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Abstract: Biocompatible and biodegradable poly-L-lactic acid (PLLA) processed into piezoelectric
structures has good potential for use in medical applications, particularly for promoting cellular
growth during electrostimulation. Significant advantages like closer contacts between cells and films
are predicted when their surfaces are modified to make them more hydrophilic. However, there is an
open question about whether the surface modification will affect the degradation process and how
the films will be changed as a result. For the first time, we demonstrate that improving the polymer
surface’s wettability affects the position of enzyme-driven degradation. Although it is generally
considered that proteinase K degrades only the polymer surface, we observed the enzyme’s ability to
induce both surface and bulk degradation. In hydrophilic films, degradation occurs at the surface,
inducing surface erosion, while for hydrophobic films, it is located inside the films, inducing bulk
erosion. Accordingly, changes in the structural, morphological, mechanical, thermal and wetting
properties of the film resulting from degradation vary, depending on the film’s wettability. Most
importantly, the degradation is gradual, so the mechanical and piezoelectric properties are retained
during the degradation.

Keywords: poly-L-lactic acid; enzymatically catalyzed degradation; piezoelectricity; bulk erosion;
surface erosion

1. Introduction

Poly-L-lactic acid (PLLA), a biosynthetic thermoplastic polyester, is widely used in the
biomedical field because it is biocompatible and biodegradable [1,2]. It can also be formed
into different shapes (2D coatings and films, micro- and nano-powders, 3D scaffolds, etc.)
with different properties, depending on the requirements [3]. Accordingly, PLLA is used in
drug-delivery systems [4], tissue engineering [5], wound dressing [6], implantation [7] and
many more [8,9].

A very poorly explored and particularly important aspect of PLLA’s application in
biomedicine is associated with the possibility of processing it into a piezoelectric material.
Due to its helix structure, PLLA exhibits shear piezoelectricity [10]. When PLLA is oriented
and crystalline, usually as fibers or films, the chains are strained, the molecular dipoles
are aligned, and a voltage difference is observed [11]. Such a structure, formulated as a
piezoelectric scaffold, can be applied for piezo-stimulation and promoting cell prolifera-
tion. The low piezoelectric effect of PLLA (compared to piezoceramics) is comparable to
the piezoelectricity of natural biomacromolecules (i.e., collagen) [12] and can be efficient
enough to relate with biological systems [13]. It makes this polymer particularly appropri-
ate for regenerative medical use to accelerate the wound-healing process. When applied for
wound healing, the safe biodegradation of piezoelectric PLLA films is very important. The
process needs to be steady, and the biodegradation (followed by a change of mechanical,
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structural, morphological and piezoelectric properties) should follow the kinetics of the
tissue regeneration so that at the end, no material residues are left in the system when the
new tissue is formed.

When PLLA is in contact with biological media, cleavage of the ester bonds occurs in
the bulk matter, usually by hydrolysis, into lactic acid, carbon dioxide and water [14]. Under
in vivo conditions, due to the inflammation process during the injury, the degradation
process is enhanced by the enzymes present that degrade the polymer matrix [1]. Since
PLLA is more hydrophobic, swelling of the polymer film occurs with the diffusion of water
inside the polymer bulk, which triggers the degradation inside the material [14]. However,
when enzymes are present, it is generally considered that surface degradation is favorable
since the diffusion of enzymes inside the film is aggravated [15]. Proteinase K catalyzes the
degradation of PLLA several times faster in amorphous than in crystalline regions [16]. At
the surface, degradation is limited to just the amorphous parts [15]. Crystalline residues,
remaining after the degradation of the connected amorphous areas, are released into the
surrounding liquid medium or accumulate on the surface and increase crystallinity [15].
Polymer crystallinity and chain orientation have been determined to have an important
role in the process of enzyme-induced PLLA degradation. H. Tsuji et al. showed that
the initially higher crystallinity of the PLLA films slows the degradation process and that
the higher polymer-chain orientation also limits the enzyme intake into the bulk [15]. In
addition, Rangari et al. observed that during the hydrolysis of the amorphous part on the
surface in uniaxially prepared crystalline PLLA films, crystallinity plays the dominant role
in determining the extent of the degradation, compared to the orientation of the polymer
chains [16].

Understanding the degradation mechanism in biologically relevant surroundings is a
key issue for using a piezoelectric polymer in biomedical applications. Although there is
a detailed study of the structural changes that follow enzymatic degradation (change in
crystallinity, chain orientation, chain mobility, etc.), very little knowledge is available on the
change in the piezoelectric and mechanical properties of PLLA films during the degradation
process. All the information regarding PLLA degradation is available for polymers with a
hydrophobic surface. However, the hydrophobic surface is the main disadvantage of PLLA,
potentially resulting in a low cell affinity and an inflammatory response [17]. A particular
lack of information was observed for the case of the degradation of surface-modified PLLA
hydrophilic films. With that in mind, we focused our investigations on two questions:

(i) How will the degradation be affected if the surface of the PLLA film is modified from
hydrophobic to hydrophilic (more favorable to cells)?

(i) What will happen to the mechanical and piezoelectric properties of the PLLA once
the film is immersed in a liquid medium containing proteinase K (as an imitation of
the inflammation response at the site of a wound)?

Therefore, in this study, we compare the enzymatically catalyzed degradation process
of a uniaxial drawn piezoelectric PLLA film with and without surface modification, and
with it the mechanical and piezoelectric changes that occur during the degradation process
to achieve a more stable and gradual loss of piezoelectric properties during the process.
Films with improved wettability should have greater potential for medical applications
due to the proposed better affinity of the cells for the film.

2. Materials and Methods
2.1. Materials

Poly-L-lactic acid (PLLA) having a molecular weight with an approximate value of
150 kDa (Goodfellow, Cambridge, Ltd., UK), bovine serum albumin (BSA) (Fisher scientific,
Leics, UK), methylene blue (MB) (Alfa Aesar, Thermo Fisher GmbH, Kandel, Germany)
were used. Enzyme proteinase K was purchased from ITW Reagents (AppliChem GmbH,
A3830,0500, Darmstadt, Germany) and was used as received. TRIS buffer, sodium hy-
droxide (NaOH), methanol (MeOH), hydrochloride acid (HCl), were purchased from
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Sigma-Aldrich Chemie GmbH, Steinheim, Germany. Distilled water was purified using a
Milli-Q system (Purelab Option-Q, ELGA, High Wycombe, UK).

2.2. Processing PLLA Films

Piezoelectric polymer films were prepared using the following procedure, optimized
in our previous study [18]. PLLA granules (1 g) were melt-pressed between two metal
plates at 200 °C under a pressure of 56 kN for 3 min and immediately quenched in cold
water (4 °C) (amorphous sheet). To prepare piezoelectric films, the amorphous sheet was
cut into a dumbbell-shape film and uniaxially stretched with a homemade tensile stretcher
to a draw ratio of 5 at a temperature above the glass transition (90 °C), using a drawing rate
of 40 mm/min. Surface modification, such as alkaline etching, was performed to prepare
hydrophilic films. Films were submerged overnight in a 0.04 M NaOH medium, prepared
in a water/MeOH mixture (70/30 V/V) to cleave the ester bonds on the surface.

2.3. Enzymatic Degradation

The drawn films were immersed in 0.1 mg/mL proteinase K solution with pH 8.5.
The enzyme solution was prepared using a 0.5 M TRIS buffer, adding HCI to adjust the
pH value. 5 mL of enzyme solution containing films was maintained at 37 °C in a water
bath while gently shaken. The degradation study was carried out for 10 days. Films were
washed with water and left to dry before the analyses. Enzymatic activity during the
degradation process was monitored using an absorbance multiplate reader (Synergy H1,
BioTek, Bad Friedrichshall, Germany). A sample of 500 uL of enzymatic medium taken
from the degrading sample was added to 500 pL of 1 mg/mL BSA protein and digested for
2 h. Absorbance at 290 nm was continuously measured to determine the half-time needed
for protein degradation. Measurements were made in two parallel samples for enzymes
with different polymer films and a bare enzyme. Further enzymatic activity was stopped
by heating the sample at 90 °C. A total of 15 pL of the sample with 3 uL of added loading
buffer were put on 15% polyacrylamide gel to separate the degraded BSA proteins based
on size using SDS-page electrophoresis.

2.4. Characterization Methods

Gravimetric determination, crystallinity and orientation changes were calculated
using the following equation:

AX (%) = 100% x (Xt() - Xt)/XtO/ (1)

where AX represents the weight changes (w), crystallinity (X) and orientation ratio (D)
from the beginning (t0) to a certain time of degradation (t).

Orientation was determined using a Fourier-transform infrared spectrometer in at-
tenuated total reflectance (ATR) mode (PerkinElmer Spectrum 100, Waltham MA, USA).
Spectra were recorded in the 600-4000 cm~! wavenumber range with a spectral resolution
of 4 cm~! and the accumulation of 10 spectra using a polarizer. Changes in the orienta-
tion were determined using the previous equation, where D represents the ratio between
changes of the vertical (||) and horizontal (L) absorbance (A) of the C=0 peak (1756 cm™ 1)
using the following equation [19,20]:

D=A/AL 2

Crystallinity was determined using a NETZSCH STA 449 (Jupiter) thermal analyzer
for differential scanning calorimetry (DSC) in an Ar/O atmosphere (40/10). A total of
3—4 mg of each sample were put in platinum crucibles and heated from 40 °C to 200 °C with
a 20 °C/min heating rate due to the temperature calibration under these conditions. The
enthalpy of cold crystallization (AHc) and the enthalpy of melting (AHm) were determined
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by calculating the surface under the peak of the crystallization or melting, respectively.
Bulk crystallinity was determined with the following expression:

Xe (%)= 100% x (AHm — AHc)/ AH1o00, 3)

where the value for AHjgg, is taken as 93.6 J/g, which is a theoretical value for 100%
crystalline PLLA films in the « crystalline form [21].

Morphological changes during degradation were observed with a scanning electron
microscope (JSM-7600 F, Jeol Ltd., Tokyo, Japan). To observe changes in the hydrophilic
properties, methylene-blue staining was used to observe the color change due to more
carboxylic groups on the surface [22]. Water wetting angles were measured using a Theta
Lite contact-angle meter, Biolin Scientific.

Dynamic mechanical properties of the PLLA samples were studied under tension
mode on the films in a rectangular shape (9 mm long, 3-3.5 mm wide and 0.1 mm thick).
The measurements were performed with a Mettler Toledo DMA /SDTA861e. The dynamic
responses were tested from 0 °C to 130 °C at the heating rate of 3 K/min. The dynamic
force amplitude was 1 N, and the validity of Hooke’s law (linearity measurement) was
tested on every sample to determine the displacement amplitude, which was 2-5 pm. The
chosen frequency was 1 Hz. The storage modulus, loss modulus and tan 6 were recorded
as a function of the sample temperature. Since the measurements were made in the tension
mode, the storage modulus corresponds to Young’s modulus.

The piezoelectric properties were measured according to the description in a previous
article [18]. Polymer films were cut at an angle of 45° from the stretching axis, seeing that
the shear stress has a maximum value when measured at this angle [23]. The measurement
was made using a PiezoMeter System PM300 (Piezotest Pte. Ltd., International Plaza,
Singapore), which was adapted for thin-film d3; measurements. First, gold electrodes were
sputtered on both surfaces of the polymer film. Then the film was clamped on both sides to
stretch the film (frequency of 110 Hz and force 0.15-0.5 N). The voltage was measured with
a voltmeter (Tenma multimeter) over a reference capacitor of 1000 pF. The piezoelectric
coefficients g4 and dy4 were calculated.

3. Results

PLLA films were made with a hydrophilic surface using alkali etching to improve
their water wettability, which is favored for interactions with cells [24]. Before being
applied for the degradation study, the stretched, oriented, and etched films remained
stained after immersion in the methylene-blue solution, indicating a larger amount of
carboxylic end groups on the surface (Figure 1a). Degradation was performed using a
proteinase-K-buffered solution under simulated physiological conditions (gently shaking
at 37 °C). After aging for 5 and 10 days in the enzyme solution, the polymeric films had
macroscopically observable damage (Figure 1b). Normally, for PLLA polymers, proteinase
K acts as a hydrolysis catalyzer, and degradation follows the surface mechanism [15]. For
the case of non-etched, hydrophobic films, we initially observed the occurrence of surface
erosion, along with some evidence of bulk erosion induced by autocatalysis (day 10). This
result was more following the available literature on hydrophobic PLLA film degradation
without any enzyme present [17]. However, in the case of more hydrophilic PLLA films,
it was observed that the films were macroscopically more compact, without signs of bulk
erosion, indicating a contribution of the surface modification to the degradation process
and the following mechanism (Figure 1b).
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Figure 1. (a) Methylene blue staining of non-etched (left) and etched (right) PLLA films; (b) samples of enzymatic
degradation of the non-etched (top) and etched (bottom) films after 0, 5 and 10 days.

3.1. Enzymatic Activity

Since all of the polymeric films were degraded in the same solution for the whole
10 day period, the enzyme activity was periodically monitored to follow the progress of
degradation. By lowering the pH value, as a result of the release of lactic acid residues
into the medium during the degradation progress, the activity of the proteinase K was
also expected to decrease. The detected degradation products (based on an SDS-page
test) (Figure 2a) and the half time of the enzyme’s degradation activity (Figure 2b) show
a lowering of the activity along with the film’s degradation. The enzyme activity was
also decreased in a reference enzyme solution (without films); however, this drop was
more pronounced when films were present. Figure 2c presents the activity of the initial
enzyme solution with the reference BSA protein, observed with a continuous absorbance
measurement, from where the half time of the total protein degradation was determined.
After 10 days of degradation, the enzyme activity is significantly reduced compared to day
1 (from 5 to 50 min), even without the films being present. This was expected since no fresh
enzymes were added during the degradation. Despite the observed decreases, it should
be noted that the enzyme was active for the whole period during which the degradation
progress was observed. Accordingly, all the observed changes in the aged PLLA films
could be assigned to the process of degradation.

3.2. Structural Changes (Crystallinity and Orientation)

After 10 days of degradation, the weight losses, indicating the progress of the degra-
dation, were similar for both the etched (35%) and non-etched (37%) films. Additionally,
the drops in the pH, directly correlated with the degradation process, were comparable
for the etched and non-etched films (from 8.5 to 4.6) since the equally released lactic acid
residues lower the initial pH value. The initial hydrophilicity was changed only on the
surface of the films, which could affect the location of the degradation; however, the total
progress of the degradation remained the same.

The main differences in the degradation of the etched and non-etched films were the
crystallinity and orientation. These properties were detected by comparing the FTIR spectra
of the enzymatically degraded films with the spectra of the film reference (corresponding
to films aged in a medium without the enzyme present), as presented in Figure 3. Typical
changes in the surface crystallinity are observed closely at normalized spectra in the
wavelength range 900-980 cm~!. Following previous studies [16,18], the increase in the
intensity of the peak at 922 cm ! represents an increase in the crystallinity of the PLLA,
which we also observed in the case of the non-etched (hydrophobic) films (Figure 3, left).
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Figure 2. (a) SDS-page results for the enzymatic activity of the initial solution and after 5 and 10 days of degradation for
enzymes in non-etched (Ene), etched (Ee) and control solutions (E), where activity was verified with degradation of the BSA
protein (P); (b) calculated half time needed for BSA protein degradation for enzymes in non-etched, etched and control
solutions, determined from measured optical density at 290 nm for each solution, where graph (c) presents the absorbance
measurements for initial proteinase K solution with a marked half time of total degradation (ti/,).
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Figure 3. ATR FT-IR spectra (normalized to maximum peak absorbance) for non-etched and etched
PLLA films (middle), degraded for 10 days in enzymatic solution (D10), compared to initial PLLA
film (D0). On the (left), an enlarged, normalized spectrum between 900 and 980 cm ! is presented to
observe changes in the intensity of peaks that are specific for more crystalline (921 cm~!) or more
amorphous (956 cm™1) films. On the (right), a polarizer was used to determine the changes in
orientation of the C=0 peak, comparing the intensities of horizontal (solid line) and vertical (dotted
line) orientations without normalization of the spectra.

Orientation for the polymeric chains within the film was confirmed based on an
observable peak at 1755 cm ™! that corresponds to the C=0 stretching in the ester carbonyl
group. As noted earlier, high anisotropy is obtained for oriented polymeric films when
comparing the vertical and horizontal positions [19]. For our oriented PLLA films, the
intensities of the C=0 and C-O-C peaks are enhanced in the drawing direction (horizontal)
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compared to the perpendicular direction (vertical) and shifted to slightly lower values
(Figure 3, right). Comparable changes in the C=0 and C-O-C peaks were also observed by
T. Nobeshima et al. [20]. Regarding the influence of the water wettability, the orientation
was decreased for both the hydrophobic non-etched and hydrophilic etched films during
degradation (Table 1 and Figure 3).

Table 1. Summarized properties of degraded PLLA films over 10 days in solution with proteinase K.

Up to 10 Days of Degradation PLLA Non-Etched PLLA-Etched
pH change From 8.5 to 4.6 From 8.5 to 4.6
Weight loss 37 wt % 35wt %
Crystallinity change (DSC) +27% +5%
(()F{Ifﬁ:atll;);)iﬁll%e —24% of the initial ratio —18% of the initial ratio
Piezo change After 5 days: After 5 days:
dia 2.68 pC/N (68.8% of initial) 2.32 pC/N (50.4% of initial)
814 0.092 Vmm/N 0.066 Vin/N
After 10 days After 10 days
Cgii: Non-measurable with applied method Non-measurable with applied method

Similar structural changes were revealed during the XRD study (Figure 4). As with
the FTIR analysis, the XRD results clearly indicate the large increase in crystallinity of the
non-etched samples. The polymer is in the «’ phase since the specific (200)/(110) peak
appears at the 2-theta position lower than 16.6°, following a previous report [25]. After
10 days, the additional, more ordered « phase is observed only for the etched film, detected
as an additional XRD peak at 16.9° (Figure 4b).

(a) 1200 ]

1000 -} i —— PLLA non-etched D10
a B — PLLA non-etched D5

800
600

0 _ I i E:. I i | '
(b) 1200 - 10 i 20 30 40

1000 ' it O&  ___ p||Aetched D10
PLLA etched D5

800
600

0 : et , . , .
10 20 : 30 40
20 ()

Figure 4. XRD patterns of hydrophobic non-etched (a) and hydrophilic etched (b) PLLA films
obtained after 5 and 10 days of degradation by proteinase K (labeled with D5 and D10).

Investigating the thermal properties of PLLA films also revealed different responses
to enzyme-catalyzed degradation for the etched and non-etched samples (Table 1, Table 2
and Figure 5). For the etched samples, the melting peaks are broad for all the measured
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samples, indicating the presence of both crystalline forms: o’ and «. Degradation promotes
recrystallization (« to «) since they are both detected in the final degradation stage, as
seen in the XRD data. The crystallinity of the etched films, measured using DSC, is initially
high (since etching removes part of the amorphous regions), and it was not changed much
during the degradation. However, for non-etched samples, even though it starts at a lower
value, the crystallinity increased significantly after 10 days of degradation, as also observed
from the FTIR and XRD analyses. While the glass and melting temperatures (Tg and Tr)
were shifted for non-etched films during degradation, similar changes were not observed
in the etched films. H. Tsuji et al. also observed increased Ty values for the oriented and
un-oriented films; therefore, T changes respond to the degradation process, like changes
in the highly ordered structure, such as crystallinity or orientation [15].

Table 2. DSC data for etched and non-etched PLLA films for different periods of degradation.

Uf]’)te"g:g d'zfii’)?f T, AH cryst. (J/g) T AH melt (J/g) Tin Crystallinity %
PLLA-non-etched 69 °C 21 117 °C 51 173 °C 31
PLLA-non-etched D5 72 °C 35 118 °C 50 173 °C 16
PLLA-non-etched D10 75°C / / 55 167 °C 58
PLLA-etched 71°C / / 49 172 °C 52
PLLA-etched D5 72 °C / / 57 170 °C 61
PLLA-etched D10 72°C 5 109 °C 59 170 °C 57

@ PLLA Non-etched ) PLLA Etched

Exo
—

Heat flow {mW/mg)

(Buwifpaw) moy 1eaH

40

T
60

T T T T T — T T 1 T T —
80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
Temperature (°C) Temperature (°C)

Figure 5. DSC curves of hydrophobic non-etched (a) and hydrophilic etched (b) PLLA films obtained after different periods
of degradation by proteinase K, labeled by D0, D5 and D10.

3.3. Mechanical Properties

DMA measurements were performed for degraded samples to determine the changes
in the mechanical properties. Since the non-etched films were very torn and porous
after 10 days of degradation, measurements were not feasible. Therefore, the mechanical
properties were measured only for the 5 day degradation period. On the other hand, in
the case of the hydrophilic etched films, the compactness of the film was less damaged by
degradation, so the mechanical measurements were normally made after 5 and 10 days
of degradation.

Both etched and non-etched PLLA films have the same initial Young’s modulus
measured at 23 °C (2.4 GPa), comparable to values observed in the literature for PLA
polymer [26], which confirms that alkali etching was performed only on the surface without
compromising the inner parts (Figure 6a). After the enzymatic degradation, the values
are significantly lowered for the non-etched samples, even after 5 days of degradation,
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where the modulus is lowered by 92% (190 MPa), while it is only 1% for the etched samples
(Figure 6a). As the degradation induces swelling and increased porosity in the bulk of
the hydrophobic films (where degradation occurs), they cause a drop in the mechanical
properties (observed through a drop in the storage modulus). These changes are not so
pronounced in the case of the etched films before and after degradation since the dominant
degradation events are taking place at the surface. In the case of the etched, hydrophilic
PLLA films, Young’s modulus drop occurs very slowly, only 16% for a degradation time
of 10 days, clearly showing the lack of dominant bulk-erosion effects observed in non-
etched films.

(b) 100
PLLA non-etched 10-day degradation o0 | AE
T 801 RSN
‘ PLLA non-etched 5-day degradation 0 -
L £ e
o g0
PLLA non-ctched ! o
i & 504
- -
o]
( £ 40
3
30+ 3 3 3
| 5 5 5
I 201 © g ©
o] A 308 505
— = = gy
o o v o & [y -
LA A A B S B S B S L S B B B B B B S S S p
0 500 1000 1500 2000 2500 Day 0 Day 5 Day 10
E (MPa) Degradation time

Figure 6. (a) changes in Young’s modulus (at 23 °C) and (b) changes in wetting angle for water drop on polymer, for

non-etched and etched samples after 0, 5 and 10 days of degradation.

3.4. Wetting-Angle Changes

Contact-angle measurements were made for pristine films and the films obtained
after degradation. Interesting changes were observed for the non-etched films, where the
wetting angle decreases more drastically than for the etched sample after 5 and 10 days of
degradation (Figure 6b).

Alkali etching improved the hydrophilicity of the polymer surface by 25%, which
resulted in more carboxylic end groups on the surface. During the degradation, a small
lowering (—20%) of the initial wetting angle was observed in the etched films. The change
could be associated with the change in the roughness observed in the SEM images for
the etched films. On the other hand, due to the significant increase in the roughness
and porosity of the non-etched hydrophobic films after degradation, their wetting angles
decreased by 50%.

3.5. Piezoelectric Properties

Piezoelectric properties are highly dependent on the polymeric structure, the orien-
tation of the polymer chains and the degree of crystallinity. Therefore, it was expected
that the previously observed changes would affect them. According to those changes,
proteinase-K-induced changes in the piezoelectric properties were lowered to 68% of the
initial values for the non-etched sample and 50% for the etched polymer films (Table 1)
after 5 days of aging. Further measurements after 10 days of degradation could not be
performed since the degradation, with a mechanically unstable and porous film over the
whole surface, did not allow measurements using the applied method.

3.6. Morphological Properties

After 10 days of degradation for the non-etched hydrophobic films, the main changes
were observed in the cross-sections that reveal their inner (bulk) parts (Figure 7(a2,a3,b2,b3)).
The initially dense and smooth layered structure in the cross-section of the starting films



Polymers 2021, 13, 1719

10 of 14

before degradation (Figure 7(a2,a3)) turned into a porous, sphere-like structure obtained
after the degradation progressed (Figure 7(b2,b3)). Both surfaces of the films, before and
after the degradation (Figure 7(al,bl)), are generally smooth, with a bubble structure
observed on top of the degraded samples (Figure 7(b1)), indicating degradation events
inside the film’s bulk, such as progressive and intensive water swelling.

SURFACE CROSS SECTION

DO

D10

PLLA non-etched — hydrophobic surface

PLLA etched — hydrophilic surface

Figure 7. SEM images showing surfaces (1) and cross-sections (2, 3) of PLLA films with non-etched
hydrophobic (a1-a3,b1-b3) and etched hydrophilic (¢1-¢3,d1-d3) surfaces before (D0) and after (D10)
degradation with proteinase K.
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Due to alkali etching, the hydrophilic films initially had a rougher surface with visible
amorphous islands having short-edged chains (Figure 7(c1)). Such a structure is ideal
for enzymatic degradation. As the degradation progressed, the roughness of the surface
changed (Figure 7(d1)), indicating surface-erosion events. The inner parts of the films
(observed in cross-sections, Figure 7(c2,c3,d2,d3)) did not change significantly and showed
signs of delayed water swelling.

4. Discussion

Piezoelectric PLLA films were designed to optimize their applicability in electros-
timulation, such as promoting mammalian cell growth. For the occurrence of effective
electrical stimulation, film-cell contact is crucial, and surface properties are important.
Therefore, to improve its properties for intended medical use and to ensure better cell affin-
ity, hydrophilicity was improved by 25% using alkali etching of the polymer film, which
resulted in more carboxylic end groups on the surface. The idea of the current study was to
investigate the structural, mechanical, electric and surface properties of piezoelectric PLLA,
with a hydrophobic and hydrophilic surface, in the presence of proteinase K as a degrading
enzyme and a model of in vitro inflammation. This study is important since it can predict
or explain further interactions of the surface-modified PLLA with living surroundings.

PLLA is a hydrophobic polymer that in general degrades through a hydrolysis reaction
that occurs inside the bulk, driven by the swelling mechanism [14]. In the case of enzyme-
driven degradation, when the enzyme proteinase K is present, surface erosion is reported
as the main mechanism of degradation [15,16]. The reason is associated with the limited
intake of the enzyme inside a polymer film.

