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Abstract: Electrochemical biosensors utilizing nanomaterials have received widespread attention
in pathogen detection and monitoring. Here, the potential of different nanomaterials and electro-
chemical technologies is reviewed for the development of novel diagnostic devices for the detection
of foodborne pathogens and their biomarkers. The overview covers basic electrochemical methods
and means for electrode functionalization, utilization of nanomaterials that include quantum dots,
gold, silver and magnetic nanoparticles, carbon nanomaterials (carbon and graphene quantum dots,
carbon nanotubes, graphene and reduced graphene oxide, graphene nanoplatelets, laser-induced
graphene), metal oxides (nanoparticles, 2D and 3D nanostructures) and other 2D nanomaterials.
Moreover, the current and future landscape of synergic effects of nanocomposites combining dif-
ferent nanomaterials is provided to illustrate how the limitations of traditional technologies can be
overcome to design rapid, ultrasensitive, specific and affordable biosensors.

Keywords: electrochemical biosensing; nanomaterials; graphene; carbon nanomaterials; gold nanopar-
ticles; metal oxides; quantum dots; 2D nanomaterials; foodborne pathogen

1. Introduction

Pathogen diagnostics are currently critical for applications in healthcare, food safety
analysis and environmental monitoring. Foodborne and waterborne pathogens (i.e., bacte-
ria, fungi, viruses and some parasites) cause infections in humans via contaminated food
or water. The high incidence of infection caused by foodborne pathogens indicates that
the prevention, surveillance and management of foodborne diseases need to be strength-
ened [1–3].

The traditional technologies to detect pathogens in food and water are constrained by
delayed analysis times, expensive and laborious sample preparation steps and the need
for highly trained personnel. The major conventional detection methods can be classi-
fied as counting methods, immune-assays and polymerase chain reaction (PCR)-based
methods. Counting bacterial colonies on microbiological culture plates is inherently a
complex, time-consuming and error-prone method. The detection time takes 3 to 9 days
while up to 2 weeks are needed for confirmation of positive results. The confirmation
includes observation of the bacterial colony color and morphology together with biochem-
ical tests in a specific medium that is performed after pathogen isolation. Alternatively,
immunoassays, such as the enzyme-linked immunosorbent assay (ELISA), lateral flow
and dot blot immunoassay, enable detection of pathogen antigens [4–8]. They can use
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monoclonal or polyclonal antibodies that specifically bind to the targeted pathogen and
can be applied for testing large-scale samples and for the on-site detection of pathogens.
However, they usually show low sensitivity and thus have to be confirmed by an additional
test. In contrast, PCR-based methods allow rapid and highly specific pathogen diagnosis.
In spite of these advantages, PCR-based methods have some limitations. For instance, they
can produce false negative results due to a DNA polymerase inhibition by food matrix
molecules and ions, which may completely block amplification of target DNA, or false
positive results due to the cross-amplification of PCR-generated fragments of non-target
DNA.

Biosensors provide a promising tool for such applications due to their portability and
simplicity of utilization. The most used types of sensors are by construction optical (plas-
monic, UV-Vis/Infrared spectroscopy, Raman, attenuated total reflection), electrochemical,
electromagnetic, mechanical, airflow and acoustic. The principal issue in all these technolo-
gies is to enable sensitive and selective detection of pathogens in complex food samples
that contain low analyte concentrations. Nonspecific adsorption of biomolecules presented
in the sample (originated from either the matrix or microorganisms that constitute normal
sample microflora) at the biosensor surface can drastically obstruct detection performance,
diminish the signal intensity and specificity of the biosensor and increase background
“noise”.

In the last years, innovative and portable biosensors have emerged as they overcome
limitations of traditional and molecular detection technologies and even other biosensors
concerning the quantitative detection and screening of pathogens in clinical, environmental
and food analysis [9,10]. Among different biosensors, electrochemical platforms are the
most popular because they are highly specific towards the analyte and can be adapted for
multiplex analysis providing high analytical accuracy even in complex food matrices of
various composition, densities and pH. Electrochemical detection of a pathogen exploits
a working electrode modified with specific recognition elements (such as antibody, ap-
tamer, DNA probe) ensuring the selectivity, sensitivity and specificity of the measurements.
Various strategies and concepts have been developed to prevent nonspecific binding to
the electrode surface in biosensors. The concept of such strategies primarily relies on
the fabrication method, sample composition, electrochemical technique and performance
of each detection principle. Recent literature highlights that different nanomaterials are
incorporated into electrochemical biosensors as enhancers, labeling factors or immobi-
lizer supports to enable the overall feasibility of the platform for diagnostic/detection
applications.

In this review, we present some basic principles of the electrochemical methods used
in biosensors and the state-of-the-art nanomaterial-based electrochemical biosensors for
foodborne pathogen (virus, bacteria and bacterial toxin) detection.

2. Electrochemical Methods and Electrode Functionalization

Electrochemical biosensors transduce biochemical events into electrical signals (cur-
rent, potential, impedance or resistance). They can be divided into biocatalytic using
enzymes as recognition elements and affinity (biocomplexing) biosensors using selective
and strong binding biomolecules. Affinity biosensors can be further divided into im-
munosensors based on antibodies or nanobodies, aptasensors based on DNA or RNA
aptamers and genosensors based on single strand DNA (ssDNA). Besides, some electro-
chemical biosensors for pathogen detection use peptides, phages, microRNA, antibiotics or
molecularly imprinted polymers (MIPs) as recognition elements [10]. Various electrochem-
ical techniques with different signal mechanisms exist, as illustrated in Figure 1. Their
applicability and efficiency depend on the target properties and design of the sensor plat-
form. Voltammetry is performed under controlled potentials when the measured current
reflects electron transfer between the sample and the electrode surface. It is possible to mea-
sure current values during the potential sweeping towards and backwards while cycling
(cyclic voltammetry). By holding the potential of the electrode constant (amperometry), or
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holding the current constant (potentiometry), the obtained information in the timescale
gives the change in current and potential, respectively. Capacitance, as one of the electric
properties of (bio)molecular and biological layers at the surface of the electrochemical elec-
trode, represents important information of the layer charging effect while sensing certain
molecules/pathogens. Electrochemical impedance spectroscopy (impedance/resistance of
the system) is usually employed for measuring the impedance of the catalytic layer that
changes upon target binding to the immobilized recognition element. Electrochemical
impedance spectroscopy is frequently used in detecting pathogen microorganisms due
to its high sensitivity. Increase in the diameter of electrochemical impedance plotted in a
Nyquist diagram shows the increase in system impedance. It is directly proportional to
the electron transfer resistance of the system and enables quantitative detection. Potentio-
static systems usually work in a three-electrode format (working, auxiliary and reference
electrode) while conductometry and electrochemical impedance spectroscopy are mainly
performed in a two-electrode format (working and auxiliary).

Figure 1. Electrochemical biosensors utilizing different methods (potentiometry, voltammetry, am-
perometry and electrochemical impedance) for analyte detection and concentration evaluation.

An ideal electrochemical sensor should achieve high sensitivity and specificity, a wide
dynamic range of detection, measurement reproducibility, rapid response with real-time
analysis and multiple uses. It should also be portable, user-friendly and cost-effective
with self-calibration and self-cleaning. To enable simultaneous detection of several targets
in the same sample (multiplexing), electrochemical biosensors can be combined with
microfluidic systems and integrated with microelectronics. The development of screen-
printed electrodes is important in making sensors economical and widely commercially
available. Furthermore, data post-processing plays a very important role in obtaining
credible and accurate detection results. Many of these properties are an issue in detecting
analytes in complex matrices. Affinity biosensors, especially, may have difficulty operating
in samples such as food matrices due to nonspecific adsorption on the electrode surfaces
that compromises the performance of the device.

The electrode material, its design and fabrication may significantly increase the sensor
specificity and selectivity. Surface chemistry is used to immobilize recognition elements
onto the working electrode and to prevent a background signal [11]. To eliminate the
matrix effect, common strategies involve electrode functionalization using specific sur-
face chemistry and additional electrode covering with poly(ethylene glycol) (PEG) or
oligo(ethylene glycol) (OEG) layers that effectively passivate the electrode [12]. Usually,
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immobilization of biomolecules is performed via amine-, carboxyl-, aldehyde- and thiol-
conjugation, depending on the chemical reactivity of the electrode material and its modifi-
cations. Finally, to enable sensitive electrochemical detection, a redox indicator is added to
the sample. Ferrocene is the most commonly used redox indicator [10], but others such as
protamine [13], tripropylamine [14] or methylene blue [15] also enable estimation of the
target concentration by measuring changes in peak intensity. For instance, target binding on
the electrode surface may decrease peak intensities of the redox indicator due to the higher
electron transfer resistance of the electrode system while increasing the concentration of
the captured target. To simplify biosensor utilization and to increase signal intensities, the
redox marker can be immobilized onto the electrode surface as shown for influenza A virus
detection using conducting copolypyrrole integrating ferrocenyl group electrodes [16,17].
Finally, in cases when the analyte can undergo oxido-reduction on the working electrode
itself, no additional redox marker is needed [18].

3. Nanomaterial-Based Electrochemical Biosensors

Many types of sensing electrochemical devices come up, and some of them represent
a scaled-down lab to a single chip (lab on a chip). However, despite the intense devel-
opment of electrochemical biosensors, their high sensitivity and reproducibility remain
challenging [19]. Employing various nanomaterials may improve analytical performances
of electrochemical sensors by signal enhancement [9,20]. Association of nanomaterials with
the electrode increases surface area which can boost loading capacities and mass transport
of reactants, resulting in signal amplification. Moreover, nanomaterials can be carriers of
redox probes to provide sensitive detection or can improve dynamics of redox exchanges,
which significantly amplifies the read-out [21].

Nanomaterials are generally classified as 0D—quantum dots, carbon dots, nanoparti-
cles, 1D—nanotubes, nanowires, nanorods, 2D—nanoplates, nanosheets, nanodisks and
3D—nanoflowers, nanocones, nanoballs [22] (Figure 2). In all 0–3D forms, nanomaterials
have been extensively incorporated into electrode construction in electrochemical biosen-
sors applied in the detection of foodborne pathogens [23]. Generally, 0D nanomaterials
comprise nanoparticles, usually metal or metal oxide nanoparticles [24–26], carbon and
quantum dots [27,28] with nanoscale dimensions. Metal nanoparticles, most commonly
gold nanoparticles, are often selected for application in electrochemical biosensors for
detection of foodborne pathogens due to their high conductivity and biocompatibility
and retention of biomolecule activity over time [29,30]. Quantum dots (QDs) have great
potential for application in small size electrochemical biosensing devices due to their
small compact size and good and stable performance [31]. In terms of material type,
quantum dots can be classified as metal QDs, carbon dots (CDs) and graphene quantum
dots (GQDs). One-dimensional (1D) nanomaterials applied in electrochemical biosens-
ing generally include carbon nanotubes [32] and metal oxides synthesized in the form of
nanowires, nanotubes or nanorods [33]. Two-dimensional (2D) nanomaterials have come
into the limelight starting with the discovery of graphene in 2004 [34]. Besides atomic
layer thickness, tunable electronic properties, good mechanical strength and chemical
activity, they feature a high surface-to-volume ratio making them good candidates for elec-
trochemical biosensing, gas sensing, energy conversion, storage devices and many other
biomedical applications [35–38]. Besides graphene and its derivatives, research has focused
on the development of other emerging 2D nanomaterials including boron nitride, graphite
carbon nitride, transition metal dichalcogenides, MXenes, black phosphorous, transition
metal oxides and also, more recently, heterostructures incorporating at least one 2D nano-
material [39–41]. Metal oxides, when exfoliated into monolayers, can form a 2D oxide
nanostructure [40]. Most common 3D nanomaterial structures applied in electrochemical
biosensing of foodborne pathogens are generally various metal oxides, often grown in
the form of nanoflowers [42] or other 3D structures, and, more recently, carbon allotropes
such as laser-induced graphene [43,44]. Especially, nanomaterials with intrinsic conduc-
tivity, such as metal oxide, carbon nanomaterials and metal nanoparticles, significantly
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improve the sensing devices that relied on electrical signal. Moreover, synergic effects can
be achieved by combining two or more 0–3D nanomaterials, forming a nanocomposite
heterostructure on the same electrode [45–48].

Figure 2. Illustration of some 0–3D nanostructured material morphologies.

Different surface modifications involving thiols, amines and silanes are performed to
functionalize electrodes carrying nanomaterials in order to attach biorecognition elements
to the electrode in a stable way. Proper functionalization is one of the key elements in
biosensor development since maintaining the full biological activity upon immobilization
allows optimal analytical properties of the biosensor [49]. For instance, DNA probes
thiolated at 5′ or 3′, or peptides modified with a cysteine residue at one end, covalently bind
to gold film or gold nanoparticles [14], while an antibody can be immobilized covalently via
amino links on a gold electrode surface with a previously attached self-assembled thiol layer
that was activated with a mixture of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
and N-hyrdoxysuccinimide (NHS) [50]. In addition, non-covalent binding of recognition
elements to the electrode via streptavidin–biotin interaction allows for a highly stable
biosensor surface [51,52].

3.1. Metal Oxide Nanomaterials

Metal oxides are semiconductor materials due to their crystalline ordering, electronic
band structure, specific surface and quantum related properties. According to the semi-
classical theory [53], the conductivity of a semiconductor can be easily modified/enhanced
by changing the concentration or the mobility of free charge carriers. Such features rep-
resent an ideal starting point for the design of electrochemical biosensors for pathogen
detection. Previous studies have shown that the concentration of free charge carriers in
metal oxide materials can be modified by oxygen vacancy concentration, doping, particle
size, temperature, humidity, electromagnetic radiation and surface adsorbed species [26,33].
Metal oxide nanomaterials can be synthesized in various morphologies ranging from 0 to
3D, providing an interesting playground for the design of electrochemical biosensors [25].
They are low cost, highly biocompatible, show an antimicrobial effect and have a large
catalytic area and electrocatalytic activity [45]. The synthesis procedure has a significant
influence on metal oxide nanoparticle morphology and resulting properties [26,33]. Some
examples of metal oxide nanostructures include nanoparticles [54,55], nanowires [56],
nanocubes [57], nanosheets [58], flower-like structures [59], etc.

Recent research has focused on nanocomposite heterostuctures, where different char-
acteristics of each component lead to improved performance and characteristics of elec-
trochemical biosensors for food pathogen detection [46]. Metal oxide 0–3D nanomaterials
have great potential to improve the biorecognition performance, where focus is on en-
gineering the microstructure, as shown by Zhai et al., where a 3D networked carbon
nanowall/diamond supporting CuO architecture was developed combining microwave
plasma chemical vapor deposition of the hybrid carbon nanowall/diamond film on flu-
orine tin oxide (FTO) glass substrate. It was then used as a template for deposition of
Cu nanoparticles by magnetron sputtering followed by growth of CuO nanoparticles by
an electrochemical method [45]. Fatema et al. performed a comparative study of two
mesoporous nanocomposites, ZrO2-Ag-G-SiO2 and In2O3-G-SiO2 (Figure 3), for rapid and
highly efficient detection of Escherichia coli using cyclic voltammetry, achieving detection in
the range from 101 CFU/mL to 1010 CFU/mL [46].
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Figure 3. Schematic presentation of the synthesis process of the ZrO2-Ag-Graphene Oxide -SiO2

nanocomposite. Adapted with permission from [46] Copyright 2020, American Chemical Society.

Several reports have indicated significant sensing improvements obtained by using
metal oxide nanoparticles in electrochemical biosensors. Muniandy et al. [60], developed a
reduced graphene oxide–nano TiO2 composite for an aptasensor used in the detection of
Salmonella enterica (Figure 4). The bacterial cells captured by the aptamers incorporated on
the electrode surface were a physical obstacle for electron transfer, which decreased the
voltammetric signal proportionally to the bacterial concentration. Performance of the sensor
was evaluated using cyclic voltammetry and electronic impedance spectroscopy. The devel-
oped aptasensor exhibited high sensitivity with a wide detection range (1–108 CFU/mL),
low detection limit of 1 CFU/mL, good selectivity for Salmonella strains and acceptable
long-term stability. Nadzirah et al. [61] used pure TiO2 nanoparticles (NPs) and fabricated
interdigitated electrodes for E. coli detection. A specific ssDNA probe was immobilized on
the electrode surface upon its chemical functionalization with (3-aminopropyl) triethoxysi-
lane (APTES) to provide contact between the organic and inorganic surfaces of a ssDNA
probe and TiO2 NPs. The obtained genosensor showed high sensitivity since it was able
to detect as low as 1.0 × 10−13 M of E. coli O157:H7 DNA in bacterial lystes, with a high
specificity and reproducibility.

Figure 4. Schematic presentation of the fabrication of rGO-TiO2 electrodes and their employing for
electrochemical detection of bacteria. Adapted with permission from [60] Copyright 2019, Elsevier.
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Teng et al. [62] showed that ZnO nanorods in an electrochemical immunoassay for
detection of E. coli led to signal enhancement. They immobilized both the detection
antibody (anti-E. coli polyclonal antibody) and the redox probe (ferrocene) onto the surface
of ZnO nanorods which surfaces were coated with a layer of silica. When coated with
silica, the nanorods form core–shell nanorods that can be easily modified with various
functional groups. The obtained complex antibody-ZnO-ferrocene was incubated with an
E. coli contaminated sample and then washed and deposited on to a gold electrode carrying
a capturing anti-E. coli antibody. The designed immunoassay showed a detection limit of
50 cfu/mL. In another study, Purwidyantri et al. [63] used ZnO nanograss decorated with
Au nanospeckles to develop a sensing platform for Staphylococcus epidermidis, based on DNA
hybridization. Applying the thermal evaporation, Au nanoparticles were deposited on the
hydrothermally synthesized ZnO nanograss. The deposition increased by approximately
two-fold the effective surface area and diffusion coefficient compared to the non-speckled
ZnO nanograss. The fabricated genosensor carrying a DNA probe complementary to the
16S region in the genome of S. epidermidis attained a limit of detection (LoD) of 0.506 pM.

Earth abundant transition metal oxides are showing great potential for electrochemical
applications, including electrochemical biosensors for foodborne pathogens [64]. Thus,
rapid detection of Salmonella typhimurium was achieved using an SiO2@MnO2 nanocom-
posite impedance biosensor developed on interdigitated array microelectrodes combined
with immunomagnetic separation [65]. Magnetic beads were used to capture monoclonal
antibodies and separate S. typhimirium cells rapidly from samples, while detection was
achieved by release of Mn2+ by H2O2 monitored as a change in impedance, as shown in
Figure 5.

Figure 5. Illustration of the detection of S. typhimirium using immunomagnetic separation and
impedance monitoring of the release of Mn2+ from the SiO2@MnO2 nanocomposite. Adapted with
permission from [65] Copyright 2020, Elsevier.

An electrochemical genosensor based on SnO2 nanocrystalline quantum dots was
developed by Patel et al. [66] for detection of Vibrio cholerae using the DNA hybridization
principle. The electrode was obtained by electrophoretic deposition of SnO2-QDs onto
indium-tin oxide coated glass substrate. Subsequently, a DNA probe was attached to SnO2
NPs via its phosphate groups. The study showed that SnO2 NPs provided not only an
effective surface for DNA probe immobilization, but also enhanced electron transport and
improved signal read-out. The fabricated sensor detected V. choleare complementary DNA
sequences with the limit of detection of 31.5 ng/µL and showed high long-term stability.
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Bacteria remain the most commonly detected pathogen with metal oxide based elec-
trochemical biosensors. Moreover, current trends are focused on the use of metal oxide
photocatalytic properties in inactivation and elimination of bacteria [67–70]. For instance, a
multifunctional electrochemical platform was obtained by combining ZnO, colloidal Ag
and vancomycin [71]. AgNPs/3D-ZnO nanorod arrays, functionalized with vancomycin,
were immobilized onto the working electrode. The platform detected S. aureus with a
detection limit of 330 CFU/mL and eliminated bacterial cells with 50% efficiency at low
bacterial concentrations of about 103 CFU/mL.

3.2. Carbon Nanomaterials

Carbon materials have long been a main companion in electrochemical sensor elec-
trodes, in the form of either glassy carbon or activated carbon due to high chemical
inertness and a high specific surface area needed for catalytic material impregnation. The
discovery of new carbon allotropes, such as fullerene, carbon nanotubes (CNTs) [72,73]
and graphene [74], has triggered active investigation of their application in different types
of biosensors. Graphene has a unique two-dimensional honeycomb lattice structure, while
the structure of CNTs consists of cylindrical graphene rolled up into a seamless cylinder
with a diameter of the order of a nanometer. They provide unprecedentedly high specific
surface areas up to 2630 m2/g [75] and 1315 m2/g [76], respectively, combined with a high
electrical conductivity and charge carrier mobility. A number of reviews have discussed the
perspectives of graphene and carbon nanomaterial application as materials for electrodes
to improve electrochemical sensors [77–79], including foodborne pathogen detection [80].

Application of carbon nanomaterials, including graphene-related materials, is fostered
by a deeper understanding of their physical and chemical properties as well as scalable
production, processing and functionalization methods [81]. Examples of electrochemical
biosensors utilizing different carbon nanomaterials are summarized in Table 1. The devel-
opment of stable solutions of graphene and carbon nanotubes makes them prospective
for electrodes integrated with conventional technologies for low-cost disposable electro-
chemical sensors in point-of-need devices. The graphene and carbon nanotube technology
combines well with screen printed technologies for portable electrochemical sensors de-
velopment [82], as well as paper based devices [83]. In foodborne pathogen detection,
graphene-based electrochemical sensors also bring advances as they can operate directly in
biological and food matrices. Graphene-based composites with functional nanomaterials
and bioreceptors (antibodies, aptamers, DNA probes, etc.) provide low LoD down to
pico/femto molar concentrations, and reduction of the time of analysis [80].

Electrochemical sensors based on graphene screen-printed disposable electrodes were
found to be useful for analysis of meat adulteration [84]. For instance, graphene-based elec-
trochemical biosensors combined with a loop-mediated isothermal amplification (LAMP)
assay were used for V. parahaemolyticus toxR gene detection in seafood products [85]. The
nonspecific interaction of the DNA backbone by π-π stacking on graphene-modified screen-
printed carbon electrode was used for analysis of amplicons on the picogram level.

3.2.1. Graphene Nanoplatelets (GNPs)

In spite of the superior properties of graphene, its bare form of a monolayer atomic
sheet is rarely used for electrochemical sensing applications. The technology of scalable
monolayer graphene production based on chemical vapor deposition (CVD) is still in
development to become low cost. Moreover, the defects and active sites in graphene are
highly desirable for the binding of molecules and increasing sensitivity and selectivity [86].
Thus, bare graphene does not meet these demands because of its ideal crystalline structure,
which would require additional treatment and, subsequently, increase the complexity of
electrochemical electrode preparation.

In contrast, graphene nanoplatelets (GNPs) are a robust graphene-derived material
with a 3D structure formed by multiple graphene layers, with properties similar to single-
layer graphene. They provide a stable solution in organic solvents without the need
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for special chemical pre-treatment. GNPs and monolayer graphene were compared in
a capacitive sensing platform for foodborne pathogenic E. coli O157:H7 detection [87].
The CVD-grown graphene was deposited on a silicon substrate with electrical contacts.
Antibodies specific to E. coli were immobilized on graphene surface for the selective
response during impedance measurements (Figure 6). Higher sensitivity was demonstrated
for the monolayer graphene-based sensor, compared to the GNPs, with sensitivities of
10 cells/mL and 100 cells/mL, respectively. Nevertheless, the technology of preparation of
less-defective graphene sensing monolayers was more complicated.

Figure 6. Scheme of a graphene chip and the process of PASE activation and antibody immobilization.
Adapted with permission from [87] Copyright 2017, Elsevier.

GNPs have been applied in the first electrochemical paper-based biosensor. Paper
was coated by GNPs and Poly(N-isopropyl acrylamide) (PNIPAm) followed by Au deposi-
tion [88]. This biosensor can be applied directly with liquid samples without the use of a
bioreceptor. Detection of bacterial cells, Gram negative E. coli and positive S. mutans and B.
subtilis, was performed by monitoring the electrical resistance. The achieved detection LoD
was only 5 cells/mL.

3.2.2. Graphene Oxide

Graphene derivatives, such as graphene oxide (GO) and reduced graphene oxide
(rGO), are preferable materials for electrochemical electrode modification due to a low-
cost scalable technology of production and processing in integrated devices [86,89]. The
difference between GO and rGO is the number of oxygen molecules present, hence the
conductivity. GO shows insulating or semi-conducting behavior, while rGO is electrically
conductive but its conductivity also depends on the degree of reduction. Full reduction of
GO is still difficult to achieve, while partial reduction of GO is rather easy.
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Table 1. Detection of pathogens in food with carbon-based integrated electrochemical sensors.

Nanomaterial Target Pathogen Working Electrode/Nanomaterial
Recognition Complex

EC
Technique

Linear
Range LOD Food Matrix References

Graphite felt E. coli
O157:H7 GF-GCE OSWV - 400 cells/mL Beef [90]

Salmonella GF-GCE OSWV - 103 cells/mL - [91]

Graphene E. coli
O157:H7 Cx-Gnfs/ITO EIS 10−6 M–10−17 M 1 × 10−17 M - [92]

S. aureus ssDNA/GNDs-Zeo/PAD CV/DPV 0.1 nM Fruit juice [93]

Vibrio
parahaemolyticus SPGEs CV 8 × 10 to 8 × 106 CFU/mL 2 CFU/25 g Seafood [85]

E. coli
S. mutans
B. subtilis

PNIPAm-GR/Au platform EIS 101–105 cells/mL 5 cells/mL Water
Milk [88]

E. coli O157:H7 SiO2-MG
SiO2-GNPs EIS 10–107 cells/mL 10–100 cells/mL - [87]

GO E. coli O157:H7 ssDNA/GO/CSGCE EIS 1 × 10−14 to 1 × 10−8 M 3.584 × 10−15 M - [94]

Salmonella GCE/GO/AuNPs EIS 2.4–2.4 × 103 CFU/mL 3 CFU/mL - [95]

S. Typhimurium SPCE/rG-GO EIS - 10 CFU/mL Orange juice
Water [96]

rGO E. coli O157:H7
SPCE/PANI-AuNPs-Ab1;

rGO-NR-Au@Pt-Ab2
(measurement of H2O2 reduction)

CV 8.9 × 103–8.9 × 109

CFU/mL
2840 CFU/mL Milk

Pork [97]

E. coli rGO/Al2O3 FET 1–100 CFU/µL 104 CFU/mL River water [98]

E. coli rGO–CysCu EIS 10–108 CFU/mL 3.8 CFU/mL

Water
Fruit
Juice
Milk

[99]

E. coli O157:H7 rGO–NR–Au@Pt CV 4.0 × 103–4.0 × 108

CFU/mL 4.0 × 102 CFU/mL
Pork
Milk [100]

L. monocytogenes p-rGO/AuNPs/CILE DPV 1.0 × 10− 13–1.0 × 10− 6 M 3.17 × 10− 14 M - [101]
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Table 1. Cont.

