip-
sometry”, J. Appl. Phys., 116 (2014) 234305.

N. Ghobadi, “Band gap determination using absorption
spectrum fitting procedure”, Int. Nano Lett., 3 (2013) 1-4.
M. Radovié, Z. Dohcevi¢-Mitrovié, A. Golubovié, V.
Fruth, S. Preda, M. §éepanovié, Z.V. Popovi¢, “Influence
of Fe**-doping on optical properties of CeO,_, nanopow-
ders”, Ceram. Int., 39 (2013) 4929-4936.

K. Mageshwari, R. Sathyamoorthy, “Studies on photocat-
alytic performance of MgO nanoparticles prepared by wet
chemical method”, Trans. Indian Instit. Metals, 65 (2012)
49-55.

V. Etacheri, R. Roshan, V. Kumar, “Mg-doped ZnO
nanoparticles for efficient sunlight-driven photocatalysis”,
ACS Appl. Mater. Inter., 4 (2012) 2717-2725.

B. Choudhury, A. Choudhury, “Ce** and oxygen vacancy
mediated tuning of structural and optical properties of
CeO, nanoparticles”, Mater. Chem. Phys., 131 (2012)
666-671.

F. Kayaci, S. Vempati, I. Donmez, N. Biyikliab, T. Uyar,
“Role of zinc interstitials and oxygen vacancies of ZnO
in photocatalysis: a bottom-up approach to control defect
density”, Nanoscale, 6 (2014) 10224-10234.

X. Pan, M.Q. Yang, X. Fu, N. Zhang, Y.J. Xu, “Defec-
tive TiO, with oxygen vacancies: synthesis, properties and
photocatalytic applications”, Nanoscale, 5 (2013) 3601—
3614.



Biomedical Spectroscopy and Imaging 5 (2016) 115-127 115
DOI 10.3233/BSI-160141
IOS Press

Design and first applications of a flexible
Raman micro-spectroscopic system for
biological imaging

Roman Kiselev ?, Iwan W. Schie ?, Sonja Askrabié¢ °, Christoph Krafft ** and Jiirgen Popp ¢

 Leibniz Institute of Photonic Technology, Albert-Einstein-Str. 9, 07745 Jena, Germany

b Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

¢ Institute of Physical Chemistry and Abbe Center of Photonics, University Jena, Helmholtzweg 4,
07743 Jena, Germany

Abstract. Typical commercial Raman micro-spectroscopic systems do not offer much flexibility to the end user, thus limiting
potential research applications. We present a design of a simple, highly flexible and portable confocal Raman microscope with
a detailed list of parts. The system can perform spectral acquisition in different modes: single-point spectroscopy, hyperspectral
point mapping or hyperspectral line mapping. Moreover, the microscope can be easily converted between inverted and upright
configurations, which can be beneficial for specific situations. Fiber coupling enables to connect various lasers for excitation
and spectrometer/CCD combinations for signal detection. The performance of the instrument is demonstrated via Raman spec-
troscopy at 785 nm excitation wavelength, single point mapping of pancreatic cancer cells placed onto a quartz substrate and
line mapping of polystyrene beads.

Keywords: Raman, spectroscopy, microscopy, instrumentation, optical design, cell analysis, confocal microscopy, prototypes

1. Introduction

Raman spectroscopy, a popular subtype of vibrational spectroscopy, evolved in last decades into a
powerful technique for analysis and chemical characterization of specimens. A Raman spectrum results
from inelastic light scattering on vibrating molecular bonds (see basic theory in Section 2), therefore the
spectrum is specific for each particular substance and contains information about molecular composition
of the specimen.

Ability to combine non-destructive chemical characterization with diffraction-limited lateral resolu-
tion makes Raman micro-spectroscopy a versatile research tool [45,50]. It is particularly well suited for
biological research, because it allows to detect variations in the biomolecular composition and correlate
them with the corresponding biological changes due to metabolism or pathology. Absence of lengthy
sample preparation, such as staining or labeling, makes Raman spectroscopy a promising tool for rapid
clinical diagnosis [7,23,26,29,44,52]. Not only biological tissues [27] and body fluids [18] can be ex-
amined by Raman spectroscopy, but even individual living cells [17,32,42]. This is a large research field
with a host of promising applications, such as observation of cell metabolism, growth and aging, study of
drug resistance or drug uptake [35], chemical mapping of cells [22,36], identification of cell in a mixed
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population, and many others. This could guide us to the understanding of changes within an individual
cell that could lead to a disease development, because many diseases begin at the cellular level.

A range of commercial Raman microscopic systems exists. Usually, these are robust systems with
built-in calibration routines and user-friendly software. However, they are often dedicated for a specific
purpose and therefore have limited potential for modifications. Nonetheless, it is possible to assemble
a confocal Raman microscope from off-the-shelf components. It can be further extended with special
Raman detection schemes (e.g. line scanning-mode [21], modulation of the excitation wavelength [15],
or dual-polarization [11]) and supplemented with additional detection techniques like fluorescence [25,
31], phase contrast [25], dark-field [31] microscopy, and others [53]. Moreover, custom systems can
be combined with advanced sample handling techniques, like microfluidics [2,3,14] or optical tweezers
[1,24,25,57].

This contribution presents a detailed design of a Raman microscope including a scheme of optical
layout and a list of components. We discuss important parameters of excitation laser, camera and spec-
trometer, as well as implementation of the Raman imaging. Mechanical stability and flexibility of the
system, as well as spatial resolution of the microscope are considered as well. A set of hyperspectral
confocal Raman images of two cancer cell lines has been acquired to show the performance of the in-
strument. Finally, we demonstrate fast Raman mapping of polystyrene beads in a line-scanning imaging
mode.

2. Basic theory

Raman effect is the inelastic scattering of photons on vibrational modes of molecular bonds [33,48].
An incident photon with energy Ey = hvcy, where & is the Plank’s constant, ¢ is the speed of light in
vacuum, and ¥ is the wavenumber (spatial frequency of the electromagnetic wave, typically expressed
in cm™!), excites a molecule from an initial vibrational mode with energy E; to a virtual state. The
molecule spontaneously relaxes to another vibrational mode with energy E,, emitting a new photon
(red-shifted in case of Stokes scattering) in an arbitrary direction.