According to our results, the structural, morphological, mechanical and piezoelectric
changes obtained during the proteinase-K-induced degradation in PLLA films, two differ-
ent degradation mechanisms are revealed due to the surface modification. In the case of
the non-etched hydrophobic films, changes were mainly taking place in the polymer bulk.
Due to the smooth surface and the strained, oriented chains observed with the electron
microscope, enzyme—polymer contact is less probable; therefore, surface degradation is
limited, and water diffusion inside the bulk is faster. Swelling occurs, which allows the
enzymes to enter inside, meaning that bulk erosion is preferential. Enzymes cleave the
tied and free amorphous parts from inside the bulk since proteinase K cannot degrade
crystalline parts, resulting in increased overall crystallinity. Similar observations were
made by Rangari et al., who also reported a slight increase in the crystallinity for oriented
PLLA films due to the enzyme-catalyzed degradation of amorphous parts [16] but at the
surface. The observed changes in crystallinity for the non-etched samples can be explained
by the degradation of the free end and tie amorphous parts and possible accumulation of
the cleaved crystalline parts trapped inside the film (increased crystallinity for day 10), as
the degradation occurs there. However, the loss of crystallinity observed for day 5 can be
associated with chain relaxation during the swelling mechanism. In both cases, for etched
and non-etched films, the orientation of the polymeric films is lowered, which is expected
since the swelling of the polymer in a water solution is inevitable after some time, making
reorganization and mobility of the chains possible.

When observing etched films, their surface is hydrophilic with more amorphous end
chains directly exposed to the outer water surroundings with the proteinase K enzyme.
During the degradation, the film changes predominantly at the surface-with-surface ero-
sion as the preferred mechanism. Therefore, only small changes are observed for bulk
crystallinity and mechanical properties. Since the dense film is under amorphous clusters
(as observed 7d1), the accumulation of crystalline residues is also less likely, and the loss of
crystallinity is observed only on the surface.

F. Iniguez-Franco et al. showed that increasing the hydrophilic properties of PLLA film
using a chain extender, which incorporates more hydrophilic chain ends to form a branched
structure, can result in hydrogen bonding between them and prevent the diffusion of water
molecules inside the polymer matrix to start the bulk process [27]. This explanation can
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be used to understand the changes we observed with the hydrophilic samples. In our
case, the diffusion of water inside the films was slower, and enzyme travel inside the bulk
was prevented. Therefore, enzymatically catalyzed hydrolysis occurs only at the surface
(FTIR-921 cm™~! peak drop), inducing surface erosion. The loss of crystallinity for the
etched sample occurred due to cleavage of the tie amorphous chain parts at the surface,
releasing crystalline residues into the solution. Similar phenomena during degradation
were previously explained by H. Tsuji et al. [15] on surface-eroded hydrophobic PLLA
films. We also observed lowering the temperature of cold crystallization for the etched
sample compared to non-etched films, which implies better orientation of the amorphous
chains since the presence of oriented amorphous chains induces crystallization at a lower
temperature. An interesting partial change from the « to the « structural phase was
observed only for etched films and further indicates the difference in degradation induced
by surface wettability. This phenomenon could be explained by the recrystallization of
polymer chains due to annealing in the medium at 37 °C since water can act as a plasticizer
for PLLA. This was explained by H. Tsuji et al. as a possible event during degradation [15].
Since most of the degradation events in our etched films occur on the surface, this should
also be the case for recrystallization.

The use of PLLA films for piezo-stimulation depends on their mechanical properties.
PLLA is a semi-crystalline polymer; therefore, its properties depend largely on its crystalline
phase. However, the balance of crystalline and amorphous regions is desirable since it
enables the elasticity required for deformation in ultrasound that generates the voltage
needed for promoting cell growth during stimulation. A difference in mechanical properties
also implied a bulk-degradation event for non-etched and a surface-erosion event for the
etched films during degradation. A huge loss of modulus, observed for non-etched films,
could be connected to the swelling of the polymer film, as observed before [28], which
could indicate that the degradation process was greater than that, which was evident with
the weight loss. Due to swelling, there is an internal cleavage of the molecular bonds inside
the film, which affects their compactness and strength, promoting degradation without the
evident weight loss [1]. A similar situation was not detected in the etched films as their
degradation took place at the surface.

Piezoelectricity in PLLA is a consequence of oriented and crystalline polymer chains
inside the film [11]. A simple method like uniaxial drawing was used for preparing
piezoelectric PLLA films. The drawing process above T aligns the chain molecules in the
same direction in the entire film, inducing structural changes, such as crystallinity, due to
the strain-induced crystallization [18]. Compared to the literature (10pC/N) [29], smaller
values for dj4 were obtained for our films (4-4.6 pC/N); however, negligible changes were
observed after the surface modification with etching to improve the hydrophilic properties
of the film (results presented in a previous article [18]). It is very important that the films
retained their piezoelectric properties despite all the structural and mechanical changes
during degradation. Changes in the piezoelectric properties after the degradation were
observed for the first time. The preservation of piezoelectric properties is a consequence of
changes in crystallinity and orientation. Bulk changes are not so pronounced in hydrophilic
films, where most of the degradation events and the consequent modifications are taking
place at the surface. However, the detected recrystallization, loss of surface crystallinity
and relaxing orientation cause the loss of half of the initial piezoelectricity (50.4%, Table 1).
In hydrophobic films, most of the degradation events and the following changes occur
inside the films. Although there is a decrease in the orientation and an observed increase
in the porosity, a smaller drop in the piezoelectric properties (68.8% of initial value remain,
Table 1) was observed, possibly due to an increase in the crystallinity and the reorientation
of fibers after drying the sample. However, our estimation is for the non-etched film to
have a lower piezoelectric value during the degradation since the polymer is swollen from
the start, compared to the etched sample, where the swelling was not observed after 5 days
of degradation.
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A combination of a hydrophilic surface with gradual changes to the films during
degradation that maintains their piezoelectric properties is the optimal design for polymeric
films initially developed for interactions with mammalian cells. With such a design,
we could expect that the high affinity of cells for hydrophilic surfaces will enable close
contact between the cells and films and provide the effective electrostimulation required
for applying piezo-films in regeneration processes, particularly in wound healing.

5. Conclusions

Proteinase K can induce both bulk and surface degradation in PLLA films. The surface
properties of the polymer films play a significant role in their degradation. As shown in
the present study, their change is a powerful tool and makes it possible to change where
the degradation occurs and defines the dominant degradation mechanism. If films are
hydrophilic, enzyme-driven degradation occurs at the film surface, where they degrade
the accumulated amorphous areas. On the other hand, if they are hydrophobic, water
uptake and polymer swelling make it possible to transfer the enzyme to the bulk where the
degradation occurs. When the surface chemistry is well balanced by degradation progress,
so the mechanical, structural and piezoelectric changes to the films occur gradually, and
very effective interactions with the cells are expected. The observed correlations are
very important for further predictions during the interactions of piezoelectric PLLA films
with living surroundings, particularly during electro-stimulated regeneration and wound
healing, where the gradual loss of piezoelectric properties is useful for following the
tissue regeneration.
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Contact surfaces represent a liability for the transmission of microbial contamination, leading to high consumption of
detergents and biocides for their care and further increasing the already problematic antimicrobial resistance of
microorganisms. This issue could be addressed by the use of antimicrobial nanocomposite coatings. In this research,
a polymer nanocomposite of inert poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) and water-soluble
polyvinylpyrrolidone (PVP) polymers with molybdenum trioxide (MoOs3) nanowires (NWs) was designed and
characterised for to its surface properties and antimicrobial potential. The nanocomposite has an inhomogeneous
structure with a positively charged and hydrophilic surface. The nanofiller reduces the surface roughness, changes
the zeta potential from negative to positive, increases the wetting angle and thermal stability of the blend and
maintains the polar B-phase in PVDF-HFP. The high specific surface area of the NWs leads to rapid release into water
and causes pH decrease, followed by hydrolysis of PVP polymer and formation of carboxyl acid and ammonium salt.
The antimicrobial activity of the nanocomposite inactivates both bacteria and fungi, indicating that the novel
nanocomposite is a stable nanostructured coating unfavourable for microorganism colonisation. The antimicrobial
activity of this nanocomposite is activated by water, which makes it an intriguing candidate for antimicrobial coating

of contact surfaces.

Notation

A surface area of the foils

C average number of cells counted

D dilution factor

E electric field

E* elastic modulus

N number of viable cells per square centimetre of the

tested foil
R, average surface roughness of the foils
tand loss tangent
sample temperature
volume of the solution used to wash the foils
measured electrophoretic velocity
electrical permittivity of the electrolytic solution
viscosity
zeta potential

< 3

NS oS

1. Introduction

Contact surfaces pose a risk for the transmission of microbial
contamination. Moisture from the air and organic molecules created
by frequent contact with hands provides the right environment for
microorganisms to colonise, grow and form a biofilm. In order to

survive, microorganisms form biofilms that protect them from the
negative of the
Antimicrobial coatings are a promising approach to preventing the

effects environment, including biocides.
adhesion and growth of microorganisms on different surfaces in
hospitals and other public spaces (e.g. door handles, passenger
hand straps on buses, buttons in elevators, handrails of shopping
carts, tables in dining rooms and work surfaces in kitchens).?
Therefore, the development of new surface treatments has become
a topic of great interest, and more attention is being paid to the

development of antimicrobial coatings.

Various synthetic approaches based on the immobilisation of
microbes or the release of antimicrobial substances, such as metal
natural

derivatives and nanomaterials, polyammonium salts,

antimicrobials and antibiotics, have been used in antimicrobial

37 increasing problem of growing

coatings. However, the
microbial resistance to antimicrobial agents has led to the search
for new ones with a non-specific mechanism of action that can be
achieved by using different metals. Silver (Ag), zinc (Zn) and
titanium (Ti) and their oxides have been extensively studied for
such purposes. When inorganic nanoparticles are incorporated

into polymer nanocomposites, their physico-chemical properties
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differ from those of the individual components and lead to the
development of novel multifunctional materials with a variety of
applications, including the possibility of use as an antimicrobial
coating. For example, polymer/nanosilver composite multilayer
coatings have shown controlled release of biocidal silver ions and
relatively good biocompatibility and environmental safety.®
Biocompatible  poly(N-isopropylacrylamide) — coatings  with
incorporated zinc oxide (ZnO) nanoparticles were reported as an
alternative to nanosilver. These showed a bactericidal behaviour
towards Escherichia coli at a low zinc oxide concentration
(approximately 0.74 ug/cm?).” Nanotitania/polyurethane composite
coatings also showed antibacterial activity against E. coli, as 99% of
the bacteria were inactivated in less than 1 h under solar irradiation. '’
Unfortunately, silver and zinc oxide nanoparticles are toxic to human
cells,'" while ultraviolet (UV) light is needed to activate the
antimicrobial properties of titanium dioxide (TiO,)."

Various molybdenum (Mo) oxides have already been proposed as
an alternative to these inorganic particles for use in public and
healthcare environments because of their low cytotoxicity,
biocompatibility and good antimicrobial activity.'> A good
antimicrobial potential of molybdenum oxides has also been
shown in other studies.'”'” The antimicrobial activity has been
attributed to an acidic surface reaction in the presence of water
that produces molybdic acid, which dissociates into hydronium
(H;0") and molybdate (MoO4>") ions.'* Moreover, antimicrobial
activity has been shown to be dependent on the energy gap of
molybdenum trioxide (MoOs;) nanorods'> and on a specific
molybdenum trioxide crystallographic phase.'”> A  further
comparison of commercial and synthesised forms showed the
better activity of the synthesised orthorhombic structure.'?

In addition to the antimicrobial potential of the nanofiller used for
the antimicrobial composite, the properties of
nanocomposite coating must also meet other requirements. The
embedded nanomaterials (or the ions dissolved from them) need
to come into physical contact with the bacteria to affect them, and
part of the host material must be chemically inert to form the
coating matrix. Therefore, a mixture of a water-soluble polymer
containing water-soluble nanomaterials and water-insoluble
polymers as the coating matrix would be a preferred design.

novel

Within the scope of this research, a polymer nanocomposite was
designed from a mixture of poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) and water-soluble
polyvinylpyrrolidone (PVP) polymers with the addition of
molybdenum trioxide nanowires (NWs). PVDF-HFP was chosen
as the chemically inert part of the nanocomposite, characterised
by low crystallinity (approximately 50%), low-temperature glass
transition (—35°C) and high thermal stability (up to 143°C).'82!
PVP is a biocompatible and water-soluble polymer with low
chemical toxicity, high water solubility and the ability to act as a
dispersant.?*> This particular combination of polymers has been
reported as a possible novel high-temperature proton-exchange
membrane® and for applications in wound healing.** Modified

PVDF-HFP membranes with grafting of N-vinyl-2-pyrrolidone
and iodine (I) immobilisation®® and quaternised pyridinium
groups>> have been shown to have good antimicrobial activity.

The nanocomposite was prepared in the form of a thin, self-standing
foil as a model of a contact coating. The surface morphology on the
nanoscale, the structural properties and the wetting angle, as well as
the optical vibration and dynamic mechanical properties, were
evaluated, and the antimicrobial activity of this nanocomposite
against bacteria and fungi was determined.

2. Experimental section

2.1 Nanomaterial used and preparation of the
nanocomposite

Molybdenum trioxide NWs with a diameter of 100-150 nm and a
length of up to 3 wm have a high degree of porosity and a specific
surface area of 12m?/g. They are synthesised by oxidation of
MogS,ls NWs (Nanotul Ltd, Slovenia) at 285°C for 24h.%°
Molybdenum trioxide NWs grow in an orthorhombic crystal
structure (JCPDS 76-1003). The solubility of molybdenum
trioxide is 2.03 £ 0.09 mg/ml in pure water. The authors showed
that 6 h exposure of HaCaT cells to molybdenum trioxide at a
concentration of 1 mg/ml had no effect on the survival of these
cells — that is, no cytotoxic effect was observed.>’

For the preparation of the nanocomposite, PVDF-HFP, from
Sigma-Aldrich, USA, and PVP K30, from Sigma-Aldrich, USA,
were dissolved separately in dimethylformamide (DMF), from
Carlo Erba Reagents, Italy, and mixed using a magnetic stirrer for
2 h at 400 revolutions per min (rpm) at 80°C. In the next step, the
molybdenum trioxide NWs were added to PVP and the dispersion
was mixed for 2 h. Finally, PVP with molybdenum trioxide was
mixed with the dissolved PVDF-HFP for another 2 h. The same
mass ratio of 69:23:8 (PVDF-HFP:PVP:molybdenum trioxide)
was used to prepare all foils. They were prepared by casting of
the nanocomposite solution onto a Teflon plate and drying for 2 h
at 80°C. For comparison, a PVDF-HFP/PVP polymer blend
without molybdenum trioxide was prepared by mixing (2h)
separately dissolved polymers in DMF and then cast and dried
under the same conditions as the PVDF-HFP/PVP/molybdenum
trioxide nanocomposite.

2.2 Physico-chemical characterisation

The morphology of the nanocomposite films was investigated
with a Supra 36 VP field-emission scanning electron microscope
(SEM), from Carl Zeiss, Germany. The samples were placed on
adhesive carbon (C) tape and sputtered with a 10 nm gold (Au)
layer, with the aim of increasing the conductivity of the electrons
during the investigation. The Raman spectra and the topography
of the nanocomposites were recorded with an alpha300 confocal
Raman microscope from WITec, Germany, using green laser
(532.3nm) and equipped with an atomic force microscope
(AFM). The power of the laser beam measured on the sample was
0.3 mW.
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The concentration of molybdenum trioxide dissolved from the
nanocomposite foils was determined by UV-Vis spectroscopy
using a PerkinElmer Lambda 950 spectrometer (USA) and a quartz
cuvette. The nanocomposite foil with a mass concentration of
5 mg/ml was added to water in a glass beaker at room temperature
(RT) while mixed with a magnetic stirrer at 300 rpm for 6 h. For
the calibration curve, the absorbance amplitude of the peak at
210nm in several molybdenum trioxide-water solutions with
known concentrations was used. The surface zeta potential was
measured with an Anton Paar SurPass electrokinetic analyser
(Austria) with an adjustable gap cell and sample dimensions of
20 x 10 mm. The time for four measuring cycles was 5 min. The
electrolyte used was a 0.001 M potassium chloride (KCl) solution
in ultrapure water. The zeta potential was automatically calculated
from the electrophoretic mobility, based on the Smoluchowski
equation, v = (eE/M)E, where v is the measured electrophoretic
velocity, 7 is the viscosity, € is the electrical permittivity of the
electrolytic solution and E is the electric field.*®

The wetting angle of the coatings for distilled water was
measured at three points of each sample with an optical
tensiometer Attension Theta Lite TL100 (Sweden) and the sessile
drop method. All measurements were performed at RT, and the
results are presented as the mean value with the associated
standard deviation. The dynamic contact angle (CA) of water on
the polymer blend and nanocomposite foil was determined
according to the Wilhelmy plate method®® with a Kriiss K100
processor tensiometer (Kriiss, Germany). The surface tension of
demineralised water was obtained from the Kriiss LabDesk
database (72.8 mN/m).>° A new sample and fresh water were used
for each test cycle. The sample was first immersed in the liquid
with the film normal perpendicular to the direction of immersion
and then pulled out in reverse. The measurement began when the
liquid buoyancy force acting on the sample was first detected and
the sample reached an immersion depth of 2 mm. The immersion
speed and pull-out speed were 6 mm/min. The sensitivity of force
detection was set to 0.001 N. The maximum immersion depth was
7 mm. The advancing and receding CAs were determined with the
Kiriiss LabDesk software.

The pH values were measured with a SevenExcellence
multiparameter meter, from Mettler Toledo, Switzerland, with an
InLab Expert Pro-ISM probe. The polymer blend and the
nanocomposite foil with a mass concentration of 5 mg/ml were
added to water in a glass beaker at RT. The samples were mixed
with a magnetic stirrer at 300 rpm, and the pH was measured at
1 min intervals. While dissolving, they were submerged under the
water surface.

The dynamic mechanical properties of the coatings were
investigated with a DMA/SDTA861 dynamic mechanical
analyser, from Mettler Toledo, Switzerland, in tension mode. The
validity of Hooke’s law — that is, the range in which the material
behaves elastically — was measured with a displacement between
1 and 20 um.

2.3 Antimicrobial test

activity against ~Gram-positive
(Staphylococcus aureus ZMIT2 and Listeria monocytogenes ZM58),
Gram-negative bacteria (E. coli 7ZM370 and Pseudomonas
aeruginosa ZM519), yeasts (Candida albicans ZMJ32 and Pichia
anomala 7MJ6) and moulds (Penicillium verrucosum ZM23 and
Aspergillus flavus ZM25) was evaluated. All microorganisms were
from the culture collection of the Laboratory for Food Microbiology
at the Department of Food Science, Biotechnical Faculty
(designations ZM and ZMJ). The bacteria were stored in tryptic soy
broth (Biolife, Italy) and the fungi in malt extract broth (Biolife,
Italy) with 15% glycerol (Kemika, Croatia) at —80°C, revitalised on
tryptic soy agar (TSA; Biolife, Italy) or malt extract agar (MEA;
Biolife, Italy) and incubated at 37°C for 24 h for the bacteria or at
30°C for the yeasts and at 25°C for 5-7 days for the moulds (I-105
CK incubator, Kambi¢, Slovenia). Standardised inocula with a cell
concentration of 5 log colony-forming units (CFU)/ml were prepared.

The antimicrobial bacteria

The antimicrobial potential of the material was evaluated using a
modified ISO 22196 method.*' An inert foil (polyethylene (PE))
was used as negative control, while the PVDF-HFP/PVP polymer
blend was used for comparison with the PVDF-HFP/PVP/
molybdenum trioxide nanocomposite. The inoculum of individual
bacteria, yeast or mould was applied to PE, the PVDF-HFP/PVP
polymer blend and the PVDF-HFP/PVP/molybdenum trioxide
nanocomposite foils and covered with a PE foil to keep them
humid. All three foil types were tested in three parallel
experiments. After the test periods (0, 3 and 6h for all test
microorganisms and an additional 24h for the fungi), the
microorganisms were washed from the coatings with a neutraliser
(soybean casein digest broth with lecithin and polyoxyethylene
sorbitan monooleate), mixed on an orbital shaker for 10 min,
diluted in saline solution and plated using the pour plate method
with TSA for the bacteria and MEA for the fungi. The number of
viable cells was calculated as N = (100 x C x D x V)/4, where N
is the number of viable cells per square centimetre of the tested
foil, C is the average number of cells counted, D is the dilution
factor, V' is the volume of the solution used to wash the foils
(10ml) and A4 is the surface area of the foils (400 mm?®). The
results for each microorganism at each time point were compared
with analysis of variance and post hoc Tukey test in the SPSS
software program.

3. Results

3.1 Surface topography of the PVDF-HFP/PVP blend
and PVDF-HFP/PVP/molybdenum trioxide
nanocomposite

The surface topography of the investigated materials is shown in

Figure 1. The molybdenum trioxide NWs have relatively

homogeneous sizes, with a length of up to a few micrometres and

a diameter of 100-150nm (Figure 1(a)). The surface of the

PVDF-HFP/PVP blend (Figure 1(b)) is nanostructured with

rounded PVP islands with diameters of 200-500 nm. The PVDF-

HFP/PVP/molybdenum trioxide nanocomposite (Figure 1(c)) has
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Figure 1. SEM images of (a) molybdenum trioxide NWs, (b) PVDF-HFP/PVP polymer blend, (c) PVDF-HFP/PVP/molybdenum trioxide
nanocomposite and (d) PVDF-HFP/PVP polymer blend after 6 h in water and (e) PVDF-HFP/PVP/molybdenum trioxide nanocomposite after

6 h in water

a domain surface structure with a diameter of a few micrometres
and PVP islands in the submicrometre range. After 6 h exposure
of the polymer blend and the nanocomposite foils to water, partial
removal of the PVP islands from the surface of the polymer blend
was observed (Figure 1(d)), but they were completely removed
from the surface of the molybdenum trioxide nanocomposite,
leaving a porous surface (Figure 1(e)).

The surface topography of the polymer matrix (Figure 2(a)) and
the polymer nanocomposite (Figure 2(b)) on the nanometre scale
was revealed using an environmental AFM. The bright PVP
islands in the matrix are about 200 nm high, whereas in the
nanocomposite, the height was twice reduced and smaller islands
are visible. The addition of molybdenum trioxide NWs reduced

=1131nm

the surface roughness of the polymer nanocomposite with respect
to that of the polymer matrix.

3.2 Vibration analysis of the PVDF-HFP/PVP blend and
PVDF-HFP/PVP/molybdenum trioxide
nanocomposite

Raman spectroscopy was used to study the polymer blend

(Figure 3(a)) and the effect of molybdenum trioxidle NWs

(Figure 3(b)) on their vibration states. The positions of the Raman

peaks are listed in Tables 1 and 2 and attributed to specific

components. It is important to note that the Raman peak at 839 cm '
indicates the presence of the polar B-phase of PVDF-HFP** which
increased strongly in the polymer blend (Figure 3(a), spectrum C). In

the spectrum recorded between the PVP islands (Figure 3(b),

-419.5nm

Figure 2. AFM images: (a) PVDF-HFP/PVP polymer blend; (b) PVDF-HFP/PVP/molybdenum trioxide nanocomposite
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Figure 3. Raman spectra: (a) polymers (A, PVDF-HFP; B, PVP) and polym
PVDF-HFP/PVP/molybdenum trioxide nanocomposite (E, between islands

er blend (C, PVDF-HFP/PVP); (b) molybdenum trioxide (D) and
: F, island)

Table 1. Positions of Raman peaks in the spectra of the PVDF-HFP/PVP blend, pure PVP and pure PVDF-HFP

PVDF-HFP/PVP blend

1

Position: cm™’ Relative intensity: % Position: cm™
71 100 70
285 78 —
558 63 560
747 64 —
757 53 758
839 63 850
— — 898
934 53 937
1233 50 1232
1429 62 1422
1445 59 1447
1490 53 1492
1668 54 1660
2924 78 2922
2974 78 2969

spectrum E), the presence of the molybdenum trioxide peaks is less
expressed than in the spectrum recorded on the PVP islands
(Figure 3(b), spectrum F), where the molybdenum trioxide peaks
dominate. This indicates that most of the molybdenum trioxide is

PVDF-HFP
Literature333 Position: cm™’ Literature®®
72 — —
— 283 284
556 413 —
746 610 —
758 797 —
— 839 839 B-phase
— 876 —
934 —
— 1058 —
— 1194
1233, 1228 — —
— 1290 —
1421 — 1430
— — 1445
1494 — —
1665, 1663 — —
2928 — —
— 2972 2971
— 3015 —

located on the PVP islands. The polar B-phase in PVDF-HFP is
distinctive in spectrum E (between the islands), while in spectrum F
(on the islands), it appears as a weak shoulder on the strong
molybdenum trioxide peak centred at 819 cm'. However, in both
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Table 2. Position of Raman peaks in the spectra of the PVDF-HFP/PVP/molybdenum trioxide nanocomposite taken on the PVP islands, on
the area between the PVP islands and on pristine molybdenum trioxide NWs, with peaks assigned

Molybdenum trioxide

IHELGH Between islands
This study Literature3*36 .
- Assignment
Position: Relative Position: Relative Position: Relative Position: cm™"
cm™ intensity: % cm™ intensity: % = intensity: % Osition: cm
72 100 72 100 PVP
124 60 124 72 127 64 130 Molybdenum trioxide
158 74 158 70 156 69 159-161 Molybdenum trioxide
201 73 200 73 197 58 199 Molybdenum trioxide
217 sh 217 sh 218 59 219 Molybdenum trioxide
248 sh 249 sh 246 62 249 Molybdenum trioxide
286 78 285 73 289 71 295 PVDF-HFP, molybdenum
trioxide

337 59 — — 335 64 339-340 Molybdenum trioxide
474 56 — — 474 61 470-482 Molybdenum trioxide
668 62 — — 665 63 666667 Molybdenum trioxide
817 85 821 69 821 100 820-823 Molybdenum trioxide
839 63 839 68 — — PVDF-HFP B-phase
935 64 935 68 — — PVP
957 68 957 70 — — New peak
987 77 987 78 — — New peak

sh, peak shoulder

nanocomposite spectra (E and F), two new peaks are observed at 957
and 987cm ' The peak at 957cm ' is assigned to O=Mo=0
symmetric polarised stretching modes,”> while the narrow intense
peak at 987cm ' is generally assigned to the terminal oxygen
(Mo®"=0) stretching mode.***>-*¢

3.3 Mechanical properties of the PVDF-HFP/PVP blend
and PVDF-HFP/PVP/molybdenum trioxide
nanocomposite

The curves of the elastic modulus (E*) and the loss tangent (tan 0) of

the polymer blend (a, b) and the polymer nanocomposite (c, d) are

shown in Figure 4. The spectra are rather featureless, with broad
glass-transition peaks at =55 + 3°C (full width at half maximum

105
bl40.4
1000} /
[ 0.3
o S ' g
o X 5
= S N >
& & b A q0.2
W 3.0 A /A
\
25 S
100k -80 -70 -60 75%;210 -30 -20 -10 0 './,, d "A‘ 10.1
: e N e . I"l
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T..°C

Figure 4. Elastic modulus £* and tan &: a, b, PVDF-HFP/PVP blend;
¢, d, PVDF-HFP/PVP/molybdenum trioxide nanocomposite

(FWHM): 37 £ 1°C) (blend) and at =38 + 3°C (FWHM: 26 + 1°C)
(nanocomposite). The broadness of the peaks indicates the
inhomogeneity of the polymer blend. The smaller FWHM of
the convolution peak of the nanocomposite indicates that the
molybdenum trioxide filler reduces the degree of inhomogeneity,
corresponding to the smoother surface of the nanocomposite in
relation to that of the pure polymer blend revealed by the AFM
(Figure 2). The related glass-transition temperatures of the constituent
polymers are —35°C (PVDF-HFP'?) and 170°C (PVP*"). For PVDF-
HFP, a transition temperature of 50°C was also observed.'” Above
this temperature (50°C), where the tan § curves in Figure 4 intersect,
the pure polymer blend entered the elastic flow region, while the
nanocomposite shows higher thermal stability with a rubber-like
plateau extending to the final temperature (95°C) of the
measurement. This thermal stabilisation of the PVDF-HFP part of
the blend by the molybdenum trioxide nanofiller is evidence of the
interaction between the molybdenum trioxidle NWs and the
PVDF-HFP chains during crystallisation of the polymer blend.*®
The addition of molybdenum trioxide to the polymer blend increased
the complex elastic modulus E* of the polymer nanocomposite
over the entire temperature range.