Nanomaterial Target Pathogen Working Electrode/Nanomaterial
Recognition Complex

EC
Technique

Linear
Range LOD Food Matrix References

Salmonella PPy-rGO/GCE/AuNPs DPV 1.0 × 10−16–1.0 × 10−10 M
9.6–9.6 × 104 CFU/mL

4.7 × 10−17 M DNA
8.07 CFU/mL

- [102]

Salmonella rGO-MWCNT EIS 75 to 7.5 × 105 CFU/mL 25 CFU/mL Chicken meat [103]

Salmonella rGO–CHI DPV 10–106 CFU/mL 10 CFU/mL Chicken meat [104]

S. enterica rGO-TiO2 CV & EIS 101–108 CFU/mL 10 CFU/mL Chicken meat [59]

LIG S. enterica LIG EIS 25 to 105 CFU/mL 13 ± 7 CFU/mL Chicken broth [44]

E. coli O157:H7 AuNPs-LIG EIS 102−108 CFU/mL 102 CFU/mL - [105]

SWCNT S. aureus SWCNT EIS - 104 CFU/mL - [106]

S. aureus SWCNT DPV 10–106 CFU/mL 13 CFU/mL Milk [107]

MWCNT
Klebsiella pneumoniae
Enterococcus faecalis

E. coli
ClavA-CNTs-Cys EIS 102–106 CFU/mL 102 CFU/mL - [108]

E. coli PPy/AuNP/MWCNT/CHI amperometry 30–306 CFU/mL 30 CFU/mL - [109]

E. coli
O157:H7 ITO/MWCNT/PEI EIS 1–104 CFU/mL 1 CFU/mL [110]

S. enterica c-MWCNT/AuNP CV 0.0976–100 ng/µL 0.5 pg/mL Milk [111]

S. enteritidis MWCNT/ITO CV 10−1–10−8 CFU/mL 5.5 × 101 CFU/mL
6.7 × 10 CFU/mL

- [112]

S. Typhimurium SPCE/MWCNT DPV 10–106 CFU mL−1 7.9 CFU/mL Milk [113]

S. aureus c-MWCNTs-PEI DPV - 5 CFU mL−1 Milk [114]

Listeria monocytogenes MWCNT/fiber electrode DPV 102–105 CFU/mL 1.07 × 102 CFU/mL Milk [115]

Ab, antibody; c-MWCNT, carboxylated multi-walled carbon nanotube; CILE, carbon ionic liquid electrode; CSGCE, chitosan (CS) hybrid nanocomposites modified glassy carbon electrode (GCE); CHI, chitosan;
ClavA, antimicrobial peptide clavanin A; CNTs, carbon nanotubes; CV, cyclic voltammetry Cx-Gnfs, carboxylated graphene nanoflakes; DPV, differential pulse voltammetry; EIS, electrochemical impedance
spectroscopy; FET, Field-Effect Transistor; GCE, glassy carbon electrode; GF, graphite felt; GND, graphene nano dots; GNP, graphene nanoplatelets; GO, graphene oxide; GR, graphene nanoplatelet; ITO, indium
tin oxide; LIG, laser induced graphene; MG, monolayered graphene; MWCNT, multi-walled carbon nanotubes; NR, neutral red; OSWV, Osteryoung square wave voltammetry; p-rGO, partially reduced graphene;
PAD, paper analytical device; PANI, regenerative leucoemeraldine base polyaniline; PEI, polyethyleneimine; PNIPAm, poly(N-isopropylacrylamide) polymer; PPy, polyrrole; rG-GO, reduced graphene-graphene
oxide; rGO, reduced graphene oxide; rGO-CHI, electrochemically-reduced graphene oxide-chitosan; rGO-CysCu, graphene wrapped copper (II) assisted cysteine hierarchical structure; rGO-TiO2, reduced
graphene oxide-titanium dioxide; SPCE, screen-printed carbon electrode; SPGE, screen-printed graphene electrodes; SWCNT, single-walled carbon nanotube; Zeo, zeolite.
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GO is soluble in aqueous solutions without the need for surfactant addition that
is typically the case for graphene and carbon nanotubes. Moreover, the naturally high
concentration of defects in GO [116] allow easy functionalization with specific receptor
molecules. GO combined with chitosan has been demonstrated to be an excellent means
for electron transfer for the detection of short DNA sequences achieving the detection limit
of 3.584 × 10−15 M [94]. Paper-based sensors with screen-printed electrodes modified by a
Nafion/PPy/GO composite were proposed for the detection of lipopolysaccharides (LPSs),
which are a marker for Gram-negative bacteria [117]. Raw264.7 macrophage cells were
used as a recognition element. The cells were grown in a 3D structure in a Nafion/PPy/GO
composite scaffold, serving as a NO gas release to be electrochemically oxidized and
detected as a differential pulse voltammetry signal change. GO was shown to be both
a good electrical conductor and biocompatible material for cell growth. A sensitivity of
3 pg/mL of LPSs was demonstrated in peach and orange juice.

A rGO-based FET sensor passivated with a layer of Al2O3 was functionalized with
specific antibody immobilized on gold nanoparticles [98]. This sensor was developed to
detect E. coli in water. Detection was performed by monitoring the change in electrical
conductivity of the rGO channel. The LoD was 103 cells/mL. The sensitivity can be
improved using rGO modified with cysteine (Cys) in the presence of Cu2+ -ions. Such
electrochemical immunosensor achieved a LoD of 3.8 CFU/mL of E. coli O157:H7 through
maintaining the antibody bioactivity [99]. In addition, the biosensor was able to distinguish
pathogenic E. coli O157:H7 from nonpathogenic E. coli strains.

A rapid and sensitive electrochemical invA gene biosensor for the detection of Salmonella
was designed by applying a polypyrrole-rGO nanocomposite on a glassy carbon elec-
trode [102], as shown in Figure 7. Signal amplification was achieved using horseradish
peroxidase streptavidin biofunctionalized AuNPs. The LoD was 8.07 CFU/mL with a
detection range 9.6–9.6 × 104 CFU/mL.

Figure 7. Scheme of the strategy for the electrochemical detection of the Salmonella invA gene.
Adapted with permission from [102] Copyright 2019, Elsevier.
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3.2.3. Laser-Induced Graphene

Recently, novel methods of direct graphene-based electrode writing were applied for
portable sensor development [118]. Laser-induced graphene (LIG) is a very simple and
scalable technology of porous graphene material production by a local thermal treatment of
polymers like polyimide [119]. The obtained material combines the advantages of graphene
like a high surface area, electrical conductivity with numerous active centers for surface
modifications with different receptors [120].

A one step method was proposed to create an electrochemical substrate composed of
3D porous graphene and gold nanoparticles [105]. The aim was to improve the detection
performance with a more stable sensor due to the synergic effect of the two nanocompo-
nents. The antibodies were immobilized on the NPs-LIG substrate for the detection of the
E. coli O157:H7. Despite the use of NPs, the limit of detection achieved was 102 CFU/mL.

In another study, LIG electrodes modified with polyclonal antibodies were used
for the highly selective detection of Salmonella enterica serovar Typhimurium [44]. The
developed immunoassay demonstrated the linear range of 25 × 105 CFU/mL with a low
detection limit of 13 CFU/mL in spiked chicken broth samples and a response time of
22 min. Notably, no special preparation of samples was needed to perform measurements.

3.2.4. Carbon Nanotubes (CNTs)

Carbon nanotubes were used as electrode materials long before the graphene. CNTs
are divided into single-walled carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTs) based on the number of graphene sheets [121]. SWCNTs have a
diameter range of 0.5 nm to 12 nm but the smallest diameter of SWCNTs is 0.4 nm with
different tube lengths starting from several micrometers depending on manufacturing and
treatment techniques. MWCNTs consist of multi-rolled layers of graphene inserted one
into the other and the number of graphene walls may reach more than 25 walls with a
spacing of 0.34 nm. The outside diameter of MWCNTs ranges from 1 nm to 50 nm while
the inside diameter is several nanometers. Nevertheless, the problem of good aqueous
suspension of carbon nanotubes still prevents their wide usage in integrated electrodes.
In addition, proper functionalization of nanotubes is needed which reduces the electrical
properties of these nanomaterials.

SWCNT composites were used for highly sensitive detection of bacterial and virus
model species E. coli O157:H7 and the bacteriophage T7, respectively [122]. The carbon
nanotube was used as a transduction element aligned in parallel to bridge two gold
electrodes. To provide recognition, SWNTs were functionalized with specific antibodies.
The sensor exhibited excellent selectivity, sensitivity and a fast response time of about 5 min
in the case of T7 detection, while the response time for the detection of E. coli was 60 min.

SWCNTs with immobilized antibodies were integrated into a disposable bio-nano
combinatorial junction sensor for detection of E. coli K-12 [123]. Measurements were per-
formed on gold tungsten wires coated with polyethyleneimine with aligned functionalized
SWCNTs to form a crossbar junction. Changes in electrical current observed after the
SWCNT surface interaction with bacterial cells were monitored to evaluate the sensor’s
performance. The biosensor had a LoD of 102 CFU/mL with a detection time of less than
5 min. A low-cost paper-based electrochemical immunosensor was developed utilizing
an antibody-SWCNT bioconjugate for rapid detection of S. aureus using differential pulse
voltammetry (Figure 8), achieving a detection time of 30 min with a detection limit of
13 CFU/mL in spiked milk samples [107].
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Figure 8. Scheme of the development of an antibody-SWCNT bioconjugate paper-based electrochem-
ical immunosensor. Adapted with permission from [107] Copyright 2017, Elsevier.

As a material modification, MWCNTs is better than SWCNTs as it is stiffer, easier
and cheaper to produce on a large scale, and several studies have demonstrated to have
better sensitivity. Indeed, MWCNTs deposited on an Indium tin oxide (ITO) electrode
and modified with aptamers to detect S. enteritidis and S. thyphimuri achieved a detection
limit of 5.5 × 101 CFU/mL and 6.7 × 101 CFU/mL, respectively [112]. Measurements
were performed in food samples using cyclic voltammetry and electrochemical impedance
spectroscopy techniques to characterize the electrochemical properties and conductivity of
the aptasensor. The impedance measured at the aptamer/MWCNT/ITO electrode surface
increased after exposure to target Salmonella cells, due to the capturing of Salmonella by the
immobilized aptamers. A promising electrode substrate was developed with c-MWCNTs
to confer an electrical conductivity at bacterial cellulose fibre (BCF) [114]. The BCF was
modified with poly- ethyleneimine cation (PEI) to allow the immobilization of phages used
as a bioreceptor for S. aureus. The LoD of 5 CFU/mL and 2 CFU/mL was found in milk
and phosphate buffer saline, respectively, with effective discrimination between dead and
live cells and within only 30 min. Moreover, the produced electrodes were maintained
stable for over 6 weeks.

Carbon nanomaterials are often used as one of the components in nanocomposite
electrochemical biosensors for foodborne pathogen detection. For example, grapheme
oxide as part of mesoporous nanocomposite for detection of E.coli [46]. A rapid and
sensitive detection in the dynamic range from 101 CFU/mL to 108 CFU/mL with a detection
limit of 101 CFU/mL of S. enterica was achieved with a nanocomposite of rGO and CNT
modified with an amino-modified DNA aptamer [124].

The low-cost carbon materials, including graphene and carbon nanofibers, provide a
large specific surface area, high electron transfer rate and good catalytic properties, which
is of high importance for development of sensing platforms that can be miniaturized for
point-of-need testing.

3.3. Gold Nanoparticles

Gold nanoparticles (AuNPs) have been increasingly used in the design of electro-
chemical biosensors for their biocompatibility, conductivity, catalytic activity, stability and
high surface-to-volume ratio [125]. Deposition of AuNPs onto gold electrodes enables a
significant increase in the electrode surface area for target recognition and, consequently,
its analytical performance [126,127]. When AuNPs are immobilized on the surface of
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electrodes made of other materials (such as carbon, graphene, paper, etc.), they increase
the surface biocompatibility, promote electron transfer between electrode and immobilized
molecules and enable easy bio-conjugation of recognition elements besides increasing the
electrode surface area. Raj et al. [128] developed a label-free electrochemical biosensor for
the detection of E. coli based on a glassy carbon electrode with immobilized a complex of
polyaniline nanocomposites (PANI), gold nanoparticles and MoS2 (Au@MoS2–PANI), in
order to increase conductivity, stability and electro-activity of the electrode. The surface
of AuNPs were treated with mercaptopropionic acid to covalently immobilize antibodies
against E. coli and to minimize the nonspecific adsorption on the electrode surface. The
biosensor was simple, rapid and specific, with a LoD of 10 CFU/mL and a linear detec-
tion range of 10–107 CFU/mL. A schematic representation of this electrode construction
is shown in Figure 9. In another study, AuNPs were immobilized on a carbon screen-
printed electrode to increase the stability and efficacy of the electrochemical biosensor
for the label-free detection of E. coli [29]. The modified electrode was treated with N-(γ-
Maleimidobutyryloxy) succinimide (GMBS) to create -NHS groups for cross-linking of E.
coli O157-specific polyclonal antibodies. The analysis showed rapid and efficient pathogen
detection with a dynamic range of 10–106 CFU/mL and a LoD of 15 CFU/mL.

Figure 9. Schematic representation of the label-free electrochemical biosensor based on Au@MoS2–
PANI. Adapted with permission from [128] Copyright 2021, MDPI.

The electrocatalytic properties of AuNPs towards hydrogen evolution reaction was
employed for rapid and highly sensitive immunodetection of E. coli O157:H7 in minced beef
and water [129]. The test was performed in a sandwich format where superparamagnetic
microbeads modified with the first antibody were used to perform pre-concentration/
purification of the bacterial cells from the sample and AuNPs modified with the second
antibody provided the catalytic reaction. The method showed a LoD of 457 CFU/mL in
minced beef and 309 CFU/mL in water. When compared with a commercial lateral flow kit
in terms of LoD, specificity, reproducibility and detection range, the electrochemical method
showed clear advantages. Similarly, the magneto-immunoassay and AuNPs as label for
electrochemical detection was developed for the detection of Salmonella enterica subsp.
enterica serovar Typhimurium LT2 (S) in skimmed milk by Alfonso et al. [130]. A magnet is
incorporated under the screen-printed carbon electrode to attach magnetic beads carrying
Salmonella specific antibodies. Beads were added to milk samples to pre-concentrate
bacterial cells and then deposited onto the electrode. A sandwich was created using
AuNPs modified with antibodies to provide a redox signal. Applying differential pulse
voltammetry, a linear range from 103 cells/mL to 106 cells/mL and a LoD of 143 cells/mL
was found for skimmed milk samples contaminated with Salmonella. AuNP modified
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screen-printed carbon electrodes were combined with magnetic nanoparticles coupled
to specific peptides via a streptavidin interaction to achieve multiplexed electrochemical
detection of Listeria monocytogenes and Staphylococcus aureus with a low detection limit of
9 CFU/mL and 3 CFU/mL, respectively [131].

Magnetic and gold nanoparticles have also been combined in impedance biosensors.
For instance, Wang et al. [132] used urease-modified AuNPs to amplify the signal of
impedance biosensors implemented with magnetic nanoparticles for the detection of
Listeria monocytogenes. Bacterial cells captured between magnetic nanoparticles decorated
with a monoclonal antibody and AuNPs–urease complex carrying the polyclonal antibody
were resuspended in urea to catalyze its hydrolysis into ammonium and carbonate ions.
Generated ions were detected by a screen-printed interdigitated electrode. The technique,
characterized by low cost and high specificity, gave a linear range from 1.9 × 103 CFU/mL
to 1.9 × 106 CFU/mL, and a LoD of 1.6 × 103 CFU/mL, in spiked lettuce samples.

Expensive mono- and poly-clonal antibodies can be replaced with lectins that rec-
ognize LPS on the bacterial surface. Oliveira et al. [133] immobilized Cramol L lectin on
AuNPs functionalized with l-cysteine. Cramol L is a Cratylia mollis lectin used as the recog-
nition interface by making hydrogen bonds with methyl-α-d-mannoside in LPS. To build
the biosensor the gold electrode surface was covered by a poly (vinyl chloride-vinyl acetate
maleic acid) layer to attach Au-cysteine-Cramol L nanoparticles through the electrostatic
interactions. Bovine serum albumin was used to block the remaining non-functionalized
electrode surface. The sensor, tested on E. coli, Serratia marcescens, Salmonella enterica and
Klebsiella pneumoniae, was able to selectively discriminate bacterial species due to their
different LPS composition with a high sensitivity.

Although AuNPs based electrochemical biosensors have been extensively employed,
their complexity is still an issue limiting the general application, especially in complex food
matrices. Usually a multistep procedure, it involves user manual interventions during the
test, such as for repetitive washing, loading of samples and reagents. These steps increase
the time of analysis and cause imprecise result. Attempts have been made to automatize
manual interventions by coupling microfluidic with electrochemical cell. Microfluidic can
also enable multiplex detection of different pathogens in the same sample. A disposable
microfluidic device for Salmonella typhimurium detection in milk was proposed by de
Oliveira et al. [134]. The microfluidic device allowed the simultaneous measurement
of eight samples by a magneto-immunoassay, as illustrated in Figure 10. The bacteria
were captured from the sample by magnetic beads modified with a monoclonal antibody.
A sandwich was then completed with AuNPs labeled with a polyclonal antibody. The
complex was injected into the device and magnetically placed on the electrode surface. This
approach allowed to obtain an easy to use and rapid detection, with a LOD of 7.7 cells/mL.

A sandwich-type electrochemical immunosensor for the detection of L. monocytogenes
proposed to use 3,4,9,10-perylene tetracarboxylic acid/graphene ribbon nanohybrids as
a sensing platform and ferrocene/AuNPs as a signal amplifier [135]. A low detection
limit of 6 CFU/mL and linear range of 10–2 × 104 CFU/mL was achieved, showing that
incorporation of nanomaterials, such as graphene and AuNPs, enables improved sensing
properties.

Electrochemical biosensors based on AuNPs have been successfully applied for virus
detection [136]. For instance, the Middle East respiratory syndrome coronavirus (MERS-
CoV), which is one of the highly pathogenic viruses, was found to contaminate dairy
products [137]. It was detected by the competitive assay carried out on an array of carbon
electrodes modified with gold nanoparticles [136]. The electrode array enabled multiplexed
detection of different strains of CoVs through the indirect competition between free virus
in the sample and immobilized MERS-CoV protein S1 or a fixed concentration of antibody
added to the sample. By using ferrocyanide/ferricyanide as a redox probe, voltammetric
measurements performed within 20 min showed low detection limit of 1.0 pg/mL for
MERS-CoV and high selectivity.
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Figure 10. The microfluidic device connectors and the eight magnets externally attached with
double-sided tape over each working electrode, together with a schematic representation of detection.
Adapted with permission from [134] Copyright 2018, Elsevier.

3.4. Other 0–3D Nanomaterials

Besides AuNPs, silver nanoparticles (AgNPs) have also been applied for electro-
chemical detection. For instance, chitosan stabilized AgNPs were applied for electro-
chemical detection of negatively charged LPS, enabling detection of E. coli in the range
10–107 CFU/mL [138].

The high benefits of graphene as a transducer layer for working electrodes in electro-
chemical biosensors have resulted in an increased interest in the 2D nanomaterial family for
application in electrochemical sensing [33]. Semiconductor 2D materials, such as transition
metals dichalcogenides (TMDC) and transition metal carbides and carbonitrides (MXenes),
have a high surface area and conductivity and possess an intrinsic energy band providing
sensitivity to the weak changes in the charge state on electrodes. They can thus greatly
improve the performance of electrochemical sensors [139]. A technological process of
defect-free 2D materials production is still based on the CVD method, which is an expen-
sive technological process demanding high-purity precursors. In contrast, the richness of
defects and boundary grains in MXene production is very simple and inexpensive and
better adapted for applications in portable electrochemical devices [140]. Two-dimensional
transition metal materials provide a robust sensing surface due to their structural stability
and excellent electrochemical properties such as conductivity, catalytic performance and
abundant active sites. Previous reviews have discussed the perspective of the electro-
chemical sensor development based on molybdenum disulfide (MoS2) [141] and MXene
nanomaterials [142].

Hexagonal MoS2 is a stratified crystal which has thicknesses equal to the unit cell
of the material in a way that each plane of MoS2 is made of molybdenum atoms sand-
wiched between sulfur atoms and stabilized by van der Waals bonds. Two-dimensional
MoS2 is obtained when the material is exfoliated into one or a limited number of layers.
Two-dimensional MoS2 shows remarkable electronic, optical, mechanical and chemical
characteristics that also make it advantageous for biosensing applications. In addition,
when grown into planes with relatively large lateral dimensions, 2D MoS2 is particularly
stable in liquid and oxygen containing gaseous media which facilitate their utilization
when incorporated into biosensing structures [143]. An electrochemical lab-on-paper
genosensor was developed based on carbon ink screen-printed on cellulose paper with
a working electrode modified by drop-casted MoS2 nanosheets for detecting Salmonella-
specific DNA [144]. The sensitivity of the MoS2-modified electrode was increased more
than 10 times due to the enhanced transfer rate of charge carries and unique electron
transfer kinetics in MoS2. To provide the selectivity towards Salmonella-DNA, the specific
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complementary DNA probe was immobilized on MoS2 for on electrode hybridization.
The LoD of 20 nM was obtained. Another method for foodborne pathogen detection
was suggested based on antibody immobilized onto a microfluidic chip. Exfoliated MoS2
nanosheets in the presence of a surfactant were deposited on ITO electrodes integrated
with a microfluidic channel to develop an impedimetric biosensor [145], as shown in
Figure 11. The specific antibody directed against Salmonella typhimurium was immobilized
on a MoS2/ITO electrode treated with glutaraldehyde. Proper functionalization of 2D
nanosheets and optimization of the procedure for antibody molecules association with
MoS2 yielded superior electron conduction and resulted in a 1.5 CFU/mL limit of detection.

Figure 11. Design of a MoS2 based biosensor for S. typhimurium detection. Adapted with permission
from [145] Copyright 2018, Elsevier.

Metal organic frameworks (MOFs) are a rapidly emerging new class of microporous
materials with a wide range of promising applications [146,147]. They basically repre-
sent 2D or 3D porous materials assembled using metal cation salts or clusters bridged
with polydentate organic ligands with coordination type connections, though 0D and
1D nanostructures are being synthesized also [148]. They have a very high surface area,
high pore volume, high porosity and surface functionality and an easily tunable structure.
Nanoscale MOFs combine the properties of both MOFs and nanostructures. MOFs are often
used to design complex nanocomposite materials through a controlled assembly of MOF
nanoparticles, such as NP@MOFs. Two-dimensional metal organic frameworks (MOF)
have recently come into focus for biosensing applications [149]. The possibility of tuning
their properties in a controllable way and the extremely high surface area is expected to
outperform traditional electrochemical sensors. Still, their poor conductivity demands a
combination with other highly conductive nanomaterials in the form of nanocomposites.
Sensitive impedimetric detection of E. coli in the range 2.1 × 102–2.1 × 108 CFU/mL with
a detection limit of 4 CFU/mL was achieved by combining a (MOF) with a conducting
polymer (CP) and PEDOT on modified carbon screen-printed electrodes [150]. Copper
(Cu)-MOFs were directly self-assembled and deposited onto a glassy carbon electrode,
followed by in situ reduction of AuNPs on the MOF surface and conjugated with a DNA ap-
tamer enabling detection of S. aureus in the range 7–7 × 106 CFU/mL [151]. Graphene and
a zirconium based MOF (UiO-67) were combined together with an aptamer loaded AuNP-
horseradish conjugate to detect S. typhimurium in spiked milk samples with a detection
limit of 5 CFU/mL [152].
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Quantum dots (QDs), carbon dots (CDs) and graphene quantum dots (GQDs) are
another category of nanomaterials with great potential for application in electrochemical
biosensing of foodborne pathogens [27,31]. QDs have been used to modify the structure
of polymeric nanodendrons for direct culture-free electrochemical detection of Salmonella
in milk with a detection limit of 4 CFU/mL [153]. GQDs combine characteristics both
from graphene and carbon dots, offering great versatility for modification with other modi-
fiers and nanomaterials besides low cost, low toxicity, high solubility and good electronic
properties. Photoelectrochemical sensing represents an integration of electrochemistry
and photochemistry offering high sensitivity, robustness, low cost and simple instrumen-
tation. For instance, GQDs doped with nitrogen were coupled with non-metallic two
dimensional hydrated defected tungsten oxide to design a photoelectrochemical aptamer
biosensor for E.coli detection in the range 0.1–104 CFU/mL with a low detection limit of
0.05 CFU/mL [154].

4. Conclusions and Perspectives

The present review summarizes the unique properties of 0–3D nanomaterials and their
application in the design of electrochemical biosensors for foodborne pathogen detection.
Despite the progress and advances in culture based and molecular methods for foodborne
pathogen detection, challenges remain for their practical application because they still
do not reach the sensitivity, fast response time and low cost needed. Effective foodborne
pathogen monitoring that will enable efficient risk assessment and outbreak prediction
has to be rapid, ultrasensitive, specific and affordable to be applied in low-resource set-
tings. Electrochemical biosensors offer an exciting opportunity to realize immediate and
continuous pathogen detection for on-site risk evaluation. We have highlighted examples
showing that electrochemical methods can release results within several hours or even
several minutes. Besides, a wide variety of strategies used to improve sensitivity are
presented. Some foodborne pathogens, such as Campylobacter, E. coli O157 and L. monocyto-
genes, have very low infectious doses of a dozen to several hundred cells. Consequently, it
is of high importance that low contaminated food items can be identified. Amplification
of the detection signal using nanomaterials as electronic conductors, carriers or catalysts
enable electrochemical biosensors to exhibit LoDs as low as a single colony forming unit
(CFU/mL) or several femto M or even atto M ranges and linear ranges of several orders
of magnitude. Although the presented nanomaterials can be used with other detection
techniques, such as plasmonic and fluorescent, electrochemical biosensors have the advan-
tage of simple utilization by persons without previous training, versatile detection schema
providing a wide range of applications and easy miniaturization [155–157]. Moreover, the
inexpensive and miniaturized electrochemical devices in handheld formats are excellent
candidates for on-site application.