The difference in energy between incoming and scattered photons Ey — E; is equal to the energy of
transition between two vibrational modes E; — E;. Thus, the Raman spectrum contains information
about molecular structure and chemical composition of the specimen.

There are multiple variations of Raman effect, such as resonance Raman scattering, stimulated Ra-
man scattering or coherent anti-Stokes Raman scattering [33,46], but this contribution deals only with
spontaneous Stokes scattering.

3. Design of the Raman micro-spectroscopic system

A Raman detection system is supposed to collect Stokes-shifted scattered photons and guide them to
the entrance slit of a spectrometer. As the inelastically scattered photons are emitted isotropically from
the sample, an optical system is required that would collect them and refocus on the spectrometer input
slit. An infinity-corrected microscope objective lens with high numerical aperture is particularly suitable
for this purpose for several reasons. First, it provides high energy density for excitation in the focal
spot, as well as gives a possibility to selectively probe small spots of a heterogeneous sample located at
different positions. Second, it collects a large portion of the inelastically scattered photons emitted from



R. Kiselev et al. / Design and first applications of a flexible Raman micro-spectroscopic system 117

Bright field Raman
CMOS, 100-
50- =
ZL ol
LED MT 100
movement Z
o 50- 2
< »
o
S -
1%}
E 100-
2
PMF ©
=
50 =
excitation / (sPG) 04
Las) 100 -
(Las) L
o
50 @
®
0-

| o | i | J '
700 750 785 850 900 950 1000 1050
Wavelength/nm

Fig. 1. Left — optical layout of the experimental setup. Two Raman detection paths are shown: free-space line-scanning via
optical elements Ls_s and M3, 4, as well as confocal detection via lens L4 and optical fiber MMF. See Table 1 for specifications
of parts and abbreviations used throughout. Right — transmission spectra of optical filters. Spectral data provided by Semrock
Inc.

the observation point due to its high acceptance angle. Finally, collected light leaves the objective lens
as a collimated beam that can be easily focused on the spectrometer entrance slit with a tube lens.

In last decades the industry of optical filters underwent major leap forward, which revolutionized
the way Raman systems are built and drastically improved their performance. Compact narrow-band
optical filters superseded bulky monochromators used in past systems; dichroic filters, which offer higher
transmission, replaced beam splitters/combiners. A notch dichroic beam splitter (NDBS) is a perfect
option to couple the excitation laser beam into the optical microscope (see Fig. 1). Placed between
the tube and objective lenses, it reflects the excitation light and directs it towards the objective lens.
Additionally, it transmits the inelastically scattered light towards the spectrometer while suppressing the
Rayleigh-scattered light.

Many optical microscopes can be upgraded to Raman microscopes by adding several additional com-
ponents [10]. It is important to note that it is preferable to use an infinity-corrected optical system that
features a parallel optical path between the objective lens and the tube lens. All additional components,
such as filters, polarizers, prisms, etc., can be placed into this parallel path without introducing additional
spherical aberrations [30]. Modern research-grade biomedical and industrial microscopes typically fall
into the category of infinity-corrected optical systems.

3.1. Spatial resolution

The spatial resolution of a microscope is determined primarily by the objective lens that focuses light
into a diffraction-limited spot. The spatial resolution, especially along the optical axis, can be further en-
hanced by using a confocal detection approach, i.e. the collected light is focused and transmitted through
a pinhole located in front of the detector. The pinhole is optically conjugated with the interrogation vol-
ume, from which the Raman spectrum is acquired, such as it accepts only the light originating from the
location of the laser spot and rejects the rest [49,55]. It is convenient to guide the signal to the spectrom-
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Table 1
Abbreviations of the equipment depicted in Fig. 1
Abbr. Description
CCD Peltier-cooled back-illuminated deep depletion CCD camera PIXIS-400BR-eXcelon, 1340 x 400 pixels, 20 um

pixel size, quantum efficiency up to 95% at 850 nm, 3 e~ RMS read-out noise | Princeton Instruments, USA

CMOS71,2  Color CMOS camera DCC1645C, 1280 x 1024 pixels, 3.6 um pixel size | Thorlabs Inc.

DBS Dichroic long-pass beam splitter FF757-Di01-25x36, 757 nm edge wavelength | Semrock Inc, USA

Li,3-6 Plano-convex lenses with anti-reflection coating | Thorlabs Inc.

Lo Non-axisymmetrical optical element, e.g. cylindrical lens or Powell lens

Las Single mode laser XTRA, 785 nm wavelength, 450 mW optical power, line width below 10 MHz, | TOPTICA
Photonics AG, Germany

LED Cold white LED MCWHLS, 1000 mA current, 800 mW optical power | Thorlabs Inc.

LLF Laser line filter, LL0OI-785 | Semrock Inc, USA

Mi,2,4 Silver-coated mirrors in tilt mounts

M3 Removable silver-coated mirror in a tilt magnetic mount

MMF Multimode optical fiber, 105 pm core diameter

MT Motorized table, three motorized translation stages with 25 mm travel range. Lateral axes: two CONEX-MFACC |
Newport Corp. Vertical axis: MTS25-Z8 | Thorlabs Inc.

NDBS Notch dichroic beam splitter, NFD0I-785 | Semrock Inc, USA

NF Notch filter LC-785NF-25, 39 nm bandwidth | Laser Components GmbH, Germany

OL Microscope objective lenses: Nikon 60x NA 1.0 water-immersion or Nikon 100x NA 1.4 oil-immersion, in the
revolver objective turret (OT1 | Thorlabs Inc.)

PMF Polarization-maintaining optical fiber with FC/APC ferrules | Thorlabs Inc.

SPG Compact imaging spectrograph IsoPlane 160, f = 203 mm f/3.88 with 400 grooves/mm diffraction grating

blazed at 850 nm | Princeton Instruments, USA

ZL High magnification 12x zoom lens | Navitar Inc., USA

eter using a multimode optical fiber. As the fiber core acts the same way as a pinhole placed in the back
focal plane of the microscope, a smaller fiber diameter improves the confocality.