3.4 Wetting angle and surface charge of the PVDF-
HFP/PVP blend and PVDF-HFP/PVP/molybdenum
trioxide nanocomposite

The degree of the surface hydrophilicity of the PVDF-HFP/PVP

blend and the PVDF-HFP/PVP/molybdenum trioxide nanocomposite

foils was investigated by static and dynamic CA measurements.

Figure 5 shows the water CAs of the polymer blend (Figure 5(a))

and the polymer nanocomposite (Figure 5(b)). The molybdenum

trioxide NWs increased the CA of the nanocomposite (87.1 + 0.1°)
compared with that of the polymer blend (83.5 + 0.1°). The surfaces
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(a) (b)

Figure 5. CA test: (a) PVDF-HFP/PVP polymer blend; (b) PVDF-HFP/
PVP/molybdenum trioxide nanocomposite

of the samples are chemically heterogeneous and have nanostructures
at the atomic scale. For this reason, the dynamic CA was also
measured using the Wilhelmy plate method. The advancing CA
was 87.5 + 0.2° for the nanocomposite and 83.8 + 0.2° for polymer
blend. In both cases, the receding CA was 0°. The addition of
nanoparticles can modify the wettability of polymer surfaces, as they
can alter the chemical composition of the surface or the surface
morphology — for example, surface roughness.”” The surface
roughness of the nanocomposite was twice smaller than that of the
polymer blend, and therefore, the authors observed a slightly larger
value of the CA. Increasing the surface roughness decreases the

Table 3. Results and parameters of the zeta-potential
measurements

Zeta Gap
pH potential: height:
mV pum
PVDF-HFP/PVP polymer 6.57 £0.02 -263+0.6 98.04
blend
PVDF-HFP/PVP/molybdenum 5.62 + 0.01 + 10«3 100.57

trioxide nanocomposite

7.0
6.5
6.0
5.5

T 50
45 B

4.0 \
35
3.0

50 100 150 200 250 300 350
Time: min

(a)

o

CA*' The values of the advancing angles indicate that the
nanocomposite is slightly less hydrophilic than the pure polymer
blend, although it can still be considered hydrophilic (CA < 90°).

Since the electric charge of a material surface is considered one of
the most important physical factors influencing biological
interactions,*” the surface charges of the PVDF-HFP/PVP blend
and the PVDF-HFP/PVP/molybdenum trioxide nanocomposite
were determined (Table 3). It was found that the polymer blend
without molybdenum trioxide is negatively charged, while the
addition of molybdenum trioxide NWs causes a change in the
surface zeta potential to a positive value.

3.5 Solubility kinetics of the PVDF-HFP/PVP blend and
PVDF-HFP/PVP/molybdenum trioxide
nanocomposite in water

The polymer blend of water-soluble PVP and water-insoluble

PVDF-HFP and the polymer nanocomposite PVDF-HFP/PVP

with added water-soluble molybdenum trioxide at a concentration

of 5 mg/ml were added to distilled water at RT, and the pH of the
solutions was measured every minute for 340 min. The pH values
of the solutions are shown in Figure 6(a). In the case of the
polymer blend without molybdenum trioxide (curve A), the pH
value reached a saturation value of 5.3 in 90 min. In the case of
the molybdenum trioxide nanocomposite (curve B), the pH value
dropped to 4.6 in the first 5 min and approached 3.8 after 6 h. The
temporal development of the concentration of dissolved

molybdenum trioxide NWs is presented in Figure 6(b). After a

relatively short time, about 90 min, the concentration of

molybdenum trioxide dissolved from the nanocomposite reached

a saturation value of 0.09 mg/ml.

3.6 Antimicrobial activity

The antimicrobial properties of the PVDF-HFP/PVP/molybdenum
trioxide nanocomposite were tested against Gram-positive bacteria
S. aureus and L. monocytogenes (Figure 7(a)), Gram-negative
0.10 1
0.08 -

0.06 4

0.04

g

0.02
]

Concentration of MoO3: mg/ml

0 L L T e Tt
0 10 20 30 40 50 60 70 80 90
Time: min

(b)

Figure 6. (a) Time evolution of pH values during dissolution in water of the PVDF-HFP/PVP blend (curve A) and PVDF-HFP/PVP/
molybdenum trioxide nanocomposite (curve B); (b) concentration of dissolved molybdenum trioxide from the nanocomposite
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Figure 7. Kinetics of the antimicrobial activity of inert PE foil (empty columns), PVDF-HFP/PVP blend (grey columns) and PVDF-HFP/PVP/
molybdenum trioxide nanocomposite (black columns) against (a) Gram-positive bacteria (S. aureus and L. monocytogenes), (b) Gram-negative
bacteria (E. coli and P. aeruginosa), (c) yeasts (C. albicans and P. anomala) and (d) moulds (P. verrucosum and A. flavus). The abbreviation ‘nd’
means that the presence of microorganism was not detected. Asterisks indicate statistically significant difference (*p < 0.05; **p < 0.01;
**¥%p < 0.001) between the compared parameters for each microorganism at a given time

bacteria E. coli and P. aeruginosa (Figure 7(b)), yeasts C. albicans
and P anomala (Figure 7(c)) and moulds P verrucosum and
A. flavus (Figure 7(d)). An inert PE foil was used as the negative
control. A pure PVDF-HFP/PVP polymer blend was also tested and
showed a statistically significant reduction in L. monocytogenes
after 3 and 6 h. A reduction was also observed in P. anomala and
A. flavus after 6h, but these differences were no longer present
after 24 h.

The antimicrobial activity of the PVDF-HFP/PVP/molybdenum
trioxide nanocomposite was more pronounced against bacteria
compared with that against fungi. The reduction trend in the number
of colonies is evident for all four tested bacteria with a statistically
significant reduction of 2-3 log after 3 h of incubation and with a
complete bactericidal effect in 6 h (Figures 7(a) and 7(b)). For the
yeasts, the antimicrobial effect was stronger against P anomala, with
statistically significant reductions of 1.7 log and 2.5 log in 3 and 6 h
of incubation, respectively, and a fungicidal effect in 24 h (Figure
7(c)). The number of colonies of C. albicans was reduced less, but a

statistically significant reduction of 1.2 log in 24h was achieved
(Figure 7(c)). Species-specific differences in antimicrobial activity
were also observed in the moulds, where the nanocomposite reduced
the number of P. verrucosum already after 3 h with a reduction of 0.5
log in 3h and by 1.3 log in 6 h in a statistically significant way and
showed a fungicidal effect in 24 h. In the case of 4. flavus, however,
this difference was observed after 6 and 24 h (Figure 7(d)).

4. Discussion

The growth of microbes on different surfaces depends on several
physical and chemical conditions. The most important physical
conditions are the appropriate temperature, pH value, surface
topography and the presence of water, while the most important
chemical condition is the availability of nutrients. The physical
properties of the surface, such as topography, wetting angle and
surface zeta potential, influence the adhesion of microbes and
their interaction with the surface. The surface roughness (R,) of
the investigated foils determined with AFM was 420 nm for the
PVDF-HFP/PVP blend and half (210 nm) for the PVDF-HFP/
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PVP/molybdenum trioxide nanocomposite. It is already known
that a small increase in the average surface roughness (R,) value
reduces bacterial adhesion.*> The addition of molybdenum
trioxide NWs to the PVDF-HFP/PVP blend causes a slightly
higher CA of the PVDF-HFP/PVP/molybdenum trioxide
nanocomposite. Nevertheless, both foils retain their hydrophilic
character, which is unfavourable for the attachment of
microorganisms.** The existence of the B-phase of PVDF-HFP
both in the pure polymer blend and in the nanocomposite is
explained by an interaction between the >CF, group of PVDF and
the carbonyl groups of PVP, as reported for the case of esters.*’

Both PVP and molybdenum trioxide are water soluble and lower the
pH value of the solutions towards the acidic region. The slightly
acidic solution of PVP is explained by the carboxyl groups that are
located at the beginning of each PVP chain.*® The high specific
surface area of molybdenum trioxide NWs leads to a very rapid
dissolution in water. In the first step, molybdic acid is formed, which
then dissociates further to form molybdate and hydroxonium ions."
The acidic environment of the dissolving molybdenum trioxide NWs
intensifies the hydrolysis reaction of the PVP polymer. It has been
reported that the rate constant of the hydrolysis/hydration reaction of
PVP in water increases with acidity.*® The dependence of the co-
operative solubility is evident from the time dependence of the pH
value, which in the case of a polymer blend solution reached the
final pH value (5.3) in 1.5h, while it decreased steadily to 3.8 in 6 h
due to the dissolution of the nanocomposite. The solubility also
influences the distribution of the surface charge. The zeta potential of
the polymer blend is —26.3 mV, indicating the presence of negatively
charged ions during the dissolution of PVP. The addition of
molybdenum trioxide NWs to the polymer blend causes a change in
the zeta potential from negative to positive, probably due to the
protonation of the carboxylate anions. The interaction between the
molybdenum trioxide NWs and the PVP polymer is also evident in
the emergence of two new Raman peaks at 957 and 987 cm ' and in
the thermal stabilisation of the PVDF-HFP component of the blend
with added molybdenum trioxide, which increased the complex
elastic modulus £* over the entire temperature range.

A consistent and statistically significant antimicrobial activity of
the polymer blend was observed only for the Gram-positive
bacterium L. monocytogenes, but the polymer also reduced S.
aureus for 0.5 log after 6 h of incubation. This is consistent with a
report that the polymers are generally more active against
Gram-positive bacteria due to the difference in cell membrane
structure.”  The  PVDF-HFP/PVP/molybdenum trioxide
nanocomposite proved to have good bactericidal activity, as it
inactivated both Gram-positive and Gram-negative bacteria after
6h of incubation. However, species-specific differences were
observed in fungi, as the nanocomposite was fungicidal against
yeast P. anomala and mould P. verrucosum but only reduced the
number of yeast C. albicans and mould A. flavus. This can be
explained by the optimal growth rate of A. flavus in the pH range
of 3.5-6.0,*% while C. albicans has the ability to adapt to changes
in extracellular pH and colonise tissues with diverse pH in vivo.*’

5. Conclusion

A novel nanostructured polymer composite was designed from
inert biocompatible PVDF-HFP and water-soluble PVP polymers
with incorporated molybdenum trioxide NWs. The nanofiller
reduces the surface roughness, increases the wetting angle,
changes the zeta potential from negative to positive, increases the
thermal stability of the blend and preserves the polar B-phase in
PVDF-HFP caused by the interaction between the two polymers.
The high specific surface area of molybdenum trioxide NWs
allows a fast dissolution and a consequent reduction in the pH
value. The acidic environment enables hydrolysis of the PVP
polymer, which could contribute to the antimicrobial function by
forming carboxyl acid and ammonium salt. The synergy in the
dissolving processes for PVP and molybdenum trioxide leads to
sufficiently low pH values, although a relatively small amount of
molybdenum trioxide (0.09 mg/ml in 1.5h) is released from the
nanocomposite. These characteristics indicate that the PVDEF-
HFP/PVP/molybdenum trioxide nanocomposite is a stable
nanostructured coating that has a good antimicrobial potential and
is unfavourable for colonisation by microorganisms. The
advantage of the reported PVDF-HFP/PVP/molybdenum trioxide
nanocomposite is the activation of its antimicrobial effect by
water. Instead of using different disinfectants with different
degrees of toxicity, which require frequent applications, the
PVDF-HFP/PVP/molybdenum trioxide nanocomposite dissolves
in water during the cleaning process or in water brought along by
adhering microbes or condensed from the air humidity. The
potential of its long-term antimicrobial and virucidal activity
needs further investigation.
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Abstract: W,03,,_1 nanotiles, with multiple stoichiometries within one nanotile, were synthesized
via the chemical vapour transport method. They grow along the [010] crystallographic axis, with
the thickness ranging from a few tens to a few hundreds of nm, with the lateral size up to several
pum. Distinct surface corrugations, up to a few 10 nm deep appear during growth. The {102},
crystallographic shear planes indicate the W,O3,,_ stoichiometries. Within a single nanotile, six
stoichiometries were detected, namely W1cO47 (WO5.938), W15044 (WO5.933), W14041 (WO7.928),
W13035 (WO3.923), W12035 (WO;.917), and W1103; (WO5 9¢9), with the last three never being reported
before. The existence of oxygen vacancies within the crystallographic shear planes resulted in the
observed non-zero density of states at the Fermi energy.

Keywords: tungsten oxides; nanotiles; nanomaterials

1. Introduction

In the family of transition metal oxide materials, semiconducting WO3 is among the
most studied, due to its promising practical applications. It has already been successfully
used as a catalyst for water splitting [1], in gas/temperature sensors [2,3], in optoelectron-
ics [4], or as a component in supercapacitors [5]. The crystal structure of WOj3 is usually
described in terms of corner-sharing WOy octahedra. The structure can differ from the
ideal cubic ReOj3 type structure due to different tilting angles, displacement of the W cation,
and rotation of WOq octahedra. Its phase transitions have been thoroughly studied [6-9],
and various nanometre-sized particles, nanowires and flakes were synthesized [10,11].

The sub-stoichiometric tungsten oxide phases, WO;3_,, with 0 < x < 1, provide the
opportunity to synthesize and study nanoparticles with great variety of shapes, sizes and
physical properties. According to the literature, for x < 0.2, the WO3_y crystallize into
phases with the chemical formula W,O3,_1 or W,O3,,_5, which are often referred to as
Magnéli phases [12,13]. The WOz, 1 stoichiometry crystallizes in the P2/a symmetry with
a monoclinic unit cell containing two W,O3,_1 moieties, while the W,,O3,_ crystallizes
in the P2/m symmetry in a monoclinic unit cell with one W,O3,,_, moiety. The oxygen
deficiency present in WO3_y is compensated with the formation of crystallographic shear
(CS) planes, where some of the corner-sharing WOg octahedra become edge-sharing. In
WnOsn—1 structures, four WOq octahedra are joined by edges, while in W,,O3,_, the
number of these octahedra is six. With further reduction (x > 0.2), edge and face-sharing
WOQOg octahedra emerge, forming pentagonal columns and hexagonal tunnels [14]. The
crystal structures of these materials are found to be orthorhombic for W3,Og4 and W3Og,
monoclinic for WigO49, W17047, W20Oss, and W»5073, and tetragonal for W5014 [15].
These varieties stem from different oxygen deficiencies within the nanostructures [16,17].
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Here, we report on new tungsten suboxide nanostructures crystallized in the form
of nanotiles. The nanotiles are composed of different W,0O3,,_1 stoichiometries, three of
which were observed for the first time. High-resolution transmission electron microscopy
(HRTEM), scanning electron miscroscopy (SEM), X-ray diffraction (XRD), Raman spec-
troscopy, X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM) were
used to characterize the nanotiles.

2. Materials and Methods
2.1. Synthesis

The nanotiles were synthesized via the chemical vapour transport reaction (CVT).
Iodine was used as the transport agent and nickel as the growth promoter. Quartz ampules
were filled with 352.7 mg of WO3 powder (Sigma-Aldrich, St. Louis, MO, USA, 99.99%),
37.5 mg of nickel (metal foil) and 562 mg of iodine (1-3 mm beads, Sigma-Aldrich, St. Louis,
MO, USA, 99.7%). Ampules were evacuated down to 10~° mbar, and the transport reaction
was running for 500 h. The material was transported from hot zone of the furnace (1133K)
to the growth zone (1009K).

2.2. X-ray Diffraction

X-ray diffraction (XRD) was performed using a D4 Endeavor diffractometer (Bruker
AXS GmbH, Karlsruhe, Germany) at room temperature. A quartz monochromator Cu Kal
radiation source (A = 0.1541 nm) and a Sol-X energy dispersive detector were used. The
angular range (29) was in the range from 10° to 70°, with a step size of 0.02° and collection
time of 4 s.

2.3. Raman Spectroscopy

Raman spectra of the nanotiles were recorded by an Alpha300 R (WITec, Ulm, Germany)
confocal Raman imaging system. Measurements were performed in backscattered geome-
try using a frequency doubled Nd:YAG laser (532 nm). The laser power was kept under
5 mW for standard measurements (to prevent oxidation and damage of the material). For
laser power dependence studies, the power was varied from 0.06 mW to 24.7 mW. The
sample was dispersed in ethanol and drop-casted on a chromium plate as a substrate with
a featureless Raman spectrum.

2.4. Scanning Electron Microscopy

Scanning electron microscopy (SEM) images and cross-sections of the samples for TEM
analysis were obtained using a Helios NanoLab 650 (Thermo Fisher, Waltham, MA, USA)
Focused Ion Beam-scanning electron microscope (FIB). The nanotiles were drop-casted on
a silicon wafer for SEM studies.

2.5. High-Resolution Transmission Electron Microscopy and Electron Diffraction

High-resolution transmission electron microscopy (HRTEM) and electron diffraction
(ED) images were acquired using a Cs probe-corrected TEM/STEM JEOL ARM 200CF
(JEOL, Peabody, MA, USA) microscope equipped with a cold-FEG electron source, oper-
ating at 200 kV. Distances between atomic columns and angles between their rows were
measured using Digital Micrograph software. An accuracy of 0.04 A in distance and 0.5°
in angle was achieved. All HRTEM images were filtered using the Average Background
Subtraction Filter method described in [18].

2.6. Atomic Force Microscopy

Atomic force microscopy (AFM) in contact mode was performed with an Omicron
UHV VT-AFM (Scienta Omicron, Taunusstein, Germany) operating at 10~ mbar. Silicon
Cantilevers CSG10 (NT-MDT, Moscow, Russia) with a typical force constant of 0.11 N/m
were used.
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2.7. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy XPS analysis was carried out on the PHI-TFA XPS
spectrometer produced by Physical Electronics, Chanhassen, MN, USA. Samples were
mounted on the metallic sample holder and introduced in ultra-high vacuum spectrometer.
The vacuum during the XPS analyses was in the range of 10~? mbar. The analysed area
was 0.4 mm in diameter and the analysed depth was about 3-5 nm. Sample surfaces were
excited by X-ray radiation from monochromatic Al source at photon energy of 1486.6 eV.
The high-energy resolution spectra were acquired with energy analyser operating at res-
olution of about 0.6 eV and pass energy of 29 eV. The accuracy of binding energies was
about £0.2 eV. Three places on every sample were analysed. High resolution spectra
were fitted with Gauss-Lorentz functions and Shirley function was used for background
removal. For the XPS measurements, the ethanol suspension of nanotiles was deposited on
an oxidized Si wafer, dried at room temperature and inserted into ultra-high vacuum of
the spectrometer.

3. Results
3.1. Electron Microscopy

The nanotiles, depicted in Figure 1, grow on the ampule walls in the form of a blue
powder. A single nanotile usually grows in a rectangular shape, a few micrometres in
width and up to 10 um in length, as shown in Figure 1. The thickness of the nanotiles varies
from a few 10 nm up to a few 100 nm, as seen in Figure S1 and Figure 1. They have distinct
corrugations, which can be up to a few 10 nm deep, as seen in Figure 2. To determine
the structure of the nanotiles, two cross-section lamellas perpendicular and parallel to the
corrugations were prepared for further TEM analysis, as shown in Figure 1a.

Figure 1. (a) A single nanotile, with lines A and B representing the direction of the cross-sections for
the TEM lamellas; (b—d) SEM images of different nanotiles.

An HRTEM image of the cross-section lamella B is shown in Figure 3a and Figure S2.
Figure 3a was taken along the [010] direction, and was used to determine the stoichiometry
of the nanotiles. The parallel contrast lines are crystallographic shear (CS) planes, which
are characteristic for W,O3,,_1 and W, O3,_» phases. Only {102}, CS planes were observed,
indicating that only W,O3,,_1 structures grow inside the nanotiles [12,19]. Six stoichiome-
tries were determined by measuring the unit cell parameters 4, ¢, and 3: W15047 (WO3.933),
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W15044 (WO2.933), W14041 (WO2.928), W13038 (WO2.923), W12035 (WO2.917), and W1103,
(WO3.9¢9), of which the last three were not experimentally observed to date [20]. The unit
cell parameters 4, ¢, and 3 of the observed phases are presented in Table 1. The a axis
is oriented along the CS planes, while the ¢ axis is directed towards the CS plane at the
angle j3, relative to axis a. An electron diffraction was performed on lamella A, Figure 3b.
The reflections (010), (403) and (413) correspond to interlayer distances of 3.79 A, 3.56 A,
and 2.61 A, respectively. The first estimation of the unit cell parameter b was determined
from the (010) reflection with the value of 3.79 A. The second value for b (3.86 A) was
determined from the average distance between the tungsten atoms that are not part of the
CS planes. The mean value of the unit cell parameter b is 3.83 A. The theoretical tungsten
atom positions and unit cell parameters for the newly observed phases were calculated
using the model proposed in ref. [12]. The parameters d and e used in the model were
determined from the HRTEM and electron diffraction images and are schematically shown
in Figure S3: (i) interatomic distance between tungsten atoms that are not part of the CS
plane that should equal unit cell parameter b (d = 3.83 A); (ii) interatomic distance between
tungsten atoms that are part of the CS plane, where the tungsten octahedra are joined by
edges (e = 2.92 A). The experimental unit cell parameters are in good agreement with the
calculated ones. The unit cells are schematically drawn on the HRTEM and simulated
structure images and are shown in Figure 4.

a) 300 b) ol ]
804
200 604
404
. 100 204

0 T T T T T
0 200 400 600 800 1000
Distance (nm)

Figure 2. (a) An AFM image of a nanotile with a line profile showing corrugations in (b).

Height (nm)

Figure 3. (a) HRTEM image along the [010] direction (lamella B). (b) An electron diffraction of the
[304] zone (lamella A).
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Table 1. Measured and calculated unit cell parameters for observed phases.
Measured Calculated
Structure  a(d)  bA) A BE)  ad  bA A  BE)
W1103; 17.3 3.83 18.9 79.3 17.1 >3.83 19.2 722
W1,035 17.3 3.83 20.2 89.6 171 >3.83 20.0 87.9
W13033 17.3 3.83 22.5 103.7 171 >3.83 22.1 101.5
W14041 17.3 3.83 24.5 74.2 171 >3.83 24.6 72.0
Wi5043 17.3 3.83 25.6 88.0 171 >3.83 25.2 84.4
W16047 173 3.83 275 98.3 17.1 >3.83 26.9 95.7

Figure 4. HRTEM images of: (a) W1;Os3, (¢) W12035, and (e) W13035 with the proposed unit cell.
The scale bar is 1 nm. Simulated structures of: (b) W1103;, (d) W1,035, and (f) W13035 with the
proposed unit cell.

3.2. X-ray Diffraction

The XRD pattern of the nanotiles is shown in Figure 5. Due to their multi-stoichiometric
structure, the XRD pattern is composed of diffraction lines corresponding to all tungsten
suboxide phases present in the nanotiles. The low-angle diffraction lines were used to
determine the most prominent phase, as they are different for each stoichiometry and do
not overlap with the m-WOj; phase. The measured diffractogram had the best match with
the W14041 (WO5 9p8) stoichiometry, indicating that this is the phase the majority of the
nanotiles crystallize in. The position of the diffraction lines, their relative intensities and
the assigned (hkl) indices, are presented in Table 2. Additionally, the (010) line closely
matches with the b unit cell parameter obtained from the HRTEM images. In Figure 5, the
measured XRD pattern is compared to the m-WO3 one (PDF2: 01-072-1465).
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Figure 5. XRD pattern of the WO;_ nanotiles and of m-WO; (PDF2: 01-072-1465).