Cyclic voltammetry, differential pulse voltammetry, square wave voltammetry and
electrochemical impedance spectroscopy are the methods mostly used for detection of
pathogens and their toxins in food samples. At the same time, nanomaterials are generally
applied with these methods to enhance the detection signal. Planar gold electrodes are the
most commonly used working electrodes. However, nanomaterials with their outstanding
properties that arise from their small dimensions and surface reactivity are applied to
alleviate the limitations of electrochemical biosensors, such as slow recognition time, low
biocompatibility or instability. In addition, some nanomaterials, such as gold nanoparticles
or graphene, may tune the electrode properties and offer a variety of surface engineering
strategies and functionalization to attach biological entities assuring recognition (e.g., anti-
bodies, aptamers, ssDNA, phages). One of the trends in recent electrochemical biosensors
for pathogen detection is to combine several nanomaterials as nanocomposites in electrode
design to obtain remarkable synergic effects leading to improved sensing performances.
Moreover, specific nanomaterials, such as graphene or metal oxide nanoparticles, have in-
herent antibacterial activity. Biosensors integrating such nanomaterials are multi-functional,
providing not only pathogen identification and quantification but also their elimination.
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During the past decade, significant progress has been made in the biosensors field
to advance electrochemical devices, taking into account food industry demands. Hence,
further improvement is needed to facilitate wide practical applicability of biosensors for
detecting foodborne pathogens. Biocompatibility is one high concern. The electrode design,
surface modification and functionalization integrating nanomaterials are of great promise
to improve the stability and compatibility of electrodes in biological environments for an
extended period. Besides, due to the diversity of foodborne pathogens and the possibility
of food co-contamination by various microorganisms, multi-electrode detection devices
that exhibit different biorecognition elements for simultaneous multiplex detection without
mutual interference are also needed for improved detection efficiency. In addition, most
electrochemical biochips are designed only for single utilization. We expect that future
studies will anticipate environmental friendliness and resource conservation and will
include reusability of electrodes in sensor design.

Analytical performances of the majority of presented biosensors refer only to LoD
and linear range of detection. However, other parameters, notably accuracy, repeatability,
precision, and specificity, should be also investigated and improved to enable sensors
general accessibility. Furthermore, the synthesis procedure of integrated nanomaterials
has to be optimized to obtain rigorous protocols for mass production and strict quality
control of the material without chemical impurities that can alter sensing properties or
induce environmental pollution.

Finally, pathogen detection in foods requires sample treatment and transport to the
electrode surface, which may cause analyte loss. For this reason, advanced electrochemical
biosensors based on nanomaterials that detect pathogens and their toxins in complex
matrices without important interferences should be designed. Coupling detection with a
microfluidic system for sample handling holds great potential.

In the future, additional excellent nanomaterial-based electrochemical biosensors will
emerge, and new design and solutions will be proposed. It is evident that the field of
nanomaterials is making tremendous progress and significantly affects biosensor develop-
ment. Active collaboration between material scientists, microbiologists, electrochemists
and device developers in the fields of nanotechnology and food science will result in
point-of-need diagnostic devices integrating electrochemical biosensors, microfluidics and
nanomaterials. Such devices will offer the food industry food safety analyses and foodstuff
screening that can be performed during all phases, from production, packaging, storing
and distribution to consumption.
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48. Kubičárová, T.; Fojta, M.; Vidic, J.; Havran, L.; Paleček, E. Mercury film electrode as a sensor for the detection of DNA damage.
Electroanal. Int. J. Devoted Fundam. Pract. Asp. Electroanal. 2000, 12, 1422–1425. [CrossRef]

49. Kaya, H.O.; Cetin, A.E.; Azimzadeh, M.; Topkaya, S.N. Pathogen detection with electrochemical biosensors: Advantages,
challenges and future perspectives. J. Electroanal. Chem. 2021, 882, 114989. [CrossRef]

50. Vidic, J.; Hou, Y. Immobilization of Olfactory Receptors Carried by Nanosomes onto a Gold Sensor Surface. In G Protein-Coupled
Receptor Screening Assays; Springer: Berlin/Heidelberg, Germany, 2021; pp. 85–95.

51. Minic, J.; Grosclaude, J.; Aioun, J.; Persuy, M.-A.; Gorojankina, T.; Salesse, R.; Pajot-Augy, E.; Hou, Y.; Helali, S.; Jaffrezic-Renault,
N. Immobilization of native membrane-bound rhodopsin on biosensor surfaces. Biochim. Biophys. Acta Gen. Subj. 2005, 1724,
324–332. [CrossRef]

52. Hou, Y.; Jaffrezic-Renault, N.; Martelet, C.; Zhang, A.; Minic-Vidic, J.; Gorojankina, T.; Persuy, M.-A.; Pajot-Augy, E.; Salesse,
R.; Akimov, V. A novel detection strategy for odorant molecules based on controlled bioengineering of rat olfactory receptor I7.
Biosens. Bioelectron. 2007, 22, 1550–1555. [CrossRef] [PubMed]

http://doi.org/10.1021/acssensors.0c01556
http://doi.org/10.1016/j.mtcomm.2020.101726
http://doi.org/10.1111/1541-4337.12727
http://doi.org/10.1016/j.tifs.2021.01.065
http://doi.org/10.1080/10408347.2018.1561243
http://www.ncbi.nlm.nih.gov/pubmed/30648398
http://doi.org/10.1016/j.tifs.2021.08.019
http://doi.org/10.1016/j.cobme.2019.08.016
http://doi.org/10.1039/D0NR05287F
http://www.ncbi.nlm.nih.gov/pubmed/32960195
http://doi.org/10.3390/s20226694
http://doi.org/10.1002/adma.201700176
http://doi.org/10.1016/j.mattod.2021.04.020
http://doi.org/10.1016/j.talanta.2020.121308
http://doi.org/10.3390/s16020223
http://doi.org/10.1039/D1TC01857D
http://doi.org/10.1016/j.foodchem.2020.126719
http://doi.org/10.1021/acsami.1c05614
http://doi.org/10.1021/acssensors.9b02345
http://doi.org/10.1002/smll.201901527
http://doi.org/10.1021/acsomega.0c00895
http://www.ncbi.nlm.nih.gov/pubmed/32954119
http://doi.org/10.1016/j.biotechadv.2016.11.007
http://www.ncbi.nlm.nih.gov/pubmed/27923765
http://doi.org/10.1002/1521-4109(200011)12:17&lt;1422::AID-ELAN1422&gt;3.0.CO;2-C
http://doi.org/10.1016/j.jelechem.2021.114989
http://doi.org/10.1016/j.bbagen.2005.04.017
http://doi.org/10.1016/j.bios.2006.06.018
http://www.ncbi.nlm.nih.gov/pubmed/16884902


Nanomaterials 2021, 11, 2700 23 of 26

53. Cardona, M.; Peter, Y.Y. Fundamentals of Semiconductors; Springer: Berlin/Heidelberg, Germany, 2005.
54. Zare, M.; Namratha, K.; Byrappa, K.; Surendra, D.; Yallappa, S.; Hungund, B. Surfactant assisted solvothermal synthesis of ZnO

nanoparticles and study of their antimicrobial and antioxidant properties. J. Mater. Sci. Technol. 2018, 34, 1035–1043. [CrossRef]
55. Sridar, R.; Ramanane, U.U.; Rajasimman, M. ZnO nanoparticles–Synthesis, characterization and its application for phenol removal

from synthetic and pharmaceutical industry wastewater. Environ. Nanotechnol. Monit. Manag. 2018, 10, 388–393. [CrossRef]
56. Li, R.; Chen, S.; Lou, Z.; Li, L.; Huang, T.; Song, Y.; Chen, D.; Shen, G. Fabrication of porous SnO2 nanowires gas sensors with

enhanced sensitivity. Sens. Actuators B Chem. 2017, 252, 79–85. [CrossRef]
57. Ziarati, A.; Badiei, A.; Luque, R. Black hollow TiO2 nanocubes: Advanced nanoarchitectures for efficient visible light photocat-

alytic applications. Appl. Catal. B Environ. 2018, 238, 177–183. [CrossRef]
58. Kar, E.; Bose, N.; Dutta, B.; Banerjee, S.; Mukherjee, N.; Mukherjee, S. 2D SnO2 nanosheet/PVDF composite based flexible,

self-cleaning piezoelectric energy harvester. Energy Convers. Manag. 2019, 184, 600–608. [CrossRef]
59. Peng, H.; Li, F.; Hua, Z.; Yang, K.; Yin, F.; Yuan, W. Highly sensitive and selective room-temperature nitrogen dioxide sensors

based on porous graphene. Sens. Actuators B Chem. 2018, 275, 78–85. [CrossRef]
60. Muniandy, S.; Teh, S.J.; Appaturi, J.N.; Thong, K.L.; Lai, C.W.; Ibrahim, F.; Leo, B.F. A reduced graphene oxide-titanium dioxide

nanocomposite based electrochemical aptasensor for rapid and sensitive detection of Salmonella enterica. Bioelectrochemistry 2019,
127, 136–144. [CrossRef] [PubMed]

61. Nadzirah, S.; Azizah, N.; Hashim, U.; Gopinath, S.C.; Kashif, M. Titanium dioxide nanoparticle-based interdigitated electrodes: A
novel current to voltage DNA biosensor recognizes E. coli O157: H7. PLoS ONE 2015, 10, e0139766. [CrossRef] [PubMed]

62. Teng, Y.; Zhang, X.; Fu, Y.; Liu, H.; Wang, Z.; Jin, L.; Zhang, W. Optimized ferrocene-functionalized ZnO nanorods for signal
amplification in electrochemical immunoassay of Escherichia coli. Biosens. Bioelectron. 2011, 26, 4661–4666. [CrossRef] [PubMed]

63. Purwidyantri, A.; Chen, C.-H.; Chen, L.-Y.; Chen, C.-C.; Luo, J.-D.; Chiou, C.-C.; Tian, Y.-C.; Lin, C.-Y.; Yang, C.-M.; Lai, H.-C.
Speckled zno nanograss electrochemical sensor for staphylococcus epidermidis detection. J. Electrochem. Soc. 2017, 164, B205.
[CrossRef]

64. Maduraiveeran, G.; Sasidharan, M.; Jin, W. Earth-abundant transition metal and metal oxide nanomaterials: Synthesis and
electrochemical applications. Prog. Mater. Sci. 2019, 106, 100574. [CrossRef]

65. Wang, S.; Peng, T.; Meng, Q.; Zhu, X.; Guo, L.; Yao, K.; Wang, Z.; Zheng, P.; Ren, Z.; He, Z. Rapid and ultrasensitive detection of
Salmonella typhimurium using a novel impedance biosensor based on SiO2@ MnO2 nanocomposites and interdigitated array
microelectrodes. Sens. Actuators B Chem. 2020, 324, 128654. [CrossRef]

66. Patel, M.K.; Singh, J.; Singh, M.K.; Agrawal, V.V.; Ansari, S.; Malhotra, B. Tin oxide quantum dot based DNA sensor for pathogen
detection. J. Nanosci. Nanotechnol. 2013, 13, 1671–1678. [CrossRef]

67. Zanet, V.; Vidic, J.; Auger, S.; Vizzini, P.; Lippe, G.; Iacumin, L.; Comi, G.; Manzano, M. Activity evaluation of pure and doped zinc
oxide nanoparticles against bacterial pathogens and Saccharomyces cerevisiae. J. Appl. Microbiol. 2019, 127, 1391–1402. [CrossRef]

68. Auger, S.; Henry, C.; Péchaux, C.; Lejal, N.; Zanet, V.; Nikolic, M.V.; Manzano, M.; Vidic, J. Exploring the impact of Mg-doped
ZnO nanoparticles on a model soil microorganism Bacillus subtilis. Ecotoxicol. Environ. Saf. 2019, 182, 109421. [CrossRef]

69. Auger, S.; Henry, C.; Péchoux, C.; Suman, S.; Lejal, N.; Bertho, N.; Larcher, T.; Stankic, S.; Vidic, J. Exploring multiple effects of Zn
0.15 Mg 0.85 O nanoparticles on Bacillus subtilis and macrophages. Sci. Rep. 2018, 8, 1–14. [CrossRef] [PubMed]

70. Vidic, J.; Stankic, S.; Haque, F.; Ciric, D.; Le Goffic, R.; Vidy, A.; Jupille, J.; Delmas, B. Selective antibacterial effects of mixed
ZnMgO nanoparticles. J. Nanoparticle Res. 2013, 15, 1–10. [CrossRef] [PubMed]

71. Yang, Z.; Wang, Y.; Zhang, D. A novel multifunctional electrochemical platform for simultaneous detection, elimination, and
inactivation of pathogenic bacteria based on the Vancomycin-functionalised AgNPs/3D-ZnO nanorod arrays. Biosens. Bioelectron.
2017, 98, 248–253. [CrossRef] [PubMed]

72. Iijima, S.; Ichihashi, T. Single-shell carbon nanotubes of 1-nm diameter. Nature 1993, 363, 603–605. [CrossRef]
73. Pérez-López, B.; Merkoçi, A. Carbon nanotubes and graphene in analytical sciences. Microchim. Acta 2012, 179, 1–16. [CrossRef]
74. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric field effect in

atomically thin carbon films. Science 2004, 306, 666–669. [CrossRef] [PubMed]
75. McAllister, M.J.; Li, J.-L.; Adamson, D.H.; Schniepp, H.C.; Abdala, A.A.; Liu, J.; Herrera-Alonso, M.; Milius, D.L.; Car, R.;

Prud’homme, R.K.; et al. Single Sheet Functionalized Graphene by Oxidation and Thermal Expansion of Graphite. Chem. Mater.
2007, 19, 4396–4404. [CrossRef]

76. Peigney, A.; Laurent, C.; Flahaut, E.; Bacsa, R.R.; Rousset, A. Specific surface area of carbon nanotubes and bundles of carbon
nanotubes. Carbon 2001, 39, 507–514. [CrossRef]

77. Evtugyn, G.; Porfireva, A.; Shamagsumova, R.; Hianik, T. Advances in Electrochemical Aptasensors Based on Carbon Nanomate-
rials. Chemosensors 2020, 8, 96. [CrossRef]

78. Hu, J.; Zhang, Z. Application of Electrochemical Sensors Based on Carbon Nanomaterials for Detection of Flavonoids. Nanomate-
rials 2020, 10, 2020. [CrossRef]

79. Laghrib, F.; Bakasse, M.; Lahrich, S.; El Mhammedi, M.A. Electrochemical sensors for improved detection of paraquat in food
samples: A review. Mater. Sci. Eng. C 2020, 107, 110349. [CrossRef]

80. Le, V.T.; Vasseghian, Y.; Dragoi, E.-N.; Moradi, M.; Mousavi Khaneghah, A. A review on graphene-based electrochemical sensor
for mycotoxins detection. Food Chem. Toxicol. 2021, 148, 111931. [CrossRef]

http://doi.org/10.1016/j.jmst.2017.09.014
http://doi.org/10.1016/j.enmm.2018.09.003
http://doi.org/10.1016/j.snb.2017.05.161
http://doi.org/10.1016/j.apcatb.2018.07.020
http://doi.org/10.1016/j.enconman.2019.01.073
http://doi.org/10.1016/j.snb.2018.08.036
http://doi.org/10.1016/j.bioelechem.2019.02.005
http://www.ncbi.nlm.nih.gov/pubmed/30825657
http://doi.org/10.1371/journal.pone.0139766
http://www.ncbi.nlm.nih.gov/pubmed/26445455
http://doi.org/10.1016/j.bios.2011.04.017
http://www.ncbi.nlm.nih.gov/pubmed/21733671
http://doi.org/10.1149/2.0811706jes
http://doi.org/10.1016/j.pmatsci.2019.100574
http://doi.org/10.1016/j.snb.2020.128654
http://doi.org/10.1166/jnn.2013.7123
http://doi.org/10.1111/jam.14407
http://doi.org/10.1016/j.ecoenv.2019.109421
http://doi.org/10.1038/s41598-018-30719-9
http://www.ncbi.nlm.nih.gov/pubmed/30115985
http://doi.org/10.1007/s11051-013-1595-4
http://www.ncbi.nlm.nih.gov/pubmed/23710129
http://doi.org/10.1016/j.bios.2017.06.058
http://www.ncbi.nlm.nih.gov/pubmed/28688311
http://doi.org/10.1038/363603a0
http://doi.org/10.1007/s00604-012-0871-9
http://doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://doi.org/10.1021/cm0630800
http://doi.org/10.1016/S0008-6223(00)00155-X
http://doi.org/10.3390/chemosensors8040096
http://doi.org/10.3390/nano10102020
http://doi.org/10.1016/j.msec.2019.110349
http://doi.org/10.1016/j.fct.2020.111931


Nanomaterials 2021, 11, 2700 24 of 26

81. Prattis, I.; Hui, E.; Gubeljak, P.; Kaminski Schierle, G.S.; Lombardo, A.; Occhipinti, L.G. Graphene for Biosensing Applications in
Point-of-Care Testing. Trends Biotechnol. 2021, 39, 1065–1077. [CrossRef]

82. Smart, A.; Crew, A.; Pemberton, R.; Hughes, G.; Doran, O.; Hart, J.P. Screen-printed carbon based biosensors and their applications
in agri-food safety. TrAC Trends Anal. Chem. 2020, 127, 115898. [CrossRef]

83. Arduini, F.; Micheli, L.; Scognamiglio, V.; Mazzaracchio, V.; Moscone, D. Sustainable materials for the design of forefront printed
(bio)sensors applied in agrifood sector. TrAC Trends Anal. Chem. 2020, 128, 115909. [CrossRef]

84. Zia, Q.; Alawami, M.; Mokhtar, N.F.K.; Nhari, R.M.H.R.; Hanish, I. Current analytical methods for porcine identification in meat
and meat products. Food Chem. 2020, 324, 126664. [CrossRef]

85. Kampeera, J.; Pasakon, P.; Karuwan, C.; Arunrut, N.; Sappat, A.; Sirithammajak, S.; Dechokiattawan, N.; Sumranwanich, T.;
Chaivisuthangkura, P.; Ounjai, P.; et al. Point-of-care rapid detection of Vibrio parahaemolyticus in seafood using loop-mediated
isothermal amplification and graphene-based screen-printed electrochemical sensor. Biosens. Bioelectron. 2019, 132, 271–278.
[CrossRef] [PubMed]

86. Gupta, R.; Raza, N.; Bhardwaj, S.K.; Vikrant, K.; Kim, K.-H.; Bhardwaj, N. Advances in nanomaterial-based electrochemical
biosensors for the detection of microbial toxins, pathogenic bacteria in food matrices. J. Hazard. Mater. 2021, 401, 123379.
[CrossRef] [PubMed]

87. Pandey, A.; Gurbuz, Y.; Ozguz, V.; Niazi, J.H.; Qureshi, A. Graphene-interfaced electrical biosensor for label-free and sensitive
detection of foodborne pathogenic E. coli O157: H7. Biosens. Bioelectron. 2017, 91, 225–231. [CrossRef]

88. Khan, M.S.; Misra, S.K.; Dighe, K.; Wang, Z.; Schwartz-Duval, A.S.; Sar, D.; Pan, D. Electrically-receptive and thermally-responsive
paper-based sensor chip for rapid detection of bacterial cells. Biosens. Bioelectron. 2018, 110, 132–140. [CrossRef] [PubMed]

89. Cinti, S.; Arduini, F. Graphene-based screen-printed electrochemical (bio) sensors and their applications: Efforts and criticisms.
Biosens. Bioelectron. 2017, 89, 107–122. [CrossRef]

90. Capobianco, J.A.; Armstrong, C.M.; Lee, J.; Gehring, A.G. Detection of pathogenic bacteria in large volume food samples using an
enzyme-linked immunoelectrochemical biosensor. Food Control 2021, 119, 107456. [CrossRef]

91. Capobianco, J.A.; Lee, J.; Armstrong, C.M.; Gehring, A.G. Rapid detection of Salmonella enterica serotype Typhimurium in large
volume samples using porous electrodes in a flow-through, enzyme-amplified immunoelectrochemical sensor. Anal. Bioanal.
Chem. 2019, 411, 5233–5242. [CrossRef]

92. Jaiswal, N.; Pandey, C.M.; Soni, A.; Tiwari, I.; Rosillo-Lopez, M.; Salzmann, C.G.; Malhotra, B.D.; Sumana, G. Electrochemical
genosensor based on carboxylated graphene for detection of water-borne pathogen. Sens. Actuators B Chem. 2018, 275, 312–321.
[CrossRef]

93. Mathur, A.; Gupta, R.; Kondal, S.; Wadhwa, S.; Pudake, R.N.; Shivani; Kansal, R.; Pundir, C.S.; Narang, J. A new tactics for the
detection of S. aureus via paper based geno-interface incorporated with graphene nano dots and zeolites. Int. J. Biol. Macromol.
2018, 112, 364–370. [CrossRef]

94. Xu, S.; Zhang, Y.; Dong, K.; Wen, J.; Zheng, C.; Zhao, S. Electrochemical DNA biosensor based on graphene oxide-chitosan hybrid
nanocomposites for detection of Escherichia coli O157: H7. Int. J. Electrochem. Sci. 2017, 12, 3443–3458. [CrossRef]

95. Ma, X.; Jiang, Y.; Jia, F.; Yu, Y.; Chen, J.; Wang, Z. An aptamer-based electrochemical biosensor for the detection of Salmonella. J.
Microbiol. Methods 2014, 98, 94–98. [CrossRef]

96. Mutreja, R.; Jariyal, M.; Pathania, P.; Sharma, A.; Sahoo, D.K.; Suri, C.R. Novel surface antigen based impedimetric immunosensor
for detection of Salmonella typhimurium in water and juice samples. Biosens. Bioelectron. 2016, 85, 707–713. [CrossRef]

97. Mo, X.; Wu, Z.; Huang, J.; Zhao, G.; Dou, W. A sensitive and regenerative electrochemical immunosensor for quantitative
detection of Escherichia coli O157:H7 based on stable polyaniline coated screen-printed carbon electrode and rGO-NR-Au@Pt.
Anal. Methods 2019, 11, 1475–1482. [CrossRef]

98. Thakur, B.; Zhou, G.; Chang, J.; Pu, H.; Jin, B.; Sui, X.; Yuan, X.; Yang, C.-H.; Magruder, M.; Chen, J. Rapid detection of single E.
coli bacteria using a graphene-based field-effect transistor device. Biosens. Bioelectron. 2018, 110, 16–22. [CrossRef]

99. Pandey, C.M.; Tiwari, I.; Singh, V.N.; Sood, K.; Sumana, G.; Malhotra, B.D. Highly sensitive electrochemical immunosensor based
on graphene-wrapped copper oxide-cysteine hierarchical structure for detection of pathogenic bacteria. Sens. Actuators B: Chem.
2017, 238, 1060–1069. [CrossRef]

100. Zhu, F.; Zhao, G.; Dou, W. A non-enzymatic electrochemical immunoassay for quantitative detection of Escherichia coli O157:H7
using Au@ Pt and graphene. Anal. Biochem. 2018, 559, 34–43. [CrossRef]

101. Niu, X.; Zheng, W.; Yin, C.; Weng, W.; Li, G.; Sun, W.; Men, Y. Electrochemical DNA biosensor based on gold nanoparticles and
partially reduced graphene oxide modified electrode for the detection of Listeria monocytogenes hly gene sequence. J. Electroanal.
Chem. 2017, 806, 116–122. [CrossRef]

102. Ye, Y.; Yan, W.; Liu, Y.; He, S.; Cao, X.; Xu, X.; Zheng, H.; Gunasekaran, S. Electrochemical detection of Salmonella using an
invA genosensor on polypyrrole-reduced graphene oxide modified glassy carbon electrode and AuNPs-horseradish peroxidase-
streptavidin as nanotag. Anal. Chim. Acta 2019, 1074, 80–88. [CrossRef]

103. Jia, F.; Duan, N.; Wu, S.; Dai, R.; Wang, Z.; Li, X. Impedimetric Salmonella aptasensor using a glassy carbon electrode modified
with an electrodeposited composite consisting of reduced graphene oxide and carbon nanotubes. Microchim. Acta 2016, 183,
337–344. [CrossRef]

104. Dinshaw, I.J.; Muniandy, S.; Teh, S.J.; Ibrahim, F.; Leo, B.F.; Thong, K.L. Development of an aptasensor using reduced graphene
oxide chitosan complex to detect Salmonella. J. Electroanal. Chem. 2017, 806, 88–96. [CrossRef]

http://doi.org/10.1016/j.tibtech.2021.01.005
http://doi.org/10.1016/j.trac.2020.115898
http://doi.org/10.1016/j.trac.2020.115909
http://doi.org/10.1016/j.foodchem.2020.126664
http://doi.org/10.1016/j.bios.2019.02.060
http://www.ncbi.nlm.nih.gov/pubmed/30878727
http://doi.org/10.1016/j.jhazmat.2020.123379
http://www.ncbi.nlm.nih.gov/pubmed/33113714
http://doi.org/10.1016/j.bios.2016.12.041
http://doi.org/10.1016/j.bios.2018.03.044
http://www.ncbi.nlm.nih.gov/pubmed/29605712
http://doi.org/10.1016/j.bios.2016.07.005
http://doi.org/10.1016/j.foodcont.2020.107456
http://doi.org/10.1007/s00216-019-01901-3
http://doi.org/10.1016/j.snb.2018.07.055
http://doi.org/10.1016/j.ijbiomac.2018.01.143
http://doi.org/10.20964/2017.04.16
http://doi.org/10.1016/j.mimet.2014.01.003
http://doi.org/10.1016/j.bios.2016.05.079
http://doi.org/10.1039/C8AY02594K
http://doi.org/10.1016/j.bios.2018.03.014
http://doi.org/10.1016/j.snb.2016.07.121
http://doi.org/10.1016/j.ab.2018.08.016
http://doi.org/10.1016/j.jelechem.2017.10.049
http://doi.org/10.1016/j.aca.2019.05.012
http://doi.org/10.1007/s00604-015-1649-7
http://doi.org/10.1016/j.jelechem.2017.10.054


Nanomaterials 2021, 11, 2700 25 of 26

105. You, Z.; Qiu, Q.; Chen, H.; Feng, Y.; Wang, X.; Wang, Y.; Ying, Y. Laser-induced noble metal nanoparticle-graphene composites
enabled flexible biosensor for pathogen detection. Biosens. Bioelectron. 2020, 150, 111896. [CrossRef]

106. Choi, H.K.; Lee, J.; Park, M.K.; Oh, J.H. Development of single-walled carbon nanotube-based biosensor for the detection of
Staphylococcus aureus. J. Food Qual. 2017, 2017, 5239487. [CrossRef]

107. Bhardwaj, J.; Devarakonda, S.; Kumar, S.; Jang, J. Development of a paper-based electrochemical immunosensor using an
antibody-single walled carbon nanotubes bio-conjugate modified electrode for label-free detection of foodborne pathogens. Sens.
Actuators B Chem. 2017, 253, 115–123. [CrossRef]

108. Andrade, C.A.; Nascimento, J.M.; Oliveira, I.S.; de Oliveira, C.V.; de Melo, C.P.; Franco, O.L.; Oliveira, M.D. Nanostructured
sensor based on carbon nanotubes and clavanin A for bacterial detection. Colloids Surf. B Biointerfaces 2015, 135, 833–839.
[CrossRef]
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Abstract: Development of paper-based sensors that do not suffer with humidity interference is
desirable for practical environmental applications. In this work, a laser processing method was
reported to effectively modulate the cross-sensitivity to humidity of ZnO-based UV (Ultraviolet)
sensors printed on paper substrate. The results reveal that the laser induced zinc oxide (ZnO) surface
morphology contributes to the super-hydrophobicity of the printed ZnO nanoparticles, reducing
humidity interference while enhancing UV sensitivity. Herein, this conducted research highlights for
the first time that laser processing is an attractive choice that reduces the cross-sensitivity to water
vapor in the UV sensing response of ZnO-based devices printed on paper, paving the way to low-cost
and sophisticated paper-based sensors.