Confocal Raman system allows to “look inside” a semi-transparent sample and probe its chemical
composition at a particular depth. The biggest advantage of the confocal detection scheme is the sup-
pression of the unwanted signal originating from the background (i.e. specimen locations adjacent to the
interrogation volume). However, since the pinhole rejects the out-of-plane light, less signal is collected
by the detector. Therefore, it is necessary to find a reasonable trade-off between the resolution and the
sensitivity of the instrument. The confocality of the system is a function of several factors, such as ob-
jective lens, tube lens, and the diameter of the detection fiber core. A rigorous assessment of the confocal
Raman microscopy can be found elsewhere [19,30,49].

3.2. Implementation of hyperspectral imaging
An important design question is the implementation of scanning, which is required for acquisition of

hyperspectral Raman images. One of the options considered by us was laser scanning (LS), i.e. steering
of the laser beam by a pair of mirror galvanometers [20,34].
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Albeit LS system features fast operation, and successful implementations of Raman LS microscope
have been reported [47,54], such a system has several inherent drawbacks. The key problem is vignetting,
i.e. the deterioration of the Raman collection efficiency when the excitation spot goes off-axis. Other
issues are limited field of view, as well as reduced light transmission and complicated alignment due to
a high number of optical components.

Other option, which is free from the aforementioned issues, is the movement of the specimen across
the fixed laser focus. In our system we use three programmable motorized linear stages, attached orthog-
onally to each other (see Table 1 for details). They feature 25 mm travel range with resolution down to
100 nm, thus enabling precise and reproducible sample positioning under the microscope objective.

3.3. Considerations for the excitation laser

The excitation laser is an essential component of any Raman spectroscopy system. The main relevant
laser parameters are power, wavelength, line width and stability.

The Raman spectrum represents the energy difference between excitation photons and modes of
molecular vibrations, as such any uncertainty or deviation of the laser wavelength directly affects the
wavenumber position and, consequently, the spectral resolution. Therefore, it is important to ensure that
the laser has a narrow emission line, and its wavelength is well-defined. Otherwise, the wavelength
uncertainty would lead to an additional broadening of the detected spectrum.

Another important factor is the wavelength stability over time. Jumping laser wavelength would render
the wavenumber calibration of an instrument invalid and make evaluation of the spectral data cumber-
some.

Typically a so-called single frequency laser is used as an excitation source, which has a single lon-
gitudinal mode and thus features a very small line width, low phase noise and low intensity variations.
Such lasers are very sensitive to optical feedback, so they should be carefully protected from any back-
reflections, using for example a Faraday optical isolator and fiber optic connectors with pre-angled fer-
rules (FC/APC type).

The choice of laser power and wavelength, however, is not straightforward and is dictated by several
factors [48]. The intensity of the Raman scattering is linearly proportional to the laser power, but it
depends on the fourth power of the excitation light frequency, hence shorter wavelength provides higher
Raman signal. However, with a short excitation wavelength a lot of undesired effects can occur. Photons
of ultraviolet and visible light are capable of causing electronic excitation within molecules, which may
lead to changes in chemical bonds, and consequently, to photo-degradation of a biological specimen.
For example, even 5 mW power of green 514 nm laser beam suffice to cause a noticeable damage to a
Iymphocyte cell within several minutes; the process is accompanied by change of the Raman spectrum
[40]. In contrast, it has been shown that bacterial cells can survive a prolonged exposure to 100 mW
NIR excitation (790-1064 nm), which is long enough for the acquisition of a Raman spectrum [39]. An
additional issue associated with the excitation laser emitting in the visible range is the autofluorescence
of most biological samples. It is typically excited by wavelengths below 520 nm, and the emitted light
has wavelength in the 450—600 nm range [4].

Too long excitation wavelength would be problematic as well. In addition to the decrease of scattering
intensity with the forth power of the excitation frequency according to the Rayleigh law, one has to
consider a rapid drop in the quantum efficiency of typical CCD detectors at wavelengths above 900-
1000 nm. The sensor should have enough sensitivity to detect Stokes photons corresponding to the
spectral features of interest. Since we are dealing with biological materials that typically exhibit complex
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spectral features used for identification in the so-called “fingerprint region” (approx. 700-1650 cm™),
it is important to ensure high detector sensitivity in the corresponding spectral range. With 785 nm
excitation used in our case, the fingerprint region stretches up to 900 nm.

Another common region of interest is 2800-3000 cm™ . Energies of vibrational modes of C-H, molec-
ular bonds are located in this spectral region, which corresponds to 1006—1027 nm with 785 nm excita-
tion. Typical CCD cameras have insufficient sensitivity above 1000 nm, so a special NIR-coated CCD
sensor with enhanced quantum efficiency and suppressed etaloning is necessary.

Taking all aforementioned factors into account, we can conclude that the optimal excitation wave-
length for Raman spectroscopy of biological materials would typically lie in red or NIR region.

3.4. Optical layout

The detailed optical layout of the Raman system is shown in Fig. 1 (see Table 1 for specifications
of parts and abbreviations used throughout). The single mode excitation laser Las (Xtra, Toptica, Ger-
many) provides up to 450 mW of optical power at wavelength of 785 nm with line width below 10 MHz.
The laser is coupled to the microscopy setup via a polarization-maintaining fiber PMF. The PMF en-
sures that the polarization of the laser beam cannot fluctuate during the experiment. The laser beam is
collimated using a lens L; (f = 40 mm) in a lateral translational mount and an axially-movable fiber
holder. These two elements, and an additional tiltable mirror M, allow full control of the angle, the lat-
eral position and the divergence of the excitation beam. The focal length of lens L; determines the beam
diameter. The laser beam has to slightly overfill the back aperture of the objective lens OL in order to get
a diffraction-limited focal spot.

The laser line filter LLF, also called a plasma filter or laser clean-up filter, is used to remove any
background and emission lines other than the main exciting line of the laser. It is important to note, that
the Raman effect also happens inside of the PMF that delivers excitation light to the microscope, because
the high-intensity laser light scatters on the vibrational modes of the quartz (the material of the fiber
core). In this case the LLF filter becomes absolutely necessary.