Table 2. Measured XRD diffraction lines (positions in ® and A) and their relative intensities compared
with the calculated d values using parameters obtained from HRTEM images and the assigned

(hkl) indices.
Measured Theoretical W1404;

2 Theta (°) d (A) Rel. Int. Assigned Index (hkl) d (A)
12.5 7.08 0.02 (203) 7.04
18.8 4.70 0.01 (005) 4.68
21.5 413 0.05 (403) 417
232 3.84 0.14 (010) 3.83
239 373 0.30 (110) 373
24.5 3.63 0.66 (112) 3.63
25.0 3.56 1.00 (402) 3.52
289 3.09 0.02 (407) 3.09
342 2.62 0.04 (215) 2.62
485 1.88 0.10 (712) 1.88
50.3 1.81 0.08 (322) 1.81
52.7 1.74 0.03 (125) 1.74
57.6 1.60 0.02 (522) 1.60

3.3. X-ray Photoelectron Spectroscopy

Figure 6 shows the W 4f and O 2p spectra, the survey spectrum, and the valence
band spectrum of the nanotiles. The energy distribution of W 4f core levels is presented
in Figure 6a. The spectrum can be deconvoluted into two doublets, with the additional
fifth component (around 41.1 eV) corresponding to the W 5p photoelectrons. The main
peaks, representing 84% of total W 4f, appear at 35.5 and 37.6 eV, corresponding to 4f;,,
and 4f5 /,, respectively, of W in 6+ oxidation state [21]. The remaining 16% are attributed
to a doublet positioned at 34.3 and 36.4 eV of the 4f;,, and 4f5,, of W in 5+ oxidation
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states [22,23]. We can disregard the presence of WO, in the nanotiles, as there are no peaks
corresponding to 4 + oxidation states (doublets at 33.3 and 35.5 eV) or metallic tungsten
(31.2 and 33.4 eV) [24,25].
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Figure 6. XPS spectra of the nanotiles: (a) the W 4f spectrum; (b) the O 1s spectrum; (c) XPS survey
spectrum; and (d) the valence band spectrum.

The oxygen O 1s spectrum can be deconvoluted into two peaks, as shown in Figure 6b.
Peak at 530.5 eV, attributing 26% to the O 1s photoelectrons, corresponds to O>~ bonded
to W in WO; [26]. Peak at 532.3 eV may correspond to oxygen O?>~ bonded to SiO,
(substrate), C-O bonds or lower oxidation states of O in W-O bonds. The survey spectrum
presented in Figure 6¢ shows no impurities other than carbon, while the silicon peaks arise
due to the SiO, substrate. The valence band spectrum presented in Figure 6d shows a
broad O 2p peak with non-negligible density of states at the Fermi energy.

3.4. Raman Spectroscopy

Raman spectra of the nanotiles are shown in Figure 7a. The spectra were taken with
the laser polarisation parallel and perpendicular to the corrugations (i.e., b axis). The
peak positions and their normalized intensities are presented in Table 3. The Raman
spectrum of the nanotiles with the polarisation parallel to the b axis reveals six peaks at
136.5, 322.5, 341.5, 426.5, 722, and 810 cm 1. The peak at 136.5 cm ! is attributed to the
relative translational or rotational motions of WQOq octahedral units in the same unit cell
(lattice modes), the 322.5, 341.5, and 426.5 peaks to the W-O-W bending modes, while the
722 and 810 cm ! peaks are attributed to the W-O stretching modes [7,27]. On the other
hand, Raman spectrum of the nanotiles with the polarisation perpendicular to the b axis
has nine peaks at 136, 180, 232.5, 271.5, 331.5, 367, 428, 702, and 810 cm L. In both cases
the 810 cm~! peak is the most intense one. The dependency of the Raman spectra on
orientation is a direct evidence of material anisotropy. Similarly to the previously reported
spectra, [20] the spectrum where the polarisation is parallel to the b axis has sharper and
more pronounced peaks, pointing to a crystal structure with fewer defects and a higher
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number of W-O bonds with well-defined lengths. The Raman spectrum recorded with
the polarisation perpendicularly to the b axis has a greater number of peaks in the lattice
(<200 cm~!) and bending mode (200-400 cm ) region, while the peaks associated with
W-O stretching modes (600-900 cm~!) are broader, indicating that multiple bond lengths
are present [27,28]. The spectra of the nanotiles are compared with the precursor WO3
powder, with the most prominent peaks at 72, 135, 273, 372, 716, and 807 cm L. These peaks
match the monoclinic y-phase with the space group P?;/n, and the total of 48 Raman active
modes [29]. Compared with the m-WO3 spectrum, the most intense peak at 810 cm ! is
slightly red-shifted towards longer wavelengths with regard to the 807 cm~! in m-WO;,
indicating slightly shorter bonds [7,30]. The peaks at 702 and 428 cm ™! are blue-shifted,
indicating slightly longer bonds (i.e., shorter wavelengths) compared to the m-WOj3 peaks
situated at 715 cm ™! and 434 cm !, respectively.

T T T
a) | . ‘ ' 1 b) ——0.06 mwW 16.9 MW
perpendicular | 4 —0.54 mW ——247 mW i
---- WO, | 50mW —— WO,

! _ ——82mw |
0) 2
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s g
3 8
& £
] [
E =

T T T T T T T T
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Raman shift (cm™) Raman shift (cm™)

Figure 7. (a) Raman spectra of the WO3_ nanotiles taken parallel and perpendicular to the corruga-
tions, and of m-WOj3; (dashed line). Inset shows an optical image of the nanotile with the red and
black line representing the direction of the laser polarisation. (b) Power dependency of the Raman
spectra.

Table 3. Raman peak position and normalized intensity of the nanotiles and WOs.

Modes Parallel Perpendicular WOj3; Powder
Raman Shift Int Raman Shift Int Raman Shift Int
71 0.65
Lattice modes 136.5 0.26 136 0.14 135 0.29
180 0.09 186.5 0.06
232.5 Sh 241 0.03
W-O bending 2715 0.19 273 0.41
322.5 0.02 331.5 0.12 327 0.07
341.5 0.03 367 0.05 350 0.02
417 0.01
426.5 0.01 428 0.02 437 0.01
W-O stretching 722 sh 702 0.17 716 0.49
810 1.00 810 1.00 807 1.00

As these materials tend to be oxidized or damaged under the laser irradiation in
ambient conditions, a stepwise laser power dependency measurement was performed. The
powers at which the sample underwent change and damage can be easily inferred from
the spectra shown in Figure 7b. The spectra in the power range between 0.06 and 0.54 mW
are indistinguishable, while at 5 mW the 810 cm ™! peak shifts to 798 cm~! and becomes
broader, the 136 cm ™! peak becomes more intense and shifts to 130 cm ™!, and the shoulders
between 200 and 400 cm~! become more prominent. At this point the sample remains
visually undamaged, as concluded from its optical image. The power of 8.2 mW marks the
start of the sample damage. This is accompanied with the peak at 130 cm ™! becoming the
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most prominent, the appearance of a new peak at 73 cm !, and a shoulder appears around
710 cm 1. At 16.9 mW, the spectrum becomes very similar to that of the WO3 precursor,
marking the complete oxidation of the nanotile due to the heating in ambient oxygen. This
is evidenced by a clear appearance of the peak at 702 cm ™!, albeit blue-shifted and broader
(716 cm ™! for m-WO3). The two shoulders between 200 and 400 cm ! transform into peaks
at 258 and 325 cm~! (274 and 327 cm ! for m-WOj3). Additionally, the peak at 76 cm ™!
becomes the most intense one. For higher laser powers, no other new peaks appear.

4. Discussion

The reported nanotiles are composed of multiple W,O3,_1 phases, with three of
those not observed to date. As previously reported, the multiphase nature of a single
nanotile could stabilize the W,O3,_1 phases [20]. In our previous report, the similar
multi-stoichiometric platelets had a flat, corrugation-free surface, while the nanotiles have
distinct corrugations with tens of nm in depth. The change in the morphology could be
explained with a slightly different overall stoichiometry. Another reason for this change
may be because the nanotiles did not have a template from which to grow, while the
platelets grew epitaxially from a nanowire [20]. Similar corrugations are also present in
other tungsten suboxides [31-33] and could contribute to the stabilization of different
phases. It is presumed that the nanotiles grow faster along the [010] crystallographic axis
(along the corrugations), as the length of the nanotiles varies, while the width is remaining
quite uniform.

The XRD pattern of the nanotiles differs from a typical XRD pattern of the m-WOs
especially in the low-angle region. Due to the P2/a symmetry of the W,0O3,,_1 stoichiome-
tries, only (2n,0,1) and (2n,0,0) diffraction lines should be visible [12]. At approximately
20 > 30°, diffraction lines from W,03,_1 and m-WOj3 overlap and thus cannot be used to
determine the structure or the stoichiometry.

The valence band spectrum shows some density of states at the Fermi energy. The
near-Fermi bands are formed due to 5d- and W 6s-like states taking part in the formation
of the shortened W-W bonds [34] or due to trap states created by defects [35]. This could
indicate a slightly metallic behaviour at room temperature, instead of a semiconducting
one. DFT calculation on similar stoichiometries shows that the 5d-orbitals of tungsten
atoms, which are part of the CS planes, are responsible for the conductivity and other
effects related to the states near the Fermi surface [17,36].

The Raman spectra of the nanotiles have peaks of similar shape and position to those
from the literature [20]. The spectra taken at the polarisation along the b axis have fewer
peaks in the lattice and bending mode region than when the polarisation is perpendicular
to the b axis. Compared to some other Raman spectra of WO3_ nanomaterials [24,37,38],
our spectra show narrower peaks, pointing to a higher degree of crystallinity. When the
laser power is increased, the nanotiles oxidize to m-WOj3 [24,37].

Due to the intrinsic oxygen vacancies and formation of CS planes, the electronic and
optical properties of tungsten suboxides differ from m-WQOj3;. Such properties may provide
an advantage in applications such as water splitting [39], near-infrared shielding [40], in
anode materials for high-performance Li-ion batteries [41], field-effect-transistors [42],
photocatalysis [43], and in-domain boundary engineering [44]. As it was shown [35],
sub-stoichiometric WO3_, nanosheets can be used as physisorption-based NO, sensors. A
slight difference in the stoichiometry can change the WO3_, materials from a semiconductor
to a metal, which can result in a poorer performance of such sensors. As pristine WO3
does not have a high photocatalytic activity, introducing oxygen vacancies and/or using
lower dimensional WO;_ can improve its performance. In several studies [45,46], the
WO;_y materials outperformed pristine WOj3 in the degradation of dyes such as methylene
blue, congo red, and rhodamine B. The oxygen vacancies act as electron donors, increasing
the charge transport and thus enhancing the photocatalytic activity. Sub-stoichiometric
materials also outperform m-WO3 when it comes to water splitting [47]. By annealing the
samples under different atmospheres, the number and nature of oxygen vacancies were
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altered. It was concluded that the moderate concentration of oxygen vacancies results
in appearance of W>* shallow donor states that increase photoactivity, while the deep
trap W** states have a detrimental effect on photocurrent. Being able to determine the
stoichiometry and with it the electrical and optical properties of WO;_ nanomaterials
offers new opportunities for a wide range of applications.

5. Conclusions

Multi-stoichiometric nanotiles were synthesized using the CVT method. The thick-
ness of the nanotiles ranged from a few 10 to a few 100 nm, and they grew up to a few
pum in the lateral size. The formation of {102}, CS planes indicates, that only W,O3,_1
phases grow inside the nanotiles. Three new stoichiometries were identified from HRTEM
images: W13038 (WO2'923), W12035 (W02.917), and W11032 (WOZ‘909). Measured unit cell
parameters agreed well with the calculated ones. The valence band spectrum showed
some density of states at the Fermi energy, making the material slightly metallic. Obtained
Raman spectra showed multiple peaks and are direct evidence of the material anisotropy.
Increasing the laser power during Raman spectroscopy promoted the oxidation of the
platelets into m-WOs3.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nano11081985/s1, Figure S1: (a) An AFM image of a nanotile with a line profile showing
its height; (b) Figure S2: TEM image along the [010] direction. The white arrows point along the CS
planes. Figure S3: interatomic distance between tungsten atoms that are not part of the CS plane (red)
and interatomic distance between tungsten atoms that are part of the CS plane, where the tungsten
octahedra are joined by edges (green).
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Abstract
Four distinct tungsten suboxide (WOs;_,) nanomaterials were synthesized via chemical vapour
transport reaction and the role of their crystal structures on the optical properties was studied.
These materials grow either as thin, quasi-2D crystals with the W,05,,.; formula (in shape of
platelets or nanotiles), or as nanowires (Ws0;4, W;gOy9). For the quasi-2D materials, the
appearance of defect states gives rise to two indirect absorption edges. One is assigned to the
regular bandgap occurring between the valence and the conduction band, while the second is a
defect-induced band. While the bandgap values of platelets and nanotiles are in the upper range
of the reported values for the suboxides, the nanowires’ bandgaps are lower due to the higher
number of free charge carriers. Both types of nanowires sustain localized surface plasmon
resonances, as evidenced from the extinction measurements, whereas the quasi-2D materials
exhibit excitonic transitions. All four materials have photoluminescence emission peaks in the
UV region. The interplay of the crystal structure, oxygen vacancies and shape can result in
changes in optical behaviour, and the understanding of these effects could enable intentional
tuning of selected properties.

Supplementary material for this article is available online
Keywords: tungsten oxides, Magneli phases, nanowires, quasi-2D materials

(Some figures may appear in colour only in the online journal)

1. Introduction

The family of tungsten oxides, including stoichiometric WO;
and WO, and substoichiometric Magneli phases (WO5_,,
0 <x < 1), is widely studied due to numerous intriguing
properties [1-5]. These tungsten (sub)oxides have been used
as photodetectors [6, 7] and gas sensors [8—10], in photo-
catalysis and photoelectrochemical water splitting [3, 11, 12],

5 These authors contributed equally.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOL

0957-4484,/22/275705+11$33.00 Printed in the UK 1 © 2022 The Author(s). Published by IOP Publishing Ltd



Nanotechnology 33 (2022) 275705

B Visi¢ et al

in smart windows [13] and optoelectronics [14]. In bulk form,
WO; is a large indirect bandgap n-type semiconductor, with
bandgap values reported in the 2.6-3.0 eV range [15-17]. In
nanosized WOj3;, quantum size effects appear, resulting in a
blueshift of the bandgap up to 3.25eV, with the bandwidth
modulation correlated to the size of the nanoparticles [18].
This is a direct consequence of the quantum confinement
effect.

Due to the crystal shear mechanism, various sub-
stoichiometric Magneli phases with different combinations of
edge- or corner-sharing WOg octahedra can be formed [19].
This may lead to appearance of crystal shear (CS) planes and
pentagonal columns (PC), which form to accommodate
oxygen vacancies [20, 21]. For less reduced suboxides (i.e. x
<0.2), CS planes occur; while PCs are formed for x greater
than 0.2. In the former, CS planes’ corner-sharing WOgq
octahedra become edge-sharing [22], while in the latter WO,
bipyramids are formed and share their equatorial edges with
the WOg octahedra [23]. The degree of reduction and
appearance of oxygen vacancies can be crucial for under-
standing the change of the optical response with respect to the
fully oxidized WOj5 [8]. Furthermore, it was reported that the
oxygen vacancy defect states induced by annealing can sig-
nificantly improve electrical conductivity [24]. Substoichio-
metric WOj3_, are mostly found to be blue or light green,
which is a structure-sensitive phenomenon and is mainly a
consequence of the stoichiometry or oxygen vacancies
[25, 26]. First-principles pseudopotential and total-energy
projector-augmented wave method calculations showed that
single oxygen vacancies and substoichiometric crystal struc-
tures modify the optical properties and generate different
types of defect states in the bulk [27, 28].

For nanostructured WO;_, various phenomena may lead
to different size- and shape- dependent behaviour within the
same stoichiometry. This can lead to seemingly contradictory
results, if only the effect of the degree of reduction is con-
sidered. It was reported that the metallic WO, g3 nanorods
(W,404¢g) can sustain strong localized surface plasmon reso-
nances (LSPR), centred around 1.4eV (corresponding to
A =900nm) [26]. Electrical transport measurements of
WO, 5 (W50;4) show that they exhibit metallic behaviour
[29]. On the other hand, based on electrical transport mea-
surements and photoluminescence spectra, WO, 75 (W;g049)
nanowires (NWs) show a semiconducting behaviour [30, 31].

A close relationship between the creation of oxygen
vacancies and stoichiometry (i.e. degree of reduction) and
morphology has been reported [32-34]. Both the stoichio-
metry and the amount of oxygen vacancies heavily depend on
the synthesis conditions, and in turn determine the optical and
electrical properties, such as photoluminescense and electrical
conductivity. Therefore, a careful structural study of these
materials is significant for interpreting optical spectra. In this
paper, we report on optical properties of various nanos-
tructured suboxides; namely, multistoichiometric W,,O3,,_; in
two distinct morphologies (platelets and nanotiles), and
W5014 (WOZS) and W18049 (W02.72) nanowires.

2. Methods

2.1. Synthesis

All the materials were synthesized via chemical vapour
transport reaction in a two-zone furnace, using iodine as the
transport agent. The synthesis protocols are described in detail
in [29, 35-37].

2.2. Electron microscopy

Scanning electron microscopy (SEM) was performed on Supra
35 VP (Carl Zeiss, Germany). High-resolution transmission
electron microscopy (HRTEM) and electron diffraction (ED)
images were obtained by a Cs probe-corrected TEM/STEM
JEOL ARM 200CF microscope equipped with a cold-FEG
electron source, operating at 200kV. Cross-sections of the
samples for TEM analysis were obtained using a Helios
NanoLab 650 Focused Ion Beam-scanning electron micro-
scope (FIB).

2.3. Photoluminescence

The solutions for the optical measurements were prepared
using purified water (extinction) or ethanol (photo-
luminescence and Raman spectroscopy).

Photoluminescence spectra were measured using an optical
spectrometer (PTI QuantaMaster 8000 by Horiba) with a con-
tinuous Xe lamp and a photomultiplier sensitive in visible and
near-infrared part of the spectrum (Hamamatsu R2658). Holo-
graphic reflection gratings blazed at 300 nm were used in the
dual-stage excitation monochromator, and ruled gratings (500 nm
blaze) in the single-stage emission monochromator. The spectra
were measured in the wavelength range of 290-450nm
(corresponding to 3.1-4.3 eV) at nominal resolution of 3 nm, with
the excitation spectral band centered at 275 nm (4.51eV). All
presented spectra were corrected for spectral dependence of the
instrument’s excitation and emission channels.

2.4. Extinction measurements

Extinction measurements were performed with an UV-vis
spectrometer (Perkin-Elmer lambda 950). The spectra were
recorded with a 1 nm resolution. The solution was hand-shaken
and the suspensions were measured using quartz cuvettes.

2.5. Raman scattering

The Raman scattering measurements were performed using a Tri
Vista 557 Raman system in backscattering micro-Raman con-
figuration. The 532 nm line of VerdiG solid-state (for platelets)
and the 514.5 nm line of Ar"/Kr" ion gas laser (for nanotiles
and nanowires) were used as an excitation source. A microscope
objective with x 100 magnification was used for focusing the
laser beam and collecting scattered light. Laser power was kept
below 0.5 mW at the sample surface, in order to minimize local
heating. Spectra were recorded in parallel and crossed polar-
isation configuration. All measurements were performed in air,
at room temperature. Spectra were corrected for the Bose factor.
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Figure 1. Electron microscopy images of (a), (e) platelets, (b), (f) nanotiles, (c), (g) WsO4 NW and (d), (h) W;gO49 NW. Top panel
corresponds to SEM, while the bottom panel corresponds to TEM images.

Table 1. Stoichiometry of tungsten suboxide nanomaterials, their shape, thickness and lateral size (for 2D W,,03,,.;) or “-diameter and length

(for nanowires), and the assessed work function.

Stoichiometry Shape Thickness/diameter”  Lateral size/length®  Work function (eV)
W,,03,,4 Platelets 100 nm Up to 4 um 4.18-4.31
W,,05,,.1 Nanotiles 100 nm Up to several pym 4.94-5.30
Ws014 (WO,5) Nanowires  100-200 nm Several tens pm 4.20-4.34
Wig049 (WO37,) Nanowires Up to 3 um Several tens pm 4.55-4.57

2.6. Kelvin probe force microscopy

The work function (WF) was measured with the Kelvin probe
force microscopy (KPFM) method using a non-contact fre-
quency-modulated atomic force microscope (NC-AFM,
Omicron VT-AFM, Taunusstein, Germany) operating in
ultra-high vacuum (10~° mbar). The samples were dispersed
in isopropanol and drop casted on a freshly cleaved highly
oriented pyrolytic graphite (HOPG) substrate. The AFM and
the KPFM images were taken simultaneously on the same
area. KPFM was used to determine the WF of the samples by
measuring the contact potential difference (CPD) between the
substrate (HOPG) and the samples. As HOPG has a fairly
stable WF value of 4.60 eV [38], it is commonly used as a
reference material in KPFM measurements.

3. Results and discussion

3.1. Composition and morphology

The studied WO;_, phases grow as thin plate-like crystals
(platelets, nanotiles) or as nanowires (Ws50p4, W;gOy0).
Figure 1 shows SEM and TEM images of the W,0;,

platelets (a), (e) and nanotiles (b), (f); Ws0O14 nanowires (c),
(g), and W;g049 nanowires (d), (h). The stoichiometry and
size of all four studied WOs5_, phases is summarized in
table 1.

The W,0s;,.; platelets grow epitaxially from W;9Oss
nanowires. These nanowires can either get detached from the
platelets by mild sonication, or remain at the long edge of the
platelet, as seen in figure 1(a). The platelets grow in a rec-
tangular geometry and are approximately 100 nm thick with
the lateral size of up to 4 um. Several W, 03,1 Magneli
phases, such as WigOs3 (WOj944), Wi7050 (WO3041),
Wi6047 (WO2.035), Wi5044 (WO2033), W14041 (WO2.929),
W9026 (W02.889) and W10029 (WOz.g), were found within a
single platelet [36].

The nanotiles with the length and width up to a few ym
are approximately 100nm thick. They have characteristic
surface corrugations that can be several tens of nm deep. They
are multi-stoichiometric, with six distinct stoichiometries
within a single nanotile: W16O47 (W02'938), W15044
(WO2.033), W14041 (WO2.028), W130358 (WO2.023), W12035
(W02.917), and W11032 (WOzigog), all having the same
W,,03,,.; formula [37]. In both plate-like morphologies (i.e.
nanotiles and platelets), CS planes are observed, as shown in
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Figure 2. AFM (a), (d) and KPFM images (b), (e) of platelets and nanotiles, respectively. The CPD profiles and the matching thickness (c), (f)

correspond to the areas marked with dashed rectangles.

figures 1(e), (f). The distance between the CS planes reflects
the stoichiometry of a particular block.

Both W50;4 and W;3049 nanowires have constant dia-
meters along the lengths of several tens of yum. The W50,
NWs are thinner, with the mean diameter of 100200 nm,
while W ;3049 NWs have significantly larger diameters of up
to 3 um, with rarely observed thin ones [35]. The cross-sec-
tional views of such nanowires (figures 1(g), (h)) reveal that
they are composed of several single-crystalline units.

3.2. Work function

The WF was measured on an individual WO5_, nanotile or
platelet. The results are compared with the previously pub-
lished data obtained on the Ws0;4 and W;gO49 nanowires
[35]. The topography and Kelvin images are shown in
figure 2.

The platelet shown in figure 2(a) is around 140 nm
thick. The CPD measured on the platelets was between
290 and 420 mV lower than on HOPG, corresponding to a
WF of 4.184.31 eV. Very similar WF values were reported
earlier for W50, nanowires (4.20-4.34eV) [35]. On the
other hand, the CPD obtained on the nanotiles was between
340 and 700 mV higher than on HOPG, indicating a WF of
4.94-5.30 eV. The WF of the nanotiles is thus substantially

higher compared to both WsO4 and W;3O49 nanowires
(4.55-4.57¢eV) [35].

The KPFM and AFM images also reveal that the WF is
morphology dependent. In the case of platelets, the WF is
slightly lower at the edge (figure 2(c)), similar to measure-
ments performed on the edges of Ws0O,4 nanowires [35]. This
might be due to the growth mechanism, as the platelets grow
from nanowires [36], or due to band bending [39]. The WF of
nanotiles also varies with location and was found to be lower
inside the corrugations (figure 2(f)). The difference between
the CPD at top and the bottom of the corrugation can be up to
350 meV. The summarized positions of WF values are pre-
sented in table 2.

3.3. Optical properties

3.3.1. Raman spectroscopy. Raman spectra of WO;_,
nanomaterials can be tentatively divided into three
regions, characterized by the peaks originating from
different types of vibrations. Lattice modes generally
appear below 200 cm™ ', W-O-W bending modes between
approximately 200 and 400 cm ™', whereas between 600 and
900 cm ™! one can observe W-O stretching modes [40, 41].
Figure 3 represents room temperature Raman spectra of
WOs;_, nanostructures measured in three polarization
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Figure 3. Raman scattering spectra of WO5;_, nanostructures measured at room temperature in three polarization configurations: (a) parallel,
with incident and scattered light polarized along the short axis of the samples (short parallel configuration), (b) crossed, and (c) parallel, with
incident and scattered light polarized along the long axis of the samples (long parallel configuration). For clarity, lower and higher-energy
ranges are displayed with different scale factors.

Table 2. Summary of the assessed absorption and PL transitions, bandgap and work function values in tungsten suboxide nanomaterials.

WnOSn—l platelets WnOSn—l nanotiles W5Ol4 (WOZS) ngo4g (W02A72)

UV-vis (nm) 207, 222, 241, 281, 323 205, 216, 240, 281, 200, 223, 258, 326, 760 198, 208, 296, 776

324, 416
PL (nm) 299, 323 302, 316 298, 324 299, 319
Bandgap (direct) (eV (nm)) 4.11 (301) 4.05 (306)
Bandgap (indirect) eV (nm)) ~ 3.76 (330), 3.17 (391)  3.48 (356), 2.78 (446) 2.16 (574) 2.62 (473)
WEF (eV) 4.18-4.31 4.94-5.30 4.20-4.34 4.55-4.57
Average WF (eV) 4.25 5.12 4.27 4.56

configurations: short and long parallel, with incident and to the short and long axis of the sample but mutually
scattered light polarized along short and long axis of the orthogonal. In the case of the platelets, short and long
sample respectively; and crossed, with polarisations parallel parallel configurations are equivalent due to their symmetry.
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Therefore, only two spectra were sufficient to observe all
prominent modes noted in [36].