Keywords: paper-based device; UV sensors; ZnO nanoparticles; humidity resistance

1. Introduction

For a long time, cellulose fiber paper has been used as the main support for storing,
displaying, transferring information and connecting people in the form of missives, flyers
or books. In recent years, however, its function as a writing medium has been declin-
ing with the evolution of information and communication technologies. This evolution
drastically changed how people work, communicate and learn, gradually replacing the
paper substrate with electronic support, such as computer, TV, e-book and e-library. Never-
theless, this has generated a considerable amount of electronic waste resulting in severe
environmental issues. In order to address the environmental concerns and end-of-life
disposal challenges, paper was reinvented as a building component in flexible electronics
because it is disposable, recyclable, inexpensive and one of the most abundant organic
materials. Therefore, paper-based substrate has been explored with the aim of developing a
variety of components, such as electronic and optoelectronic devices [1,2], electrochemical
biosensors [3–5] and physical sensors [6,7]. Among them, physical sensors which transduce
physical parameters, such as mechanical and optical signals, into processable electrical
signals represent a major category of paper-based devices and might play an important
role in the upcoming era of wearable electronics.

Various functional nanomaterials have been employed in order to enhance the paper-
based sensor performance. Among them, the zinc oxide (ZnO) nanostructures are a popular
choice due to their multiple sensing modalities [8–10]. For instance, its direct wide bandgap
and 60 meV high exciton energy make ZnO nanostructures the ideal materials for UV
sensing applications [11,12]. Due to the growing importance of detecting/protecting UV
light application in various fields, various reports have been published on the fabrication of
low-cost ZnO-based UV sensors on paper substrate [13–16]. Although many of the reported
paper-based UV sensors work very well in laboratory scale proof of principle experiments,
they are still limited by their cross-sensitivity to background conditions, such as relative
humidity than can vary in outdoor conditions, impeding their practical use in applications
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such as environmental monitoring. Indeed, it has been demonstrated that water vapor,
present in the real environment for monitoring, strongly interacts with the surface or
interface of a ZnO nanostructure, which leads to a significant fluctuation of its electrical and
UV sensing properties [17–19]. Although the effect of humidity on UV sensing properties
of ZnO nanostructure has been investigated [20–22], the elimination of cross-sensitivity
of ZnO-based UV sensors to environmental humidity is still a major challenge. This is
even more critical when they are made on paper substrate. As the paper is hygroscopic,
the effect of moisture can cause additional significant fluctuations in the conductivity of
paper-based devices. So far, the most applicable approaches to reduction of the influence
of humidity include either coating paper with a superhydrophobic layer [23–27] or its
chemical modification [28,29]. Even though those approaches are effective, they require
additional processing steps, making the overall process more time-consuming and costlier.
One interesting route to process paper substrate is by use of laser processing technique,
which represents a simple, fast and scalable alternative to coating and chemical modification
techniques and offers many advantages because of its capability of selective treatment
and its fine spatial resolution [30–32]. It has been used to control the wetting properties
of paper substrate for microfluidic applications [32–34]. In this work, we introduce the
laser irradiation post-processing technique to withstand the influence of humidity and to
improve the electrical properties of ZnO based UV detectors and screen-printed devices
printed on paper substrate. Effects of the laser irradiation on the conductivity and UV
sensing performance of the screen-printed ZnO nanoparticles (NPs) were studied in detail.
Afterwards, both dark current and UV photocurrent of the laser treated ZnO UV sensors
were measured in air with varied relative humidity (RH) to investigate the effect of water
vapor on the ZnO film devices. Basic mechanisms for the observed behavior were discussed
and correlated with results from structural analysis of the ZnO film. The results showed
that the laser treated UV sensor had excellent compatibility between stability and sensitivity,
response and recovery time, and reducing the impact of humidity.

2. Materials and Methods

The concept of the paper-based UV sensor is based on the resistive transduction prin-
ciple, consisting of a nanostructured ZnO photosensitive layer deposited on interdigitated
electrodes (IDE) that are printed on paper substrate, as shown in the Figure 1a.
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2.1. Device Fabrication

A simple, economic and scalable technological process, consisting of two screen-
printing steps and a laser-postprocessing step, was used for the fabrication of the paper-
based UV sensors. A schematic representation of the fabrication steps is described in
the Figure S1. Firstly, a commercial silver paste (HPS-021LV, Novacentrix, Austin, TX,
USA) was screen-printed with a semi-automatized screen-printer (EKRA 2H screen-printer,
Dornstadt, Germany) on the paper substrate to design the IDEs and baked in an oven at
110 ◦C for 15 min. An individual digit of the IDE structure was 4 mm long and 170 µm
wide. It was separated by a gap of 100 µm from the next digit, as shown in the Figure 1b
exhibiting SEM (Scanning electron microscope, HITACHI TM3030, Tokyo, Japon) image of
Ag interdigitated electrodes.

In order to fabricate the sensitive layer, based on commercial ZnO nanoparticles (Alfa
Aesar™, particle size <25 nm, Kandel, Germany), a functional paste was developed [35].
The paste composition was optimized to meet the criteria: (i) used chemicals should
be cost-efficient and environmentally friendly; (ii) paste components should be suitable
for laser treatment (boiling point <500 ◦C); and (iii) paste should produce thick uniform
film on top of the electrodes, with preserved properties of ZnO nanomaterial. Main
components of the paste were solvent, binder, dispersant and the nanomaterial. Water as
solvent was not suitable for final application of printed structure, so ethanol was used as
solvent. Since the conducted research was focused on design of sensors with minimum
humidity interference, we used PVP (Poly vinyl pyrrolidone) as binder because of its
slightly better stability in higher humidity conditions in comparison to other commonly
used binders, such as cellulose [36]. For the dispersant, we opted to use alpha-terpineol,
which is environmentally friendly, has a relatively low boiling point and is suitable for
laser treatment. First, 2 g of PVP (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
10 mL of ethanol. Afterwards, 1 g of ZnO nanopowder was dispersed in 400 µL of terpineol
(Sigma-Aldrich, St. Louis, MO, USA), followed by the addition of 600 µL of PVP solution.
High loading ratio of nanomaterial has proven to be optimal for the screen-printing of the
sensitive layer, providing desired film thickness and uniformity.

Obtained suspensions were treated with ultrasonic homogenizer (Bandelin HD-70,
Berlin, Germany), operating in continuous mode at 40% of total power. Duration of
ultrasonic homogenization was 10 min.

2.2. Laser Treatment

The laser treatment of printed films was carried out by using a diode-pumped Nd:YAG
laser cutter Rofin-Sinar Power Line D–100, operating in the NIR (Near-infrared) range at
1064 nm. Frequency of the laser pulse was set at 65 kHz, and the speed of the displacement
was adjusted to 500 mm s−1 in order to obtain sufficient pulse overlapping. The laser
fluence was varied by adjusting the laser current. One sample was kept untreated to be used
as a reference, and two samples were treated with the input current values of 29 A and 30 A,
corresponding to laser fluences of 0.21 J cm–2 and 0.23 J cm–2, respectively. The Figure 1d
shows the laser treated films sample with laser treated screen-printed ZnO nanoparticles.
Figure 1c exhibits a matrix of laser treated samples, providing clear evidence that the
developed process can be easily scaled-up for the large-scale fabrication of paper-based
electronic devices.

2.3. Device Characterization

The morphology of the screen-printed ZnO film was examined by atomic force mi-
croscopy (AFM) in tapping mode. In order to precisely resolve grain boundaries, magnitude
of AFM cantilever was recorded during the tapping mode imaging as well, since this signal
is very sensitive to abrupt changes in the morphology. Surface roughness was calculated
as a root mean square of the height distribution. The wetting characteristic of the sample
was carried out by measuring contact angles using the sessile drop technique. A liquid
droplet of about 2 µL in volume was dropped on the sample’s surface with a micropipette.
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The image of the liquid droplet was captured by a digital camera (uEye, IDS, Obersulm,
Germany) attached to a microscope (Microzoom, Bausch and Lomb, Rochester, NY, USA)
with 2.25× magnification and computed with the IDS camera manager software (IDS,
Obersulm, Germany). The recorded droplet images were analyzed with the DropSnake
Java plug-in for the ImageJ software (1.8.0, Wayne Rasband, Bethesda, MD, USA) based on
B-spline snakes (active contours) to shape the drop [37].

3. Results and Discussion
3.1. Characterization of Laser-Treated ZnO Surface

Figure 2 exhibits top- and side-view SEM images of the ZnO film before and after
laser treatment at 0.21 and 0.23 J cm–2 laser fluences, which clearly demonstrates that laser
irradiation induces significant modifications of the film morphology. From SEM imaging
of the untreated film, it can be established that nano-sized particles packed together by
the dried organic additives formed a flat and uniform surface layer. When irradiated at
0.21 J cm–2, the film exhibited bigger pores due to the formation of melted droplets. These
droplets were formed during the breaking of the large agglomerates accomplished by laser
thermal evaporation of organic components. With further increase of the laser fluence at
0.23 J cm–2, the screen-printed film was transformed into solidified and dense ceramic
material due to the complete release of the organic components and the sintering effect.
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Figure 2. SEM images of (a) untreated screen-printed ZnO film, and laser-treated at (b) 0.21 J cm–2 and (c) 0.23 J cm–2. Inset:
side view of untreated and treated samples.

Additionally, the presented results demonstrate that the film thickness reduced from
15.6 µm to 9.5 µm and 6 µm after irradiation at 0.21, and 0.23 J cm–2, respectively, which is
in agreement with the profile analysis provided in the supporting information (Figure S2).
This reduction in film thickness can be directly correlated to the removal of organic binder
components with laser radiation and the densification of the screen-printed ZnO film dur-
ing the sintering process. Furthermore, it can be noticed from the EDX (Energy-dispersive
X-ray) characterization, shown in Figure S3, that the Zn and O signatures are present in the
untreated and laser treated samples, while carbon signature is considerably reduced in the
laser treated sample. This confirms that the laser irradiation does not change the chemical
composition of the ZnO nanoparticles or remove organic components of the printed paste
matrix.

Therefore, additional investigations were performed by atomic force microscopy
(AFM) in tapping mode to explore the change of surface morphology in the laser sintered
samples. Figure 3a presents images of the AFM magnitude of the untreated and all
treated samples, which emphasize grains and grain boundaries. As can be seen, the
morphology significantly changes from a flat surface with small grains in the case of the
untreated sample, to very rough surfaces with large grains in the case of the treated samples.
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Therefore, these images clearly represent the sintering process where small grains are
merged into bigger ones. The underlying morphological changes during the sintering are
summarized in the bottom row of Figure 3, in which Figure 3b shows characteristic height
profiles from topographic images, while Figure 3c displays the surface roughness. An
average grain diameter of the selected grains (encircled by dashed lines in the magnitude
images) is presented partly in Figure 3d. The height profile of the untreated sample was a
rather flat line, the surface roughness was around 30 nm, while the diameter of the selected
grain was around 270 nm. On the other hand, the surface roughness of the treated samples
were in the range of 200–300 nm, with some grains being larger than 2 µm.
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Figure 4 shows the contact angle of the untreated sample and samples treated with
0.21 and 0.23 J cm–2 laser fluence, where it can be noticed that hydrophobicity of the ZnO
film increases with increase in the laser fluence. Clearly, a water droplet stands stable
on the laser treated films, while it spreads out on the untreated sample. The wettability
behavior of a surface is strongly related to the surface morphology [38]. From the AFM
measurements, we established that morphology and roughness of the film surfaces change
with the increase of the laser fluence. The surface of the untreated film (Figure 4a) with low
surface roughness shows a low contact angle with hydrophilic behavior. With the rise of the
surface roughness the contact angle increased, indicating a hydrophobic behavior for the
sample treated at 0.21 J cm–2 and super hydrophobic behavior for the sample treated with
higher laser fluence 0.23 J cm–2. For porous nanostructured surfaces, the Cassie and Baxter
(CB) model is usually applied for the description of wetting properties [39]. According
to the CB model, the water contact angle on the porous surface is greatly influenced by
the surface fraction of solid–liquid and liquid–air interfaces on the solid surface. In the
CB wetting state, the large volume of air trapped between the grains prevents the water
droplet from penetrating into the free space and the water droplet is suspended above the
substrate unstably. Within such a framework, a hydrophilic surface can be modified into a
hydrophobic one, and the contact angle increases with the ratio of water–air interface to
the total area because air pockets formed below the water droplet minimize the interfacial
energy. Considering that surface roughness of ZnO films increase with laser treatment, the
fraction of interfacial area between air and liquid also increases. For highly rough surfaces,
more air can be trapped within the interstices, increasing measured contact angle. The
increased surface roughness and additional trapped air prevent further penetration of the
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water droplet into the solid surface, giving rise to the observed shift from hydrophilicity to
super-hydrophobicity.
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3.2. UV Detection Performances

Figure 5a displays the dark current–voltage (I–V) characteristics, together with the pho-
tocurrent of the untreated samples and samples sintered with 0.21 J cm−2 and 0.23 J cm−2

laser fluences, measured in the −5 V to 5 V range at ambient humidity of 45%. Analysis
of the obtained results clearly reveals that increase in laser fluence induces a significant
increase in the dark current values, thus improving the conductivity of the printed ZnO
film. Indeed, for the untreated sample, the profile of the I(V) curve corresponds to that
of the material with poor conductivity with 3.42 nA at 5 V, whereas the I(V) curve of the
sample treated with 0.23 J cm–2 has 5 orders of magnitude higher current (935 µA at 5 V).
For porous nanomaterials, where nanoparticles are packed together, the conductivity is
greatly affected by a mechanism governed by the grain-boundary resistance, since the resis-
tance at these contacts is much higher than the resistance across the grains. The conduction
channels in the ZnO–NP film include NP–NP junctions, and electrons must overcome the
junction barriers to pass from one nanoparticle to another. Using AFM measurements, it
was determined that during the sintering process, most of these grain boundaries vanished
as the nanoparticles form neck like structures and the grains connected, reducing the
junction barrier and creating a conductive path for electron transfer. In this case, the grain
conductivity becomes dominant, leading to an observed increase in the current value.

Figure 5a also demonstrated that there was a significant increase in the photocur-
rent of all the samples when they were exposed to 360 nm wavelength at 10 mW cm–2.
This excitation wavelength was chosen to be in the vicinity of the optical band gap of
ZnO (Eg = 305–395 nm) [40]. Moreover, it was noticed that a relatively high photocurrent
(≈300 nA) was obtained at zero bias for the sample treated at 0.23 J cm−2, offering the
possibility to use this laser treated device as a self-powered, paper-based photodetector
system. The Figure 5b depicts the photocurrent-to-dark current ratio (called the photore-
sponse) as a function of the time, which compares the switching characteristics of the
investigated samples under a bias of 5 V. Figure 5b demonstrated that a significant increase
in the photoresponse was observed under UV light illumination for the untreated samples,
as well as for the samples treated at 0.21 and 0.23 J cm−2, confirming the results from
Figure 5a.
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Figure 5. (a) I–V curves for uncoated and untreated samples and samples sintered at 0.21, and 0.23 J cm–2 with and without
UV illumination. (b). Dynamic response behavior (response/recovery times) for the untreated and laser treated samples
under UV illumination (c) Schematic diagram of the NP–NP junctions. (d) Time-resolved photoresponse of the ZnO device
treated at 0.21 and 0.23 J cm−2 under a continuous UV light rectangle pulse.

However, the untreated device showed poor stability, with photoresponse decreasing
gradually after the light source was switched on, while the laser treated samples showed
good stability with constant photocurrent values under UV illumination, and a return to
the initial value after switching off the light source. This can be attributed to some residual
organic additives in the untreated screen-printed film, resulting in a poor conducting path
for the electron transfer between nanoparticles, thus generating unstable conductivity.
During the sintering process, the organic additives were removed from the film, creating
better ZnO nanoparticle interconnection and thus the conducting path for electron transfer.

The device sintered at 0.21 J cm−2 shows better photosensitivity than the film sintered
at 0.23 J cm–2, which is due to its more efficient structure and morphology. The processes
of generating and transporting carriers in the laser sintered devices are illustrated in the
schematic diagram shown in Figure 5c. The photodetection property of the ZnO NPs-
based screen-printed film is strongly influenced by two mechanisms: the adsorption and
desorption of oxygen in the air. In the absence of photons, oxygen molecules adsorb
on the surface of the ZnO nanoparticles as negatively charged ions, by capturing free
electrons from the n-type ZnO. This process creates a low-conductivity depletion layer near
the surface of the NPs. When the film was irradiated with UV light, electron-hole pairs
were created in the depletion region and the negatively charged surface species traps the
holes and releases the electrons into the conduction band of ZnO, so the current gradually
increases until saturation. The conduction channels in the ZnO NPs detectors also include
NP–NP junctions. Electrons must get over the junction barrier to pass from one NP to
another. These barriers formed by the surface depletion layers can govern the charge
transport within the film under UV illumination.

When treated at 0.23 J cm–2, the film becomes more compact and bulkier, with bigger
grains, lower porosity and thickness reducing surface-to-volume ratio of the film structure
compared with the structure of the film treated at 0.21 J cm–2. This facilitates the penetration
of oxygen species into the inner film layers, ensuring the participation of the nanoparticles
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from whole film in the UV sensing mechanism. Therefore, under illumination, the film
treated with 0.23 J cm–2 fluence provides less active surface area and lower rate of oxygen
desorption, resulting in a lower photocurrent. Additionally, the structure of the NP–NP
junction is beneficial for the electrons to flow through the nanoparticle networks under UV
light illumination, giving rise to the increase in photocurrent.

The inset in Figure 5b shows decay and rise time of the untreated and laser treated
devices, defined respectively as the time required for photocurrent to drop from 90% to
10% and rise from 10% to 90% of its maximum value. The sample treated at 0.23 J cm–2 had
a shorter response time than the sample treated at 0.21 J cm−2, with decay and rise time of
10 s, which is comparable with other paper-based UV-detectors [8,41].

Furthermore, in order to examine the repeatability of the screen-printed paper-based
ZnO UV detectors, the time-resolved photoresponse at 5 V bias with multiple UV on/off
cycles was measured, in which both the turn-on and turn-off times of the UV light equaled
2 min. The Figure 5d shows height cycles of photocurrent switching, demonstrating very
good repeatability and sensitivity of the two laser treated photodetectors.

3.3. Suppressed Response to Humidity by Laser-Post Processing Treatment

The influence of humidity was evaluated by calculating the device’s response given
by the ratio of the initial electrical resistance (R0) at zero humidity, used as a baseline,
to the electrical resistance when humidity is introduced (Rm), measured between the
IDE. The inclusion of an uncoated paper allowed us to assess whether the ZnO screen
printed film coating suppresses the water vapor absorption. The results shown in Figure 6a
disclose the strong response differences between different samples, clearly indicating the
effects of the screen-printed films and laser surface modification. For the uncoated paper,
an important rise of the response is observed when humidity increases, with two times
increased response with increasing RH from 0 to 10%, and at 3 orders of magnitude higher
at moderate humidity levels (60%) than at 0% RH. The untreated ZnO sample shows
a lower sensitivity to humidity than the uncoated sample. However, the sensitivity to
humidity of the untreated sample was still significant, at 2 orders of magnitude higher at
moderate humidity levels (60%) than at 0% RH. It was evident that the samples treated
with laser exhibit a negligible response to humidity, revealing a very poor sensitivity to
humidity of the laser treated ZnO films. This difference in humidity sensitivity between
the untreated and laser treated samples can be directly correlated to their different surface
wettability properties. The inset in Figure 6a depicts the relationship of the contact angle
and response to humidity in the investigated samples. It was noticed that the samples with
hydrophobic surfaces were sensitive to humidity, while humidity did not affect the laser
treated samples with hydrophilic surfaces. Indeed, when the sensor film was hydrophilic,
the water nucleation barrier was low, yielding high nucleation rate due to the strong
attraction forces between the surface and the water molecules. This implies that water
vapor is strongly adsorbed onto the sample surface, resulting in high humidity response.
When the sensor film was hydrophobic, the energy barrier was high, thus minimizing
the water vapor adsorption onto the film surface, which resulted in roughness induced
non-wetting properties and no humidity interference.

Figure 6b showed the UV photoresponse of the investigated samples cross-linked with
different humidity levels of 0%, 45% and 80%. It was noticed that the photoresponse of the
untreated samples were greatly affected by the presence of water molecules, whereas the
effect of the humidity on the photoresponse of the laser treated samples can be neglected.
Indeed, the photoresponse of the untreated sample decreased with the humidity increase.
This was due to the fact that water molecules replaced the previously surface adsorbed
ionized oxygen species, and hence released electrons into the conduction band, a process
which partially annihilates the depletion layer, leading to a rise in the dark current, as
shown in the Figure 6a. Under the UV illumination, the dissociated H2O molecules on the
surface of the ZnO film capture both electrons and holes generated by UV light, leading to
a decrease of carrier density and thus lower photoconductivity. At low RH <50%, the effect
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of O2 desorption is more pronounced, so that the photoresponse slightly decreased with the
humidity but it was still detectable. At high RH, around 80%, the effect of the dissociated
H2O capturing electrons and holes becomes more significant due to a discrete water layer
formed on the ZnO film surface, which generates a humidity-induced degradation of ZnO-
based photodetector with a photoresponse almost undetectable. As seen in Figure 6c, in
the case of the laser treated samples, the photoresponse does not change with the humidity
level, due to the roughness engineered hydrophobic surface that hampers water molecules
to be absorbed at the surface of the ZnO film, as previously explained.
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Figure 6. (a) Electrical resistance changes for the untreated and laser treated devices as a function of RH (Relative Humidity).
Inset: Humidity response at 60% and contact angle as a function of the laser fluence. (b) Dynamic response of untreated and
treated ZnO sensor to UV light at various humidity levels. (c) Photoresponse of the untreated and laser treated samples as a
function of RH.

The laser-profiling of the sensitive layer surface roughness provides us with a powerful
tool for the management of the film wettability properties, with high impact on tuning of
the device sensitivity toward humidity. The undertaken approach can be easily optimized
for fabrication of humidity-sensitive ZnO film that can be used for humidity sensors or for
fabrication of paper-based ZnO film with no humidity interference that can be used for
other electronic devices like UV detectors.

4. Conclusions

In summary, we developed a new strategy to reduce humidity interference on paper-
based UV sensor. The proposed approach is fast, cost-effective, scalable, easy-to-operate
and paper-friendly, since they do not require annealing steps at high temperatures. The
effects of the laser fluence on morphology, electrical properties, UV and humidity sensing
properties were disclosed. The ZnO film conductivity and UV photoresponse were im-
proved and the influence of the humidity was considerably reduced by properly adjusting
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the laser fluence. It was found that this phenomenon is correlated to the change of the
morphology and structure of the ZnO film generated by the laser irradiation. Additionally,
the resulting UV sensors showed good repeatability and relatively short response time.
Therefore, the possibility of fabricating paper-based sensing devices with no humidity im-
pact in a rapid and large-scale manner paves the way to low-cost solutions of sophisticated
paper-based electronics with low environmental footprint.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-499
1/11/1/80/s1, Figure S1: Process sequence of the humidity sensors, Figure S2: Thickness profile of
the ZnO films, Figure S3: EDX profiles of the untreated and treated ZnO films.
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Abstract

Ultrafine pure and cobalt doped SnO2-δ nanocrystals (Sn1-xCoxO2-δ, 0 ≤ x ≤ 0.05) were synthesized by
microwave-assisted hydrothermal method. The as-prepared nanocrystals have single phase tetragonal rutile
structure. With increase of Co content (x > 0.01), Co entered into SnO2 lattice in mixed Co2+/Co3+ state.
Pronounced blue shift of the band gap with cobalt doping originated from the combined effect of quantum con-
finement and Burnstain-Moss shift. Raman and photoluminescence study revealed oxygen deficient structure
of SnO2-δ for which the prevalent defects are in the form of in-plane oxygen vacancies. Co-doping induced de-
crease of in-plane oxygen vacancy concentration and luminescence quenching. SnO2-δ exhibited significantly
better photocatalytic activity under UV light irradiation, than Co-doped samples due to better UV light ab-
sorption and increased concentration of in-plane oxygen vacancies which, as shallow donors, enable better
electron-hole separation and faster charge transport.

Keywords: SnO2 nanopowders, wet-chemical synthesis, defects, optical properties, photocatalysis

I. Introduction

Tin oxide (SnO2) is an n-type semiconductor with
large band gap (3.6 eV) at room temperature. Because of
its unique electronic, optical and electrochemical prop-
erties, SnO2 is widely used in dye-sensitized solar cells,
transparent conductive electrodes, solid state sensors,
lithium-ion batteries and catalysis [1–7]. During the past
decade, SnO2 nanostructures have become one of the
most important oxide nanostructures due to their excep-
tional properties and potential applications which are
strongly influenced by size effects and morphology [8].

In the past decade various efforts were devoted to

∗Corresponding author: tel: +381 113713024,
e-mail: zordoh@ipb.ac.rs

the synthesis of SnO2 nanostructures with controlled
size and morphology. SnO2 nanostructures like thin
films, nanobelts, nanotubes or nanowires, nanodisks and
nanocrystals have been prepared using different meth-
ods, such as carbothermal reduction process, hydrother-
mal and solvothermal, chemical vapour condensation,
laser ablation, sol-gel and molten salt techniques [9–
18]. However, for most of these methods relatively high
temperatures are required during the synthesis process
and the samples are usually subjected to additional ther-
mal treatment in order to achieve good crystallinity. In
recent years hydrothermal approaches appeared to be
widely applied as SnO2 nanostructures can be obtained
with different morphologies and tunable size at mild
temperatures [8,19]. Microwave-assisted hydrothermal
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synthesis (MAH) became a very promising method
for obtaining size and morphology controllable oxide
nanostructures due to the unique advantages, such as
fast heating rate and uniform heating without super-
heating of the solvent, which results in small particle
size, narrow size distribution and high purity of the ob-
tained nanopowders. Therefore, MAH appeared to be
very convenient method for obtaining ultrafine SnO2
nanopowders [19,20].