The notch dichroic beam splitter NDBS couples the laser beam into the optical microscope and directs
it toward the objective lens OL, which focuses the beam on the sample. The sample sits on a three-axes
motorized table MT.

3.4.1. Detection of the Stokes signal

The scattered light, as well as the white illumination from a LED source, are collected by the same
objective lens OL and sent through three optical filters: NDBS, NF, and DBS (see Fig. 1). The notch filter
NF rejects the remaining Rayleigh-scattered laser light, while the dichroic beam splitter DBS separates
the visible light, which is used for bright field imaging, from the Raman signal, which lies in the near-
infrared range. The tube lens L, focuses the parallel beam of Raman signal. Depending on the mode of
operation, the Raman signal is delivered to the SPG either via MMF (confocal Raman) or free-space via
mirrors M3 4 and lenses Ls .

For confocal Raman micro-spectroscopy, the MMF is used to couple signal to the spectrometer. The
fiber ferrule is placed into the image plane of the microscope — this way the fiber core acts as a pinhole,
and the sample is scanned point-by-point to acquire a hyperspectral Raman image.

In an alternative configuration, the Raman signal is coupled to the spectrograph via free-space optical
elements. In this case the signal collection is not confocal, so more light is collected, which enables
faster spectrum acquisition at cost of decreased spatial resolution. The free-space coupling configuration
allows to acquire Raman spectrum by fast laser line scanning. To do this, a non-axisymmetrical optical
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element L, is introduced into the laser beam path to create a line-shaped focus. This focus is optically
conjugated with the spectrometer slit, so that each line of the CCD camera sensor acquires an independent
spectrum from an individual sample spot. In this way fast hyperspectral Raman imaging is performed
by scanning the sample in one lateral direction only [43]. With the CCD camera used in our system it is
possible to record up to 400 spectra simultaneously. The demonstration of Raman imaging with a laser
line is given in Section 5. Lenses Ls, Lig can be placed before the spectrometer to additionally magnify
the image on the CCD sensor.

Hyperspectral laser-line imaging makes high demands on the imaging capabilities of the spectrograph
(SPG). We used Princeton Instruments IsoPlane 160, which features aspherical optics that greatly re-
duces astigmatism and coma aberrations at all wavelengths across the entire focal plane. This makes the
spectrograph particularly suitable for multichannel spectroscopy, in our case the Raman line-imaging,
due to the reduced cross-talk. Additionally, sharp focusing yields higher signal-to-noise ratios for single
spectral features.

The CCD camera installed in the system features low noise level and high quantum efficiency exceed-
ing 90% across the 785-900 nm range, which is beneficial for fast data acquisition. Another important
feature is the reduced etaloning (fringing), which enhances quality of the spectra acquired in the NIR
region.

3.5. How to design the mechanical part

We used a computer-aided design (CAD) software (Autodesk Inventor) to create a computer model of
the Raman system. We chose this approach for a number of reasons:

(1) Many suppliers of optomechanical components provide three-dimensional computer models of
their products in the STEP format. These models can be downloaded and virtually assembled in
the CAD software.

(2) The generated model clearly shows how the end system should look like. It is also possible to check
position of every optical element and to measure any distance between arbitrary elements.

(3) Fast generation of documentation, including drawings, illustrations and bill of materials.

We used the so-called cage system to mount optical components, and we consider it to be the optimal
choice for this task. Optical elements are firmly attached to aluminum plates that are connected together
by rigid steel rods, which define a common optical axis, thus simplifying the alignment. The cage system
enables modular design of the laboratory setup: different modules (e.g. detection module, laser coupling
module, etc.) can be assembled and aligned independently of each other, and afterwards combined to-
gether. This also allows to quickly change the functionality of the instrument. Since the modules are
small, rigid and stable, the setup can be flipped over in order to switch between upright and inverted
configurations.

Usually upright and inverted microscopes are dedicated for different purposes and applications. Up-
right microscope, where the objective lens is located above the specimen, is well-suited for Raman
spectroscopy of detached cells. The cells sink down to the substrate surface (e.g. CaF, or quartz), then
it is possible to locate and observe them with a physiological water immersion objective lens.

Inverted microscope configuration allows to examine live specimens in a deep covered container,
such as a flask [9]. It is also advantageous for micro-manipulation applications, such as Raman-based
flow cytometry [13,14,16,37], because it provides a lot of space to install additional tools. In our case,
it enables good direction of the tubings towards a microfluidic chip, thus preventing sedimentation of
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the cells on tube walls. Additionally, we installed a 12x zoom lens ZL with CMOS; camera above the
specimen. The lens features large adjustable field of view and thus simplifies the navigation.

The mechanical stability is a particularly important parameter of any microscopy system. Since the
excitation laser focus and the pinhole in front of the detector are conjugate points, even a small mechan-
ical movement of the optical elements in the laser beam path can lead to the significant deterioration of
the Raman system performance. An additional issue is the vibrational resistance: already a minor shock
to the motorized table can lead to an unpredictable movement of the specimen under the objective. For
this reason, the microscope modules, which are already built using the rigid case system, are attached
to a 40 mm thick steel optical breadboard. The breadboard itself is suspended on top of four cushion-
ing isolators filled with compressed air. The air pressure in the isolators is monitored and controlled by
an active self-leveling electronics (PWA090, Thorlabs). This configuration mechanically decouples the
measurement system from the environment and effectively cushions any external impacts.

4. Application to the study of cancer cells

We demonstrated performance of the custom-built Raman system by collecting Raman maps of indi-
vidual fixed cells of two different cell lines: MIA PaCa-2, pancreatic cancer, and Jurkat, T lymphocytes.
In total we acquired Raman maps of 10 individual cells of each cell line; each Raman map has size of
20 x 20 points, with the step size of 1 pm.