In platelets’ crossed polarization configuration spectrum,
there are four weak peaks, at 85, 105, 130 and 165 cm !
related to lattice vibration, six peaks centred at 235, 271, 300,
319, 340 and 380 cm ', originating from W—O-W bending
vibrations and one weak (690 cm ™) and two strong (778 and
808 cm™ ') W-O stretching vibrations. In parallel configura-
tion, one can observe few relatively weak peaks, at 85, 105,
120, 130, 297, 319 and 340 cm ™', and two sharp overlapped
peaks at 778 and 802 cm™'. These results are in very good
agreement with those from [36].

In the case of the nanotiles’ short parallel polarization
spectrum, only one weak peak (105 cm™") originating from
lattice vibration, one strong peak at 271 cm ™', a few weak
peaks (at 231, 317, 331, 365 and 428 cmfl) in the W—-O-W
bending region, and two prominent W-O stretching vibra-
tions centred at 697 and 807 cm ' are observed. In the
crossed scattering configuration one can recognize the three
highest intensity modes from that were also observed in the
short parallel polarization (at 271, 697 and 807 crnfl),
whereas spectrum in long parallel polarization contains
sharper and more pronounced low energy peaks, indicating
good crystallinity and well-defined W—-O bond length. Closer
inspection revealed eight peaks, at 92, 113, 135, 175, 294,
319, 338 and 807 cm ™!, with the two prominent ones at 135
and 807 cm ™', coinciding with the results given in [37].

Raman spectra of nanowires are qualitatively different
from those of quasi-2D materials. Namely, for WsO,4 NW, in
short parallel polarization seven lattice (at 67, 129, 139, 151,
181, 208 and 214 cmfl), six W—O-W bending (at 288, 325,
376, 391, 430 and 448cm ') and five W-O stretching
vibrations, centred around 635, 712, 767, 819 and 912 cm b
were observed. Crossed polarization revealed Raman peaks at
151, 181, 208, 288, 325, 448 and 712 cmfl, whereas in long
parallel polarization one can observe peaks at 73, 108, 147,
167, 181, 237, 297, 319, 350, 376, 394 and 737 cm ™.

In the short parallel polarization, the WgO4 NW
spectrum hosts a large number of peaks, at 113, 129, 149,
153, 178, 190, 211, 215, 238, 245, 278, 341, 358, 390, 422,
449, 463, 527, 644, 689, 737, 801, 871 and 882 cm ™', some
of which are overlapping. In crossed polarization configura-
tion there are only a few peaks, centred at 211, 215, 238, 245,
341, 422, 463, 871 and 882 cm ™', whereas the spectrum in
the long parallel polarization contains modes at 113, 119, 131,
142, 168, 190, 232, 247, 280, 297, 341, 378, 390, 422 and
821cm'. The peak positions of all four materials are
summarized in tables S1-4 (available online at stacks.iop.
org/NANO/33/275705 /mmedia).

Unlike the spectra of the nanotiles and platelets, where
the W—O stretching modes centred around 800cm ' are
absolutely dominant, Raman spectra of the nanowires contain
a large number of sharp peaks in the first two frequency
regions, which are comparable or even more dominant than
the ones from the stretching vibrations region. This indicates
that 2D materials contain a higher number of W-O bonds
with well-defined lengths, whereas W50, and W30y
nanowires have better crystallinity and higher number of
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Figure 4. (a) Room temperature PL spectra and (b) UV—vis
extinction spectra of platelets, nanotiles, W54 and W3Oy
nanowires.

W-0O-W bonds with well-defined bond angles. The fact that
spectra of all the analysed materials strongly depend on the
sample orientation and light polarization unequivocally
confirms their anisotropic structure.

3.3.2. Photoluminescence. In figure 4(a), the PL spectra of
all four materials are presented, measured with the excitation
centred at 275nm (4.51eV). The PL spectra were
deconvolved, confirming that they contain two distinct
emission lines in the UV region (figure S1). All of these
suboxides have a dominant, high-energy peak situated around
300nm (4.1eV). An additional, red-shifted component
appears in the 320 nm region (~3.9 eV), but its contribution
varies. The positions of the PL peaks are summarized in
table 2.

Because bulk WOj is an indirect band-gap semiconduc-
tor, its photoluminescence (PL) spectrum does not have any
prominent features. In contrast, the appearance of new states
in WOs5_, materials allows distinct optical transitions, often
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associated with PL emission lines. Many studies were
reported on PL activity of the substoichiometric oxides
[42—49], and, in general, correlated the electronic transitions
to the defect states within the band gap, arising from oxygen
vacancies. The two processes guiding these transitions were
assigned either to the occurrence of localized states in the
bandgap, stemming from oxygen vacancies or other defects;
or to a band-to-band transition, arising from the electron—hole
recombination induced by quantum confinement. However,
there is no general consensus on interpretation of the observed
emissions, as the experimental reports differ and do not
unambiguously assign the observed emissions to the proposed
mechanisms.

Theoretical models show that an oxygen vacancy can be in
three new states, namely in a neutral (V%), single- (Vd), or
double-charged (V(Zf) [25, 27, 34]. Within these models, the
removal of an O atom from WO; structure (ReOs-type,
WO—O*-W®") results in creation of a VO state. This
corresponds to creation of either a W™ 4+ W*™ or 2W>"
defect states with levels inside or near the valence band
(WH—VE-W or W T—V3-W>") [25]. Removal of one
additional electron, (i.e. conversion to V& (W>1)), leads to
Coulombic repulsion between the positive vacancy and the
nearest W-ion, displacing the ion and shifting the defect level
into the bandgap (W>T—V{-W°"). Removal of another
electron creates a new state within the CB (W -V —w®").
Therefore, the neutral state lies inside the valence band (VB),
single-charged in the band gap, and the double-charged state
inside the conduction band (CB). In other words, the w3t
states are shallow and can act as donor states, while electrons
trapped in deeper states (W*") would need more energy to get
excited into the CB. It is also important to note that the
bandgap is closely related to the W—O bond length. When an O
vacancy is introduced, structural relaxation of the lattice leads
to an increase of the W-W distance. As the W ion gets
displaced from the center of the WOgq octahedron, the VB
lowers and the CB rises, thus increasing the bandgap [50].

For PL spectra reported for W;30O49 nanowires and
nanorods, peaks appear in UV and blue spectral regions
[31, 43, 45, 51]. For the nanorods, the peak located in the UV
region blueshifts from 350 to 320 nm as the nanorod diameter
decreases. This effect is assigned to quantum confinement,
since the stoichiometry remains the same. The blue peak is
situated around the absorption edge at 430 nm and does not
show any size dependence, therefore it was assigned to the
defect states within the bandgap [31].

Previously reported XPS measurements on these materi-
als can provide more insight into origin of the transitions
[29, 36, 37]. The valence band spectrum of the platelets
indicates a semiconducting behaviour with a negligible
density of states at the Fermi energy. On the other hand,
the valence band spectrum of the nanotiles revealed a slightly
metallic behaviour at room temperature due to a partial
overlapping of a broad O 2p peak with W 5d orbitals [36, 37].
The W spectra confirm the presence of 5+ and 6+ oxidation
states in both nanotiles and platelets. For the nanotiles, 6+
states represent 84% of the total W 4f, with the remaining
16% assigned to 54, giving the average oxidation number of

5.84 and 3 — x value of 2.92. Similarly, the platelets spectrum
is comprised of 81% of 6 + and 19% of 5+, with the
oxidation number of 5.81 and 3 — x value of 2.91. These
values are in great agreement with the stoichiometry deduced
from the composition [36, 37]. Since the XPS measurements
mainly correspond to the surface layers, these results confirm
that the samples have no surface contaminations and that the
additional defects do not accumulate at the surface layers.
Similarly, 54 and 6+ states have been observed for WsO14
NW [29], while for the W;3O049 NW, an additional 4+ state
can appear [52, 53].

Focusing on the O 1s spectrum of nanotiles, platelets and
W50,4 NW, it can be observed that the peak at 533.5¢eV is
the most prominent for the platelets, the intensity decreases
for NW while it is completely absent for the nanotiles. The
WF values were increasing in the same order. This peak,
together with the one at 532.0 eV, is attributed to O binding
with W in lower oxidation states. HRTEM images shown in
figure S3 reveal that the CS planes in the platelets appear
parallel to the basal plane, which is still within the depth
sensitivity of the XPS. On the other hand, the CS planes in the
nanotiles are not close to the surface and are terminated in an
unordered fashion, with the regular WO5; dominating the
surface. The effect of the oxidation state of the surface W can
be of a great influence on the optical properties of these
materials. Therefore, we can attribute the two observed
emission bands in the UV to two electron—hole recombination
processes, whereby the hole comes from the VB, while the
electrons come from two resonant states within the CB, i.e.
from two V(Z)+ states [25, 48].

3.3.3. Extinction. As previously mentioned, both theoretical
and experimental studies correlated oxygen vacancies and,/or
substoichiometric crystal structure to the appearance of defect
states [27, 54, 55]. It was reported that up to x = 0.1, the
optical and electrical properties of bulk WO;_, are governed
primarily by localized electrons involved in polarons [26].
The insulator-metal transition begins at x = 0.1, as the
polaron wave functions start to overlap and form
delocalized states [56]. As the x increases, free electrons
start to dominate optical processes. In general, the indirect
bandgap corresponds to the electronic transition from the
filled O 2p orbitals at the top of the valence band to the empty
W 5d orbitals in the conduction band [57]. Therefore, the
absorption spectrum of WOj is essentially featureless until the
photon energy reaches the bandgap value. Near the UV
region, interband transitions start to take place and govern the
optical properties [57].

Extinction (UV-vis) measurements, which include con-
tributions of both absorbance and scattering processes, were
performed on all four materials and the spectra are presented
in figure 4(b). Although the samples were diluted in order to
avoid the multi-scattering regime, the scattering effects in the
near UV region cannot be completely excluded. The
deconvolution of all the spectra has been performed and the
positions of the individual peak contributions extracted, as
shown in figure S2.
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The most prominent transitions appear in the UVC range,
with two contributions centred at 207 and 222 nm for the
platelets and at 205 and 216 nm for the nanotiles, with another
peak situated at 240 nm for both. Additionally, there are two
prominent and closely positioned peaks, situated at 281 and
324 nm. These peaks may originate from exitonic transitions,
as described later. A wide and less intense peak is also
observed at 359nm and 416nm for the platelets and
nanotiles, respectively. For both materials, the scattering is
accounted for with a model function, as described in the SI.

On the other hand, the spectra of nanowires are
significantly different compared to the quasi-2D materials.
Both types of NWs have a high-energy peak around 200 nm.
For W ;3049 NWs, this peak can be deconvolved into two
peaks positioned at 198 and 208 nm. W;gO49 NWs spectrum
has a higher-energy peak centred at 296 nm, ending with a
broad transition at 776 nm. In addition to the peak at 200 nm,
W50, NWs have a very weak peak at 223nm and an
additional broad peak at approximately 300 nm, which can be
deconvoluted into two peaks situated at 258 and 326 nm. An
even broader peak appears at 760 nm in the near-IR part of the
spectrum. The emergence of the near-IR peaks can be
associated with LSPR due to free charge carriers. LSPR were
observed previously in Wy4Ogs (WOj,g3) and W;9Oss
(WO, .89) nanorods, positioned at 900nm and 600 nm,
respectively [26, 55]. Assigning the near-IR tails to LSPR
is also in agreement with earlier measurements on these NWs,
which suggested metallic behaviour [29, 35].

Extinction spectra of these suboxides vary substantially
in the literature, even within the same stoichiometry or
morphology. For example, ultrathin (sub-nanometre) W;gOy4o
(WO, 7») nanowires show a large absorption tail in the visible
part of the spectrum, which saturates upon oxidation [32, 51].
This effect points to the presence of a large number of oxygen
vacancies or substoichiometric crystal structures. For the
nanowires with larger diameter, the absorption in the visible
and near-IR range drops. Nanorod bundles of the same
stoichiometry have rather featureless spectra, with a steady
decrease with increasing wavelength [31]. In the case of
Wi90s5 (WO, g9) nanorods, the extinction spectrum in UV—
vis consists of one broad peak situated at 600 nm (2.07 eV)
and a strong absorption band at 200400 nm, similar to that
seen in bulk WOs5 [55]. On the other hand, W,4,065 (WO5 g3)
nanorods support strong LSPRs, as evidenced by a broad
peak centred around 900 nm [26]. WO;_, reduced cubic
nanosheets have a narrow peak around 220 nm, with a
broader one centred around 300nm [58]. The strong
absorption in the long wavelength region is attributed to the
new, oxygen vacancies-induced levels below the conduc-
tion band.

Qualitatively, the line shapes of the nanotiles and
platelets spectra are similar to those of WO,9 (W5Osg)
nanoparticles [54] and WOj3_, quantum dots [59]. For the
WO, 9 NPs, the UV-vis spectrum consists of two shoulders at
220 and 265nm, and a band at 320 nm with the bandgap
estimated at 3.1eV (400 nm). These NPs are also stoichio-
metrically the closest to platelets and nanotiles. Quantum dots
have a high-intensity high-energy peak followed by broader

bands around 230 and 285 nm. Therefore, the two peaks
found in the nanotiles and platelets and positioned at 281 and
323 nm are most likely a consequence of the crystal structure,
i.e. the CS planes.

From the measured extinction spectra, direct and indirect

optical bandgaps can be calculated using the equation [60]:

A(hv — Ep)"
o=——"
hv

Here, o is the absorption coefficient, A is a constant, and E, is
the indirect bandgap for n = 1/2 and direct bandgap in the
case of n = 2. The corresponding Tauc plots are presented in
figure S4.

The optical bandgaps are highly sensitive to morph-
ology and stoichiometry. In the literature, the measured
optical bandgaps of bulk WOz, bulk WO, ¢ and WO, o
nanowires were reported at 2.67 eV, 3.05eV and 3.17 eV,
respectively [3, 32]. For W;3gO49 nanorod bundles, the
absorption edge is situated at 2.95 eV [31]. The decrease of
the bandgap value of these nanorods by approximately
0.5eV compared to that of the WOj3 nanoparticles of
similar size (3.44eV) [61] is assigned to the presence of
new states correlated to the oxygen vacancies. The
appearance of these new states can lead to the rise of two
indirect absorption edges, as reported for the suboxide
nanosheets (at 2.6 eV and 1.11eV) [58]. In general, the
optical bandgap of these nanostructured suboxides is
governed by several different processes. The quantum
confinement results in the increase of the bandgap, i.e. the
smaller the particle, the larger the bandgap. A similar effect
can be assigned also to the Burstein—-Moss shift [62].
Namely, in the case of n-type metal oxide semiconductors,
an increase of dopants (i.e. oxygen vacancies and W>"
atoms) shifts the absorption edge to higher energies due to
filling states. Consequently, the measured bandgap, as
determined from the onset of interband absorption, moves
to higher energies (i.e. undergoes a blue shift). On the other
hand, in heavily doped semiconductors, bandgap renorma-
lization takes place. As the electrons start interacting with
defects and impurities, their energy shifts due to a variety
of effects, such as exchange interaction or Coulombic
repulsion [63]. Consequently, the bandgap shrinks with
increasing doping level, explaining the decrease of the
band-gap with the increase of x [64]. The complex interplay
of all these effects makes the value of the bandgap difficult
to predict.

For both the nanotiles and platelets, an increase of the
indirect bandgap is observed. However, there is an opening
of another, lower energy bandgap. This bandgap appears as
a consequence of the altered electronic structure due to
bond length changes caused by oxygen vacancies and
formation of CS planes with W atoms in lower oxidation
states. The appearance of two indirect absorption edges
was previously reported in suboxide nanosheets [58]. The
two indirect bandgaps appear at 3.76 and 3.17 eV for the
platelets and at 3.48 and 2.78 eV for the nanotiles. The
former value can be assigned to the regular bandgap
(between the VB and the CB), while the latter appears
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between a new, defect-induced band and CB. The regular
gap coincides with the transitions observed in the
extinction spectra. These values lie in the upper range of
the bandgaps reported in the literature, which is attributed
to the distortions in the WOg octahedra in such sub-
stoichiometric materials [12, 24].

Nanowires show the indirect bandgap values of 2.16 and
2.62eV for Ws0,4 and W,3049, respectively. As these
materials show LSPR fingerprints and therefore free charge
carriers, their bandgap decreased with respect to WOs;.

The calculated direct optical bandgap is 4.11eV
(302nm) for the platelets and 4.05eV (306 nm) for the
nanotiles. These values are in good agreement with the
dominant PL peaks that are situated at 4.15eV and 4.11eV
for the platelets and nanotiles, respectively. As discussed
previously, both recorded PL bands are in the UV region, in
the 3.9—4.2eV range and can be assigned to two resonant
states introduced by oxygen vacancies [27, 47]. Namely, an
electron—hole pair forms an exciton near the oxygen vacancy.
When an electron is excited to a state at or above the
resonance, it can be trapped. The emission bands in the UV
are thus attributed to electron—hole recombination, where the
electron comes from one of the two resonant levels in the CB,
while the hole occupies the VB. Therefore, the direct bandgap
stems from optical transitions related to the defect states.
These transitions and the corresponding bandgaps are at the
same positions for nanotiles and platelets, confirming their
similar stoichiometry. The bang gap values and extinction
peak positions are presented in table 2.

4. Conclusions

Structural and optical properties of four different WO;_,
nanostructures with different morphologies and/or stoi-
chiometries are presented. While the two quasi-2D mate-
rials show polycrystallinity, nanowires are of uniform
W50,4 and W 3049 composition. Raman spectra reveal that
less oxidized W,03,_; stoichiometries have higher number
of W-O bonds with well-defined lengths, whereas more
reduced tungsten suboxides have a higher number of W—
O-W bonds with well-defined bond angles. The extinction
spectra reveal the appearance of excitonic states for the less
oxidized W,0O3,_; stoichiometries and two indirect band-
gaps deduced from the Tauc plots. Both values appear in
the upper range reported for suboxide materials, which can
be explained by the formation of oxygen vacancies. The
extinction spectra of the more reduced tungsten suboxides
show the presence of LSPR in the near-IR region. Their
bandgaps are lower, as they have a higher number of free
charge carriers, confirmed by the LSPR-like peaks. PL
spectra reveal two distinct emission peaks in the UV range,
present in all four nanomaterials. They are attributed to
electron—hole recombination, with the hole stemming from
the VB and electron from one of the resonant states within
the CB. Furthermore, the effects of stoichiometry and CS
planes are discussed in relation to the understanding of the
optical properties.
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of Two-Dimensional Tungsten (Sub)oxides
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Abstract: While WO, is one of the most studied metal-oxides
in bulk, it is increasingly gaining interest as a two-dimen-
sional (2D) material as it exhibits different behaviour
compared to bulk. In addition, many substoichiometric
WO, (0<x<1) phases exist both in bulk and 2D form.
These Magneli phases have different physical and chemical
properties than their WO; counterparts. By introducing
oxygen vacancies, the physical and chemical properties of 2D

tungsten (sub)oxide nanomaterials can be further altered.
This review focuses on synthesis pathways of 2D tungsten
(sub)oxides reported so far, and their subsequent use for
various applications. The different stoichiometries and addi-
tional oxygen vacancies that appear in these materials,
combined with their low thickness and high surface area,
make them interesting candidates for gas sensing, catalytic
application or in electronic devices.

Keywords: two-dimensional materials - metal oxides - tungsten suboxides - synthesis - applications

1. Introduction

Tungsten (VI) oxide (WO;) is one of the most investigated
transition metal oxides due to various potential applications,
such as in photochromic smart windows,) in
optoelectronics,”” gas sensing and photocatalysis,”! as
supercapacitors, as nanostructured thermoelectrics,”™ etc. The
WO, forms a rich variety of crystal structures composed of
corner-sharing WO, octahedra, which differ in tilting angles,
displacements of the W cation from the centre of the
octahedron, and rotation of WO, octahedra with respect to
ideal cubic (ReOj; type) structure.” In bulk, partially reversible
inter-phase transformations occur upon heating in addition to
the formation of a metastable phase.”” At nanoscale, phase
transitions occur at temperatures lower than in bulk and
depend mostly on the size of WO, nanoparticles.!”

Recently, two-dimensional (2D) nanostructures, including
2D-WO;, have attracted a lot of attention among researchers
due to their novel physical and chemical properties, which
differ from their bulk counterparts.”] High surface area,
appearance of crystalline planes/surfaces that are not available
in bulk materials, and stability of crystal phases declared as
metastable in bulk systems are just some of the examples. Due
to their low-dimensional nature, quantum confinement effects
come into play, changing their electronic properties. This is
providing a great opportunity for their use as components in
novel sensors, energy conversion devices, transistors, to name
a few. Different particular particle shapes, such as pseudo-
spherical nanometre-sized particles, nanowires, nano-discs and
flakes, were already synthesized with various growth
techniques.”

Besides the stoichiometric WO;, many substoichiometric
WO, , phases exist, where 0 <x<1. The electrical, optical,
and structural properties of tungsten suboxides depend
strongly on the degree of reduction (i.e. x) and consequently

Isr. J. Chem. 2022, 62, 202100074 (1 of 11)

differ from stoichiometric WO;.""” Moreover, for additional
tuning of their properties, oxygen vacancies can be induced in
WO, or WO,_,. The abundance of tungsten ore in combination
with the low-dimensional nature, a wide range of substoichio-
metric phases that can be further altered by inducing oxygen
vacancies, 2D tungsten (sub)oxides offer a platform with
diverse and tuneable properties for a great variety of
applications.

This review focuses on current synthesis approaches to
obtaining 2D tungsten (sub)oxide materials. In addition, the
progress in their utilization in various applications, such as gas
sensing, catalysis and photodetection, is discussed in terms of
current state of the art and future outlook.

2. Synthesis, Morphology and Structure

One of the first 2D-WO; crystals was prepared more than
15 years ago, when monoclinic WO; nanosheets were synthe-
sized by a solvothermal reaction.!"!! The square nanosheets
were 150 nm in size and thin enough for a direct HRTEM
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analysis. In the following years, different methods of synthesis
were reported. The 2D-WO; nanoparticles were crystallized in
the monoclinic WO, phase via wet chemical synthesis,!'”
topochemical conversion,!"” hydrothermal,”™ solvothermal,!"¥
exfoliation and oxidation of WS,!"! and microwave
irradiation,"® to name a few. The morphologies of synthesized
nanoparticles range from rectangular nanoplates,!'” irregularly
shaped  nanodisks,'”  leaf-like  nanoplatelets,'”  and
nanoflakes,"" with the sizes ranging from 20 nm to 500 nm in
lateral dimensions and from 5 nm to 60 nm in thickness. An
example of a nanoplate is shown in Figure 1a, b).

Although at room temperature only the monoclinic WO,
phase is stable in bulk, other crystal structures were stabilized
in form of 2D-WO; crystals. Hexagonal WO; nanosheets were
synthesized from the colloidal suspension of BaWQ,-PAA!”
orthorhombic WO; nanoplates were synthesized using sodium
tungsten Na,WO,*,H,0 as precursor by a simple free template
precipitation method,”” triclinic WO, nanoparticles were
synthesized through a hydrothermal route,”"! and cubic WO,
nanosheets were synthesized by direct reduction.” Novel
octahedral molecular sieves (h’-WO;) with the diameter
between 20 and 80 nm and thickness of 3—10 nm were also
synthesized and are shown in Figure 1 ¢).**)

With various synthesis methods, different crystal facets
could be exposed, which are not available in bulk materials. It
was reported that (100), (010), and (001) facets could be
exposed with the use of different surfactants,>** solvents,™"
specific precursors,**! or the synthesis method. Their atomic
structure and electronic properties differ due to the nature of
the crystal structure, and thus play an important part in the
physical and chemical properties of the material.*® For
example, it was reported that (100) facets show higher
evolution rate of O, in water splitting than WO; without a
preferred crystal face.”*

As stated in the Introduction, the stoichiometric WO; can
also be reduced into substoichiometric WO;_, using different
techniques such as chemical vapor transport (CVT),*" heating
under controlled atmosphere,*® and electron beam irradiation
in a TEM microscope.**! The substoichiometric WO;_, can
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Figure 1. a) Low-magnification and b) high magnification TEM im-
ages of WO; nanoplates (Reprinted from reference [13] with
permission from John Wiley and Sons); ¢) HAADF-STEM micrograph
of a h’-WO; framework. The inset shows the arrangement of
tungsten octahedra (Reprinted from reference [23] with permission
from Springer Nature); d) HRTEM image of a cross-section lamella
showing semi-regularly distributed CS planes in a W,0;,; tungsten
suboxide. The arrow points to a defect (Reprinted from reference [10]
with permission from the Royal Society of Chemistry.)

be synthesized with a wide variety of hydrothermal and
solvothermal methods,*” layer deposition methods, such as
atomic layer deposition (ALD) and chemical vapour deposi-
tion (CVD).P"! These suboxides grow in different structures
such as films,*? needles,® nanowires,”” nanorods®™ and
nanodots®” and can crystallize in similar structures as tungsten
bronzes with a general formula A WO, where A is an
electropositive element.*® While in the tungsten bronzes W**
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state appears due to the presence of the electropositive
element, in WO, , it occurs through the intrinsic oxygen
vacancies. It has been shown that even when x in WO;_, is less
than 0.0001, the oxygen atoms are not removed randomly but
form ordered structures.”® Within the material, crystallo-
graphic shear (CS) planes, pentagonal columns (PC), and
oxygen vacancy walls (OVW) are formed to accommodate the
oxygen vacancies, as shown in Figure 2.