SnO2 nanostructures are generally less studied as po-
tential photocatalysts compared to TiO2 and ZnO, de-
spite its crystalline structure being similar to TiO2 and
good properties such as high photochemical stability,
non-toxic nature, strong oxidizing power, and low-cost
[21]. In order to improve the photocatalytic efficiency of
SnO2, selective doping with metal ions, transition met-
als (gold, manganese, silver and iron) and rare–earth
elements (Ce, Sm, Gd) was performed and well pre-
sented in the review paper by Al-Hamdi et al. [21].
Among the transition metals, cobalt is rarely applied
as dopant. In fact, there are only few papers dedicated
to potential applicability of Co-doped SnO2 nanostruc-
tures as photocatalysts [22–24], but none of them in-
vestigated the synergic influence of defective nature
and Co-doping on photocatalytic properties of very fine
SnO2 nanocrystals. It is well known that photocatalytic
efficiency of metal oxide nanostructures can be influ-
enced by the presence of intrinsic defects such as oxy-
gen vacancies [25–28]. The presence of oxygen vacan-
cies strongly influences the charge recombination pro-
cess and the band gap structure. Namely, oxygen vacan-
cies introduce the defect levels (near conduction or va-
lence band) inside the gap and behave as trapping cen-
tres for photogenerated carriers preventing the fast re-
combination. Besides, oxygen vacancies can facilitate
the transferring of charge carriers to adsorbed species
(OH– or water molecules and dissolved oxygen present
on the surface of the catalyst) and enhance the forma-
tion of reactive radicals which are responsible for im-
proved photocatalytic activity of oxide nanostructures
[26,27]. Moreover, the formation of defect states inside
the gap reduces the band gap and extends the absorption
to visible light [25,27]. The prominent intrinsic defects
in SnO2 nanostructures are oxygen vacancies as well,
which form donor/acceptor states inside the SnO2 gap,
influencing its electronic structure and making it con-
ductive [4]. As oxygen vacancies play a critical role in
many new physical phenomena, it is important to inves-
tigate associated changes in the optical and electronic
properties of pure and Co-doped SnO2 nanomaterials
which can have a strong impact on photocatalytic ac-
tivity of these materials.

In the work presented here, ultrafine, nonstoichio-
metric pristine and Co-doped SnO2-δ nanopowders were
synthesized via simple and cost effective microwave-
assisted hydrothermal method. This paper intends to
explore how defective structure and Co-doping pro-
voke changes of optical and electronic properties of

SnO2-δ nanocrystals influencing the photocatalytic per-
formances.

II. Experimental procedure

2.1. Materials preparation

Sn1-xCoxO2-δ (where x = 0, 1, 3 and 5 mol%)
nanopowders were synthesized by microwave-assisted
hydrothermal method using SnCl4 · 5 H2O (98%, Ald-
rich), CoCl2 · 6 H2O, NaOH and HCl as starting pre-
cursors. Initially, 1 ml of hydrochloric acid was added
to 10 ml of distilled water at 50 °C resulting in a so-
lution with pH between 0 and 1. Next, 17.529 g of
SnCl4 · 5 H2O was added and the mixed solution was ho-
mogenized under stirring with simultaneous increasing
of the water amount to approximately 50 ml. In a case
of the doped samples, 0.119 g, 0.357 g and 0.595 g of
CoCl2 · 6 H2O were added to obtain 1, 3 and 5 mol% Co-
doped samples, respectively. NaOH was added drop-
wise under vigorous stirring until the pH of the solu-
tion was adjusted to 8. The mixed solution was placed
in a 110 ml sealed Teflon autoclave and subjected to mi-
crowave heating, applying 2.45 GHz of microwave ra-
diation at a maximum power of 800 W. The as-prepared
solution was heated at 140 °C for 10 min using heating
rate of 14 °C/min and then air-cooled to room temper-
ature. The as-prepared undoped and Co-doped SnO2-δ
nanopowders were submitted to dialysis in order to be
separated from the solution and then dried at 80 °C for
12 h.

2.2. Materials characterization

The crystalline structure and average crystallite size
of the Sn1-xCoxO2-δ samples were evaluated using X-ray
diffraction (XRD) measurements. The measurements
were carried out using an automatic X-ray diffractome-
ter (Rigaku, Rotaflex RU200B) with CuKα radiation
(50 kV, 100 mA, λ = 1.5405 Å) in a θ–2θ configuration
using a graphite monochromator. The 2θ scanning range
was between 20 and 70°, with a step size of 0.02°. Mi-
crostructural analysis was made by transmission elec-
tron microscopy (TEM) FEI Titan 60-300 operating at
voltages between 60 and 300 kV, using a field emission
gun (FEG) with an objective lens (Super Twin) and a
corrector that allows resolution of 0.08 nm.

Micro-Raman scattering measurements were per-
formed at room temperature in the backscattering con-
figuration on Tri Vista 557 Raman system equipped with
a nitrogen-cooled CCD detector, using 532 nm laser
line of optically pumped semiconductor laser (Coher-
ent Verdi G) as an excitation source. UV-visible dif-
fuse reflectance spectra were acquired with a Cary 5G
spectrophotometer in the 200–800 nm range. Diffuse re-
flectance spectra were transformed into the absorbance
spectra by the Kubelka-Munk method. The ellipsomet-
ric measurements were performed using high resolu-
tion variable angle spectroscopic ellipsometer (SOPRA
GES5E-IRSE) of the rotating polarizer type. The data
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were collected at room temperature in the UV-Vis spec-
tral range with a resolution of 0.02 eV, for the inci-
dence angle of 70°. Photoluminescence emission mea-
surements were performed at room temperature using
Spex Fluorolog spectrofluorometer with C31034 cooled
photomultiplier under Xenon lamp excitation at 380 nm.

2.3. Photocatalytic experiments

The photocatalytic activity of the Sn1-xCoxO2-δ sam-
ples, for the degradation of methylene blue (MB) as
model pollutant, was tested under UV illumination. The
different samples with the same photocatalyst amount
(150 mg/l) were immersed in 20 ml of an aqueous so-
lution of methylene blue (5.0 mg/l). The beakers were
placed in a photo-reactor at controlled temperature
(15 °C), under magnetic stirring, and were illuminated
by six 15 W UV lamps (TUV Philips, maximum inten-
sity at 254 nm). The solution was placed in the dark for
60 min to reach the adsorption/desorption equilibrium
before UV light exposure. Blank experiment without
UV irradiation demonstrated no adsorption of MB dye
on the surface of the Sn1-xCoxO2-δ samples. The photo-
catalytic experiments were conducted at the natural pH
= 6 of MB dye. At regular time intervals 2 ml aliquots
were taken, centrifuged to remove any catalyst particles
and the concentration of the dye was determined by UV-
Vis absorption spectrophotometer (Shimadzu-UV-1601
PC) monitoring the variation of absorbance at 663 nm.

The formation of hydroxyl radicals (OH•) on the sur-
face of the SnO2-δ sample under the UV light illumi-
nation was examined by photoluminescence (PL) tech-
nique using terephthalic acid (TA) as a probe molecule.
The detailed experimental procedure was described in
reference [29]. TA is known to react with OH• rad-
icals induced on the photocatalyst’s surface where it
produces highly fluorescent 2-hydroxyterephthalic acid
which shows an intense PL peak at around 425 nm.
The intensity of this peak is proportional to the amount
of OH• radicals [30,31] produced in the photocatalytic
process. The changes of the 425 nm PL peak intensity
were measured at room temperature using 315 nm exci-
tation.

III. Results and discussion

3.1. Crystal structure and morphology

Figure 1a shows XRD patterns of the Sn1-xCoxO2-δ
(0 ≤ x ≤ 0.05) nanopowders, whereas the Rietveld re-
fined XRD spectra of the SnO2-δ and Sn0.95Co0.05O2-δ
samples are presented in Figs. 1b and 1c. The XRD pat-

Figure 1. XRD patterns of Sn1-xCoxO2-δ nanocrystals
(0 ≤ x ≤ 0.05) indexed to tetragonal rutile structure of
SnO2 (a), Rietveld refined XRD spectra of SnO2-δ (b)

and Sn0.95Co0.05O2-δ (c) nanoparticles

terns of all the samples revealed single phase tetrag-
onal structure (cassiterite phase). The XRD peaks at
26.6, 33.8, 51.9 and 65.8° can be assigned to (110),
(101), (211) and (301) planes, which are in good agree-
ment with literature data (ICDS№ 9163). No secondary
phases like Co oxides, Co clusters or other tin ox-
ide phases were observed. Moreover, broad diffraction
peaks of low intensities compared to those of bulk SnO2,
point to low crystallinity and small crystallite size of the
SnO2 nanoparticles.

The average lattice parameters and unit cell volume
obtained from the Rietveld refinement data are given
in Table 1. These results showed an expansion of the
SnO2 unit cell with increasing cobalt content up to 5%.
This variation originates from the substitution of smaller
Sn4+ cations (0.83 Å) with larger Co2+ cations in high
spin state (0.89 Å) [32]. The slight shrinkage of the unit
cell observed for the 5% Co-doped sample can be re-
lated to the presence of increased amount of smaller
Co3+ cations (ls: 0.68 Å or hs: 0.75 Å). The average
crystallite size (D) of the Sn1-xCoxO2-δ nanocrystals was
calculated with the Scherrer formula using the 110 re-
flection and their values are reported in Table 1. Obvi-
ously, the mean crystallite sizes of the undoped and Co-
doped samples are less than Bohr exciton radius (2.7 nm
for SnO2) [33] and with increased Co-doping the crys-
tallite size of the Sn1-xCoxO2-δ nanocrystals decreases.
Such a trend implies that Co-doping has an inhibiting
effect on the crystal growth. This inhibiting effect of Co
on the crystal grains growth was already confirmed in
the work of Babu et al. [34].

TEM images of the undoped and Co-doped SnO2-δ
samples are presented in Fig. 2. TEM images revealed

Table 1. Lattice parameters (a, c), unit cell volume (V) and average crystallite size (D) of the Sn1-xCoxO2-δ nanocrystals

Sample a = b [Å] c [Å] V [Å3] D [nm]

SnO2-δ 4.722 ± 0.002 3.180 ± 0.003 70.905 2.5

Sn0.99Co0.01O2-δ 4.747 ± 0.002 3.201 ± 0.003 72.131 2.4

Sn0.97Co0.03O2-δ 4.759 ± 0.002 3.206 ± 0.002 72.609 2.3

Sn0.95Co0.05O2-δ 4.744 ± 0.002 3.186 ± 0.002 71.703 2.2
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Figure 2. TEM images of Sn1-xCoxO2-δ (0 ≤ x ≤ 0.05)
nanoparticles

that the undoped SnO2-δ sample is composed of single
crystalline nanoparticles of very small size and quasi-
spherical shape. The morphology of the Sn1-xCoxO2-δ
nanoparticles remained the same with Co-doping. The
particles are of spherical shape with the size less than
3 nm, which is in good agreement with the results ob-
tained from XRD data. The observed agglomeration of
the Sn1-xCoxO2-δ nanoparticles can be ascribed to small
crystallite sizes.

3.2. Raman analysis

SnO2 tetragonal rutile crystalline structure (space
group P42/mnm) has four active Raman modes (non-
degenerate A1g, B1g, B2g modes, and a doubly degen-
erated Eg mode), two active infrared modes (A2u and
Eu) and two silent modes (A2g, B1u) [35]. The positions
of A1g, B1g, B2g and Eg Raman modes in SnO2 single
crystal under ambient conditions are 634, 123, 776 and
475 cm-1, respectively, and the A1g and Eg modes are of
much higher intensity compared to B1g and B2g modes
[35].

The Raman spectra of nanocrystalline, non-
stoichiometric SnO2-δ are modified in comparison with
single-crystal or polycrystalline SnO2, because Raman
spectroscopy is more sensitive to intrinsic defects and
confinement effect than conventional XRD technique.
Namely, the position, bandwidth and intensity of Ra-
man modes are size dependent, i.e. Raman modes are
broadened, of lower intensity and shifted towards lower
or higher energies depending on phonon dispersion
curves. Besides, new modes of defect origin can appear
[36,37]. The room temperature Raman spectra of the
Sn1-xCoxO2-δ nanocrystals are presented in Fig. 3 and
they are deconvoluted using Lorentzian profiles (full
lines in Fig. 3).

In the Raman spectrum of the pure SnO2-δ, the most
prominent mode is located at ∼574 cm-1. This mode

Figure 3. Deconvoluted room-temperature Raman spectra of
Sn1-xCoxO2-δ nanoparticles

is characteristic for non-stoichiometric SnO2-δ and it
is not present in the Raman spectra of SnO2 single-
crystal [35]. Density functional calculations performed
by Liu et al. [38] have shown that this mode arises
from in-plane oxygen vacancies (VOin) in the surface re-
gion of SnO2-δ nanoparticles, intensity of which is pro-
portional to their concentration. In very fine nanopar-
ticles this mode has the highest intensity due to the
increased concentration of oxygen vacancies. Raman
mode at ∼627 cm-1 can be ascribed to the A1g mode of
rutile SnO2 structure. This mode is of lower intensity,
broadened and shifted to lower wave numbers compared
to the bulk counterpart, due to the phonon confinement
effect [37]. As the crystallite size of the undoped SnO2-δ
is smaller than the Bohr exciton radius, the size effect
can be very pronounced in this sample. Another broad
Raman mode at ∼479 cm-1 is assigned to Eg mode and
it is shifted to higher wavenumbers with size decrease
of SnO2-δ nanocrystals [37]. Besides these modes, addi-
tional modes at around 430 and 540 cm-1 appear. These
new modes are usually seen in very fine SnO2 nanopar-
ticles [37–39], nanotubes [40] or nanoribbons [41] be-
cause of the increased degree of local disorder, i.e. loss
in long-range order due to the large number of lattice va-
cant positions, especially at the surface of nanoparticles.
These modes are of high intensity in small nanoparticles
and disappear with particle size increase. According to
some literature data, due to the relaxation of the selec-
tion rules in nanostructured SnO2, the mode at 540 cm-1

is assigned to the Raman forbidden mode (B1u) [40,41],
whereas the new mode at around 430 cm-1 can be as-
signed to the oxygen vacancy clusters (VC) [39]. The
A1g and Eg modes exhibited redshift and broadening
with Co-doping. The redshift and broadening of these
modes are expected with substitution of Sn4+ ions with
larger Co2+ ions and decreased crystallite size due to
the phonon confinement effect. The positions and inten-
sities of the A1g, Eg and oxygen vacancy related modes
(VOin and VC) are presented in Fig. 4. As it can be seen
from Fig. 4, the intensity of A1g mode increases with
increased Co concentration, whereas the intensity of Eg

105
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Figure 4. Positions and intensities of A1g and Eg (a) and vacancy (VOin and VC) (b) Raman modes

mode is higher in the Co-doped samples compared to
the undoped SnO2-δ. The Eg mode intensity slightly de-
creased in samples doped with higher Co content, as a
consequence of lattice distortion and reduction in lattice
space symmetry. The position of the Raman mode as-
cribed to in-plane oxygen vacancies (574 cm-1) did not
change significantly, whereas the Raman mode related
to vacancy clusters (430 cm-1) shifts to higher energies
with Co-doping. The intensity of both modes decreased
in the Sn0.97Co0.03O2-δ sample and this trend is more ev-
ident for the Sn0.95Co0.05O2-δ sample. The intensity re-
duction of oxygen vacancy related modes in these sam-
ples implies that the concentration of oxygen vacancies
decreased. The decrease of the oxygen vacancy concen-
tration is expected if the part of Co cations were in Co3+

state or if some Co cations were interstitially incorpo-
rated in SnO2-δ lattice [33,42].

In order to see if Co cations substituted Sn4+ in Co2+

state or the part of them was in Co3+ state, UV-Vis
absorption measurements were performed and the ab-
sorption spectra of the Sn1-xCoxO2-δ samples are pre-
sented in Fig. 5. In the UV range, the absorption spec-
trum of SnO2-δ displays a strong absorption due to

Figure 5. UV-Vis spectra of Sn1-xCoxO2-δ nanoparticles

the SnO2 interband transition. Two peaks at 230 and
283 nm are superimposed giving the broad band which
might correspond to the surface Sn4+ species and to
the Sn4+

→Sn2+ intervalence charge transfer, respec-
tively [43]. In Co-doped samples the broad band is
shifted to lower wavelength implying the band gap in-
crease with Co-doping. In the absorption spectra of
the Sn0.97Co0.03O2-δ and Sn0.95Co0.05O2-δ samples, new
bands appear. The band around 329 nm can be as-
signed to the partial change of oxidation state of Co2+

to Co3+ [44], whereas the broad band around 400 nm
can be ascribed to 1A1g

ν2
−→

1T2g transition of low spin
Co3+ ions in octahedral environment [45]. The inten-
sity of these bands increased in the Sn0.95Co0.05O2-δ
sample pointing to the increased concentration of Co3+

ions. The bands around 544 and 635 nm can be re-
lated to 4A2(F)

ν2
−→

4T1(P) transition of tetrahedral Co2+

species [45]. Therefore, from the absorption spectra of
the Sn0.97Co0.03O2-δ and Sn0.95Co0.05O2-δ samples it can
be deduced that part of Co cations entered into SnO2
lattice in Co3+ state, concentration of which increased
with the increased dopant content. This result supports
the finding obtained from the refined XRD spectrum of
the Sn0.95Co0.05O2-δ sample, since the shrinkage of the
unit cell was ascribed to the increased amount of Co3+

cations.
Our conclusions derived from absorption measure-

ments are well-supported by recently published work of
Roy et al. [46] concerning Co-doped SnO2 nanocrys-
tals. From the XPS study, Roy et al. [46] confirmed the
mixed valence nature of Co ions in the host lattice and
they have found that the relative concentration of Co3+

exceeds that of Co2+ with the increase of dopant con-
tent. This study also showed that Co incorporation into
SnO2 leads to the reduction of oxygen vacancies which
is consistent with our Raman study.

3.3. Optical and electronic properties

The investigation of complex dielectric function by
spectroscopic ellipsometry offers an insight into the
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Figure 6. Determination of the direct band gap for Sn1-xCoxO2-δ nanoparticles using Tauc law(a); variation of the band gap
energy obtained from ellipsometric measurements (E

exp
g ) and from quantum confinement model (∆Econ

g ) (b) and
concentration of charge carriers ne for Sn1-xCoxO2-δ samples (c)

most important optical properties of the nanomaterials,
such as, optical band gap, interband and intraband tran-
sitions, defect electronic states. The imaginary part of
dielectric function is directly related to the electronic
density of states and in a case of nanopowders it can be
deduced from the ellipsometric measurements by apply-
ing two-phase model approximation (in our case: SnO2-δ
nanocrystals/air). In order to investigate the optical band
gap behaviour and the influence of Co dopant on the
absorption edge in SnO2-δ nanocrystals we applied the
Tauc model for direct band gap transition [47], knowing
that SnO2 is a direct band gap material [48]. In this case
general expression for ε2(E) is:

(ε2 · E
2)2 = a(E − Eg) (1)

where E is the photon energy, Eg is the band gap and a is
the constant related to the density of states for the con-
duction band. The Tauc plots of the Sn1-xCoxO2-δ sam-
ples obtained from ellipsometric measurements are pre-
sented in Fig. 6a. Linear extrapolation to zero absorp-
tion (straight lines in Fig. 6a) gives the band gap energy
values of the Sn1-xCoxO2-δ samples.

In Fig. 6b, the dependence of the band gap energy
(from Fig. 6a) on dopant content for the Sn1-xCoxO2-δ
samples is represented with open circles. It is obvious
that Co-doping induces an increase of the Eg. Also, it
is important to notice that all investigated samples have
the band gap values higher than that for bulk SnO2. Such
changes in electronic properties of SnO2 nanomaterials
can be a consequence of the quantum confinement ef-
fect. This effect causes an increase of the band gap value
due to the stronger localization of electronic states in-
side the volume of nanocrystals. The band gap energy

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

∆Econ
g = Eg +

~
2π2

2µ · D2
(2)

where Eg is the band gap value for the bulk SnO2
(3.6 eV), D is the crystallite radius and µ is the reduced
effective mass of the electron-hole pair. From the XRD
results it was obtained that the average crystallite size
of the undoped SnO2-δ nanocrystals is lower than Bohr
exciton radius, and that it has a tendency of further de-
crease with Co-doping. Therefore, it is reasonable to
take into account the quantum confinement effect in or-
der to properly analyse the band gap behaviour of the
Sn1-xCoxO2-δ samples. Taking the D values from Table
1 and knowing that µ = 0.38m0 [48], the band gap val-
ues (∆Econ

g ) that arise from the quantum confinement ef-
fect were calculated using Eq. 2. The ∆Econ

g values are
presented in Fig. 6b with open squares. Comparing the
∆Econ

g values with E
exp
g ones it is obvious that observed

band gap increase of the Sn1-xCoxO2-δ samples cannot
be ascribed only to the quantum confinement effect.

Another effect that can cause a shift of optical ab-
sorption edge to higher energies is the Burstein-Moss
effect, which becomes more relevant in doped semicon-
ductors (like transparent conducting oxides) with high
charge carrier concentration. The Burstein-Moss effect
is already registered in doped SnO2 thin films [50,51].
According to this effect, the widening of the optical gap
is caused by metallic doping and increase of carrier den-
sity which leads to the filling of empty semiconductor
electronic states in the vicinity of Fermi level and its
shift to higher energies. Assuming parabolic bands and
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spherical Fermi surface the band gap shift due to the
Burstein-Moss effect can be calculated by simple rela-
tion [4]:

∆EBM
g =

h2

2µ

(

3π2
· ne

)2/3
(3)

where h is Planck constant, µ is the reduced effective
mass and ne is the carrier concentration.

Additional charge, i.e. increased charge carrier den-
sity in pure and doped SnO2-δ nanocrystals, can orig-
inate from the donor type defects like oxygen vacan-
cies and Co-dopants. Raman spectra have already ev-
idenced defective structure of SnO2-δ, whereas Co2+

dopants bring additional charge when substituting Sn4+

ions. Hence, the observed increase of the Eg from Fig.
6b can be ascribed to the Burstein-Moss shift (∆EBM

g ).
Combining Eqs. 2 and 3 it is possible to estimate the
concentration of charge carriers (ne) in the Sn1-xCoxO2-δ
samples and the obtained values are presented in Fig.
6c. These calculated values are in good agreement with
literature data for SnO2 thin films [52]. As can be seen
from Fig. 6c, doping of SnO2-δ nanocrystals with Co
ions causes an increase of the charge carriers concen-
tration and shift of the optical absorption edge toward
UV region, making the investigated material more con-
ductive and at the same time more transparent.

It is well known that large number of defects, such as
oxygen vacancies or vacancy clusters, can be formed at
the SnO2 nanoparticles surface and subsurface [21]. In-
trinsic oxygen vacancies can be of three types: in-plane
(VOin), bridging (VOB) and subbridging (VOS B) vacan-
cies [36,38]. These vacancies can be in different charge
states, i.e. vacancies which trap one, two or none elec-
trons, so called F+, F0 and F++ centres, and they can
form defect levels inside the SnO2-δ gap [53]. Among
the optical spectroscopy methods, photoluminescence
(PL) spectroscopy is convenient method to investigate
the defect structure of the pure and Co-doped SnO2-δ
samples.

Room temperature PL spectra of the SnO2-δ,
Sn0.99Co0.01O2-δ and Sn0.95Co0.05O2-δ samples using a
wavelength of 380 nm for excitation are presented in
Fig. 7a. The PL spectrum of SnO2-δ is deconvoluted

into four Gaussian peaks centred at 510, 575, 470 and
446 nm (inset of Fig. 7a). In the deconvoluted PL spec-
trum of the undoped SnO2-δ two bands dominate: broad
intense band centred at around 510 nm and another band
of lower intensity at around 575 nm. Since the excita-
tion and emissions are both lower than the band gap
of SnO2-δ, neither of these PL bands can be ascribed
to the recombination of the Sn 4p conduction electrons
with a holes from a O 2p band. The broad green lu-
minescence around 510 nm is already seen in SnO2 thin
films [10] and nanoparticles [36] and it was attributed to
the in-plane oxygen vacancy defects [36]. Therefore, the
strong PL peak at 510 nm (2.45 eV) is ascribed to VOin

defects. This finding is in accordance with correspond-
ing Raman spectrum in which the most prominent Ra-
man mode originates from in-plane oxygen vacancies.
Another PL band at 575 nm (2.15 eV) can be ascribed to
the isolated bridging oxygen vacancy defects, i.e. singly
ionized F+ defects [53]. The PL bands around 470 and
440 nm were seen in SnO2 nanopowders [54]. These PL
bands obtained with similar excitation line as in our case
were ascribed to have excitonic origin [54]. It is well
known that excitonic bands are formed near the band
edge and they are usually of much narrower bandwidth
than PL bands which originate from defect structures.
As the band gap of the SnO2-δ sample is around 4 eV, it
can be concluded that PL bands at 446 and 470 nm lie
deeper in the gap. Hence, it is unlikely that these two
bands originate from some excitonic states. Perform-
ing density functional calculation for defective SnO2-δ
nanocrystals, Liu et al. [38] have shown that PL peaks at
446 and 470 nm originate from the subbridging oxygen
vacancies, VOS B. Schematic model for different relax-
ation processes in the SnO2-δ nanocrystals is presented
in Fig. 7b.

Co-doping induced complete reduction of PL inten-
sity. Even the smallest percent of Co-doping (see Fig.
7a) almost completely quenched the luminescence. By
integrating the spectra of the Sn1-xCoxO2-δ samples from
Fig. 7a, the areas within the boundary of emission were
calculated for both undoped and doped samples in or-
der to compare the quantum efficiencies. As the spectra
were recorded under the identical excitation/absorption

Figure 7. Room-temperature PL spectra of Sn1-xCoxO2-δ nanoparticles (a) and the schematic of relaxation mechanism (b)
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conditions, the drop in quantum yield value was esti-
mated to be nearly 93%, which evidently implies that
cobalt doping drastically quenches the photolumines-
cence of SnO2-δ. It has been already demonstrated that
Co ions act as luminescence quenchers for metal oxides
like TiO2 or ZnO, decreasing the intensity of PL emis-
sion by forming the large number of nonradiative cen-
tres [55,56]. Therefore, it can be inferred that Co-doping
of the SnO2-δ nanocrystals increases the nonradiative re-
combination processes.