The cells were placed onto a 170 um-thick quartz cover slip, and Raman signal has been collected
in the inverted configuration. We used the 100x NA 1.4 oil-immersion objective lens both for Raman
excitation and for Raman signal collection in 180° back reflection geometry. All scans were carried out
with 100 mW power of the excitation laser (measured in the sample plane), exposure time of 1.0 second,
f = 100 mm tube lens, and collecting multimode optical fiber with 105 um core diameter.

In total, 8000 Raman spectra have been collected in two batches. The spectra underwent preprocess-
ing, which is a crucial step prior the data interpretation [8]. We used hyperSpec [6] package for
programming language R [41] to perform all data manipulations, including preprocessing, analysis and
visualization.

First of all, we calibrated the wavenumber axis in each of the batches using the standard calibration
routine [51]. A spectrum of a Ne—Ar gas discharge lamp has been acquired, and observed peaks (about
45) have been mapped onto the atomic emission lines of Ne and Ar, provided by NIST [28]. The relation-
ship between the CCD pixel number n and light wavelength A(n) has been modeled using a 3rd degree
polynomial. At the next step, we collected and analyzed a Raman spectrum of polystyrene, one of stan-
dard substances for calibration of Raman spectrometers. The measured polystyrene spectrum has been
matched to the reference one, which allowed us to find the laser wavelength Ag. Then, the wavenumber
axis has been calculated as Av(n, Ag) = k—lo — ﬁ

In order to reduce the fixed-pattern noise and to remove the constant ADC offset, we subtracted a dark
frame from each spectrum. The dark frame has been collected by reading out the CCD camera while the
shutter was closed. At the next step cosmic spikes have been detected and removed. After that, data from
both batches have been down-sampled using LOESS local non-parametric regression onto a common
wavenumber axis that has 240 points (initially 1340) and ranges from 550-3100 cm~! . As a side effect,
this lead to about two-fold increase in the signal-to-noise ratio, as well as a considerable reduction of the
data size.

Each individual Raman map has been separated into cell and background regions using k-means clus-
tering. An average spectrum of the background cluster has been calculated and subtracted from the
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Fig. 2. Statistical overview of the collected spectral data. Lines represent, from bottom to top, the 5th, 16th, 50th (median), 84th,
and 95th percentiles of the spectral intensity, respectively. The original raw dataset (8000 spectra, top) underwent smoothing
interpolation, background removal, baseline subtraction and correction for the instrument response function. Then it was split
into two subsets, containing spectra of MIA PaCa-2 and Jurkat cell lines, respectively. Numbers 1-14, described in Table 2,
show commonly used bands for the assessment of biochemical composition. Note on scales: (1) Upper plot has a different
scale. (2) The height of the peak located at 2700-3100 cm™! in the preprocessed spectral data is reduced four times for the sake
of visibility.

Raman map. The remainder baseline has been estimated as a convex hull of the bent spectrum. Finally,
all spectra have been intensity-corrected using a standardized incandescent lamp as a reference light
source with known emission spectrum.

After the preprocessing, only the cell signatures, random noise and some tiny baseline fluctuations
were left in the cell cluster. Figure 2 compares raw dataset with the preprocessed one.

The N-FINDR algorithm [56] has been applied to the whole preprocessed dataset to extract three
end-members, or the most different spectra. One of them is the blank background spectrum collected
from points around the cell. Two other components, shown in Fig. 3(A), resemble spectra of lipid and
DNA/protein mixture, respectively. We calculated concentration maps of these end-members for both
cell lines (see Fig. 3(B)).

Results clearly show, that a typical MIA PaCa-2 cell contains more lipids compared to a typical Ju-
rkat cell. The concentration of proteins differs as well. Obtained data can be used for purposes of cell
identification [7,38] or planning of further biospectroscopic experiments [5].

5. Demonstration of line scanning

The performance of the Raman system in the hyperspectral laser line imaging mode has been tested
on 5 um polystyrene beads located on a CaF, slide (see Fig. 4).

We placed a cylindrical lens L, (see Fig. 1) into the laser beam to perform a one-dimensional beam
shaping, i.e. to create an anamorphic beam that has different divergences in two mutually orthogonal
planes. The beam diameter has been matched with the entrance aperture of the 60x NA 1.0 microscope
objective lens OL, producing a thin linear-shaped focus with a diffraction-limited thickness of about
0.4 um. The intensity profile of the line was close to Gaussian with 21 ym full width at half-maximum
(Fig. 4B).
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Table 2
Raman bands used for assignment of biological substances [12,38]
# Wavenumber/cm ! Description”
1 785-788 na: C, T, U, -PO, - sym bk
2 1004 p: Phe
3 1090 na: —PO; — bk, p: C-N str bk
4 1127 p: C-N str, 1ip: C-C str,
5 1262 na: G, p: amide III
6 1319 na: G, p: CH def, 1ip: CH,, CHj twist
7 1341 na: A, G, p: CH def,
8 1451 p, 1ip: —CHjp— def
9 1585 na: A, G
10 1619 p: Tyr, Trp
11 1662 na: T, p: amide I B-sheet, 1ip: fatty acids
12 2855 p, 1ip: —CHjy— sym str
13 2889 p, 1ip: Fermi res. overtone of #8
14 2930 p, lip: —CH,— asym str

* Abbreviations: str: stretching; def: deformation vibration; sym: symmetric; asym: asymmetric; bk: backbone chain; na:
nucleic acid; U, C, T, A, G: ring breathing modes of the DNA/RNA bases; p: protein; Tyr: tyrosine; Trp: tryptophan; Phe:
phenylalanine; 1ip: lipid.
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Fig. 3. (A) — N-FINDR end-members that represent spectra of lipid and protein/DNA mixture. (B) — concentration maps of the
end-members in cells of Jurkat and MIA PaCa-2 cell lines.

Raman signal has been collected from the area illuminated by the line-shaped focused beam in such a
way, that each point along the linear focus corresponded to a specific location on the entrance slit of the
spectrograph SPG. The line-shaped focus has been scanned across the sample in a single lateral direction
in 1 um steps. After each exposure of 0.5 seconds the CCD sensor has been read out, and the frame has
been saved, followed by a movement to the next position on the specimen.