The term crystallographic shear comes from the shearing
of two adjacent blocks of WO;. In a CS plane, corner sharing
WOy octahedra that are a part of the CS plane become edge
sharing WOy octahedra.”® While a single CS plane is
considered a defect, an array of equally spaced CS planes
forms a WO,_, crystal with a defined stoichiometry. The CS
planes can be described in terms of {Ahkl}, planes of WO;,
which crystallize in the ReO; type structure.””! For x < 0.007,
the {102} CS planes are randomly distributed.” The
increase of the degree of reduction (i. e. increasing x) increases
the density of CS planes, resulting in a formation of their
ordered arrays, which form the W, 05, , tungsten suboxides.
When x approaches 0.1, the formation of {/03}, CS planes
become favourable over the formation of {702}, CS planes,
forming the W,O;, , tungsten suboxides. While CS planes are
observed in less reduced WO, (x<0.2), PC structures form
only in more reduced WO, (x>0.2). The PC are periodic
structures of WO, bipyramids that share their equatorial edges
with WOg octahedra.*” Within structures with PC, three-,
four-, five- and six-sided tunnels can also form as in the case
of W30y or W,0,,.2"*" Although OVW were proposed as
the precursors of CS planes, there are very few articles where
these were experimentally observed.*! The abundance of CS
planes and PCs largely depends on the degree of reduction.

With sufficiently low reduction, single oxygen vacancies
can be produced.” In this case, oxygen atoms are removed
from the surface, forming oxygen vacancies. To minimize the
surface energy, single PCs appear on the surface, stabilizing
the structure. Although technically oxygen vacancies reduce
WO; into WO,_,, in the majority of the materials reported in
the literature, it is not clear what kind of structure formed
within the material. Thus, the term substoichiometric tungsten
oxides (WO;,) is used interchangeably in literature for

r
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Figure 2. Crystal structures of some stoichiometric and sub-stoichio-
metric tungsten oxides. Reprinted with permission from refer-
ence [37]. Copyright 2021 American Chemical Society.
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materials with ordered CS and PC structures, as well as for
materials with induced oxygen vacancies.

For 2D-WO,_, materials, different stoichiometries were
identified, such as W,30,,** and W,,0, nanosheets,*"! as well
as materials with mixed stoichiometry,?*! multi-stoichiometric
nanoplates,!®*!  and  nanomaterials ~ with  unknown
stoichiometries.*” Similarly to 2D nanoparticles, 2D-WO; and
2D-WO,_, thin films can be made using atomic layer
deposition,”'¥ molecular beam epitaxy,*™ and vapor-phase
deposition.?'™ Different stoichiometries can be prepared, from
monoclinic WO3,P'™ to W;30,,*" and WO,+O bilayer
structure,*™ with the thickness ranging from a monolayer up
to several tens of nm. Owing to the large area of deposited
films, they can be used in many applications such as electro-
chromic displays, solar cells, and supercapacitors.”™ Due to
the formation of CS planes, as shown in Figure 1d), the
electronic and optical properties differ from monoclinic WO,
and they may have an advantage in applications such as water
splitting,*"°" near-infrared shielding,”*"! as anode materials for
high-performance Li-ion batteries,*” photocatalysis,”” and in
domain boundary engineering.”"!

Although the majority of the reported stoichiometries were
determined from XRD measurements, it is not the most
suitable and precise method to use in the case of tungsten
suboxides, as the differences between phases are too small to
be detected.”” Only for highly crystalline samples, where the
diffraction peaks from the low index (hkl) planes are observed,
can the stoichiometry be determined by using XRD as the
main tool. HRTEM images and electron diffraction patterns
can be used to further elucidate the true crystal structure of
tungsten (sub)oxides.

A short summary of the synthesis methods, particle sizes,
crystal structures, exposed faces, and applications of 2D-WO,
and 2D-WO, _, is presented in Table 1.

3. 2D-WO,_, for Applications

Among the biggest advantages of the 2D morphology are the
large specific surface area, increased number of active sites
and confined thickness, which make these nanostructures
promising candidates for gas sensing, catalytic applications
and electronic or photonic devices. Additionally, the 2D-WO,
and 2D-WO;, are interesting from the aspect of defect
engineering, where finding the optimal concentration of oxy-
gen vacancies could lead to fine bandgap tuning, increased
amount of charge carriers and photocurrents, whilst maintain-
ing the crystallinity. Nevertheless, ultrathin WO;_, nanosheets
have not been sufficiently studied in terms of applications,
despite their substantial amount of reactive (002) crystal facets
and a high specific surface area.

© 2021 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.
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Table 1. A short summary of the synthesis methods, particle sizes, crystal structures, exposed faces, and applications of 2D-WO;_,

nanomaterials.

Synthesis Lateral Thickness Crystal Exposed Application Morphology
method size (nm) (nm) structure faces
Wet chemical™ 200-1000 7-18 Monoclinic WO, (010) Water splitting nanodisks
topochemical 200-500 10-30 Monoclinic WO, (001) Water splitting nanoplates
conversion!!
hydrothermal®*! A few 100 ~10 Monoclinic WO, (200) NO, gas detection nanosheets
Laser ablation!" 600-1800 ym 30 Monoclinic WO, (001) / leaf-like
nanoplatelets
Aqueous Synthesis™  Several 100  5-60 Hexagonal WO, (001) / nanosheets
wet chemical® Upto 175 ~40 Orthorhombic WO; (010) CO oxidation nanoplatelets
hydrothermal®! <200 nm 30-175  Triclinic WO, (100), (010), (001) Gas sensing nanosheets
thermal Uptoafew10 / W150,40 (020) Photocatalytic nanosheets
decomposition® decomposition
cvt Up to 4000 10-100  W,Os,., (001) / nanoplates
direct current / >52 W15049 / water splitting film
sputtering!*!
ALDP™ / ~42 Monoclinic WO,  (002) Gas sensor film
Vapor-phase 94 monolayer WO2+ O bilayer / / clusters

deposition®™

3.1 Gas Sensing

Materials preferred in gas sensing applications tend to have a
good adsorption-desorption mechanism and a pore-rich mor-
phology. This makes 2D-WO; and 2D-WO;, promising
candidates, since the oxygen vacancies play an important role
in adsorption-desorption phenomena. In order to obtain the
enhanced gas-sensing performances, morphology and surface
design are required. Other important parameters for optimisa-
tion of sensor performance are sensitivity, stability, selectivity,
adsorption and desorption ability, crystal structure, electronic
and chemical properties etc. In addition, since these reactions
rely closely on the interaction of the surface of the material
and the target molecules, the performance depends strongly on
the exposed facets and surface area. Different facets of the
same structure can have different dangling bonds and
electronic structure, exhibiting different physical and chemical
properties. As seen in Section 2, tuning the synthesis can
expose selected facets™®, with which the gas sensing ability
can be optimized. When it comes to gas sensing capabilities of
metal oxides, they are mostly based on the oxidation-reduction
reaction of the detected gases.”” As the oxidation-reduction
reaction takes place on the surface, the physical and chemical
properties of the facets play an important role. If the planes are
terminated with positive ions, they are able to adsorb the
oxygen species and target molecules due to unsaturated
oxygen coordination, improving gas sensing capabilities. It
was shown that for the monoclinic WO;, (002) crystal facets
exhibit enhanced photocatalytic CO, reduction and photo-
electochemical (PEC) water splitting capabilities compared to
(200) and (020) facets, due to improved photoinduced charge
carrier separation efficiency.”® Another important factor for
gas sensing is selectivity. The sensor has to be able to
discriminate the selected gas in a mixture of gases, and this is
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determined by the adsorption and subsequent chemical
oxidation on the surface of the potential sensor material. The
sensitivity is largely affected by geometrical and chemical
heterogeneities of the reacting surface. Materials with higher
amount of surface defects, where adsorption and catalytic
reaction may take place, are preferred.

Reducing NO, emissions is an important task, as very low
concentrations (1 ppm) can induce respiratory issues.”™ Since
NO, sensors should operate in the ambient oxygen environ-
ment, materials under consideration need to have good air
durability, as well as high selectivity and sensitivity, fast
response and recovery time. 150 nm thick WO, films were
shown to be good candidates for NO, sensing.”” Here,
Cantalini et al. showed that the sensor sensitivity increases
with the increase in surface defects concentration, while the
long-term stability depends on the optimization of the
annealing process of the films. In this case, the films were
more stable when annealed for longer times, which stabilizes
the surface defects.”™ In a different study, 10 nm thick WO, _,
nanosheets showed high sensitivity and selectivity to NO,. The
best performance was obtained at 50 ppb NO, at 140°C with
response and recovery times of 140s and 75 s, respectively.
With a further reduced thickness, Khan et al. made physisorp-
tion-based NO, sensors from 4 nm thick substoichiometric
WO,_, nanosheets.”™ The optimal operating temperature for
samples annealed at different temperatures was 150°C. This
temperature is significantly lower than for the conventional
chemisorptive metal oxide gas sensors, which operate above
200°C. As the operating temperature increased, the response
decreased. In this regime, the rate of adsorption is lower than
the rate of desorption. The best responsivity (here, the input/
output ratio of the electrical resistance) to 40 ppb was reported
to be 30, which is more than an order of magnitude higher
than for the nanocrystals.® This work furthermore empha-
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sizes the influence of the stoichiometry on performance and
properties. These materials were tested in the NO, concen-
tration range of 20 to 2000 ppb, but the sample annealed at
225°C was overly sensitive, reaching saturation beyond
120 ppb. The saturation occurs because as the concentration of
the NO, increases, these surface-adsorbed molecules act as
acceptors available to take electrons from the suboxide and at
a certain concentration, there are no electrons left. The sample
annealed at 225°C has the WO, stoichiometry, which is
known to be semiconducting, while the unannealed and
annealed at 450 °C have the WO, 4, stoichiometry that is more
metallic and requires more electron transfer for full off/on
switching. Therefore, the changes in crystal structure and
stoichiometry can result in different performance of sensors.
The same samples were studied for NH;, H,S, CO,, H, and
humidity sensing, but showed far less promise. This is
explained with greater molecule-surface binding energies for
NO, and WO;.

In another study, WO; nanosheets prepared by microwave
irradiation method showed promise as humidity sensors.”™!!
With the relative humidity working range of 10-90%, the
maximum sensitivity was estimated to be 98%, with the
response and recovery time of 25 and 15 s, respectively. They
showed high stability, with only a 3% drop in performance
after three months, making them suitable candidates for high
performance sensing.

Ultrathin (5 nm) WO, sheets were successfully used as gas
sensing material for the detection of xylene, a volatile organic
compound that has adverse effects on human health.”? The
sensing mechanism can be explained as follows: oxygen
molecules from air get adsorbed on the surface of WO; and
get chemisorbed into O*~, O~ or O, by capturing electrons
from the material’s conduction band. Upon xylene introduc-
tion, it reacts with these species, releasing the trapped
electrons. In the case of thin sheets, these charge layers may
cover the entire surface, increasing the material’s sensitivity.”!
This sensing mechanism is depicted in Figure 3 a).

2D-WO; nanoplatelets with 10-50 nm thickness were used
as hydrogen sensors.[”? The most efficient interaction of WO,
with the molecules that contain hydrogen atoms is through
intercalation. The intercalated H* ions embed themselves into
WO, lattice, and the electrons released from the lattice are
transferred to the lowest unoccupied energy levels. This in
turn changes the band structure of the metal oxide and
increases the conductivity, which can be used for sensing
applications. The mechanism of H, sensing is based on the
changes in electrical conductance, which strongly depends on
the content of oxygen vacancies and H+ ions. The oxygen
adsorbing capabilities in turn depend on the surface area of the
material, morphology and the operating temperature. As the
oxygen species adsorbed on the surface capture electrons from
the material, the hole concentration increases, forming an
electron-depleted layer at the surface of the platelets.[*

Triclinic WO; nanosheets with 35 nm thickness were
synthesized in a process that enables the control of the exposed
facets.”!! These nanosheets were used as l-butylamine sensors,
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Figure 3. Schematic illustrations of the sensing mechanism of 2D-
WO; towards a) xylene (Reprinted from reference [3], with permis-
sion from Elsevier) and b) acetone and ammonia (Reprinted from
reference [24], with permission from Elsevier).

and the sheets with the exposed (010) facets demonstrated the
best performance. It was shown that (001) and (100) facets
have more O-terminated planes, while (010) have more W
atoms exposed at the surface. Therefore, as it has more
positive ions than other facets, it has better gas sensing
capabilities.

As n-type semiconductors, WO, , materials are good
candidates for ethanol sensing.” When the platelets are
exposed to air, the oxygen molecules from the atmosphere can
get adsorbed on the surface. They can subsequently capture
electrons from the conduction band of WO,,, forming
adsorbed oxygen ions (O*~, O~, O,"), producing an electron-
depletion layer on the surface. When the sensor gets exposed
to ethanol, the ethanol molecules get chemisorbed on the
surface and oxidized by the adsorbed oxygen ions.*” The
oxidation promotes the return of the depleted electrons back to
the conduction band, resulting in the decrease of the thickness
of the electron-depletion layer. As a result, upon ethanol
exposure, electrical current increases. The sensors of WO,
nanoplates annealed at different temperatures were tested at
the operating temperature of 300°C for various ethanol
concentrations.® It was shown that the sensitivity improved
as the gas concentration increased. The gas sensor made of
nanoplates with 500-1000 nm in lateral size and 50 nm
thickness annealed at 450°C had the best alcohol sensing
performance, due to the high crystallinity of the nanoplates.
The sensor maintained the initial response upon seven
successive tests to 100 ppm of ethanol, showing good stability
and reproducibility. The plate-like morphology and high
crystallinity enable effective adsorption and rapid diffusion of
the ethanol molecules. WO; platelets, produced by laser-
assisted synthesis and with 70 nm thickness, were tested as
ethanol sensors both in their pristine form and decorated with
8 nm Au nanoparticles.® The pure platelet sensor reached the
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maximum response (current ratios through the sensor with and
without the target gas) of 28 at 390°C for 100 ppm of ethanol.
With the added Au particles, the optimal temperature was
lowered to 300°C, with the 3.5-fold increase of the response
value. The difference is attributed to the increased thickness of
the electron-depletion layer, whereby Au nanoparticles accel-
erate the reaction between the ethanol molecules and adsorb
oxygen ions.

Nanoplatelets of monoclinic WO; with 70-100 nm in
lateral size and 30 nm of thickness were investigated as
acetone and ammonia sensors due to their high crystallinity
and smooth 2D surface.”” These nanoplatelets do not have
oxygen vacancies, but an abundance of surface chemisorbed
oxygen. Those properties make them excellent gas sensors
towards acetone at 300°C, with response and recovery times
of 3 s and 7 s, respectively, at 10 ppm of acetone. Additionally,
this sensor showed a wide response range (1-500 ppm),
detection concentration as low as 1 ppm and good selectivity
and stability. It was shown that active O™ plays a leading
sensing role for acetone. In the case of ammonia sensing, the
optimal operating temperature was found to be 140°C, with
the response and recovery times of 39 s and 10 s, respectively;
response region of 5-500 ppm and high selectivity. The
sensing mechanism and the sensor response are shown in
Figure 3b).

3.2 Electrical Properties: Conductivity and 2D Photodetectors

The presence of the free electrons in the conduction band is
the dominant factor in the electrical conductivity of these
materials. These free electrons mainly come from CS planes,
PC structures, oxygen vacancies, and other defects.® Even in
the case of a single crystal, the electrical conductivity can span
five orders of magnitude (10*~10 Scm™'), depending on the
stoichiometry,” with the charge carrier concentrations span-
ning the similar range (10'"-10% cm™).) The amount of
oxygen vacancies and the stoichiometrystrongly depend on
synthesis conditions and structural factors, which heavily
influence the conductivity. This makes tungsten (sub)oxides
interesting in terms of tailoring the material properties for
specific electrical applications.

Bulk monoclinic WO; is a wide bandgap n-type
semiconductor."**! The n-type semiconductor properties stem
from oxygen vacancy-type defects. Bandgap corresponds to
the difference between the top of the valence band (filled O 2p
orbitals) and the bottom of the conduction band (empty W 5d
orbitals), and is typically reported as 2.62eV."” Bulk,
stoichiometric WOs; is therefore transparent in the visible
wavelength range. Another thing to consider when designing
optical devices based on WO;, is its large refractive index of
up to 2.5.”" On the other hand, oxygen vacancies due to true,
point-like defects in WO; are major contributors in the
improved photocurrent density.”” In n-type metal oxides, these
oxygen vacancies act as shallow donors. These electrons may
fill the acceptor states below the conduction band minimum,
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making inter-bandgap states. If these shallow defect states
remain unfilled, they can act as electron traps, resulting in the
increased photoelectron lifetimes.”) Due to the quantum
confinement effects, 2D-WO; have a larger bandgap and more
positive conduction and valence band edges.”>™ For nano-
structured semiconductors, the bandgap generally increases
with the decrease in size,’” resulting in the blueshift of the
optical absorption band edge. It should be pointed out that the
quantum confinement effect can occur in two different
regimes.” In the strong regime, the size of the material has to
be much smaller than its Bohr radius, which is estimated as
3 nm for WO;."" The bandgap is significantly altered because
the electron wavefunctions are perturbed directly. In the weak
regime, when the crystallite size is larger than the Bohr radius,
the bandgap energy changes are subtler, as the wavefunctions
are indirectly perturbed. Therefore, the crystallite size plays an
important role in bandgap engineering.

In bulk and in form of nanowires, WO; photodetectors
showed a relatively slow response time and low on/off
ratios.”™ It is to be expected that 2D nanosheets have an
improved performance.

50 nm layers thick WO; layers were deposited on a
graphene back electrode (on a PET substrate), in order to
engineer a transparent, flexible UV detector, as shown in
Figure 4a)."*! These photodetectors were subsequently tested
under 325 nm UV light or an alternating on and off UV source
in 10 s intervals. The detector had a typical p-type Schottky
contact barrier I~V response. The time responses are highly
stable and reproducible, with no degradation after tens of on-
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Figure 4. a) The fabricated flexible photodetector made of a WO,
nanosheet on PET substrate (Reprinted from reference [74], with
permission from Springer); b) The time-resolved photocurrent of the
photodetector in response to light on/off at an irradiance of
131 mWcm™2 with 365 nm light (Reprinted from reference [79], with
permission from Elsevier); c) Spectroscopic photoresponse of the
WOj; nanobelt photodetector (shown in inset) measured at various
wavelengths ranging from 250 to 700 nm at a bias of 1TmV.
(Reprinted with permission from reference [80]. Copyright {2015}
American Chemical Society); d) Three-dimensional schematic view
of the monolayer WO; photodetector and the focused laser beam
used to probe the device. (Reprinted from reference [82], with
permission from Elsevier).
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off switching cycles. Interestingly, there was an increase in
photocurrent with prolonged irradiation time, possibly due to
its photochromic effect under UV radiation.!”

A 12 nm (approximately 16 molecular sheets) thick WO,
nanosheets photodetector, with two Cr/Au electrodes, was
irradiated with a 365 nm monochromatic light.” This source
was chosen as it is approximately at the position of the
bandgap. The device exhibited a reversible on/off ratio of
2000, making it a high-quality photosensitive switch. The rise
and the decay time were estimated to be 40 ms and 80 ms,
respectively, which is much faster than that of the nanowires
(20 s). The decay time was longer than the rise time, due to
the presence of several recombination processes, such as
surface and Auger recombination. Spectral responsivity,
defined as the photocurrent generated per unit power of
incident light on the effective area of a photodevice, was
estimated as 293 AW ™!, The time-resolved photocurrent in
response to on/off light is shown in Figure 4b).

Additionally, polycrystalline WO; 200-300 nm thick nano-
belts were successfully used as a building block of a UV
photodetector.®™ One individual belt consisted of dense nano-
particles of 20 nm in size. Using gold electrodes, this photo-
detector was assembled on a SiO,/Si substrate and the
photoresponse was recorded for the light excitation between
250 and 700 nm, as shown in Figure 4c), with the maximum
sensitivity observed at 400 nm. The photoresponse has a slight
drop for the wavelengths shorter than 400 nm, as explained by
the enhanced absorption of the high-energy photons near the
surface, while the increase in the longer wavelengths was
attributed to the transition of the carriers from defect states to
the conduction band.®" -V curves recorded in dark and under
illumination are nonlinear, indicating Shottky contact between
the sample and the electrodes. The photoexcited currents were
much greater than dark currents, with a photo-dark current
ratio of 1000. The superior performance compared to
monocrystalline WO; was attributed to the abundance of
grains and boundaries that supress the dark currents, and the
increased photocurrent due to band-gap modulation.

Finally, a monolayer WO;, produced by atomic layer
deposition on a SiO,/Si wafer, as shown in in Figure 4d), was
used for UV-A (315400 nm) spectrum detection, which
represents 95% of the UV radiation that reaches the Earth’s
surface.®™ This detector was shown to have an extremely fast
response time (<40 ps, 400 times faster than in the case of
WO, nanosheets”™ ), stability of more than 200 cycles and
photoresponsitivity of 0.33 AW This value is more than two
orders of magnitude greater than for the previously reported
WO, photodetectors, with the reduced thickness as the most
important factor for such an improvement in performance.
Additionally, the photodetector was tested under 320 nm light
for different bias and back-gate voltages. In the dark, with no
bias, a depletion sub-layer near the surface of the monolayer is
formed, as the surrounding O, adsorbs on the material. With
the applied bias, the current through the monolayer is low as
the conductivity is low because of the depletion layer. When
the device was put under the UV radiation, the photogenerated
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holes moved to the surface and desorbed the oxygen, in turn
decreasing the width of the depletion sublayer and increasing
the number of free charge carriers. This whole process is sped
up due to the small thickness.

Ultrathin (less than 10nm) WO, nanoflakes were
intercalated with H* and tested as field-efect-transistor (FET)
based devices.®™ Zhuiykov efal. reported that devices
prepared this way reach charge-carrier
319 ecm*V~'s™% comparable to those of MoS, and WS,, while
for the nanoflakes before intercalation the mobility was
275 cm’V~'s™%. Both results are great improvements com-
pared to the bulk WO;, that had the reported charge-carrier
mobility of 12 em*V~'s72®! By changing the thickness of the
material (from 50 nm to 2.5 nm), the bandgap was modulated
from 2.60 to 2.40 ¢V. It is believed that the intercalated H*
ions interact with the corner-sharing oxygen atoms in the first
monolayer, while the remaining ions get transferred deeper
into the structure and repeat the same interaction. This fuels
the formation of H,O molecules that get released, leaving lone
oxygen vacancies. The additional electron gets delocalized
within the layers, giving rise to a mid-gap state. Furthermore,
it was shown that H" intercalation reduces the bandgap from
2.6t02.5¢eV.

3.3 Photocatalysis and Photoelectrochemical (PEC) Water
Splitting

Pristine WO; does not have the photocatalytic activity high
enough for practical use. Therefore, many approaches have
been undertaken to improve the photocatalytic performance,
with the most efficient ones being the introduction of the
oxygen vacancies and/or using lower dimensional WOs;_.

The photocatalytic reduction of CO, is an important route
for its transformation to organic compounds as well as CO.
Semiconductors have been used for photocatalysis with the
absorption of a photon with the energy greater than its
bandgap. This process induces an interband transition, where-
by conduction band electrons and valence band holes are
formed. The electrons and holes diffuse to the surface of the
material, but only a fraction reaches it due to the recombina-
tion. In addition, the free charge carriers that reach the surface
may be trapped before the interfacial charge transfer. Lastly,
the photogenerated electrons reduce the CO, adsorbed on the
catalyst surface into CO, HCOOH etc, while the holes oxidize
H,0 to O,. One of the most important steps is the facilitation
of the electron-hole separation, since the charge recombination
happens on a much faster timescale (107’ s) than the reaction
process (107107 5).®¥ Using the lower-dimensional WO, _,
can potentially improve the catalytic behaviour. Namely, in the
case of bulk WO, the photogenerated electrons in the
conduction band have a lower, more positive, band-edge
position.” Therefore, in bulk, this material cannot be used for
the reduction of CO, or H,0O. On the other hand, 5 nm thick
WO; nanosheets could catalyse the photoreduction of CO,
with H,O into CH,. For such ultrathin material, the bandgap
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increased from 2.63 eV to 2.79 €V, while the conduction band
edge moved from 0.05 eV to —0.42 eV (versus normal hydro-
gen electrode, NHE), becoming more negative than the CO,/
CH, redox potential at —0.24 eV.*>* This demonstrates how
a specific morphology can change the position of the
conduction and/or the valence band, making the material a
more suitable candidate for CO, reduction.

Liang et al. studied 5 nm thick WO, sheets’ photocatalytic
activity by degradation of methyl orange (MO) under
simulated sunlight.”! They showed that the nanosheets have
superior photocatalytic activity compared to nanoparticles or
bulk material, due to their high specific surface area. Ultrathin
(5 nm) WO, , nanosheets with abundant surface oxygen
vacancies were also tested as PEC devices, by degradation of
MO under visible light." After 90 min of irradiation, 70% of
the solution was degraded, making them good candidates for
this type of catalysis.

WO,_, nanosheets with up to 300 nm lateral size and
15 nm thickness were tested as photocatalysts by using
methylene blue (MB) and congo-red (CR) dyes under visible
light irradiation.”" In 100 min, 99.5% of MB and 92% of CR
was photodegraded by the nanosheets, a significant improve-
ment compared with the nanorods (76% and 70%). The
superior photocatalytic performance of the nanosheets is
explained by the increase in the active surface, the smaller
bandgap and oxygen deficiencies.

Both pristine WO; and 20-30 nm thick WO; nanosheets
with oxygen vacancies were tested for their photocatalytic
activity for the degradation of rhodamine B (RhB) under
visible light irradiation.”’" While the pristine oxide decom-
posed only 9% of RhB after 320 min, WO; nanosheets with
oxygen vacancies had increased photocatalytic efficiency of
77%. The latter sample had enhanced visible light absorption,
and the plasmonic resonance with the peak at 800 nm. The
oxygen vacancies act as electron donors and contribute to the
enhanced donor density, increasing the charge transport and
enhancing the photocatalytic activity.*’” Hydrothermally pre-
pared WO, platelets with 50 nm thickness and up to 170 nm in
lateral size were tested for the similar activity.™ It was shown
that after 70 min of irradiation, the characteristic absorption
peak of RhB almost disappeared, suggesting good photo-
catalytic activity.