3.4. Photocatalytic performances

The degradation of MB under the UV light in the
presence of the Sn1-xCoxO2-δ samples is shown in Fig.
8a. The blank experiment in the absence of the cata-
lyst (black curve) displayed almost no photocatalytic
degradation of MB under UV irradiation. The SnO2-δ
nanoparticles exhibited high photocatalytic activity as
the degradation of MB was completed after 6 h. The

Figure 8. Photocatalytic degradation of MB in the presence
of Sn1-xCoxO2-δ samples (inset: pseudo first-order reaction
kinetics of SnO2-δ sample) (a) and illustration of proposed

photodegradation mechanism under
UV light illumination (b)

photocatalytic efficiency of the SnO2-δ nanoparticles is
much better than the ones of bulk SnO2 [53] and is com-
parable to other reported works on SnO2 nanoparticles
[24,57]. Photoinduced degradation of MB was signifi-
cantly slower in the presence of Co-doped samples. Af-
ter 6 h, the MB degradation of 50% was obtained in the
presence of the Sn0.99Co0.01O2-δ catalyst, whereas sig-
nificant decrease of photocatalytic activity was regis-
tered for the Sn0.97Co0.03O2-δ and Sn0.95Co0.05O2-δ sam-
ples. The obtained results are in accordance with the
solitary work of Entradas et al. [22] who showed that
increased Co-doping resulted in the decreased photocat-
alytic activity of SnO2. The experimental kinetic data
for SnO2-δ catalyst were fitted to the rate equation of a
pseudo first-order reaction ln(C/C0) = kt, where k is the
rate constant and C0 and C are the initial dye concen-
tration and that at time t. The reaction kinetics for the
SnO2-δ catalyst (inset of Fig. 8a) follows the first order
and the reaction rate constant estimated from the slope
of the linear fit is 0.323 h-1. The degradation process of
MB is initiated when the electron-hole pairs are formed
on the SnO2-δ surface under the UV irradiation. Photo-
generated electrons and holes, if not recombined, can
migrate to the catalyst surface and react with adsorbed
oxygen, water molecules or hydroxyl anions generating
hydroxyl (OH•), superoxide (O•–

2 ) or (HO•2) radicals.
These reactions can be presented by Eq. 4–8:

SnO2 + hν −−−→ SnO2(e−cb + h+vb) (4)

e−cb + O2ads −−−→ O•−2 (5)

h+vb + H2O −−−→ H+ + OH• (6)

h+vb + OH− −−−→ OH• (7)

O•−2 + H+ −−−→ HO•2 (8)

The photocatalytic efficiency of semiconductors like
SnO2 can be enhanced by introducing lattice defects
such as oxygen vacancies because these defects can be
active sites on the photocatalyst surface and delay the
recombination of photogenerated electrons and holes
[21,58]. The as-prepared SnO2-δ nanopowders are very
much oxygen deficient as confirmed by Raman results.
The oxygen vacancies can form defect states inside
the gap influencing the electronic structure of SnO2-δ
nanoparticles, as already seen from PL spectrum. By
applying complementary techniques such as ultravio-
let photoelectron spectroscopy and ion-scattering spec-
troscopy, Cox et al. [59] analysed oxygen vacancy elec-
tronic states on the SnO2 surface and they showed
that in-plane oxygen vacancies VOin form defect elec-
tronic states inside the SnO2 gap near the conduc-
tion band behaving like F+ centre donor states. Bridg-
ing/subbridging oxygen vacancies form states near the
valence band [59] playing the role of hole acceptors.
These donor/acceptor states can serve as carrier traps for
electrons and holes ensuring better charge separation ef-
ficiency and suppression of e-h recombination process.
Besides, doubly ionized (F++) or singly ionized (F+)
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in-plane or subbridging vacancies formed at the surface
of the catalyst facilitate charge transfer to adsorption
species like H2O or O2, forming reactive radicals re-
sponsible for dye degradation. The holes, h+vb, trapped
by oxygen vacancies at the nanoparticle surface react
with adsorbed H2O or OH– groups to form OH• radicals
(Eqs. 6 and 7). Besides, electrons, e–

cb, can be trapped
by surface F++ vacancies which convert to F+. Molec-
ular oxygen adsorbed on the SnO2-δ surface can capture
electrons located on F+ states [58] to form O•–

2 radicals:

e−cb + F++ −−−→ F+ (9)

F+ + O2 −−−→ O•−2 + F++ (10)

Therefore, it is reasonable to assume that in-plane
and subbridging/bridging oxygen vacancies in different
charge states play significant role in enhancing the pho-
tocatalytic efficiency of SnO2-δ. The proposed mecha-
nism of photodegradation process is presented in Fig.
8b.

Among the reactive radicals, OH• radicals are con-
sidered to be the most important oxidative agent in
photocatalytic reactions on metal-oxide nanostructures.
They have one of the highest oxidation potentials among
the oxidizing species (2.8 V) and can rapidly attack
pollutants on the semiconductor surface. These radi-
cals are considered as non-selective oxidizing species,
since they can oxidize almost all electron rich organic
molecules because of its electrophilic nature. OH• rad-
icals are usually formed by the reaction between the
holes and OH– or water molecules present on the
surface of the catalyst (Eqs. 6 and 7). The forma-
tion of OH• radicals on the surface of UV-illuminated
SnO2-δ was tested by performing the experiment with
terephthalic acid, described in detail in section 2.3.
The concentration of OH• radicals was estimated from
the intensity change of the PL peak attributed to 2-
hydroxyterephtalic acid which is known to be propor-
tional to the amount of OH• radicals formed [30,31].
Figure 9 showed that intensity of PL peak at around

Figure 9. PL intensity change of 430 nm peak observed
during UV illumination of SnO2-δ sample in the solution of

terephthalic acid and recorded at different time

430 nm gradually increased with the prolonged irradi-
ation time pointing to the higher formation rate of hy-
droxyl radicals. This result indicates that increased for-
mation of OH• radicals has a great effect on the photo-
catalytic activity of SnO2-δ. Further investigations will
be directed to the estimation of the optimal SnO2 con-
centration and the influence of solution pH on the SnO2
photocatalytic properties. In that sense, more detailed
mechanism study needs to be performed.

With Co-doping the photocatalytic performances of
SnO2-δ were deteriorated. The reasons can be found in
increased number of nonradiative centres with increas-
ing cobalt concentration which act as trapping centres,
immobilizing the fast transfer of photo-generated elec-
trons to the nanoparticle surface. However, one of the
main reasons can be found in the decreased concen-
tration of oxygen vacancies which promotes the charge
separation enhancing at the same time the photocatalytic
activity. Also, the increased band gap of the Co-doped
samples decreases the number of photons with sufficient
energy to initiate photocatalytic processes, i.e. less UV
energy is absorbed.

IV. Conclusions

Single phase ultrafine Sn1-xCoxO2-δ nanocrystals, of a
tetragonal (cassiterite-type) crystal structure, were pre-
pared using a simple microwave-assisted hydrothermal
synthesis at low temperature without the addition of
any surfactant. Rietveld refinement of the XRD data
showed that Co cations entered substitutionally into
SnO2-δ lattice and the unit cell volume increased up to
x = 0.05. The slight shrinkage of the unit cell of the
Sn0.95Co0.05O2-δ sample was ascribed to the increased
amount of Co3+ cations. The average crystallite size
of the SnO2-δ nanocrystals was less than Bohr exci-
ton radius and it was found to decrease with increas-
ing Co-doping level. UV-Vis absorption measurements
confirmed that Co cations entered into the SnO2-δ lat-
tice in mixed valence state for higher dopant content (x
> 0.01) and the concentration of Co3+ cations increased
in the Sn0.95Co0.05O2-δ sample. Raman spectra revealed
oxygen deficient structure of the SnO2-δ nanocrystals,
whereas the oxygen vacancy concentration decreased
with increased Co-doping. Further, Co-doping brought
significant changes in the optical and electronic prop-
erties of tin oxide. SnO2-δ nanocrystals exhibited blue
shift of the band gap energy, compared to the bulk coun-
terpart, due to the combined phonon confinement and
the Burstein-Moss effects. The optical band gap energy
increased with increasing Co concentration. The lumi-
nescence process in SnO2-δ nanocrystals mainly origi-
nated from oxygen vacancy related defects and it was
completely quenched in the Co-doped nanocrystals due
to the increased nonradiative recombination processes.
The oxygen-deficient SnO2-δ was efficient for the light-
induced degradation of methylene blue. Enhanced pho-
tocatalytic activity of SnO2-δ can be ascribed to the
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oxygen vacancies-assisted better charge separation and
faster charge transport to adsorbed species. On the other
hand, deteriorated photocatalytic performances of Co-
doped SnO2-δ nanopowders can be ascribed to the de-
creased oxygen vacancy concentration and less amount
of absorbed UV light because of the band gap widening.
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1.  Introduction

Metal oxides stand out as a landmark in materials science due 
to their unique properties, widely exploited in basic research 
and technological applications. Among these materials, tin 
oxide (SnO2) is a prime example of multifunctionality, since 
it possesses low electrical resistance combined with high 
optical transparency in the visible spectrum. Such a feature 
is highly demanded for optoelectronic devices (solar cells, 
light emitting diodes (LEDs) and smart windows) [1–5]. Also, 
SnO2 based materials are recognized for their outstanding 
surface related catalytic properties, leaving high impact on 
gas-sensing performance and broad applications in sensing 
technologies [6–8]. Chemical gas sensors based on tin oxide 

films, coupled with heater elements, gave rise to the golden 
era in the evolution of commercial products for monitoring of 
various types of gases, over the past three decades. However, 
with the recent advancement of sensor network technolo-
gies and increased need for sensor array devices, focus on 
the application of tin oxide sensors has shifted to cost-effi-
cient platforms, low power consumption (room temperature 
operating conditions) and to the sub ppm detection range. 
Significant efforts are being continuously invested in nano-
materials design to improve sensors sensitivity and selectivity.

Chemical routes for the synthesis of SnO2 nanomaterials 
have been evolving in parallel with wide adoption and appli-
cation of these materials in advanced technologies. Among 
such processes, the hydrothermal method has proven to be 
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the most versatile, reliable, repeatable, clean and environ
mentally-friendly technique for obtaining SnO2 nano-
materials with targeted properties. The portfolio of the 
hydrothermal method in synthesis of tin oxide-based nano-
materials extends over different types of dimensionality and 
morphologies, like nanocrystals [9, 10], nanowires [11], 
nanorods [12, 13], nanoneedles [14, 15], nanosheets [14–20],  
snowflakes [21] and nanoflowers [22]. An accumulated library 
of knowledge points to the fact that low dimensional 0D and 
1D materials usually have a larger specific surface area than the 
3D microstructures, which is highly desired in sensor applica-
tions, but they have poor thermal stability. For example, nano-
particles easily tend to form agglomerates, transforming into 
polycrystalline material and discarding their unique proper-
ties related to their nanostructured nature, whereas nanosheet 
structures are highly effective in mitigating the agglomera-
tion, yielding better structural integrity. Also, synthesis of 
SnO2 nanosheets has gained a lot of research interest in recent 
years since they exhibit exceptional selectivity feature towards 
ethanol sensing [15–17, 20, 23], compared to the other nano-
structures. Two of the biggest problems facing hydrothermal 
synthesis of tin oxide nanosheets is the precise control of the 
oxidation state of Sn ions over the exposed surfaces and con-
trol of impurities concentration (highly reduced SnO phase) 
[24]. Optimization of hydrothermal parameters for synthesis 
of SnO2 into clean and single phase nanosheet morphology is 
one of the foundations for their successful application in sen-
sors technologies.

Recent technological developments imposed strong 
demands for the integration of multifunctional properties 
of nanomaterials into a single device [25, 26], where metal 
oxides like SnO2 hold great potential to meet market demands. 
Still, many precise and sophisticated technologies used for the 
fabrication of state-of-art devices involve complex processes 
which are not compatible with large scale production. 
Therefore, alternative approaches need to be developed to 
meet the high demand of such devices, like low-cost and mass 
producible multifunctional platforms. A major challenge for 
successful integration of nanomaterials in new technologies 
lies in the preservation of the material fundamental properties 
through the functionalization process. This challenge is 
conditioned with the low production cost of the final device. 
Lots of research activities are currently dedicated to the 
development of flexible electronics [27], aiming to take 
advantage over traditional rigid platforms in cost, mechanical 
flexibility, biocompatibility and biodegradability.

The main idea behind the conducted research was to 
uncover versatile surface properties of SnO2 nanomaterials 
and to develop a simple and potentially scalable bottom-up 
approach for implementation of such unique properties into 
sensing devices, by combining hydrothermal synthesis and 
screen-printing functionalization. Basic parameters of the 
hydrothermal method, such as the precursor type, pH value 
and reaction temperature, were optimized for obtaining SnO2 
nanopowders with the desired structural, morphological, 
electrical and sensing properties. Functional paste for the 
screen-printing of synthesized nanomaterial was specially 
formulated in order to preserve materials fundamental 

features without the need for an additional high-temperature 
curing step. The undertaken approach revealed great potential 
for the application of SnO2 nanosheets, with enhanced surface 
features, in alcohol gas-sensing and UVA photodetection.

2.  Experimental

The hydrothermal method was used to synthesize SnO2 
powder. The starting precursors were tin(IV) chloride pen-
tahydrate (SnCl4·5H2O) (Acros Organics, Belgium), sodium 
hydroxide (NaOH) (Sigma-Aldrich, USA) and hydrochloric 
acid (HCl) (Centrohem, Serbia). Initially, HCl and distilled 
water were mixed and stirred on a magnetic stirrer, at 50 °C, 
for 30 min, to produce the solution with a pH between 0 and 
1. Further, SnCl4  ×  5H2O (17.529 g) was added and the mixed 
solution was homogenized under constant stirring. The NaOH 
solution was added dropwise until the the pH value of the 
solution reached 9. After this process, a whitish liquid was 
formed and transferred to the autoclave and heated to 180 °C 
for 12 h. The obtained powders were filtered and dried.

Fabrication of an interdigitated electrodes (IDE) structure 
and functionalization of the synthesized powders was achieved 
by screen-printing, using an EKRA 2H screen printer. Silver 
IDEs were printed using commercial Novacentrix Metalon 
paste with 75% of Ag loading. The SnO2-based screen-
printing paste, used for deposition of the sensitive layer, was 
prepared by dispersing 2 g of SnO2 synthesized nanoparticles 
into 400 µl of terpineol (Sigma-Aldrich). To this dispersion, 
600 ml of polyvinyl pyrrolidone (Sigma-Aldrich) ethanol 
solution (1 g/10 ml) was added. Then, dispersion was treated 
with an ultrasonic horn for 5 min and the obtained paste was 
left at room temperature to dry for 24 h. The dried film was 
treated at 100 °C for 2 h.

X-ray diffraction (XRD) measurements were performed 
on a Rigaku MiniFlex600 system in the 20° to 80° range, 
with 0.03° scan step. Scanning electron microscopy (SEM) 
images were taken with JEOL JSM 6460 LV microscope. 
Micro-Raman measurements were performed on a Tri 
Vista 557 Raman system equipped with a nitrogen-cooled 
charge-coupled device (CCD) detector, using a 532 nm laser 
line (Coherent Verdi G) as an excitation source. Electrical 
analysis was performed using the impedance spectroscopy 
measurements on SP-200 Biologic potentiostat/galvanostat, 
in the 10 Hz–7 MHz frequency range. DC measurements 
were collected on a Yokogawa–Hewlett–Packard 4145A 
semiconductor probe analyzer. Gas-sensing performance 
was evaluated using a custom-built chamber equipped with 
nitrogen purging inlet/outlet, evaporator and fan. Photocurrent 
measurements were collected using a custom-built set-up with 
high power LED, operating at 365 nm with power of 100 mW.

3.  Results and discussion

XRD spectra of the synthesized SnO2 powder is shown in 
figure 1(a). The diffraction peaks can be indexed to tetragonal 
rutile phase characteristics for tin oxide, with corresponding 
Miller indices denoted for each diffraction peak according to 
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JCPDS card 21-1250. No traces of impurities or other phases 
were observed. Sharp and narrow diffraction peaks suggest 
good crystallinity of powders composed of larger crystallites, 
even though the low hydrothermal temperature was used. The 
most intense peak in the diffraction spectra comes from the 
(1 1 0) plane, unlike the reported spectra for some sintered 
and crystalline SnO2 samples, where (1 0 1) peak is dominant 
[28]. Calculation of the relative ratios between the intensi-
ties of the main diffraction peaks in figure 1(a), in compar-
ison with the literature data [28], leads to the assumption that 
synthesized crystallites have a preferable (1 1 0) orientation. 
Such an assumption is justified with several theoretical and 
experimental studies [29–31], which demonstrated that (1 1 0) 
is the most stable surface of tin oxide with the lowest forma-
tion energy.

The morphology and particle size of the SnO2 powders 
were investigated by the SEM technique. An SEM micrograph 
of the SnO2 nanosheets is given in figure 1(b). The inset of 
figure 1(b) shows a magnified SEM image with determined 
thicknesses of several representative nanosheets. As shown, 
synthesized SnO2 powder is composed of nanosheets whose 
lateral dimensions are in the 1 µm–10 µm range and the thick-
ness of the individual sheets is around 100 nm.

Based on analysis of XRD and SEM results, it can be 
noted that selected parameters of the synthesis process pro-
duce exposed surfaces of the SnO2 nanosheets with dominant 
(1 1 0) surface termination, which is most suitable for gas-
sensing applications [31].

Figure 1(c) presents Raman spectra of the synthesized 
SnO2 nanosheets in the 400 cm−1–750 cm−1 range.

The most prominent peak and two weak features are 
assigned to first order Raman active phonons of SnO2 rutile 
structure (triply-degenerate Eg mode and doubly-degenerate 
A2g mode) [32]. A very interesting feature in the presented 
spectra is the appearance of the defect-related mode (Vo) at 
580 cm−1 attributed to the formation of oxygen vacancies and 
surface mode (S) at 690 cm−1 which is activated by surface 
structural disorder [32, 33]. Reported results by Diéguez et al 
[32] and Rumyantseva et al [33] provide clear evidence that 
the Raman intensity of these modes is strongly related to sur-
face oxygen species, with a strong influence on the gas-sensing 
properties of SnO2 nanomaterials. A pronounced Vo peak in 
the measured spectrum is a fingerprint of the high concentra-
tion of the oxygen vacancies in the synthesized nanosheets 
with high potential for applications in sensing technologies.

After successful synthesis and characterization, the SnO2 
nanosheets were functionalized into sensor components using 
versatile screen-printing technology. A PET substrate was 
chosen as a flexible platform for integration of a sensor trans-
ducer and sensitive layer, because this material is extensively 
used in modern food and beverage packaging technology. 
Transducer fabrication was performed by screen-printing of 
Ag paste in the form of IDEs on the PET substrate. Printed 
silver paste was cured at 200 C for 1 h and the resulting IDE 
structure has 200 microns width of individual digits and 100 
microns gap between the digits. The effective surface area of 

Figure 1.  Structural and morphological characterization. (a) XRD 
spectra of the synthesized SnO2 powder. (b) Large area SEM image of 
the nanosheets. The inset shows magnified image with denoted sheet 
thicknesses. (c) Raman spectra of the synthesized SnO2 nanosheets.
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the electrodes is 28 mm2. Next, the paste with SnO2 nano-
particles was screen-printed on top of the electrodes. The 
resulting printed device, exhibited in figure 2(a), is featured 
by thickness of 32 µm and has a uniform coverage of the IDE 
structure, with a relatively flat surface as presented in the 3D 
optical profile image.

AC electrical characterization of the designed sensor device 
was performed using the impedance spectroscopy measure-
ments in the 10 Hz–7 MHz frequency range and the obtained 
results are shown in figure 2(b). Electrical response of poly-
crystalline materials is commonly described using an approxi-
mate microstructure model combining grain regions, grain 
boundaries regions and electrodes [6]. The dependence of the 
imaginary part of the impedance (Z″) with frequency revealed 
a single broad peak. The appearance of such peaks in the 
impedance spectrum is a signature of relaxation processes that 
occur during the current transport and they can be described 
with the mentioned microstructure model. The main peak in 
the imaginary part of impedance is centered at a frequency 
of 2.6 kHz, which could be used for extracting the value of 
electronic relaxation time in the material τ  =  1/f   ≈  0.4 ms. 
A relatively long relaxation time is favourable for photo-
voltaic and photocatalitic applications, since it can ensure a 
longer lifetime of photo or thermally generated electron-hole 
pairs. In the upper right inset of figure 2(b), the Cole–Cole 
plot extracted from impedance measurements is shown. The 
single semicircle arc observed in the Cole–Cole plot can be 
attributed to grain boundary electrical resistance and the onset 
of the uncomplete arc can be ascribed to the contribution of 
the electrode resistance (for the frequencies below 100 Hz)  

[34, 35]. The origin of the dominant grain boundary resistance 
can be explained by taking into account the results of the SEM 
measurements, where it was established that the synthesized 
powder consists of nanosheets with a lot of contact surfaces 
between individual particles. Additional charge is accumu-
lated at the opposite sides of the contact surfaces, disrupting 
the electron flow between the nanosheets and giving rise to 
the so-called interfacial polarization in impedance measure-
ments. The intersection of the Cole–Cole plot with the Z′ axis 
occurs near the origin, which reveals negligible grain resist
ance (Rg ≈ 0).

From the diameter of the existing semicircle (figure 
2(b), inset), we could estimate grain boundary resistance 
Rgb ≈ 2.7 kΩ, as well as microscopic electrical conductivity:

σgb =
1

Rgb

Å
L
A

ã
≈ 20.25 S m−1.

Furthermore, the capacitance of grain boundary Cgb ≈ 0.14µF  
is calculated from the value of relaxation time and grain 
boundary resistance [18].

DC electrical characterization is shown in the lower left 
inset of figure 2(b), as the I(V) curve measured in the  −5 V 
to  +5 V range. The curve has a linear response in the wide 
voltage range, indicating ohmic contacts between the printed 
film and electrode surface. The prepared device exhibits very 
good current values in comparison to similar resistive oxide-
based sensors [6–8, 35], which represents a very good starting 
point for application of the synthesized SnO2 nanomaterial 
in sensing devices. DC conductivity σDC = 6.7 S m−1 of 
nanosheets was calculated from I(V) measurements. From 
direct comparison of AC/DC measurements, it can be noted 
that the main contribution to electrical resistance in the DC 
regime also comes from the detected interfacial polarization, 
which can be observed as a low frequency tail of the main 
peak in the Z″ spectrum in figure 2(b).

Afterwards, the gas-sensing performance of the SnO2 
printed device was investigated. In figure 3(a), the dynamic 
gas response curves are shown, for the SnO2 nanosheets, 
towards different concentrations of ethanol (from 10 ppm to 
500 ppm), measured at room temperature and low relative 
humidity (10% RH). Sensor response is defined as the ratio 
between air (Ra) and target gas (Rg) resistivities (S  =  Ra/
Rg). Variations in sensor response are typical for n-type semi-
conductor materials and the sensor shows a high response for 
the investigated ppm concentrations of ethanol. The response 
and recovery times are shown in the inset of figure 3(a). The 
printed sensor has average response times and relatively good 
and stable recovery times, even at higher levels of ethanol 
vapor, which is very important for sensing performance.

For practical applications, the ethanol concentration of 
50 ppm is of great interest, since it is the concentration usu-
ally measured by breath analyzers and food decay monitors 
[36, 37]. Therefore, we have conducted selectivity testing 
to establish the influence of the most common interfering 
VOC gases and humidity on the performance of the designed 
sensor. In figure 3(b), time resolved gas responses of the SnO2 
nanosheets towards 30% RH and 50 ppm of ethanol, 2-pro-
panol and acetone vapor are compared. The obtained results 

Figure 2.  (a) (Left) Image of the printed SnO2 nanosheets on 
the IDE electrodes and PET substrate. (Right) 3D profile of the 
screen-printed film, determined with optical profilometry. (b) 
Imaginary part of complex impedance as a function of frequency. 
The upper right inset presents the Cole–Cole plot extracted from 
the impedance measurements. The lower left inset shows DC 
characterization in the form of I(V) curves.
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clearly show that humidity has the strongest influence on the 
sensor performance at room temperature. A recent study [38] 
has demonstrated that activation of ethanol sensing on the 
SnO2 surface is driven by low levels of humidity, but the intri-
cate detection mechanism is quite different for ethanol and 
humidity, offering the tool for eliminating the influence of 
humidity by calibration. In comparison with other VOC gases, 
the investigated sensor has a higher response towards ethanol 
with faster response/recovery times, whereas the response is 
significantly lower for 2-propanol and acetone.

The inset of figure 3(b) shows variation in sensor response 
for different VOC concentrations. The limit of detection 
(LOD) for ethanol was obtained from the linear fit of exper
imental data, shown in the inset of figure 3(b), and the cal-
culated value of 1.5 ppm suggests that SnO2 nanosheets have 
very good operating sensitivity in the 1 ppm to 500 ppm range. 
Reported DFT calculations [30, 31] have established that a 
SnO2 (1 1 0) surface has the highest adsorption affinity for gas 
molecules and therefore offer very good sensing characteris-
tics. Keeping in mind the above mentioned findings, it can 
be stated that good sensitivity and selectivity originate from 
unique surface termination, morphology and defect structure 
of the synthesized SnO2 nanosheets. In comparison with the 
previously reported data on hydrothermally synthesized SnO2 
nanomaterials, presented in table  1, the obtained results in 
the presented research suggest that the undertaken approach 
offers relatively good sensing characteristics of the synthe-
sized nanosheets. One of the most important advancements 
in the presented research can be viewed through utilization of 
low cost technology for sensor fabrication and in the use of 
low hydrothermal temperature with no subsequent calcination 
steps for obtaining the high quality SnO2 nanosheets, with 
ethanol selectivity feature.

In order to fully exploit the potential offered by the 
hydrothermally synthesized SnO2 nanosheets, time-resolved 
photoconductivity measurements of the same sensor were per-
formed, as shown in figure 4. Analysis of the obtained meas-
urements and comparison with literature data [39] revealed 
that synthesized SnO2 nanosheets produce high photocurrent 

Table 1.  Comparison of the gas sensing performance of hydrothermally synthesized SnO2 nanomaterials. In the table, morphology, 
hydrothermal temperature, transducer design, response and recovery times, sensor response, selectivity and operating temperature are 
presented from the literature data.