Use of the 60x objective lens with an f = 100 mm tube lens yields 30x magnification, so that each
5 um polystyrene bead was re-imaged onto 8 lines of the CCD detector (pixel size is 20 pm), as shown
in Fig. 4.
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Fig. 4. Hyperspectral Raman imaging of polystyrene beads with 5 um diameter obtained in the line-scanning mode. False-color
maps (A) and (C) show relative amplitude of the 1001.4 cm~! peak in the Raman spectrum of the polystyrene (plot (E)). Raw
data from CCD (image (A)) underwent intensity normalization (image (C)) using Gaussian intensity profile of the illumination
spot (plot (B)) as a normalization factor. (D) — intensity profile along the dashed line in the normalized image (C).

6. Conclusion

We demonstrated the construction of a very flexible Raman micro-spectroscopic system for specific
needs, in our case for the Raman-assisted cell identification. The described system features several ac-
quisition modalities, in particular bright-field imaging, acquisition of Raman spectra from a single point,
Raman mapping and hyperspectral line imaging.

Since the major part of the system consists of separate general purpose optomechanical components,
it can be rebuilt, modified or extended. For example, a combination with fluorescence imaging requires
an additional light source, a set of optical filters and a suitable camera for detection. Moreover, the whole
microscopy attachment can be flipped, so one can switch between upright and inverted configurations.

We demonstrated the performance of the instrument by acquisition of hyperspectral Raman images in
two different modes: point-by-point mapping and laser line scanning.
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We demonstrate successful utilization of the Langmuir technique for deposition of thin
films of laterally oriented CdSe nanoplatelets from their colloidal solutions. We studied
the morphology of the deposited films by TEM and AFM techniques, as well as their
optical absorption and photoluminescence.

1. Introduction

Semiconductor nanoplatelets (NPIs) are 2D nanostructures with physical
properties similar to classic quantum wells, that makes them of a great
fundamental interest as quantum objects with anisotropic optical properties [1].
Along with luminescent properties semiconductor NPls are perspective for
practical applications, like photovoltaic or laser-gain active media. In order to
investigate anisotropy-caused properties it is necessary to obtain a flat film with
uniform lateral orientation of NPIs. In the present paper, we utilized the
Langmuir-like technique to fabricate thin films comprised of monolayer or
multilayers of laterally oriented CdSe NPIs and studied their morphology and
optical properties.

2. Experimental

Colloidal 4.5 ML CdSe NPIs were synthesized as described in [2]. NPIs in the
colloidal solution in chloroform were additionally treated with cadmium acetate
and oleic acid according to the procedure described in [3] in order to avoid
stacking of nanoplatelets into large aggregates. Afterwards, CdSe NPIs were
purified by precipitation with acetonitrile, washed with isopropanol and then
redispersed in chloroform. Thus, the final solution contained colloidal CdSe
NPIs terminated by Cd atoms and capped with oleic acid. The solution was
drop-cast on the water surface and dried until thin solid film of NPIs formed on
the water surface. These films were transferred onto quartz substrates and
polymer-coated grids and dried in ambient conditions, and subsequently
subjected to optical, AFM and TEM investigations. Multilayered thin films of
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CdSe NPIs were prepared by subsequent deposition of several monolayers by
the same technique.

Room temperature optical absorption and photoluminescence (PL) spectra
of thin films of CdSe NPIs were measured with an OceanOptics HR-2000
spectrometer and a Jobin-Yvon Fluoromag spectrofluorimeter, respectively.
Spatial arrangement of CdSe NPIs in thin films was studied using a Leo 906E
transmission electron microscope. AFM examination of thin NPLs films was
performed using a NT-MDT Ntegra Prima SPM system in the tapping mode.

3. Results and discussion

The TEM image in Fig. 1 shows that the film consists of domains of laterally
oriented CdSe NPls.

200 nm
Figure 1. AFM (left) and TEM (right) images of CdSe NPIs film prepared by the Langmuir

technique (1 — empty area containing no NPIs, 2 — area covered with a monolayer of NPls).

The NPls domains in the films are separated by empty areas free from NPls.
Such domain structure forms when the thin liquid film of NPIs in chloroform
quickly spreads off the water surface and dries. The resulting solid film of
laterally oriented NPIs is rigid and cannot be compressed into a homogeneous
monolayer without applying an external force. AFM measurements show a
consistent height difference of around 6 nm between areas denoted by 1 and 2 in
Fig. 1 indicating the substrate and the NP1 monolayer, respectively. The inferred
thickness of 6 nm is consistent with the thickness of a monolayer of 4.5 ML
CdSe NPIs (= 2 nm) and two monolayers of oleic acid molecules on the top and
bottom surfaces of each NPIl. Some hillock exceeding 10 nm in the AFM image
and invisible in this TEM image (Fig. 1) are probably related to residual organic
molecules crystallized from the colloidal solution during the Langmuir film
formation.
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Fig. 2 shows a series of optical absorption spectra of a monolayer and
multilayered films of 4.5 ML CdSe NPIs deposited onto quartz substrate.
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Figure 2. a) Absorption spectra of multilayered films of 4.5 ML CdSe NPIs on quartz. b) Linear
relationship between the first exciton (1 = 510 nm) optical density and the number of monolayers.

All spectra contain the characteristic first exciton peak at A =510 nm similar
to that in the colloidal solution of NPls in chloroform. The optical absorption
increases monotonously with the number of monolayers over the entire
investigated spectral range demonstrating that the Langmuir technique can be
successfully used for a reliable control of the precise amount of NPls deposited
onto the substrate. Moreover, the linear relationship between the optical density
at first exciton and the number of subsequently deposited layers indicates that
each new layer contains a nearly constant amount of NPls.

Fig. 3 shows absorption and PL spectra of 4.5 ML CdSe NPIs in the
colloidal solution and in the monolayer film.
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Figure 3. Absorption (a) and normalized luminescence spectra (b) of 4.5 ML CdSe NPIs in the
colloidal solution in chloroform (solid lines) and in the monolayer film (dashed lines).