Photoelectrochemical (PEC) water splitting is an increas-
ingly popular technique for the efficient hydrogen generation.
While the hydrogen is produced at the photocathode part of
the PEC cell, photoanode material is responsible for the
oxygen evolution reaction. Suitable photoanode candidates
need to have appropriate band alignments (valence band more
positive than water oxidation and conduction band more
negative than hydrogen reduction) and to be absorbent in the
visible light. WO; has a bandgap that can capture approx-
imately 12% of the solar spectrum and absorb light up to
500 nm in the visible spectrum,™! while being chemically
stable and environmentally friendly. In the case of the
suboxides, the W present in CS and PC structures as well as
oxygen vacancy-induced electron traps can extend the photo-
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electron lifetimes, improving their performance as photo-
cathodes for water splitting.""! As a result, the photogenerated
holes in the valence band have more time to move to the
electrode and participate in the reaction. The W>* and oxygen
vacancies are not just active centres which capture charges to
block recombination, they may also reduce the activation

energy. On the other hand, samples with high number of

defects may have decreased crystallinity. This can result in an
overall decrease of photocurrents due to increase in scattering

effects. Since the hole diffusion length in WO; is 150 nm,*™ if

the thickness of the samples is of an approximately similar
size, it can play a significant role in decreasing charge carrier
recombination. If this is fulfilled, the photogenerated holes can
reach the surface more easily and participate in water splitting
before recombining.

The free-standing pore-rich sub-4 nm thick WO; nano-
sheets were obtained by using a chemical topology trans-
formation strategy.’*® It was demonstrated that they have more
photogenerated holes, shorter migration path and stronger
oxidation ability than thicker samples. The measured photo-
current density of this sample is 2.14 mAcm 2.

Mohamed et al. investigated both the stoichiometric and
nonstoichiometric WO;, using an electrochemical method to
study the nature of the defect states.” Annealing the samples
under different atmospheres resulted not only in different
number, but in different nature of vacancies, making this a
suitable approach to defect engineering. The highest photo-
current density was obtained on the nanoflakes annealed in air
(1.3 mAcm™), with the optical band gap of 2.88 eV. It was
demonstrated that the nonstoichiometric samples had higher
photocurrents, indicating the presence of the shallow surface
states, that feed the conduction band with electrons and form
interband states. When the deep defect states become more
dominant, they push the Fermi level away from the conduction
band minimum, having damaging effect on the photocurrent. It
can be concluded that the moderate concentration of oxygen
vacancies results in appearance of W>" shallow donor states
that increase the photoactivity, while the deep trap W*™ states
arise with the increase in oxygen vacancies, with the
detrimental effect on photocurrent. This subtle interplay
explains the contradictory results for the same material
prepared under different conditions.

Soltani et al. designed 50 nm thick highly porous WO,_,
nanoplates with dual oxygen and tungsten vacancies for PEC
water splitting.®” The number of oxygen vacancies and the
film design were optimised to provide a large surface area for
efficient charge collecting, which led to a photocurrent density
of 412 mAcm™ at 1.6 V vs Ag/AgCl. The stability time was
reported as 1 h.

4. Summary and Outlook
In this review, an overview of the recent progress in the

preparation of quasi-two-dimensional tungsten (sub)oxides
was discussed. In recent years, a wide range of techniques

© 2021 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.
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were developed to synthesize such materials. To a certain
degree, the crystal phase, morphology and stoichiometry can
be controlled but there is still room for improvement. For
example, as discussed above, different facets have unique
physical and chemical properties, which can be exploited in a
wide range of chemical reactions and sensing devices. As of
now, only a few 2D-WO; nanomaterials were synthesized with
the certain facets exposed intentionally. Although the majority
of the tungsten oxide nanomaterials appears in one form of the
WO, crystal structure, substoichiometric tungsten oxides
(WO,_,) show a great variety of structures. Furthermore, they
hold great promise due to their W™ states that act as electron
donors. By varying the stoichiometry of WO,_, or the number
of oxygen vacancies on the surface of tungsten (sub)oxides,
their electrical and optical properties can be tuned for specific
devices and chemical reactions.

It has to be pointed out that in the majority of publications,
the material’s reported stoichiometry was determined exclu-
sively from XRD measurements, which is not a suitable
method as the differences between the WO, , phases are too
small to be unambiguously detected. Furthermore, it should be
emphasized that the WO,_, materials containing CS and PC
structures should not be interchanged with materials with
surface oxygen vacancies. Although individual oxygen vacan-
cies can be produced, in order to minimize the surface energy,
PC structures are formed while single CS planes appear when
the material is further reduced. It would be beneficial if the
reports on tungsten suboxide materials contained a thorough
examination with HRTEM and electron diffraction techniques
in order to determine the true nature and structure of oxygen
vacancies. Only when this is achieved, further spectroscopic
methods, such as Raman spectroscopy and optical measure-
ments, can be utilized properly.

When it comes to potential applications, three of the most
important factors that are responsible for the performance are
the sample thickness, stoichiometry, and the oxygen vacancies.
While the nanostructured suboxides in the shape of nanorods,
nanowires and various other types of nanoparticles have been
under numerous application-based studies, the similar research
for their 2D counterparts is still in its infancy. For example,
their charge-carrier densities are comparable to those of
transition metal dichalcogenides, but the amount of reports of
FETs based on these suboxides has been incomparably small.
The control of the thickness, stoichiometry, and the introduc-
tion of the oxygen vacancies can be used as general strategies
for increasing the electrical conductivity and photocatalytic
activity. One of the major challenges could be the quantifica-
tion and the effect on the crystal structure of the oxygen
vacancies, and the deep understanding of their effect on optical
and electronic properties, and the resulting performance in
various applications.
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Dynamical Nature of Exciton-Polariton Coupling in WS,

Nanoparticles

Sudarson Sekhar Sinha,” Bojana Visié¢,™ ! Archana Byregowda,'¥ and Lena Yadgarov*[

Abstract: Semiconducting transition metal dichalcogenides
can be synthesized in a wide range of structures and
geometries, including closed cage nanostructures, such as
nanotubes or fullerene-like nanoparticles (NSs). The latter is
especially intriguing due to the stability, enhanced light-
matter interactions, and ability to sustain exciton-polaritons
(EPs) in ambient conditions, i.e., strong coupling of excitonic
resonances to the optical cavity. Here we investigate the
dynamics of EPs formation in WS, NPs in the time domain
using femtosecond transient extinction spectroscopy. We
develop a gamut of analytical methods and models with
time-dependent parameters to extract the underlying non-
equilibrium dynamics of EPs formation. We find that the

formation of EPs in WS, NPs is not instantaneous but a
gradual process that occurs only after several picoseconds.
Specifically, for the short delay times, the light-matter
interaction is guided by excitonic absorption, whereas for the
long delay times, the process is controlled by polaritonic
scattering. We discover that the coupling strength is a time-
dependent entity and not a constant as is usually defined.
Namely, there is a nonlinear coupling between excitonic and
external modes and a notable transition from weak to strong
coupling limit. Our results show that the time-dependent
phenomenological dynamical model quantitatively reprodu-
ces the nonlinear dynamical coupling as well as the effects of
the pump fluence on the coupling strength.

Keywords: 2D materials - inorganic fullerene like nanoparticles - polaritons - excitons - femtosecond spectroscopy - strong coupling

Introduction

Extensive research efforts have been devoted to understanding
and utilizing the unique optical properties of semiconductor
nanostructures (NSs). Much effort has been placed on their
ability to confine light into nanoscale dimensions,!"! which
subsequently increases the field strength. In turn, this effect
enhances light-matter interactions and leads to nonlinearities,
large photonic forces, and enhanced emission and absorption
probabilities.” In general, semiconductor NSs support cavity
modes if their scales are comparable to the wavelength of light
in vacuum. However, semiconductors with a refractive index
that is much larger than that of their surroundings can also
efficiently confine light into subwavelength dimensions.!"™*
The cavity modes are generated by the confinement of the
light into small volumes and the Fabry-Perot recirculation.!"”
The resonance conditions in nanocavities depend on the
refractive index of the medium and the semiconductor, the
nanostructure‘s dimensions, and geometry, as well as the
polarization of the optical field. Together with their ability to
sustain cavity-mode resonances, semiconductor NSs can
generate excitons and can thus create quasi-particles known as
exciton-polaritons (EPs).”! EPs are formed as a result of strong
coupling between the excitons and the optical modes of the
nanocavity (photon).

The interactions between excitons and cavity mode
resonances are usually studied in the weak and strong coupling
regimes. The energy spectrum of the coupled systems is
modified such that the frequencies of the new modes are
different from the original oscillator modes. The frequencies

Isr. J. Chem. 2022, 62, €202100128 (1 of 10)

shift or the spectral change depends on the strength of
coupling.”! Typically, the weak coupling manifests itself as a
narrow asymmetric dip and a negligible shift at the resonance
frequency of the uncoupled oscillators.”] Under the weak
coupling regime, the energy transfer rate between the two
modes is lower than the relaxation rate of the system.”

In the strong coupling regime, the interaction between the
modes is strong enough and significantly modifies the energy
levels. Strong coupling induces a significant spectral shift of
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the resonances and manifests itself as well-separated peaks in
the energy spectrum. Here, the new hybridized energies
correspond to hybrids of the original modes of the interacting
oscillators.™ The strong interaction between the coupled
modes leads to an ultrafast oscillation between the two excited
states.[™ The period of this oscillation is known as the Rabi
oscillation period and should be much faster than the
decoherence time of the excitation.® The spectral splitting
induced by the strong coupling is inferred as Rabi energy
splitting.”! The hybrid nature of EPs opens possibilities for
applications associated with information transfer, photonic and
quantum technologies, and more."”

Owing to their sizable bandgaps, strongly bound excitons,
and high oscillator strength, the transition metal dichalcoge-
nides (TMDs) are a promising platform to explore EP
formation dynamics. Layered TMDs compounds are two-
dimensional (2D) materials and have been studied intensively
for a decade in the context of electrical, optical, and
mechanical applications.!""! The lattice of layered TMDs
materials, e.g., MoS,, consists of a 2D S—M-S sandwich
structure, where M is the transition metal atom that binds to
six chalcogen (S=S, Se or Te) atoms via strong covalent
bonds. The MS, (M=Mo, W) layers are stacked together by
weak van der Waals (vdW) forces.['"? MS, exhibits a bandgap
in the visible range, rendering it suitable for exploitation in
solar cells, photodegradation of toxic materials, photovoltaics,
and numerous other electronic applications. The indirect
bandgap of bulk and multilayer MS, transforms into a direct
bandgap in a single-layer material."*! The properties of 2D-
TMD semiconductors can be engineered through mechanical
or structural changes. For instance, due to coupling between
their mechanical and electrical properties,!"* the electronic
structures can be altered by introducing curvature to the 2D
topology.!'¥

MS,-type TMD materials feature A, B, and C exciton
transitions in the visible light range. The excitonic transitions
arise from the interlayer interactions and spin-orbit splitting,
where the magnitude of the A—B splitting is independent of
the number of layers (down to a few layers).!"” Due to their
sizable bandgaps, strongly bound excitons, and high oscillator
strength, these materials can sustain stable polaritons under
ambient conditions. Namely, the MS,-type TMDs can trap
optical cavity modes, resulting in a strong interaction of
photonic modes and the excitons. Indeed, it was shown that
MS, embedded in microcavities exhibited signatures of strong
exciton-polariton coupling.'¥ The strong coupling in the
Fabry-Perot microcavity configuration was observed for
monolayer'”? and multilayer systems.!'?*'®!"7181 A5 these
strong light-matter interactions occur at ambient conditions,
TMDs polaritonic materials generate a considerable interest in
the field of nanodevices.*>"!

The fact that EP can exist in multilayered TMD materials
under ambient conditions inspired a renewed interest in the
optical properties of MX, closed-cage layered nanostructures,
such as nanotubes (NTs) and fullerene-like nanoparticles
(NPs). Nanotubes and fullerene-like nanoparticles have been
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synthesized in substantial amounts and their properties were
widely studied.? These studies resulted in numerous applica-
tions, and led to their rapid commercialization.”"! The multi-
wall closed-cage MX, nanostructures preserve the semi-
conductor nature of their bulk counterparts and are usually
indirect bandgap semiconductors.””” Using tight-binding model
calculations, it was shown that the zig-zag (n,0) single-wall
NTs exhibit a direct bandgap whereas the lowest transition of
armchair (n,n) NTs exhibits indirect bandgap.” The exper-
imental results indicates that the bandgap of these closed-cage
nanomaterials shrinks with the decrease in diameter.”**! More-
over, due to the chiral nature of the NTs, the quasi 1D
superconductivity, Little-Parks oscillations, photovoltaic ef-
fects, and the ambipolar transition behavior in ionic liquid and
strong electroluminescence is observed.!

Interestingly, MoS, and WS, closed-cage nanomaterials are
emerged to be unique systems that support polaritonic features
even when dispersed in aqueous solutions without an external
cavity.'”! Moreover, the strong-coupling effects in WS,
nanotubes (NTs) exist even when dispersed in aqueous
solutions, where EPs modes occur due to strong coupling
between excitons and cavity modes confined in the
nanotubes.!'"™'"® The use of such closed-cage nanostructures
allows remarkable tunability of light-matter interactions, such
that by varying the diameter of the NTs we can shift from pure
excitonic to polaritonic features.!'*"

Although light-matter interaction of bulk and single layers
of MS, materials is studied intensively, their closed-caged
counterparts have not been thoroughly explored yet. Notwith-
standing, the study of excitons coupled with light in multi-
layered closed-cage 3D materials could provide broader
perspectives for the fundamental properties of EPs in sub-
wavelength dimensions. Their ability to sustain 3D cavity
modes, stability and the lack of the dangling bonds can
suppress exciton capture at non-radiative recombination
centers. Moreover, WS, NPs are expected to serve as an
extraordinary platform for applications and fundamental
research in the field of TMDs polaritonics.

Here, we provide a time-dependent study of the coupling
between exciton resonances and intrinsic optical cavity modes.
We employ femtosecond (fs) broadband optical pump-probe
spectroscopy to examine the response of WS, NPs in aqueous
dispersion and explore time-dependent coupled states forma-
tion between exciton resonances and an intrinsic cavity mode.
Using a simplistic comparison of the steady-state absorbance
and extinction derivatives with the transient extinction spectra,
we find that in the fs time-limit, the light-matter interaction is
guided by the excitonic absorption, whereas at picoseconds
(ps) time-delays, the process is controlled by polaritonic
scattering. Moreover, by expressing the transient signals as the
difference of the transmission with and without pump, we
discover temporal transition from weak to strong coupling
limit as the excited excitons relax into the coupled (polari-
tonic) state. Namely, we find that the formation of EPs in WS,
NPs is not instantaneous but a gradual process that occurs only
after several ps. Using these findings, we propose a model for
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the time-dependent coupling of exciton and cavity modes with
phenomenological dynamics. The temporal evolution of the
model parameters clarifies the nonlinear dynamical coupling
and the effects of the pump fluence on the coupling strength.
The gamut of proposed models can hereafter be utilized to
guide the experimental observation of exciton-polariton for-
mation and coupling evolution dynamics. Moreover, the
obtained results can be applied in the field of TMDs
polaritonics for exploring genuinely unique physical scenarios
and exploiting these new phenomena in technology in areas
such as nanoscale lasing, quantum optics, and nanomanipula-
tion.

Results and Discussion

The studied WS, fullerene-like nanoparticles consist of 20-40
concentric shells and span diameters from 30 to 100 nm.”*”
This somewhat high size distribution can be narrowed down
using a simple dispersion-fractionation technique.'®! Figur-
es la present the SEM and TEM images of such nanoparticles.
The size and high degree of crystalline order of the NPs can
be appreciated from these figures. The absorbance was
measured using an integrating sphere which allows excluding
the scattering contribution. The absorbance spectra exhibit
distinct resonances at 630 nm and 530 nm (Figure 1b, red
line) assigned to the A and B excitonic transitions,
respectively.® In contrast to the absorbance, the extinction
spectra of the dispersed WS, NPs (Figure 1b, black line)
introduce maxima at 680, 580, 510 nm, which are red-shifted
compared to the A, B, and C excitonic transitions of the WS,
NPs and the bulk.”®?) The extinction measurements are
performed by a standard UV-Vis spectrophotometer, hence the
spectra include absorbance and scattering features.”” The
difference between absorbance and extinction spectra can be
assigned to the scattering related phenomena — polaritons. It

Extinction
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was shown that WS, nanostructures with a diameter > 60 nm,
sustain cavity modes that are strongly coupled to the A and B
excitons and generate polaritonic modes.!"**" '***!) Thys it can
be concluded that the unusual extinction spectrum of the
dispersed WS, NP is of polaritonic nature.

To study the formation of exciton-polariton (EP) quasipar-
ticles, the ultrafast relaxation dynamics of WS, NP were
investigated using femtosecond pump-probe optical spectro-
scopy. Here, the electron system is driven out of the
equilibrium by the femtosecond pump pulse. The ultrafast
motion is then captured by a broadband probe pulse with
delay. This setup is used to determine the relative change in
transmittance (AT/T) as a function of pump-probe delay and
wavelength. The ultrafast transient response of the states at
97 mW of pump is shown in Figure2. The main features
obtained from the femtosecond AT/T spectra are the two
photo-bleaching and photo-induced absorption peaks. Photo-
bleach (PB) and photo-induced absorption (PA) peaks corre-
spond to decreased and increased transmittance (PB =—AT/T;
PA =AT/T), respectively. The AT/T spectra of WS, NP at the
short delay (0.3 ps) show PB at 625 and 525 nm and PA at 662
and 550nm, corresponding to A and B excitonic
resonances.’” At longer delays, most features are already
significantly shifted, thus excitons can no longer be considered
as the primary photoexcitation species. Specifically, from short
(0.3 ps) to long (100 ps) delays, there is a 13 nm blue shift in
the PB and PA states, i.e., the PA and PB shifted from 662 to
649 nm and 625 to 612 nm, respectively. (Figure S1, SI). The
blue shift occurs mainly during the first 30 ps and is very high
compared to the one reported for the few-layered WS, (~
4 nm).”* (Figure S2, SI) That considerable shift at shorter
delay times, followed by decay at longer delays times,
suggests two distinct processes and some coupling between
them. Indeed, it was confirmed before that excitons in few-
layered WS, are the primary photoexcitation species, dissociat-
ing into charge pairs with a time constant of ~1.3 ps.’*!
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Figure 1. (a) SEM image of WS, NP; (inset) TEM image of WS, NP (b) extinction (black line) and absorption (red line) spectra of the dispersed

WS, NP.
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Figure 2. (a) Transient transmission trace gg of WS, NPs for 97uW pump power. (b) Temporal evolution of transient spectra ggg at
different pump-probe delay. Note the shift in photo-absorption and photo-bleach states in exciton (625 nm and 663 nm) to polariton (616 nm

and 650 nm) states.

dag

Moreover, it was found that in WS, nanotubes, the exciton ﬁ _ d(lO""“)) JdA = —Tp —= ©)
resonances shift on the femto- and picosecond time scales due di Fdi

to the many-body effects of the photogenerated charge carriers

and their population dynamics."®™ Generally, it was estab- Here ap and a, correspond to the extinction and

lished that in WS, and MoS, nanotubes the transient spectra absorption coefficient at wavelength A, respectively. The Tg
are dominated by the coupling of the exciton resonances to the and T, are the transmittances in extinction and absorption
cavity mode resonances.!"*? In another work, it was shown  measurements. Note that extinction coefficients contain
that, while WS, nanotubes of an average diameter >80 nm  scattering and absorbance contribution, whereas the absorption
support polaritonic modes, the extinction of nanotubes with  coefficient is a pure absorption process with no scattering. The
smaller diameter controlled mainly by excitonic features. [ref. comparison of the steady-state derivatives to AT/T spectra at
Shina size] Note that the influence of the size distribution on short and long delay times (0.03 ps and 98.9 ps) to the
the polariton dynamics is not discussed here, and will be absorption and extinction derivatives are presented in Figure 3.
presented in the future work. As most of the electro-optical =~ The PB and PA peak positions at the shortest delays
properties of WS, NPs are comparable to their nanotubes  correspond to the maxima and minima of the absorbance
counterparts, the dynamics of NP with diameter >80 nm are derivatives. (Figure 3a, Eq. 1) Generally, the ground state
expected to be similar to the latter, i.e., dominated by strong  bleaching and its absorption are the dominant processes at
coupling of exciton resonances to the cavity mode resonances. instantaneous excitation (¢~0), so the derivative of absorbance

To understand the coupling between exciton and polariton,  coefficient and the AT/T,_, are expected to match. Indeed,
it is necessary to observe the photophysical processes on  there is a good overlap between dT,/dA and AT/T,_, at
different time scales. The transient absorption spectroscopy 660 nm. The PA is red-shifted by 15 nm compared to dT,/d1
produces a dynamical differential absorption spectrum, and the =~ minima (~610nm). This shift can be explained by the
PB and PA processes are the main observables. Generally, the  response of the excitons or non-thermal hot electrons to the
energy of the PB/PA processes is constant in time, except  higher polar excited state.’**7 At the longest delay (1=
when intermediate dynamical processes occur. These processes 98.9 ps), the PB and PA peaks do not match with the dT, /dA
are usually manifested by a spectral shift of the PB/PA  but almost completely overlap with the features of the
picks.®*! Intriguingly, in the case of dispersed WS, NP, the  extinction derivative, dTy/dA. (Figure 3b, Eq. 2) The extinc-
short time spectra (~0.3 ps) are very different from the long  tion features of the dispersed WS, NP are governed by the
time (~100 ps) differential absorption spectra. To elucidate  polaritonic modes.!"™'***'*"1 Thys the match between the
this phenomenon, let us calculate the differential spectra using extinction derivative and the AT/T (t=98.9 ps) implies that

steady-state extinction and absorbance measurements by Eq. 1 the latter is dominated by the polaritonic states."™* Tn over
and 2, respectively. words, the formation of EPs in WS, NPs is not instantaneous

but a gradual process that occurs only after several ps.
dT, B AW B day, Moreover, the PA and PB of the coupled states are
dr d(lO )/di = _TAW 1 considerably shifted compared to the excitonic features.

Interestingly, the somewhat simplistic comparison of the
Isr. J. Chem. 2022, 62, €202100128 (4 of 10) © 2022 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.
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Figure 3. (a) A comparison plot of the short time (~10 fs, red solid line) experimental transient transmission (g) and absorption derivative
%2 of steady-state signal (dash-dotted black line) calculated using Equation Tof WS, NPs. (b) A comparison plot of the long time (~99 ps,

black solid line) experimental transient transmission ¥
calculated using Equation 2 of WS, NPs.

derivatives (Eq. 1, 2) with the AT/T spectra provides immedi-
ate assignment of the short- and long-delay processes. The
results of the spectra comparison (Figure 3) infer that for the
short delay times, the photophysical process is guided by the
excitonic absorption, whereas for the long delay times, the
process is controlled by polaritonic scattering. Furthermore,
the matching of the derivatives with the ultrafast profile at
short- and long-delay times reveals that the temporal dynamics
of the quasi-systems strongly depend on the state of their
coupling.

To comprehend the dynamics of exciton-polariton cou-
pling, we consider the spectral shift and the change in spectral
width observed in the transient absorption spectra of the
dispersed WS, NP. (Figure 2b) These phenomena are not
prevalent in pump-probe spectroscopy of molecules and
semiconductors, yet they occur in WS, nanostructures due to
many-body effects.!'"®***! The blue shift of the PB and PA and
the change in their spectral width can be considered as shifts
of an individual exciton.”*® Considering the spectral feature of
the transitions as Gaussian, the transient signals from pump-
probe spectroscopy can be expressed as the difference of the
transmission in the presence and absence of the pump. (Eq. 3)

pR - Aﬂ.(r)ﬂ

AT (A, t) = a,(t)exp [— ( v+ Ay (1)

el -(52)

where a, A, and y are the amplitude, peak position of the
exciton transition, and spectral width, respectively. The sub-
scripts g and e represent the ground state and the excited state,
respectively. The pre-exponential factors (a, and a,) indicate
the temporal population for the excited and ground state. The
shifts in spectral position and width from the steady-state
values are denoted as AL and Ay, respectively. These fitting

A3)
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) and the extinction derivative (%

g

of steady-state signal (dash-dotted black line)

parameters are varied to obtain the best fit of AT'(4, f) to the
measured AT/T. The time-dependent shifts of AA and Ay are
the indicators of the bandgap renormalization and the
distribution of the excited electrons.['™

Figure 4a represents the comparison between measured
and the fitted spectral evolution of the transient spectra AT/T
at the different pump-probe delays. The photo-absorption (PA)
states are observed at 662 nm and 556 nm and correspond to
the components of A and B excitons, respectively. The
prominent photo-bleach (PB) state at 625 nm corresponds to
the component of A exciton. The decay time relaxations of an
individual A and B excitons are 1.2 and 2.1 ps, respectively.
These values were derived from the fitting parameter —
spectral shift (AA(t)). (Figure 4b, Eq. 3) The A exciton decays
faster than the B exciton due to stronger coupling with the
cavity modes of the former. The dynamical nature of the
spectral shift is apparent here, indicating the relaxation of the
excitons to the coupled (polaritonic) state. The change in
spectral width (Ay(t)) further emphasizes the mechanism of
the A and B excitons’ relaxation into the coupled state.
(Figure 4b, inset) Note that the spectral width is directly
correlated with the coupling constant (g). The approach used
for Eq. 3 assumes that the shift of spectral width is constant
with time. However, from the poor linear fit presented in the
inset of Figure 4b, it is evident that this approach is not
sufficient to describe the nonlinear change in spectral width.
Thus, we consider an additional model to account for the
unusual coupling in WS, NP further.