Morphology
ht temp 
(°C) transducer

Resp/Rec 
time Response

Selectivity  
feature

Operating 
temp Ref

SnO2/graphene composite 120 Ceramic  +  Au IDE / 15 NH3 RT [40]
SnO2@rGO composite 180 Al2O3  +  Au IDE 61 s/330 s 47.6% CH4 150 C [41]
Porous nanotubes 160 Al2O3 tube  +  Au electrodes 6 s/20 s 7.5 / / [42]
Porous nanosheets 120 Al2O3 tube  +  Au electrodes <10 s 6 Ethanol 300 C [17]
Flower-like structures 180 / 20 s/15 s 87 No 250 C [43]
Nanoneedles and nanosheets 180 Al2O3 tube  +  Au electrodes 6 s–21 s 33–65 Ethanol 240 C [15]
Hollow spheres 120 / 5 s 11 No 350 C [44]
Nanosheets 180 PET  +  Ag IDE 100 s/40 s 1.3 Ethanol RT This work

Figure 3.  Characterization of gas sensing properties. (a) Time 
resolved gas sensing measurements of the SnO2-based sensor 
for different concentrations of ethanol, at room temperature. (b) 
Dynamic response of the investigated sensor towards 30% RH 
and 50 ppm of ethanol, 2-propanol and acetone. The inset shows 
variation in sensor response for different VOC concentrations.
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values and that the sensor exhibits good photoconversion rates 
suitable for UVA (315 nm–400 nm) radiation monitoring, but 
the rise and decay times (22 s and 67 s) are average and not 
suitable for fast photodetection.

The major influence on the good photoconversion proper-
ties of SnO2 nanosheets can be ascribed to specific surface 
morphology and the formation of oxygen vacancies in the 
crystal lattice, which was detected with SEM measurements 
and Raman spectroscopy. Previous studies [29, 30] demon-
strated that oxygen vacancies introduce additional electronic 
states above the O 2p valence band, which can have a strong 
impact on the measured electronic relaxation time (figure 
2(b)), the lifetime of the photogenerated electron–hole pair 
and the observed good photoconversion rate for the UVA 
radiation.

4.  Conclusion

In summary, SnO2 powder, with a unique structure, shape and 
surface morphology, was synthesized by the hydrothermal 
method. Results from XRD, SEM and Raman measurements 
revealed that the synthesized sample exhibits a rutile crystal 
structure, with a crystallite size in the micrometer range 
and that the investigated powder consists of plane-shaped 
nanosheets with a high concentration of oxygen vacancies. 
Paste with SnO2 nanosheets was screen-printed on a flex-
ible PET substrate with IDEs. AC measurements revealed 
only a single relaxation time characteristic for interfacial 
polarization, which originates from the contact surfaces 
between SnO2 nanosheets. DC measurements showed that 
the designed device exhibits very good conductivity with 
linear dependence of the sensor current with applied voltage. 
Gas-sensing performance was evaluated at room temper
ature through the detection of humidity and VOC vapors. 
The designed sensor showed good response to ethanol in 

comparison to 2-propanol and acetone indicating selectivity 
feature of the SnO2 nanosheets. Moreover, photocurrent 
measurements showed that the printed flexible sensor has 
very good photoconversion rate suitable for the UVA radia-
tion detection and monitoring.
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ABSTRACT: Recently, multifunctional devices printed on flexible
substrates, with multisensing capability, have found new demand in
practical fields of application, such as wearable electronics, soft robotics,
interactive interfaces, and electronic skin design, revealing the vital
importance of precise control of the fundamental properties of metal oxide
nanomaterials. In this paper, a novel low-cost and scalable processing
strategy is proposed to fabricate all-printed multisensing devices with UV-
and gas-sensing capabilities. This undertaken approach is based on the
hierarchical combination of the screen-printing process and laser
irradiation post-treatment. The screen-printing is used for the patterning
of silver interdigitated electrodes and the active layer based on anatase
TiO2 nanoparticles, whereas the laser processing is utilized to fine-tune the
UV and ethanol-sensing properties of the active layer. Different
characterization techniques demonstrate that the laser fluence can be adjusted to optimize the morphology of the TiO2 film
by increasing the contribution from volume porosity, to improve its electrical properties and enhance its UV photoresponse and
ethanol-sensing characteristics at room temperature. Furthermore, results of the UV and ethanol-sensing investigation show that
the optimized UV and ethanol sensors have good repeatability, relatively fast response/recovery times, and excellent mechanical
flexibility.

KEYWORDS: laser processing, multifunctional sensors, flexible substrates, screen-printing, titanium dioxide

1. INTRODUCTION

Metal oxides (MOx) represent an important class of materials
since they can be easily shaped to provide them with specific
features and improved mechanical, chemical, electrical, and
optical properties. It is then clearly understandable why they
have attracted a lot of attention in a wide range of applications,
including optoelectronics, gas-sensing devices,1−4 and more
recently in the development of multifunctional devices able to
perform several of these tasks.5−8 Their conjunction with
printing technologies and flexible substrates can offer the
potential for scalable and low-cost fabrication and open new
opportunities for various sensing applications in wearable and
flexible multisensing devices, including watches, glasses,
patches, bandages, food packaging, and other fields that are
currently difficult to reach with traditional semiconductor
technology. A major challenge for the fabrication of flexible
devices based on MOx materials is to lower the processing
temperature to make it compatible with flexible substrates such
as plastics, as most plastic substrates degrade at ∼150 °C.
Indeed, annealing process at an elevated temperature is an
important step when processing MOx material since it
contributes to enhancement of specific properties and thus
enables integration in functional devices. Typically, this step

ensures the removal of residual solvents and organic binders,
improves the chemical homogeneity of the MOx-based film,
controls its stoichiometry, composition, phase structure, and
microstructure, and improves the interfacial adhesion of the
film/substrate and interparticle connection. The thermal
treatment of MOx nanomaterials is generally carried out in
an oven or furnace at temperatures ranging from 300 to 1000
°C, which are clearly incompatible with thermally sensitive
substrates like cellulose, textile, and polymers. Some solutions
have been explored to overcome this problem, including near-
infrared,9,10 microwave,11,12 and laser treatments.13,14 Among
them, laser sintering offers many advantages because of its
capability of selective treatment and localized thermal effect, its
fine spatial resolution, along with the possibility to be
processed in ambient atmosphere. Over the past decade,
laser irradiation has been employed in conjunction with diverse
MO films and nanostructures. For instance, laser treatment was
used to improve the gas-sensing and photocatalytic properties
of nickel oxide.15,16 Effect of the laser irradiation on ZnO and
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SnO2 was also studied to enhance their electrical and optical
properties and surface morphology for transparent electro-
des,17,18 field effect transistor,19,20 and gas sensor applica-
tions.21−23 Furthermore, interaction of the laser irradiation
with TiO2 was extensively explored but with attention
importantly on the enhancement of its dye-sensitized solar
cells and photocatalytic performance through optimization of
basic parameters of the laser treatment method24−28 even
though TiO2 has other outstanding properties. Indeed, it was
identified to be the appropriate material in many fields,
including water purification, photocatalysis,29,30 UV and gas
sensors,31−33 dye-sensitized solar cells,34 light-emitting di-
odes,35 and in biomedical engineering36 because of its unique
electrical, physical, chemical, and optical properties. Hence, to
fully exploit the unique properties of TiO2, especially those
related to its sensing capabilities, it is essential to investigate
the effect of the laser irradiation on the sensing behavior of
TiO2, which is a key element for its integration in flexible and
wearable multifunctional devices.
In this present work, we introduce a novel approach for

tailoring the UV- and ethanol-sensing capabilities of screen-
printed anatase TiO2 nanoparticles. The entire process
includes two screen-printing steps and low-temperature laser
post-treatment, indicating the possibility of arbitrary substrates
and low-cost and large-area fabrication of multisensing devices.
Effects of the laser irradiation on UV- and gas-sensing
performances on the screen-printed TiO2 nanoparticles have
been studied in detail, and it was found that a substantial
improvement of the photoresponse and ethanol sensitivity can
be obtained by simply adjusting the laser fluence. Basic
mechanisms for the observed behavior are discussed and
correlated with results from surface analysis and electrical
characterization of the TiO2 laser-treated film. Photo- and gas-

sensing characteristics, including repeatability, response times,
and mechanical stability, are carefully examined to demonstrate
the actual performance of the printed devices to be used as a
flexible multisensing platform.

2. EXPERIMENTAL PROCEDURE
Multifunctional sensors were fabricated in a resistive configuration
consisting of a TiO2-based active layer deposited on interdigitated
electrodes (IDE) previously patterned on a flexible substrate. The
fabrication process of the flexible UV and ethanol sensors, made of a
single common active material (anatase TiO2 nanoparticles) is shown
in Figure 1. Briefly, we selected a lightweight and economical
poly(ethylene terephthalate) (PET) substrate as a flexible building
platform for the sensor design. Then, to preserve the attractiveness of
the sensors as low-cost and potentially mass-produced devices, we
developed a simple and economic technological process consisting of
two screen-printing steps for the deposition of silver electrodes and
paste with TiO2 nanomaterial. Initially, commercial silver paste (HPS-
021LV, Novacentrix) was screen-printed with a semiautomatized
screen printer (EKRA 2H screen-printer, Dornstadt, Germany) on the
PET substrate to create the interdigitated electrodes (Figure 1a).
After printing, the samples were heated in an oven at 110 °C for 15
min. The individual digit of the IDE structure is 4 mm long and 100
μm wide, and it is separated by a gap of 100 μm from the next digit, as
shown in Figure 1b, exhibiting scanning electron microscopy (SEM)
image of Ag-interdigitated electrodes. The next step involved the
screen-printing of the TiO2-based paste on top of the IDE. For this
purpose, a TiO2-based paste was prepared and then screen-printed to
cover locally the surface of the electrodes (Figure 1c). The functional
paste based on TiO2 nanoparticles was prepared following the
previously published procedure,37 where commercial anatase TiO2
nanopowder, poly(vinylpyrrolidone) (PVP), and terpineol were used.
First, PVP from Sigma-Aldrich (2 g) was dissolved in ethanol (10
mL). Next, anatase TiO2 (1 g) nanopowder (Sigma-Aldrich, particle
size <25 nm) was dispersed in terpineol (400 μL) (Sigma-Aldrich),
followed by addition of PVP solution (600 μL). Obtained suspensions

Figure 1. Schematic representation of a multisensor platform design: (a), (c), and (d) process sequence of the flexible devices, (b) SEM image of
the silver electrodes, and (e) optical image of 3 × 5 sintered device matrix fabricated on a PET substrate.
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were treated with ultrasonic horn for 10 min, respectively. After
screen-printing, the sample with the resulting patterned TiO2-based
paste was dried at ambient temperature for 2 days.
Afterward, a laser-processing step was employed to control

precisely the properties of the screen-printed TiO2 films in a large-
scale manner (Figure 1d). The laser treatment of printed films was
carried out by using a diode-pumped Nd:YAG laser cutter Rofin-Sinar
Power Line D-100, operating in the NIR range at 1064 nm. The

length of the line scanned by the laser was designed to be 5 mm, with
line intervals of 10 μm. The laser beam was precisely focused on the
surface of the screen-printed film and the laser pulse was set with a
frequency of 65 kHz and a speed of displacement of 500 mm s−1 to
obtain sufficient pulse overlapping. Afterward, the laser fluence was
varied by adjusting the laser pump current. Basically, three samples
were treated with input current values of 27, 28, and 29 A
corresponding to laser fluences of 0.17, 0.19, and 0.21 J cm−2,

Figure 2. (a) Optical images of untreated and laser-sintered samples. (b) Raman spectra of the untreated sample and samples treated at 0.17 and
0.21 J cm−2 in the spectral range between 1000 and 1800 cm−2. (c) Raman spectra of the untreated sample and samples treated at 0.17 and 0.21 J
cm−2 in the spectral range between 2800 and 3200 cm−2.

Figure 3. (a) SEM images of untreated and laser-treated screen-printed TiO2 films, inset: side view of untreated and treated samples. (b) AFM
characterization of the untreated sample and sample treated at 0.21 J cm−2. (c) Thickness profile from AFM analysis of the untreated sample and
sample treated at 0.21 J cm−2. (d) Root mean square roughness of the investigated films as a function of the laser fluence. (e) Thickness profile
dependence on laser fluence for the different TiO2 films.
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respectively, and one sample was kept untreated to be used as a
reference. Figure 1e shows a matrix of laser-treated films made of
TiO2 nanoparticles, providing clear evidence that the developed
process is convenient for the large-scale fabrication of functional
sensors.
Micro-Raman spectroscopy measurements were performed in the

1000−3000 cm−1 range, on the Jobin Yvon T64000 spectrometer,
equipped with a nitrogen-cooled CCD detector and the solid-state
Nd:YAG laser, operating at λ = 532 nm.
The morphology of the screen-printed TiO2 film was examined by

a scanning electron microscope (HITACHI TM3030) and atomic
force microscopy (AFM). Images from AFM were collected with an
NTEGRA prima microscope, operating in semicontact mode. The
thickness profiles were measured from SEM images with the software
three-dimensional (3D) image Viewer (HITACHI) and roughness
characteristics of the film were obtained from the multiprofile analyses
provided in the Supporting Information (Figure S1 and Table S1) and
measured with the same software. Profile analysis of the AFM
measurements was performed from the two-dimensional AFM images
provided in the Supporting Information (Figure S2) using Gwyddion
software. The electrical properties of the sensors were measured by
using a Yokogawa−Hewlett-Packard semiconductor probe analyzer
and optical transmission measurements with a UV−vis spectrometer
(DSH-L6-L6S). The photoactivation of the devices was carried out
with a 365 nm light-emitting diode in a faraday cage and characterized
with the same semiconductor probe analyzer. For the ethanol-sensing
characterization, the contact pads of the printed devices were
connected to wires, fixed on a plastic holder, and placed on the top
of a closed 15 cl plastic chamber composed of an inlet for ethanol
solution injection, controllable N2 flow system, evaporator, and fan for
ethanol vapor circulation. The sensing operation was performed at 25
°C, and the ethanol gas-sensing characterization was monitoring using
the semiconductor probe analyzer.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. Figure 2a shows optical
images of untreated samples and samples sintered at laser
fluences of 0.17, 0.19, and 0.21 J cm−2. It can be seen that laser
sintering introduces a change in the apparent color of printed
films, from white for the untreated TiO2 to gray for the
samples treated with laser fluence of 0.17 J cm−2 and as the
laser fluence increased the samples become black.
Observed changes in contrast can originate from carbon-

ization of organic binders present in the paste, during the laser
treatment or from microscale reorganization of the surface
roughness and porosity. To gain a better insight into chemical
composition of the laser-treated film and to directly monitor
changes in carbon content, Raman spectroscopy measurements
were performed in the spectral range where organic
(carbohydrate) molecules have distinct fingerprint modes,
before and after laser treatment. From the analysis of the
obtained results (Figure 2b), it can be clearly seen that laser
treatment induces a dramatic decrease in the carbonyl
stretching peak at 1605 cm−1,38 which is characteristic for
PVP polymers, providing clear evidence of complete
degradation and removal of PVP component (chemical
structure given in Figure 2b). In the case of a C−H bond at
2935 cm−1, we can see a very weak peak in the spectrum
(Figure 2c) even after treatment at the highest laser fluence.
Such findings point out that after laser sintering, there are
some traces of organic components in the investigated film,
which probably originate from terpineol component that was
used in the paste matrix. Most important is to highlight the fact
that the characteristic peak of graphite or similar compounds
was not detected, indicating that darkening of the samples does
not originate from the formation of carbon allotropes such as

graphite but probably from the microscale reorganization of
the surface roughness and porosity that strongly diffuses the
incident light. In addition, it can be noticed from the EDX
characterization shown in Figure S3 that the Ti and O
signatures are present in the untreated and laser-treated
samples, which confirms that the laser irradiation does not
change the chemical composition of the TiO2 nanoparticles.
Therefore, additional investigations were performed with

SEM measurement to evaluate the change of the film
morphology in the laser-sintered samples. Figure 3a exhibits
top- and side-view images of the TiO2 film before and after
laser treatment at various laser fluences, which clearly
demonstrate that increase in laser fluence induces significant
modifications of the film morphology. From SEM image of the
untreated film, it can be established that micron-sized particles,
in the form of clusters, constitute the surface layer. These
agglomerates are formed from individual nanoparticles held
together by the dried organic additives. When irradiated at
0.17 W cm−2, the film roughness increases, exhibiting bigger
pores due to the formation of melted droplets. These droplets
are formed during the breaking of the large agglomerates
accomplished by laser thermal evaporation of organic
components, but the investigated film still lacks better
interconnection between the individual TiO2 particles. With
further increase of the laser fluence, laser treatment leads to
sintering of the anatase nanoparticles and the printed film
becomes denser due to the formation of necking between
individual nanoparticles, introducing better mutual connectiv-
ity. Figure 3a reveals that the film sintered at 0.19 J cm−2 still
has a rough film, but the formation of solid layers becomes
dominant, due to the complete release of the organic
components and the sintering effect. When irradiated at 0.21
J cm−2, the screen-printed film is transformed into solidified,
uniform, and dense ceramic material.
These results are confirmed by the 3D AFM images of the

untreated sample and film treated with 21 J cm−2 laser fluence
exhibited in Figure 3b. Indeed, in this figure, it can be clearly
observed that the surface of the untreated sample consists of
agglomerated micron-sized particles, whereas the laser-treated
films exhibit a finer surface structure with particles in the
nanometer range, in agreement with SEM measurements.
Direct comparison of AFM images offers clear evidence that
laser treatment induces breaking of large agglomerates into
nanoparticles and provides a powerful tool for fine tuning of
surface corrugation. In Figure 3c are compared typical line
profiles from AFM measurements, taken along the A−A′
direction, as denoted in the corresponding 3D images. The
observed behavior points out that variations in the line profile
of the sintered sample are less pronounced in comparison to
the untreated sample, suggesting that the laser-treated surface
has improved surface ordering, lower roughness, and much
finer morphology.
Figure 3d shows the root mean square roughness Rq as a

function of the laser fluence obtained from multiprofile
analyses. It can be noticed that the roughness of the TiO2
film is increased when the film is treated at 0.17 J cm−2 and
then decreased when the surface is treated at higher laser
fluences due to the densification of the TiO2 film, confirming
results deducted from SEM and AFM images.
Figure 3e shows the thickness profile of the investigated

samples. The presented results demonstrate that the film
thickness is reduced from 20 to 13.00, 10, and 6 μm after
irradiation at 0.17, 0.19, and 0.21 J cm−2, respectively, which
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can be directly correlated to the removal of organic binder
components with laser radiation and the densification of the
screen-printed TiO2 film during the sintering process.
3.2. UV Detection Performance. UV sensors are

employed today in a wide range of applications, including
healthcare, space technology, and environmental monitoring.
Those applications require often large-scale and low-cost
fabrication processes and certain flexibility to allow their
integration into wearable and flexible devices that are capable
of working under inherent bending. Today, this could be
achieved through printing technology; hence, several studies
regarding printed photodetectors on flexible substrates based
on various metal oxide materials have been reported.39,40

However, there is still a lack of a scalable and routine process
to allow their integration into a large and flexible surface. The
process proposed in our work is fast, scalable, low cost, and
does not require high-temperature steps, which is fully
compatible with flexible substrate technologies. As described
previously, our method consists of only two screen-printing
steps and a post-treatment step by laser sintering to optimize
the UV photosensitivity of the TiO2 screen-printing film.
To evaluate the potential of the resulting samples to be used

as a UV detector, direct current (DC) electrical charaterization
was performed for the untreated samples and samples sintered
at 0.17, 0.19, and 0.21 J cm−2 laser fluences. Figure 4a shows
I(V) curves of the investigated sensors, measured in the −5 to
5 V range. All measured curves exhibit a typical semiconductor
response, with an evident deviation from linear current−
voltage behavior.
Figure 4a clearly reveals that increase in laser fluence induces

a significant increase in the current values, thus improving the

conductivity of the printed TiO2 film. Indeed, for the untreated
sample, the profile of the I(V) curve corresponds to that of the
material with poor conductivity (1.36 nA at 5 V), whereas the
I(V) curve of the sample treated with 0.21 J cm−2 has a 3
orders of magnitude higher current (341 μA at 5 V). For
porous nanomaterials, wherein nanoparticles are packed
together, DC transport properties of the film are generally
governed by the grain-boundary resistance, since the resistance
at these contacts is much higher than the resistance across a
single nanoparticle. During sintering process, most of these
grain boundaries vanish as the nanoparticles form necklike
structures and the grains connect together. In this case, the
grain conductivity becomes dominant,41 leading to an
observed increase in the current values. Another contribution
to the DC conductivity comes from formation of oxygen
vacancies in TiO2 nanoparticles with laser treatment, since
these defects introduce additional electronic states inside the
band gap (donor impurities).37

Afterward, to define the best sintering process for the device
to be used as a UV detector, photocurrent measurements were
performed for the fabricated TiO2-printed devices before and
after laser treatment at 0.17, 0.19, and 0,21 J cm−2. To
highlight the UV detection capabilities of the devices, all
samples were studied by measuring the current−voltage (I−V)
relationships at 365 nm wavelength illumination at 20 mW
cm−2 light intensity and plotted in Figure 4b together with the
dark current for comparison. Figure 4b clearly demonstrates
that a significant increase in the current is observed under UV
light illumination for the untreated samples and samples
treated at 0.17 and 0.19 J cm−2 whereas no significant rise of
current can be noticed for the sample treated at 0.21 J cm−2.

Figure 4. (a) Dark Current vs voltage curves for untreated samples and samples sintered at 0.17, 0.19, and 0.21 J cm−2 laser fluences, the inset is the
I−V curve of untreated and treated samples. (b) Current vs voltage curves under UV illumination for untreated samples and samples sintered at
0.17, 0.19, and 0.21 J cm−2 laser fluences. (c) Photoresponse and dark current as a function of the laser fluence. Inset: optical transmission of the
untreated sample and samples treated at 0.17 and 0.19 J cm−2 in the 350−750 nm wavelength range.
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This is confirmed in Figure 4c, showing the photocurrent-to-
dark current ratio called the photoresponse and the dark
current of the TiO2 film as a function of the laser fluence. The
photoresponse is improved as the the laser fluence is raised to
0.19 J cm−2 and subsequently deteriorated for higher laser
fluence, whereas the dark current is still rising as the laser
fluence is increased until 0.21 J cm−2.
This result can be attributed to several competing

parameters that determine the photoresponse efficiencies of
the investigated samples, such as: (i) good semiconducting
properties of the film, with additional contribution of oxygen-
vacancy defect electronic states and (ii) the rough structure of
the TiO2 film that ensures a high number of surface trap states,
thus prolonging the lifetime of photogenerated carriers.
Indeed, the highest value of photocurrent was obtained for a

sintering fluence of 0.19 J cm−2. This is due to the removal of
the organic binder inducing the interconnection of the TiO2
nanoparticles, which is consistent in the SEM picture from
Figure 3a. Formation of necking between individual nano-
particles provides more fluent electron transfer paths across the
surface of the film. Moreover, the screen-printed film with
TiO2 nanoparticles still has a rough film, which increases light
scattering effects and thus improves the light-harvesting
efficiencies.
If the film is treated with laser fluence lower than 0.19 J

cm−2, the sintering process increases the porosity and
roughness of the film compared with the untreated sample.
However, the TiO2 film still retains the organic binder and lack
of interconnection between the TiO2 particles, resulting to a
lower photoresponse.
In the opposite case, if the film is treated with a laser fluence

higher than 0.19 J cm−2, the film becomes more compact and
bulky with low porosity and roughness. This morphological
change in the film surface induces a better electrical
conductivity but also a low photoresponse due to degradation
of the active surface area. Thus, there is a competition between
increasing conductivity and decreasing the active surface area
with high laser fluence. Then, to improve the photoresponse of
the UV sensor, there is an intermediate laser fluence found in
our case at 0.19 J cm−2.
Moreover, the optical transmission shown in the inset of

Figure 4c, measured for the untreated samples and samples
with highest photoresponse (0.17 and 0.19 J cm−2), in the
350−750 nm wavelength range, support the obtained results.
In fact, measurements reveal a significant drop in transmission

of the incident light for the laser-treated samples. This drop
originates from diffuse light scattering induced by surface
roughness reorganization, and it was noticed as a change in
colorization of the samples from white to black. Measured
transmission spectra for all investigated samples have strong
optical absorption at the middle of UVA (315−400 nm) part
of the spectrum, which can be attributed to absorption of the
PET substrate. Optical absorption onset for a laser-treated
sensor is slightly shifted toward the visible range due to
increased concentration of oxygen vacancies and defect
electronic states in the band gap of titania,37 giving rise to
better photoresponse and high photocurrent values in
comparison to those of an untreated sensor.
Next, the stability of the UV sensor based on TiO2 sintered

with 0.19 J cm−2 laser fluence was evaluated by measuring its
time-dependent responses (photocurrent-to-dark current
ratio) under a bias of 5 V with periodically repeating a 365
nm UV illumination (alternating dark and light conditions)
with an on/off interval of 5 min. Four repeat cycles under an
on/off light intensity of 20 mW cm−2 are displayed in Figure
5a, in which the UV response was observed to be consistent
and repeatable over the weeks, as shown in Figure S4. Next,
the time response of the UV sensors was estimated. The rise
time (τr) and decay time (τd) are defined as the rise time
ranging from 10 to 90% and the fall time ranging from 90 to
10% of the maximum photocurrent.
Figure 5b shows the more detailed transient photoresponse

of the device from Figure 5a. The photoresponse rises to 90%
of the peak value in 25 s, whereas it takes a longer time (50 s)
to recover the initial value on turning off the UV light due to
the decay process in which photogenerated electrons
recombine with holes in the valence band.