The first exciton in the monolayer is blue-shifted by 2 nm both in the
absorption and PL spectra relative to the colloidal solution spectra due to the
changes in dielectric surrounding. The magnitude of the optical absorption of a
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CdSe NPIs monolayer is much higher as compared to that of quantum dots or
nanorods of the same size, i.e., the same energy of optical transitions due to the
effect of giant optical oscillator (GOST) [4]. We did not observe any remarkable
spectral shifts with increasing the number of monolayers which pointed to the
absence of collective effects.

4. Conclusion

Uniform monolayers and multilayers of colloidal CdSe NPIs were fabricated by
Langmuir technique. The films consist of monolayers of laterally oriented NPls
forming domains. The first exciton absorption peak of multilayered films is
linearly proportional to the number of NPLs monolayers. Such structures can be
utilized to study anisotropy of optical properties of oriented 2D quantum
confined nanostructures.
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Study of the interaction between nanoparticles and human cells is usually performed using
customized biochemical assays that mostly offer measurements of a single quantity/property and
use labels. Raman spectroscopy on the other hand offers integral insight into complex
information on biomolecular composition and molecule conformation inside cells by measuring
vibrational spectra from the entire cell [1]. Furthermore, it does not require dyes nor other labels
and sample preparation is very simple, which reduces time consumation and possibility of cell
damage during preparation.

Cerium-dioxide (CeO3) nanoparticles are known for their controversial dual activity in numerous
studied cancer cell lines: while protecting some cell types from oxidative damage, their cytotoxic
effect in other cell lines is also reported (2, 3]. Here, effects of two types of CeO. nanoparticles:
uncoated and dextran-coated, were studied in Hel.a cells, a cervical carcinoma derived cell line.
Nanoparticle-treated cells were probed by routinely used biological assays for cell growth and
viability, based on dying with Sulforhodamine B and Trypan Blue, respectively [3]. The tests have
shown that the nanoparticles have more prominent effect on cell growth than on viability. In the
light of this information Raman spectroscopy was employed in order to investigate the changes
in biomolecular content of the cervical cancer cells after treatment with nanoparticles and find
connection between these changes and the resulting cell status. Raman spectra of nanoparticle-
treated and control (untreated) cells were obtained using 532 nm laser line as an excitation probe.
From each experimental group, at least 250 cell spectra were measured. Principal component
analysis (PCA) covering the spectral regions (700-1800) cm™ and (2800-3200) cm! has extracted
the differences between vibrational spectra features of nanoparticle-treated and control cells, but
also between spectra of cells treated with uncoated and coated CeO: nanoparticles. These
changes have been associated with induced alterations of prominent groups of biomolecules,
DNA, lipids and proteins. Reduced total DNA content and/or breaking of O-P-O bonds leads
to the decreased vibrational intensity of 785 cm! peak which differentiates to a large degree
treated and control cells. Amide I vibrational band (1600-1670) cm-!, characteristic for peptide
bonds and modulated by proteins secondary structure, differentiates between cells treated with
coated and uncoated nanoparticles. Correlation of the spectral information with the results of
biological assays was performed.
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For mass production of graphene, simple and low-cost methods are needed especially in the cases
where high-quality films are not crucial for the desired purposes. Thus, liquid-phase exfoliation (LPE)
is a perspective way of obtaining stable dispersion of few-layer graphene sheets (GS) in the solvent
[1]. A promising pathway to achieve high degree of ordering of graphene sheets prepared via LPE-
process is to utilize Langmuir-Blodgett assembly (LBA) technique. Thin-films are self-assembled from
LPE dispersion by LBA technique at the water-air interface. LBA method is a suitable method for
production of large-scale, transparent, thin solution-processed graphene films [2, 3]. Chemical doping
of graphene films allows to tune its work function (WF) and therefore gives LPE GS films the ability
to serve two different roles in electronic and optoelectronic applications, both as an anode and as a
cathode.

Here, we demonstrate the method for the forming and doping of LPE graphene sheet films (LPE
GS) in one-step by metal standard solutions. Doping of the graphene film occurs at the moment of its
formation from the LPE graphene dispersion by LBA method at the air-metal standard solution
interface. n-doping is achieved by Li standard solutions (LiCl, LiNOs, Li>CO3), while Au standard
solution (H(AuCly)) leads to p-doping. WF of the film was decreased with Li based salts, while Au
based salts increase the WE of the film. The maximal doping in both directions allow a significant
range of around 0.7 ¢V for the WF modulation. The results were obtained for 0.1 mol/dm?3
concentration of dopants. Roughness of the LPE GS films does not change by the doping, except
that doped films contain occasional agglomerates. FT-IR measurements point out that the charge
transfer process is enabled by physical adsorption of the metal salts and that the graphene basal planes
stay chemically unchanged by metal doping. No significant shifts of any characteristic Raman peaks of
graphene were detected after chemical doping. Calculated values of the intensity ratio between D and
D’ peak indicate that the edges are the dominant type of defects in the undoped and metal salt doped
LPE GS films. Electrical properties of the films were significantly influenced by changing the dopant
(Au or Li). A significant suppression of the field-effect mobility and the increase of the sheet
resistivity were observed in the case of the Li standard solution doping of the film. This indicates that
adsorbed Li anions act as scattering centers for the charges. Lithium nitrate provides the largest work
function modulation (by 400 meV) and the least influence on the sheet resistance of the film.
Therefore, it was selected as the best choice for n-type doping.

Since, the proposed one-step method for chemical doping of graphene films allows to tune WF in a
large range, it extends the potential use of these materials in low-cost optoelectronic applications, as in
low-power lighting, sensors, transparent heating, and de-icing applications.
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“Point-by-point” inversion vs. parametrized fitting of ultrathin film’s
dielectric function measured by rotating polarizer ellipsometry
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With the emergence of nanotechnology, spectroscopic ellipsometry (SE) got an important role in
optical characterization of ultra-thin nanostructured films [1]. Using this technique, various
relevant characteristics such as film thickness, surface roughness and optical functions can be
determined, but only by proper modeling of the near-surface region of multilayer samples.