In order to understand the individual dynamics of PB and
PA processes of polaritons and excitons, the temporal
evolution dynamics have to be explored in detail. Driving by
this requirement, the dynamics of different states were
extracted by fitting the decay transients. To fit the photo-
excitation dynamics, we recall that the recorded differential
transmission of temporal dynamics can be represented as
AT, t) =T,(A, t) = T,,(4, t). Where T, and T,, are the
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Figure 4. (a) Fitted plot of transient spectra g) at different pump-probe delay presented in Figure 2. he symbols represent the experimental

data points and the solid lines are the fitted cufve using Eq. 3. (b) Plot of temporal variation spectral shift (AA(t)) of the A and B exciton with
varied delay time, calculated from the fitting parameters of Eq. 3. The transition from A and B excitons to the polaritonic states can be realized
from this shift. (Inset) Plot of temporal variation of spectral width (Ay(t)) with delay time. The spectral width of A exciton shows an
exponential delay whereas B exciton shows a linear shift due to hybridization of upper and lower polaritons. (c) Transient dynamics of PB
states and PA states of excitons and polaritons of WS, NPs for 97uW pump power. The transients are fitted using Eq. 4 and presented as solid
lines.

wavelengths (1) dependent transmission signal at the different ~ components for the excitons, whereas the polaritons show a
pump-probe delay (7) in the presence (p) and absence (np) of  rise component along with two decay components. The rise
the pump laser, respectively. For each examined A, the component of the polaritons is induced by the coupling of the
dynamics follow exponential decay or rise, thus the decay  cavity modes to the excitons. The decay times can be assigned

transients can be fitted as follows (Eq 4):%*” to the recombination processes.’”! The result of the fitted
decay dynamics reveals that both: the excitons and the

AT(4, 1) Z (A,1) r polaritons have more than one lifetime. This finding suggests
r B ; alLLExp Ti ) the existence of multiple coupled states associated with the

exciton-polariton decays.
here g; and t; are the pre-exponential factors (or the amplitude) To understand the fascinating coupling dynamics, the
and decay lifetime of the i decay process (a particular state at ~ experimental results of power-dependent dynamics were
a specific A). Due to the low signal-to-noise ratio, only the analyzed using the time-dependent coupling model.*” Here
signal around the A exciton is considered. The comparison of  the exciton density in the excited state is considered to be
the experimental and the fitted transient dynamics of PA and  proportional to the pump fluence. Therefore, the polariton
PB states, lifetimes, and amplitudes are presented in Figure 4c  density also increases with the pump power. The population of
and S3. The free parameters of the fit results are presented in  polaritons depends on the coupling constant between the
Table 1. There are two PA states, 662 nm for A exciton and  exciton and the cavity modes. Thus, the polariton density also
650 nm for polariton, and two PB states, 625 nm for A exciton changes with time. However, the coupling between the exciton
and 616 nm for polariton. The fastest PA component (t,,) of  and the cavity shows time-dependent coupling and depends on
the exciton A is due to coupling with the non-polaritonic ~ the pump fluence.” The dynamical equations of these
state.”* The PA of the polariton shows two distinct decay interacting systems are presented in Equation 5a—c.[*”
components. The longer component (t, pg) can be ascribed to
the longer charge recombination processes or the effect of the dN.,..(t)
strong cavity pumping.”® The long charge recombination —dar
process suggests that these polaritonic materials are suitable
for photonic applications. The PB process presents two decay

—kiN oo (1) = ()N (t) — y N2 (1) +1(2)  (5a)

Table 1. The summary of the fitting parameters of temporal dynamics presented in Figure 4b. The longer lifetime of the polaritonic states
implies the longer recombination rate, the stability of the charged states.

N (ps) 7> (ps) 75 (ps)
PA of the A exc. 662 nm 0.02 (67 %) 2.04 (21 %) 99.8 (12%)
PA of the polariton 650 nm 0.16 >10* -
PB of the A exc. 616 nm —0.18 (rise component) 1.6 233.1
PB of the polariton 625 nm 2.0 243 -
Isr. J. Chem. 2022, 62, €202100128 (6 of 10) © 2022 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.
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o) N (1) + g(ON ) (sb)

dg(t)

- BIoN o (1) (1 — e )e ™! (50)

Here N,., Np and g represent the population density of
excitons and polaritons and the coupling strength, respectively.
I, represent the pump fluence (corelated to power). The
constants k; and k, are the intrinsic decay of the exciton and
polariton density, respectively. The constant k;, determines the
strength of spatial coupling between exciton and cavity to
form the polaritonic states. The increase in polariton density is
controlled by the temporal coupling strength. The effect of the
pump fluence on the dynamics of the coupling was modeled
using Equation 5d. Here /(?) is the pump profile (pump shape)
which is corelated to the intensity of an ultrafast pulsed
electromagnetic source and can be considered as follows:*"

I(1) = W a%iw)exp [—4 In(2) (l _tpzt”)z] (5d)

where R, o, and t, are reflectance, absorbance, and pulse
width, respectively. In this model, the coupling strength is not
fixed but rather evolves with time. The temporal coupling of
the excitons to the cavity modes infers the spatial dynamics of
excitons and polaritons.*” Due to the low signal-to-noise ratio,
only the interactions between the A exciton and the cavity
mode are considered here.

The exciton decay and the formation of polariton due to
the temporal coupling of exciton and the cavity modes is
presented in Figure 5a for the pump fluence of 97 pJ and 26 pJ
(inset). Using the temporal coupling approach, we learn that
the saturation time of the polariton strongly depends on the
pump fluence. Namely, the coupling strength of cavity and
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. Pulse
S
8 904
2
7]
c —~40
oy E E
£ 9 o
S 20 Coupling, g
z Pulse
30
0 0 2 4 6 8 10
Time (ps)
04 . . . —
0 2 4 6 8 10

Time (ps)

Israel Journal
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exciton is much higher with pump power. The saturation time
of the polariton is longer at lower pump fluence (/,), and the
cavity modes are more pronounced at higher 7, The dynamics
of exciton and the polariton, and the transient transmission
spectra at different pump power, are shown in Figure S4, 5.
Figure 5b presents the evolution of the coupling strength (g) as
a function of pump fluence at several delay times. For a
shorter delay time, g linearly increases with the increase in the
pump fluence. For longer delay times, the change in g is
nonlinear and approaches saturation (constant value). Another
insight drawn from the developed temporal coupling model is
that at shorter delays, due to the low coupling strength only
the excitonic behavior prevails. Thus, as the pump fluence
increases, g increases, and the exciton decays into polariton
much faster. For longer delay times, the dynamics are guided
by polariton as the g becomes saturated.

Conclusions

In this work, we have reported on the ultrafast nonequilibrium
light-matter interaction in WS, nanoparticles in aqueous
dispersion, providing a time-dependent study of the coupled
states formation between exciton resonances and an intrinsic
cavity mode. We have shown that the simplistic comparison of
the steady-state absorbance and extinction derivatives with the
AT/T spectra provides an instantaneous assignment of the
short- and long-delay decay processes. For short delay times
(~0.3 ps), the transient spectra are related to the derivative of
the absorbance while at long delay time (~ 100 ps) it is related
to the derivative of the extinction. There is, for the short delay
times, the light-matter interaction is guided by the excitonic
absorption, whereas for the long delay times, the process is
controlled by polaritonic scattering. In over words, the

254 05 ps (b)
—o—1ps A
—~—3.5 ps

2.0 1

o o
< o
2
] 1.54
n )
=)}
£ 1.0
=%
g >
[e]
O
0.01 T T T T T T
0 50 100 150 200 250 300

Pump fluence (iJ)

Figure 5. (a) The dynamics of exciton, polariton and the temporal coupling of exciton-cavity modes at the pump fluence of 97 pJ and 26 pJ
(inset). The coupling strength is amplified (x5) for the presentation. (b) The pump-fluence dependence of coupling strength at different delay
time. Note the nonlinear relation of coupling strength with pump fluence and the delay time.
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formation of EPs in WS, NPs is not instantaneous but a
gradual process that occurs only after several ps.

We find an additional indication of the temporal nature of
polariton formation when we observe the blue shift and
broadening of the maxima in the transient spectra (AT/T) at
the different pump-probe delays. By expressing the transient
signals as the difference of the transmission in the presence
and absence of the pump, we discover the nonlinear coupling
(Ag) between excitonic and external mode and eminent
transition from weak to strong coupling limit. The dynamical
nature of the spectral shift indicates the relaxation of the
excitons to the coupled (polaritonic) state. The change in
spectral width is an additional indication of the relaxation
mechanism of EPs, where A and B excitons decay into the
coupled state. Also, we found that the A exciton decays faster
than the B exciton due to stronger coupling with the cavity
modes of the former. Using the results of the fitted decay
dynamics, we determined the existence of multiple coupled
states associated with the exciton-polariton decays.

To elucidate the dynamic nature of the EPs formation
further, we modeled the time-dependent coupling of exciton
and cavity modes using the phenomenological dynamics. We
found that the developed model explains the nonlinear
dynamical coupling as well as the effects of the pump fluence
on the coupling strength. We find that the saturation time of
the polariton is longer at lower pump fluence (/,), while the
cavity modes are more pronounced at higher [, Thus, as the
pump fluence increases, g increases, and the exciton decays
into polariton much faster. Namely, the coupling strength of
cavity and exciton increases as the pump power increases. For
the longer delay times, the dynamics are guided by the
polariton as the g becomes saturated.

Our findings shed light on the dynamic and non-linear
phenomena of the coupling processes in EPs. The methods
and models developed in this work can hereafter be utilized to
guide the experimental observation of exciton-polariton for-
mation and coupling evolution dynamics. Moreover, the
obtained knowledge can be readily utilized in the field of
TMDs polaritonics for exploring genuinely unique physical
scenarios and exploiting these new phenomena in technology
in areas such as nanoscale lasing, quantum optics, and
nanomanipulation.

Experimental
Materials

The multiwall WS, fullerene-like nanoparticles (NPs) were
synthesized according to the procedure reported by Tenne
et al.*”™ The synthesis was carried out at 840 °C using WO, as
a precursor and the resulted NPs were annealed for 20 hours at
840°C to remove the remaining oxide.”?”! The XRD pattern of
the annealed sample is presented in ref.””? and shows ~2%
remaining oxide after the annealing process. The average size
of these NPs is 50 to 200 nm and the number of WS, shells

Isr. J. Chem. 2022, 62, €202100128 (8 of 10)
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depends on the synthetic conditions. TEM and SEM analyses
reveal that the WS, NPs are somewhat oblate (Figure 1a). The
solutions for all the current measurements were prepared using
purified water (Milli-Q RG, Millipore).

Steady-State Absorption and Extinction Spectra

UV-vis extinction measurements were carried out on a Cary-
5000 spectrometer (Varian). Samples were prepared by adding
0.6 mg of the WS, NP into 9 ml of purified water. The mixture
was shaken by hand and then sonicated twice for 1-3 min
using an ultrasonic bath. All suspensions were measured using
quartz cuvettes. Scanning electron microscope (SEM) and
Transmission electron microscope (TEM) analyses demon-
strate that the WS, NPs remain unaffected by this mild
sonication procedure.

Decoupled absorption spectra, used to separate scattering
and absorption processes from the total extinction spectra,
were measured using an integrated sphere (Hamamatsu
Quantaurus absolute QY system).*”! This instrument directly
measures the amount of absorbed light by placing the sample
inside an integrating sphere. The system was calibrated using
a sample with known absorbance to extract the optical
absorbance. A calibration for counting the single-pass absorp-
tion photons was performed to avoid the full extinction which
also includes photons that are scattered a few times before
being detected.

Femtosecond Pump-Probe Spectroscopy

Femtosecond (fs) pump-probe spectroscopy was used to
resolve the character of polaritonic features as a function of
excitation time. Here, the setup is driven by an amplified Ti:
sapphire laser (Coherent Libra 2) producing 4 W, 150 fs,
800 nm pulses at a 2 kHz repetition rate. To generate a single
Filament white light continuum used as a probe, a fraction of
the pulse energy is focused in a 3 mm thick sapphire plate.
Another fraction of the pulse energy was doubled in a second
harmonic (SH) crystal, serving as the pump pulse. Pump and
probe are non-collinearly focused on the sample. The trans-
mitted probe spectrum is detected by a spectrometer that is
working at the full 2 kHz repetition rate of the laser. The
spectra (AT/T) of the dispersed NP were recorded with a time
resolution of 150 fs set by the cross-correlation of pump and
probe pulses and sensitivity of 1-2x107°. With the OPA one
can reach a higher time resolution of 100 fs. The fs pump-
probe measurements were carried out for WS, NP dispersed in
H,0 (0.15 mg per ml). The dispersions were sonicated twice
for two minutes before the measurement itself. The excited
sample was probed at varying delays by a white-light
continuum, covering the visible-near infrared (400—800 nm)
region.

© 2022 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.
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Glossary for Abbreviations and Acronyms

NSs  nanostructures

NPs fullerene-like nanoparticles
2D two-dimensional

NTs nanotubes

EPs  exciton-polaritons

PA photo-induced absorption
Fs femtosecond

PB photo-bleach

G coupling strength

Ps picosecond

1, pump fluence

TMDs transition metal dichalcogenides
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Editorial

Jaroslaw Drelich
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University, Houghton, MI, USA

We are delighted to report another increase in the journal impact
factor for Surface Innovations, which rose from 2.845 in 2020 to
3.016 this year. This is the fourth year in a row that the journal
has experienced an increase in its impact factor as demonstrated
in Figure 1.

The top three most-cited papers that contributed to this year
impact factor include:

1. M.R. Derakhshandeh, M.J. Eshraghi, M.M. Hadavi, M.
Javaheri, S. Khamseh, M.G. Sari, P. Zarrintaj, M.R. Saeb, and
M. Mozafari, Diamond-like carbon thin films prepared by
pulsed-DC PE-CVD for biomedical applications, Surface
Innovations 6(3), 2018, 167-175.

2. M.R. Derakhshandeh, M.J. Eshraghi, M. Javaheri, S.
Khamseh, M.G. Sari, P. Zarrintaj, M.R. Saeb, and M.
Mozafari, Diamond-like carbon-deposited films: a new class
of biocorrosion protective coatings, Surface Innovations 6(4-
5), 2018, 266-276.

3. M. Sadeghi-Kiakhani, S. Khamseh, A. Rafie, S.M.F. Takieh,
P. Zarrintaj, and M.R. Saeb, Thermally stable antibacterial
wool fabrics surface-decorated by TiON and TiON/Cu thin
films, Surface Innovations 6(4-5), 2018, 258-265.

We would like to take this opportunity to express our appreciation
to Professors Masoud Mozafari, and Mohammad Reza Saeb for
submitting the above-listed quality leading contributions on
cutting-edge research to Surface Innovations. These papers serve
as examples of quality that the journal seeks in every new
submission.

We also thank all other contributors who submitted manuscripts to
Surface Innovations, to external reviewers for their hard voluntary
work and their valuable comments, and to everyone who reads
and cites the Surface Innovations papers.

The number of submissions continues to rise, allowing us to be
more selective in choosing contributions that are more appealing
to innovators. Additionally, as a result of the impact of the
growing pool of submissions, the publisher has decided to expand
the content of the journal from 5 to 6 issues in 2022. We hope to
fill the additional issue with interesting reports on surface and
interfacial innovations and discoveries.

In this closing issue of 2021 we offer seven original research

reports on antimicrobial coating, magnetic ~membranes,

254
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Ludmila Boinovich
A.N. Frumkin Institute of Physical Chemistry and Electrochemistry, Russian
Academy of Sciences, Russia

Zigi Sun

Queensland University of Technology, Brisbane, Australia

photocatalytic nanoparticles, the use of iron phosphide as an
energy-storage material, low-reflectivity coating for surgical
instrumentation, inhibitor of corrosion, and the use of expired
medication in lithium-based batteries.

In the first contribution, selected as the feature article for this
issue, Centa et al. (2021) describe a novel active nanostructured
antimicrobial composite coating made of poly(vinylidene fluoride-
co-hexafluoropropylene) and polyvinylpyrrolidone as a matrix and
molybdenum trioxide nanowire as a filler. The antimicrobial
activity of the coating is demonstrated against Gram-positive and
and molds. This
nanocomposite coating is especially appealing for contact surfaces
as it is activated by moisture, preventing colonization of the
surface by microorganisms.

Gram-negative bacteria, yeasts, novel

Polymeric magnetic membranes are used in cell culture studies to
mediate and investigate the behavior of cells. In a new
contribution, the research team from Turkey demonstrates
fabrication of magnetic polydimethylsiloxane membranes with
uniformly  distributed ~ embedded
Superparamagnetic magnetite particles with a diameter of
6-10nm were synthesized using iron (II) chloride tetrahydrate
and iron (III) chloride hexahydrate, and then homogenized

magnetite  particles.

uniformly into a silicone elastomer with its curing agent. Such
fabricated chemical agent-free membranes were successfully
tested for osteoblast cell proliferation and morphology studies.

Silver chloride surface doped with silver (Ag@AgCl) is a
plasmonic photocatalyst that acts within the visible-light range
and can be used to degrade hazardous organics from water and
wastewater. A team of researchers from China invented a novel
simple method of synthesizing Ag@AgCl nanoparticles with
dimensions of 40-100 nm using silver nitrate and lithium chloride
solutions and  additions of  dimethylacetamide  and
polyvinylpyrroloidone. The photocatalytic activity of synthesized
nanoparticles is exhibited through degradation tests of methyl

orange.

Sodium ion-batteries are considered a high specific energy, low
cost and high safety alternative to current lithium ion-batteries, if
the large diffusion resistance of the sodium ions between the
cathode and the anode is significantly reduced. Therefore, current
research in the field of sodium ion batteries concentrates heavily
on development of new electrode materials such as transition
metal phosphides. The research team from Zhengzhou University
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in China describes a unique composite electrode made of a
hollow sea-urchin-like iron phosphide on a carbon substrate
(FeP@C). This novel electrode material, with high integrity and
cycling performance, effectively alleviates volume expansion
during sodium ion intercalation and demonstrates high electrical
conductivity.

High surface reflectivity of surgical instrumentation that reduces
the surgeons’ field of vision during interventional procedures is a
common problem in the medical field and dentistry. In a new
paper, researchers from Colombia tackle this challenge by
depositing a low-reflectivity titanium aluminum nitride (TiAIN)
coating on stainless steel using the direct-current magnetron
sputtering technique. The study demonstrates that the columnar
grain morphology of a TiAIN coating not only reduces reflectivity
of the surface but also improves the corrosion resistance of
stainless steel used for manufacturing surgical and dental
instruments.

In the next contribution, an international China-USA team
describes the corrosion inhibition performance of an imidazoline
quaternary ammonium salt (IM) and octylphenol polyoxyethene
ether (OP) to combat carbon dioxide corrosion of pipeline steel in
a sodium chloride solution. The study shows that the mixture of
IM and OP molecules promote the formation of a thick, compact
adsorption inhibitor layer, which performs significantly better than

Downloaded by [] on [02/08/21]. Copyright © ICE Publishing, al rights reserved.

when each material is applied separately, revealing synergistic
inhibition performance. Fundamental studies also revealed that the
IM-OP mixture enhanced interactions between inhibitor molecules
and the metal surface, with OP promoting electrons to the metal
and IM molecules accepting electrons from the metal surface.

In the last contribution to this issue, the research team led by Prof.
Hou from Kunming University of Science and Technology
describes their newest invention in their program of utilization of
medical waste materials. They converted expired aminocaproic
acid, commonly used in the treatment of acute bleeding due to
elevated fibrinolytic activity, to zinc aminocaproate with mint-
leaf-like flower morphology structures. Fabricated electrodes
decorated with these zinc aminocaproate flowers exhibit high
electrochemical lithium-storage performance with significant
reversible discharge specific capacities.

We are looking forward to your feedback on the content of this
issue, as well as other issues of Surface Innovations, and we
encourage you to submit your exciting new reports on discoveries
and innovations.
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Precbrat v primeru odpuscene
Sasga mikrobiologinje

Senica Predstavite nam instrument, ki ga najpogosteje ali najraje uporabljate pri
delu. F. Istra letos ne bo
@ 11.08.2022 ob 09:00 % deleZna niti kapljice
. Osnova mojega raziskovanja je sinteza in karakterizacija nanomaterialov. Mislim, da ni veliko e
POSLUSAJTE . .
I stvari, ki bi presegle moje navdu3enje, ko sintetiziramo nov material in grem v temno 4 D_Vﬂlgcnost koalicije,
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DELITE
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QOO m T

Moja znanstvena pot me je pripeljala v svet anorganskih nanodelcev, predvsem nanocevk in

@ @ nanoZic. Med diplomskim in magistrskim delom sem jih prou¢evala kot teoreticarka, nato pa kot Damjan Kobal
eksperimentalistka, ko sem se pridruZila skupini prof. Maje Rem&kar kot doktorska Studentka. SabotaZa
Sintetizirati poskusamo nove nanomateriale, iSéemo nacine za optimizacijo sinteze, te materiale (javnega) Solstva
potem karakteriziramo z razlicnimi tehnikami, poleg tega pa raziskujemo, kako bi jih lahko
uporabili v prakticnih aplikacijah, pa naj bo to v optiki, katalizi, kot del polimernih kompozitov ali Dino Bauk
celo v nanoelektromehaniki. Zame je najbolj zanimiv del raziskave karakterizacija, to je Pol me]]kega_(':
ugotavljanje stehiometrije nanocevke, kristalne strukture, razporeditve atomov, prisotnosti g e
defektov in necisto, potem pa raziskava studija opticnih lastnosti.

BlaZz Podobnik
Zakaj imate radi znanost? Multipolarnost

o 3 . kot spostovanje

Znanost prina3a rezultate. Ko opravis meritev razlicnosti
ali poskus, je rezultat jasen. Seveda ga lahko
nato vse Zivljenje poskusate razloZiti in Boris Suligoj
razumeti, ampak ni moZnosti, da bi z njim Mama jim je
manipulirali ali da bi nekdo trdil, da ste dobili *' kupila traktorje
nekaj drugega. Znanost sicer ni povsem ¢rno-

Vec...

bela, ampak bliZje temu ne moremo. Viec so

mi stvari. Ki so logicne.
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Kaj dobrega bi vase delo lahko
prineslo clovestvu?

Sem velika zagovornica nacela I'art pour I'art,
ampak za znanost. Do veliko prelomnih
odkritij so se prebili znanstveniki, ki so
enostavno raziskovali, ne da bi mislili na
konéno uporabo tega, Kar pofnejo. Zato mi ni
vSec sodoben pristop k pridobivanju projektov
in objavi ¢lankov, ko si moras Ze Cisto na
zacetku izmisliti konéni izdelek, to je povsem
umetno. Menim, da negativni rezultati in
poskusi, ki niso potrdili zacetne hipoteze,
prispevajo k zakladnici znanja in bi jih bilo treba objaviti. Kdo ve koliko ubogih tudentov ta

Bofana VISIC. FOTO: Osebnf arhiv

trenutek zapravlja cas za nekaj, kar so drugi Ze posku3ali, namesto da bi porabili svoj €as in energijo
za stvari, ki lahko prinesejo rezultate.

Kdaj ste vedeli, da boste znanstvenica?

Slisi se kot kliSe, ampak to sem vedela Ze od malega. Ko smo se v osnovni Soli prvic srecali s fiziko,
je bila moja pot zacrtana.

Kaj zanimivega poleg raziskovanja e poCnete?
Po dveh podoktorskih projektih imam veliko prijateljev po vsem svetu. Tako imam zdaj vedno
dober razlog za potovanje. Zelo rada teCem in upam, da bom lahko tekla tudi, ko bom Ze zelo stara.

Kaj je klju¢na lastnost dobrega znanstvenika?

Odprtost za novosti. Znanstvenik se ne sme trmasto drzZati svojih metod ali tehnik, stopiti mora
tudi iz cone udobja in poskusiti nove stvari. Sre¢o imam, da sem bila vedno obkroZena s sodelavci,
ki niso le odlicni znanstveniki, ampak odli¢ni ljudje, ki svoje znanje radi delijo in ga ne zadrZujejo
zase. Bistvo znanstvenika bi moralo biti deljenje odkritja.

Katero bo najbolj prelomno odkritje ali spoznanje v znanosti, ki bo
spremenilo tok zgodovine v ¢asu vaSega Zivljenja?

Marsikaj bi rada vedela, vendar resniéno upam, da bomo $e v ¢asu mojega Zivljenja razumeli, kaj je

Gospodarstvo Mnenja Sport Kultura Kresnik Magazin Sobotnapriloga Nedelo Q &

5 toplotno crpalko do
najuinkovitejsega nafina ogrevanja
doma

=

Ustanavljate podjetje? Veste, kje iskati

\

Investirajte preprosto — kjer koli in
kadar koli

\ "f

f/ .
— ~ J \1 -
Nova vrsta zobnih vsadkov navdusuje
tudi Slovence




DEI(OQ Novice

Gospodarstvo  Mnenja Sport Kultura Kresnik Magazin Sobotna priloga

Nedelo

Q

temna energija.
Bi odpotovali na Mars, ¢e bi se vam ponudila priloznost?

Instinktivno bi najprej rekla: »Seveda, kje se prijavim?« A €e bolje premislim, sem prepricana, da bi
na koncu raje ostala na Zemlji. Velika verjetnost je, da bi bilo potovanje enosmerno, tu pa bi e rada
videla toliko stvari.

Na kateri vir energije bi stavili za prihodnost?

Karkoli bo, moralo bo biti zeleno. Spremeniti moramo nacin porabe energije, pa Ze Zamujamo.
Realno gledano bo 5lo za hibrid med obnovljivimi viri energije, kot sta sonce in veter, in
najverjetneje fuzijo. Upam, da kmalu.

S katerim znanstvenikom v vsej zgodovini ¢love$tva bi ili na kavo?

Izredno me zanima zgodovina kvantne mehanike in kebenhavnskega kroga Nielsa Bohra. Ceprav
nisem zagovornica njihove interpretacije kvantne teorije, so ti znanstveniki Ziveli v najbolj
zanimivem obdobju teoreticne fizike. Niels Bohr je bil karizmaticna in prepricljiva oseba. Z njim bi
rada spila kavo, Ceprav sem prepricana, da bi bil to prej monolog kot pogovor.

Katero knjigo, film, predavanje, spletno stran s podro¢ja znanosti priporocate
bralcu?

Knjige Seana Carrolla, enega vodilnih sodobnih kozmologov, njegov podKkast Mindscape je moje
obvezno ponedeljkovo posluanje. Moja najljubsa knjiga o temeljih in zgodovini kvantne mehanike
je delo Adama Beckerja What is Real? The Unfinished Quest for the Meaning of Quantum Physics.

Cesa ne vemo o vaSem podrodju, pa bi nas presenetilo?

Anorganski nanodelci se komercialno najpogosteje uporabljajo kot dodatki v oljih za Zzmanjsanje
trenja na velikih ladjah.

Hvala, ker berete Delo.
Brati vec¢. Razumeti vec€. Vedeti vec.
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