In this work, we investigated the extraction of optical properties of ultrathin (~5 nm) films
composed of a single layer of core-shell CdSe-CdS nanoplatelets on SiO2(85 nm)/Si(bulk)
substrate. The ellipsometric spectra were measured using SE in rotating polarizer ellipsometry
(RPE) configuration. We compared two standard approaches for SE thin film analysis: “point-
by-point” inversion and model based (parametrized) data fitting [2]. While the model based data
fitting is quite effective in the case where the shape of film's dielectric function is easy to
anticipate, one should be careful with analysis of nanometer scaled film thicknesses. Since they
are very thin, reasonable goodness of fit could be misleading. On the other hand, “point-by-
point” inversion suffers from the fact that the neighbouring wavelengths do not support each
other, eventually leading to lack of Krammers-Kroning consistency [3]. It also strongly depends
on measurement precision and sensitivity which is critical in RPE configuration in case of A
being close to 0 or 180° [4]. For both approaches, pre-knowledge about the undetlying substrate
is essential. Having all this in mind, the combination of both “point-by-point” inversion and
parametrized fitting should be applied.
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Tin oxide (SnOy) is a n-type semiconductor with large band gap (3.6
eV) at room temperature. Electronic, optical and electrochemical properties
of SnO, promote itswide application in solar cells, catalysis, transparent
conductive electrodes, solid state sensors, rechargeable Li batteries and
optical electronic devices [1,2]. The mentioned properties are very much
influenced by the presence of defects, particularly oxygen vacancies that
introduce donor states inside the band gap, but also change optical and
other properties that depend on the electronic structure [3]. These newly
formed electronic states can also influence the photocatalytic activity of
SnO,. This work intends to explore how the doping with Co?* ions
influences the optical and photocatalytic properties of SnO2 snanopowders. It
is expected that divalent Co ions would create more oxygen vacances
changing the electronic structure of SnO, which can have a strong impact on
potential applicability of these materials for organic pollutant remediation
processes.

Undoped and Co-doped SnO:.s nanopowders (6=0, 1, 3 and 5 mol%)
were synthesized using microwave-assisted hydrothermal method. X-ray
diffraction analysis confirmed the single phase tetragonal structure of the
samples composed of very fine nanocrystals. Average crystallite size
decreased with increased Co doping (from 2.5 nm in undoped sample to 2.2
nm in 5 % Co doped sample), implying that Co doping has an inhibiting
effect on the crystal growth. In the Raman spectra of pure and Co-doped
SnO», confinement effect strongly influenced the position and bandwidth of
Raman modes. New modes, ascribed to defect modes, were present in
undoped sample and were more intense than the Raman modes
characteristic for tetragonal rutile SnO, [4]. The intensity of these modes
decreased with Co doping.
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Among major acute complications of diabetes are ketoacidosis and hyperglycemic hyperosmolar state.
Diabetic ketoacidosis (DKA) appears due to the insulin deficiency, which causes hyperglycemia and increased
lipolysis, and, as a result, increased level of ketone bodies in blood and urine. This reduces pH value of blood,
leading to metabolic acidosis. Hyperglycemic hyperosmolar state (HHS) is characterized by extremely high
serum glucose level and hyperosmolality without significant ketone bodies production. However, some
overlapping between the characteristics of DKA and HHS may exist. Precise diagnosis, as well as clinical and
biochemical hour-by-hour monitoring, is crucial for the adequate treatment of these severe and life-threatening
conditions.

Raman spectroscopy, a non-invasive method which is based on the effect of inelastic light scattering and can
be used for molecular fingerprinting of various biomaterials [1], was applied in order to try to discern between
DKA and HHS conditions in a label-free and time efficient manner. Raman spectra of blood serum and plasma
of patients diagnosed with diabetes type 2 with/without acute complications of ketoacidosis and HHS were
obtained. Spectra were acquired in the range 350-3700 cm™ using excitation line of 532 nm and afterwards
background corrected with polynomial function of 5th order. Dominant features of the majority of spectra are
positioned at 1003 cm™, 1155 cm™, 1515 cm™ and belong to phenylalanine and beta carotene (resonantly
enhanced) vibrations. Amide (protein) and lipid related bands were registered in the intervals (1200 -1380) cm"
"and (1450-1700) cm’".

Potential of Raman spectroscopy for differentiation between the two acute complications of diabetes is
analyzed by use of principal component analysis (PCA). PCA was performed using different spectral intervals
in order to classify spectra of serum and plasma from different patients according to the inter-spectra
variations in these intervals. Most pronounced differences between the spectra of serum of patients with
ketoacidosis compared to the spectra of serum of HHS patients were expressed in the high-wavenumber region
containing C-H and O-H vibrations.

REFERENCES
[1] C. G. Atkins, K. Buckley, M. W. Blades and R.F.B. Turner, Applied Spectroscopy 71, 767 (2017).
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EFFICIENT PHOTOCATALYTIC DEGRADATION OF AZO-DYE
RO16 BY PURE AND Eu-DOPED Pr(OH); NANOSTRUCTURES
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Mixed nanorods/nanopowders of pure Pr(OH); and doped with Eu** (1, 3, and 5
mol %) were synthesized by microwave-assisted hydrothermal method. The oxides
Pr¢Oy; and EuyO; were dissolved in aqueous HNO; and used as the precursors.

Structural properties of synthesized nanomaterials were analyzed by X-ray
diffraction (XRD) spectroscopy. The influence of Eu®* content on structural and
morphological characteristics of nanorods/nanopowders was also investigated by
Raman spectroscopy and Field Emission Scanning Electron Microscopy (FESEM).

Synthesized nanostructures were tested for photocatalytic degradation of azo-dye
Reactive Orange 16 since azo-dyes belong to the most toxic ones among various
types of dyes. Eu-doped Pr(OH); nanostructures showed very good photocatalytic
performances, higher than pure Pr(OH);.
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PREPARATION OF CARBONACEOUS MICROSPHERES BY
HYDROTHERMAL TREATMENT OF FRUCTOSE WITH
PHOSPHORIC ACID AND DIAMETER SIZE COMPARISON
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Carbonaceous microspheres have been prepared by hydrothermal treatment of
fructose. Parameters such as concentration of carbohydrate, reaction time, treatment
temperature and concentration of phosphoric acid have been changed. Obtained
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