3.3. Ethanol-Sensing Performance. In addition to UV
sensors, the same screen-printed TiO2 film can be improved to
be used as an ethanol sensor by simply adjusting the laser
fluence of the post-treatment process.
Indeed, previous studies have shown that TiO2 is an

appealing material for ethanol sensing, due to its wide-band
gap semiconductor properties and high surface reactivity to
gases. Various methods have been explored to optimize
ethanol-sensing properties of TiO2, such as the use of
nanostructured TiO2-like nanowires, nanotubes, or/and by
doping it with noble metals, like silver, iron, platinum.42−45

Moreover, all of these examples of TiO2-based ethanol sensors
either work at temperatures above 150 °C or/and require a

Figure 5. (a) Time-resolved photoresponses of the TiO2 device under a continuous UV light rectangle pulse (b) Highlights of the dynamic
response behavior (response/recovery times) for the photodetector under UV illumination.
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high calcination temperature, which limits their integration
into flexible substrates. Here, we propose a robust solution for
producing ethanol sensors based on TiO2 nanoparticles
printed on a flexible substrate, operating at room temperature.
The pulsed laser treatment is introduced for the first time to
replace the calcination step and improve ethanol-sensing
properties of TiO2 by controlling the morphology and
structure of TiO2 screen-printed films.
To investigate the influence of the laser treatment on the

response of the devices, the sensor response and recovery as a
function of time toward 100 ppm ethanol were measured at
room temperature (25 °C) for untreated and treated samples.
Here, the gas sensor response is given by the ratio of the initial
electrical resistance in air to the electrical resistance when
ethanol vapor is introduced (R0/Rg). Figure 6a clearly
demonstrates that the highest response for 100 ppm ethanol
vapor was measured for the sample treated at 0.17 mJ cm−2;
then, the response decreases as the laser fluence increases. This
trend is confirmed by Figure 6b exhibiting the sensor response
for all samples as a function of the ethanol concentration
wherein it can be noticed that by increasing the ethanol
concentration, the response value increases for all samples
except for that treated with the higher laser fluence where no
significant change can be observed. Moreover, the highest
response was also measured for the sample treated with the
lowest laser fluence for all ethanol concentrations.
The rise of the response to ethanol of the sample treated

with laser power of 0.17 J cm−2 compared to the untreated
sample is due to its higher porosity and roughness and higher

conductivity, as evidenced from the SEM images from Figure
3a and electrical characterization from Figure 4a. Then, by
further increasing the laser fluence to 0.19 J cm−2, the response
decreases while the conductivity increases and the film still
maintains its porous and rough surface but to a lesser extent.
At laser fluence of 0.21 J cm−2, the sensor response is almost

null due to the complete loss of surface porosity, roughness,
and formation of a bulky and dense film with a lower surface-
to-volume ratio, which is consistent with the SEM and AFM
observation from Figure 3a,b. In this case, laser treatment not
only produces rise of the conductivity but also leads to
reduction of the sensing area that is directly related to the
detected drop of the sensor response. Here, it is interesting to
notice that improvement of the film conductivity does not have
a significant influence on the gas sensitivity of the fabricated
sensors unlike the UV detectors where sustainable improve-
ment of the UV sensitivity is achieved through compromise
between the surface morphology of the film and its electrical
conductivity. Indeed, the key structural parameters to
determine the gas-sensing properties are the amount of
activated adsorption sites and the gas-diffusion ability of the
sensitive film. A rough surface with a small grain size will create
a higher specific surface area than a compact layer with
sintered nanoparticles. Moreover, an open and porous
structure will allow the diffusion and distribution of gas
molecules into the volume of the film, where the inner grains
can contribute to the improvement of gas-sensing properties.
These results clearly demonstrate the capacity of the laser

radiation to interact with the surface structures and

Figure 6. (a) Time-resolved ethanol responses of untreated and treated TiO2 films at 100 ppm. (b) Gas response of untreated and laser-treated
TiO2 films as a function of ethanol concentration.

Figure 7. (a) Sensor response of the sample treated at 0.17 J cm−2 under dynamic cycles between 0 and 100 ppm concentrations of ethanol at 25
°C. (b) Response characteristics of the TiO2 sensor, measured at room temperature for various volatile organic pollutants under the same
concentration of 100 ppm. Inset: highlight of the dynamic response behavior (response/recovery times) for the sensor under an ethanol
concentration of 100 ppm.
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morphologies of the MOx-based nanomaterials and to fine-
tune their multifunctionality.
Afterward, to confirm the potential of the fabricated sensor

to be used as an ethanol sensor, repeatability, which is an
important parameter in terms of reliability of sensors, was
evaluated for the sample treated with the optimized laser
fluence of 0.17 J cm−2. Figure 7a illustrates the gas response
evolutions of the laser-treated sample in 5 cycles toward 100
ppm ethanol at room temperature. The reproducibility of the
sensor reveals that it maintains its initial response amplitude
without a clear decrease upon five cycle’s successive sensing
tests at 100 ppm ethanol, which is confirmed by the
measurements performed for 5 weeks, shown in Figure S4.
Selectivity is another important aspect of the gas-sensing

performance. Thereupon, to explore the selectivity of the TiO2
sensors, other volatile organic pollutants (VOPs), including
acetone, isopropanol, and methanol, were also measured under
the same conditions and the results are shown in Figure 7b. It
can be seen that among all different targeted gases tested with
the same concentration of 100 ppm, the response of the TiO2
sensor to ethanol is the highest, indicating that the TiO2-based
sensor has comparatively favorable selectivity to ethanol.
Moreover, a fast response and recovery time are also

commonly desired characteristics. Herein, the response time is
the time taken by a sensor to achieve 90% of the maximum
response and the recovery time is the time needed for the
sensor to drop to 10% of its initial response. The inset in
Figure 7b shows the more detailed sensor response, and
recovery of this device exhibits a fast response and a recovery
time of less than 1 min.
3.4. Flexibility Performance. Mechanical stability is

essential to flexible electronic devices, especially for applica-
tions where high stability over the mechanical deformation is
required, such as wearable electronics and smart food

packaging. Therefore, the influence of the mechanical strain
on the sensor response behavior has to be investigated. Sensing
measurements were then performed when the sensors were
bended at 40° and after returning to the flat position. The
optical image of the screen-printed TiO2 sensor under bending
at 40° is shown in Figure 8a. The schematic image of the
direction of the bending-induced mechanical strain in the
sensor is described in Figure 8b. Figure 8c shows the real-time
photoresponse of the sensor sintered at 0.19 J cm−2 under a
365 nm light illumination (20 mW cm−2) at room temperature
when the sensor is in its initial position, bent at 40°, and after
its return to the flat position. From the obtained results, it can
be concluded that the sensors’ response showed negligible
effect over the mechanical strain. The same measurements
were also performed at room temperature for the device
sintered at 0.17 J cm−2 at 100 ppm ethanol concentration, as
exhibited in Figure 8d. This figure clearly demonstrates that, as
in the previous case, the effect of the mechanical strain can be
neglected. Thus, these results clearly indicate that bending of
the sensor did not affect the sensing performance of the
fabricated devices.

4. CONCLUSIONS
In summary, we have developed a new strategy for producing
low-cost, scalable, flexible, and multifunctional devices for UV
detection and ethanol sensing, which is based on printed TiO2
nanoparticles with laser-tunable properties. The main idea
behind the undertaken approach is the association of two
different techniques: screen-printing and laser treatment
process. The first technique is coherent for the patterning of
multisensing devices that consist of a TiO2 active layer
deposited on the top of silver interdigitated electrodes. The
second one is particularly adapted for the post-treatment of the
active layers on flexible substrates and allows to perform

Figure 8. (a) Optical image of the fabricated flexible TiO2-based sensor. (b) The schematic image of the direction of the bending of the sensor and
the corresponding curvature angle. (c) Time-resolved UV sensor responses of 0.19 J cm−2 treated TiO2 film under UV light and bending
conditions. (d) Time-resolved ethanol responses of 0.17 J cm−2 treated TiO2 film at 100 ppm under bending condition.
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simultaneously and selectively the sintering of TiO2 patterned
films in a single step. Both approaches are fast, cost-effective,
and do not require annealing steps at high temperatures, which
makes them compatible with any kind of flexible substrates.
The effects of the laser fluence on morphology, electrical
properties, and UV-sensing and gas-sensing properties are
disclosed. The UV photoresponse and ethanol response were
improved by properly adjusting the laser fluence. It was found
that this phenomenon is correlated to the change of the
morphology and structure of the TiO2 film generated by the
laser irradiation. In addition, the resulting UV and ethanol
sensors showed good repeatability, relatively fast response
time, and good mechanical flexibility. Therefore, the possibility
to fabricate multifunctional devices with tunable properties, in
a rapid and large-scale manner, paves the way to low-cost
solutions of sophisticated multisensing technologies, printed
on flexible substrates.
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A B S T R A C T

Conducted research presents a rapid and cost-effective approach to technological processing of screen-printed
films with anatase TiO2 nanoparticles, by utilizing the high fluence laser radiation. The influence of laser sin-
tering on the screen-printed films was characterized with optical and scanning electron microscopy, energy-
dispersive X-ray (EDX) spectroscopy, Raman spectroscopy, nanoindenter measurements and current vs voltage
measurements. Investigation of surface morphology of screen-printed films revealed that higher laser fluences
caused significant decrease in film thickness, trough evaporation of organic additives used in the paste matrix.
EDX mapping of carbon content in untreated and laser sintered surface confirmed removal of organic additives.
Laser sintering stimulated breaking of large agglomerates into much finer nano-sized particles and promoted
formation of necking between individual grains. Crystal structure and vibrational properties of anatase TiO2

nanoparticles was monitored with Raman spectroscopy before and after laser sintering. Obtained results point
out that anatase polymorph was preserved during the sintering process, without appearance of other phases.
From observation of the behavior of the most intense Eg Raman active mode it was deduced that laser sintering
provoked a formation of structural defects i.e. oxygen vacancies in TiO2 nanoparticles, whose concentration
increased in the samples treated with higher laser fluences. Mechanical properties of untreated and laser sintered
samples were investigated with nanoindenter measurements using several load forces, in order to carefully probe
the Young modulus and mechanical hardness. From the analysis of collected data, we established that overall
improvement of the mechanical properties with laser sintering originates from formation of very dense ceramic
layer with enhanced interconnectivity between individual TiO2 nanoparticles. Measurements of current vs
voltage characteristics clearly demonstrated that increase in laser fluence leads to drastic increase in current
values and improvement of electric conductivity.

1. Introduction

Recent technological and industrial advancements have imposed a
staggering need for robust, scalable, cost-effective and innovative so-
lutions for processing of coatings (thick and thin films), foils, bulk
surfaces and other types of functional materials. Driven by the needs for
cleaner energy, environmental protection and efficient health care,
some of the classical energy sources such as UV radiation [1–3], plasma
[4–6] and laser radiation [7–9], have found new fields of application in
present days. Among these technologies, laser surface texturing has
emerged as a versatile tool for improvement of solar cells efficiency
[10–12], photocatalytic performance [13], biosensing applications

[14,15] and even textile processing [16,17]. Constant development
introduced a large variety of laser sources for functionalization of sur-
faces, ranging from UV region to NIR wavelengths, that can operate in a
constant flux or in a pulse mode. Pulsed lasers have recently gained a
lot of attention since their pulses can be tuned down to nanosecond
[18], picosecond [19] and femtosecond [20,21] intervals. One of the
most important advantages of laser processing over the other above
mentioned technologies, lies in its spatial resolution. With an appro-
priate choice of optics or optical fibers, a laser spot can be reduced to
micron sizes, enabling very precise localized heating of the target sur-
face without damaging the substrate, which is especially suitable for
flexible substrates [22]. Laser processing is also a very effective tool for
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rapid prototyping (excluding the need for stencils and masks), and can
be easily optimized for roll-to-roll and other types of large scale pro-
duction methods.

Titanium based materials (Ti metal and TiO2) have been extensively
studied for their interaction with laser radiation because of several
fascinating effects that were observed. Laser treatment of Ti metal
surfaces and TiO2 films leads to the appearance of laser-induced peri-
odic surface structures (LIPSS) with improved morphological and op-
tical characteristics [23,24]. Another interesting effect was observed
during laser treatment of TiO2 nanoparticles in reducing (Ar) ambient
or in colloidal suspension, when the interaction of the laser plume with
the target produces the so called “black titania”, with a very interesting
structural, photovoltaic and photocatalytic properties [25,26]. Most
common polymorphs of TiO2: rutile (tetragonal, P42/mnm), anatase
(tetragonal, I41/amd), and brookite (orthorombic, Pbca/mmm), are
particulary suited for laser treatment because all these structural phases
exhibit an optical band gap in the visible region. Having established the
abovementioned facts, it is clearly understandable why most of the
research attention is devoted to enhancement of the dye sensitized solar
cells (DSSC) performance trough optimization of basic parameters of
the laser treatment method [13,22,27–29].

Available database provides an extensive coverage of literature
about the improvement of optical and photovoltaic properties of na-
nostructured TiO2 films and coatings with various laser treatment
methods. In order to take full advantage of these methods, it is essential
to evaluate an effect of laser sintering on the behavior of TiO2 nano-
particles and to gain better insight into fundamental features of in-
vestigated oxide material. The vital importance of this evaluation is
based on the fact that mechanical properties, in terms of hardness and
elastic modulus, are the key elements that assure both the structural
integrity and reliability in various fields of applications.

The aim of this work was to investigate the influence of laser sin-
tering on morphology, structural, mechanical and electrical transport
characteristics of the screen-printed films with TiO2 nanoparticles. One
of the first milestones was to achieve controllable technological process
for laser sintering of screen-printed nanoparticles, which would induce
removal of organic components of the paste (dispersant and binder) and
promote sintering of titanium dioxide into dense ceramic material. In
the first phase of research we investigated the influence of laser sin-
tering on chemical composition of printed paste matrix and crystallinity
of TiO2 nanoparticles, using EDX and Raman spectroscopy. EDX map-
ping of untreated and laser sintered surface revealed that laser sintering
causes decrease of carbon content and appearance of non-stoichio-
metry. Raman spectra of treated films showed that anatase crystal
structure was preserved, but oxygen deficiency increased in the samples
treated with higher laser fluence. From the analysis of SEM images and
nanoindenter measurements we established that increase in the laser
fluence led to decrease of film thickness and better interconnectivity
between TiO2 nanoparticles, resulting in increase in Young modulus
and mechanical hardness. Within such framework, it is possible to offer
a cost-effective solution for rapid and large-scale fabrication of ceramic
films and coatings on different substrates that could find potential ap-
plication in electronic devices and advanced technologies.

2. Experimental

One of the main ideas behind the conducted research was to use a
simple technology for the functionalization of TiO2 nanoparticles, such
as screen-printing, and to combine it with laser sintering for thermal
treatment and improvement of various physical properties of the
printed films (Fig. 1). Undertaken multidisciplinary approach can be
easily optimized for large scale production of solar cells, sensors and
photocatalytic devices [13,22,30]. We deliberately chose a common
microscope glass slide as substrate (Fig. 1) and easily accessible com-
mercial TiO2 nanoparticles, in order to emphasize the low-cost aspect of
the utilized technologies and to make it easily applicable to other

nanomaterials and substrates.
For the preparation of the functional paste, 2 g of PVP (Sigma-

Aldrich) were initially dissolved in 10ml of ethanol (Sigma-Aldrich).
1 g of anatase TiO2 nanopowder (Sigma-Aldrich, particle size< 25 nm)
was dispersed in 400 µl of terpineol (Sigma-Aldrich), followed by ad-
dition of 600 µl of PVP solution. Obtained suspensions were treated
with ultrasonic horn for 10min. Thus prepared paste was deposited on
the cleaned microscope-glass substrate using a low-cost screen printing
technique (Fig. 1) with EKRA 2H semi-industrial screen printer, in order
to obtain a matrix of screen printed films on the glass substrate.

The next step was to apply a very precise and rapid processing
technology, such as high-power laser radiation (Fig. 1), and to optimize
the parameters of laser treatment of the target surface, with the aim of
achieving a controllable sintering of the screen-printed films and im-
proving desired properties of the nanomaterials. The laser treatment of
printed films was carried out by using a diode-pumped Nd:YAG laser
cutter Rofin-Sinar Power Line D–100, operating in the NIR range at
1064 nm. In order to accomplish a uniform sintering of the surface on
the entire sample, the length of the line scanned by the laser was de-
signed to be 5mm, with line intervals of 20 µm. Frequency of the laser
pulse was set at 65 kHz, and, in order to obtain sufficient pulse over-
lapping, the speed of displacement was adjusted to 1000mm/s. After-
wards, the laser fluence was varied by adjusting the laser pump current.
Several samples were prepared. One sample was kept untreated, in
order to serve as a reference, while 4 remaining samples were treated
with input current values of 25 A, 26 A, 27 A and 28 A, which corre-
spond to laser fluences of 0.15 J/cm2, 0.17 J/cm2, 0.19 J/cm2 and
0.21 J/cm2, respectively.

Optical microscopy/profilometry measurements were performed
with Huvitz HRM-300 microscope, equipped with Bioimager auto-
matized stage. SEM images were collected on JEOL JSM 6460 LV device
in the backscattering geometry. EDX measurements were carried out on
Hitachi TM3030 electron microscope, coupled with Bruker Xflash EDX
detector. The micro-Raman spectra were collected using Jobin Yvon
T64000 spectrometer, equipped with a nitrogen-cooled CCD detector.
The λ=532 nm line of solid state Nd:YAG laser was used as an ex-
citation source, with an incident laser power less than 40mW, in order
to minimize the heating effects. Investigation of mechanical properties
was performed on Agilent G200 nanoindenter. Current vs voltage
curves were measured on Yokogawa-Hewlett-Packard 4145A semi-
conductor probe analyzer.

3. Results and discussion

Fig. 2a), b), c) and d) present the images of untreated and laser
sintered samples taken with 500× magnification on optical profil-
ometer. These images show that laser sintering introduces a shift in the

Fig. 1. Schematic representation of multidisciplinary approach undertaken in this re-
search: preparation of microscope glass slide as substrate, screen printing process for the
deposition of TiO2 nanoparticles, and laser sintering of the printed films as a post-pro-
cessing step.
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apparent color of printed films, from white for the untreated TiO2 to
black for the sample treated with laser fluence of 0.19 J/cm2. The
sample treated with the highest laser fluence shows significant changes
in the topology, manifested as a formation of new, melted structures
that exhibit better interconnectivity of the material in the surface layer.
The change in contrast in these images reveals that laser sintered sur-
face strongly diffuses the incident light, due to micro-scale re-
organization of the surface roughness and porosity. It is important to

mention that the laser sintering with fluence higher than 0.19 J/cm2

results in the ablation of printed films, leading to loss of the nanoma-
terial and formation of large voids on the film surface. Similar fluence
threshold (200mJ/cm2) for ablation of the screen printed TiO2 nano-
particles was reported by Pu et al. [28]. For this reason, the highest
laser fluence that was used in this research was set at 0.19 J/cm2.

SEM measurements were performed in order to gain better insight
into the influence of laser sintering on the microstructure of screen
printed films. Fig. 3a), b), c) and d) present the captured images of the
surface morphologies for the untreated and laser sintered samples.
Variation in the film thickness with an increasing laser fluence was
determined from the profile images shown in the right part of the
Fig. 3a), b), c) and d). The insets in Fig. 3a), b), c) and d) show high
magnification SEM images. The SEM image of the untreated screen-
printed film reveals a porous surface containing micron sized particles
(see the inset of Fig. 3a)) that are much larger than the original anatase
nanoparticles (20–30 nm) used for the preparation of the paste. Such
clusters are formed by agglomeration of individual TiO2 nanoparticles,
held-together by dried organic binder and dispersant.

In a recent study [22], the same effect was observed for similar
paste with ethyl cellulose and terpineol matrix. It is important to
mention that in the presented research we used pure anatase TiO2 na-
noparticles, unlike in the majority of previous studies, where P-25 TiO2

nanoparticles (Evonink Degussa P-25) were used [22,27,31,32]. The P-
25 mixture is composed of anatase and rutile phases in the 80%: 20%
ratio, for which it is difficult to uncouple the contributions from in-
dividual phases to the investigated physical properties. Therefore, pure
anatase nanoparticles were chosen in order to easily follow the beha-
vior of a single TiO2 polymorph during laser treatment. Furthermore, it
is interesting to note that for temperatures higher than 500 °C this
polymorph starts to transform into rutile phase [33]. Such feature of the
material is a good indicator of the local distribution of temperatures in
printed films during laser treatment.

Increase in laser fluence induces observable modifications of the
surface morphology in the form of melted droplets, as shown in Fig. 3c)
and d). The appearance of melted droplets in the printed film is a direct
result of breaking of large agglomerates. These agglomerates are re-
duced into much finer nanoparticles (see inset in Fig. 3d)), whose di-
mensions are close to the initial size of anatase nanoparticles used in the
paste preparation. Breaking of the agglomerates is accomplished by
laser thermal evaporation of organic components (PVP and terpineol)
whose evaporation temperatures are below 500 °C [22,34]. Ad-
ditionally, the laser treatment produced sintering of the TiO2 nano-
material, which can be observed as formation of necking between in-
dividual nanoparticles and better mutual connectivity (inset in
Fig. 2d)). In this sintered material, a higher compactness of TiO2 na-
noparticles can be detected, accompanied by dramatic increase in
specific surface area. All of the mentioned features reveal great po-
tential for practical applications of the laser sintered films.

The values of film thickness were estimated using the profile SEM
images of printed films shown in Fig. 3. The obtained results are shown
in Fig. 4 and compared with values obtained from optical profilometry
of images shown in Fig. 2a), b), c) and d). Both techniques gave very
similar values and the same trend. Film thickness for the untreated
sample was around 40 µm, whereas with the laser sintering the film
thickness decreased to 10 µm. Decrease in film thickness can be directly
correlated to removal of organic binder components with laser radia-
tion, taking into account the fact that oxide material has much higher
evaporation temperature. Evaporation of organic additives supports
closer packing of the nanoparticles, and formation of dense ceramic
material, resulting in the observed film thickness decrease.

Chemical composition and spatial distribution of constitutional
elements in laser sintered films was investigated with EDX spectro-
scopy. Large area EDX maps of the untreated and the laser sintered film
were measured using SEM microscope, equipped with EDX detector.
SEM image of the investigated area is presented in Fig. 5a), showing

Fig. 2. Comparison of optical microscopy images between a) untreated and samples
sintered with b) 0.15 J/cm2, c) 0.17 J/cm2 and d) 0.19 J/cm2 laser fluences, taken with
500× magnification.
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Fig. 3. SEM images of a) untreated and laser sintered screen-printed films with TiO2 nanoparticles, using b) 0.15 J/cm2, c) 0.17 J/cm2 and d) 0.19 J/cm2 laser fluences.
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laser sintered (0.19 J/cm2) surface on the left side, and untreated film
on the right side. The main features in measured EDX spectra were
assigned to titanium (Ti), oxygen (O) and carbon (C) species. Other
impurities were not detected. Ti and O signature originates from the
oxide nanoparticles, whereas C signature corresponds to the organic
additives used for the paste matrix. Fig. 5b), c), d) present the corre-
sponding C, O and Ti EDX maps of the untreated surface and film sin-
tered at 0.19 J/cm2. When comparing the presented maps with the SEM
image, one can clearly see that laser treatment leads to significant
changes in the spatial distribution of carbon atoms. Carbon content is
lower in the laser sintered surface than in the untreated part. The O
map (Fig. 5c) shows a slight decrease in the oxygen content in the
sintered surface, whereas Ti map does not show any visible changes in
distribution of this element. Lower concentration of O species in treated
surface is a signature of non-stoichiometry. Deviation from ideal stoi-
chiometry can originate from a formation of oxygen vacancies in ana-
tase TiO2 structure, caused by high energy laser radiation. Obtained
data lead us to conclusion that the process of laser sintering of screen-
printed films induces evaporation of carbon components in the printed
film and preserves chemical composition of the oxide nanoparticles.
The results also indicate that there is still a certain presence of carbon
species in the treated film, and that laser sintering did not entirely re-
move organic components of the printed paste matrix.

Raman spectroscopy represents a very powerful tool for investiga-
tion of nanostructured materials and surfaces. It provides the essential
information about crystalline phase and degree of crystallinity of TiO2

nanoparticles in the printed paste matrix. Moreover, it could be viable
tool for assessing the TiO2 nanocrystals stoichiometry.Fig. 6a) presents
Raman spectra of untreated and laser sintered samples, in the spectral
region where the first order anatase TiO2 phonon modes are dominant.
Within the spectrum of untreated TiO2 five distinct modes can be as-
cribed to phonon modes of anatase TiO2 crystal structure. Raman
modes positioned at 145, 197 and 639 cm−1 belong to Eg modes,
whereas modes at 398 cm−1 and 517 cm−1 correspond to the Bg

phonon modes [35,36]. Among these modes, Eg mode at around
145 cm−1 exhibited noticeable changes. This mode is broader and
shifted to higher frequencies with respect to its bulk counterpart. Such
behavior can be ascribed to the quantum size effects, strain or non-
stoichiometry [37,38]. All Raman modes of anatase crystal structure
can be observed in laser treated samples too, providing clear evidence
that in these samples, besides the anatase phase, the presence of other
phases was not detected. Therefore, it can be concluded that during the
laser treatment, local sintering temperature did not exceed 500 °C that
instigates transition towards rutile structure [33]. The intensity of this
mode, as well as signal-to-noise ratio, decreased in the films treated
with higher laser fluence. The SEM analysis of the samples indicated

transformation of the surface morphology, i.e an appearance of much
finer nanoparticles with higher specific surface area and enhanced
porosity. The observed changes in the Raman spectra of films treated
with higher laser fluence can be ascribed to increased porosity. How-
ever, another reason for the changes can be found in the formation of
oxygen vacancies and lack of Ti-O bonds, particularly at the samples`
surface. Oxygen vacancies are the most prevalent defects in metal
oxides like TiO2, and their formation is more favorable in anatase than
in rutile phase [39]. Furthermore, a novel treatment of hydrogenation
of TiO2 surface, which provoked high disorder in surface layers, led to
formation of stable reduced TiO2, followed by drastic change in color, e.

Fig. 4. Variation in film thickness with laser fluence, determined from optical profilo-
metry and SEM images.

Fig. 5. a) SEM image of the laser sintered (left) and untreated surface (right) of screen-
printed film. Laser fluence used for sintering was set at 0.19 J/cm2. b), c) and d)
Corresponding carbon, oxygen and titanium EDX maps of untreated and treated parts.
(For interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)
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g., darkening of the nanomaterial [40,41]. Based on these findings, it is
reasonable to assume that during the laser treatment of TiO2 films,
oxygen vacancy defects are formed in the surface layer, as confirmed by
EDX map of O species (Fig. 5c)). Also, formation of oxygen vacancies is
accompanied by color change of treated samples from white to black, as
observed in the optical microscopy images (see Fig. 2).

Deconvolution of the Raman spectra was performed by Lorentzian
profile (red curves in Fig. 6a)). The main effect of the laser sintering
manifested as an increase in linewidth and blueshift of the TiO2 phonon
modes. Pronounced blueshift and broadening of Eg mode at 145 cm−1

was detected in the films treated with higher laser fluence. In their
paper, Parker and Siegel [42] demonstrated that shift and broadening
of Raman modes in anatase and rutile polymorphs can be solely

ascribed to oxygen stoichiometry, which can be quantitatively assessed
by nondestructive Raman spectroscopy. The appearance of oxygen va-
cancies as defects, directly influences local crystal symmetry and affects
the force constants of the Eg mode, leading to a frequency blueshift and
increase in phonon damping. The Fig. 6b) presents values of the fre-
quency and linewidth for the most intense Eg mode. Keeping in mind
the quantitative estimation of O/Ti ratio from Ref. [42], and knowing
the position and bandwidth of Eg mode (Fig. 6b)), we can estimate that
the O/Ti ratio is about 1.99 for the sample treated with the lowest laser
fluence, whereas for the sample treated with the highest laser fluence
this ratio decreased to 1.96. Obtained information reveals that laser
treatment preserves crystal structure of TiO2 nanoparticles and induces
formation of structural defects in the form of oxygen vacancies, con-
centration of which increases in the samples treated with higher laser
fluence.

Mechanical properties of untreated and laser sintered screen-printed
films with TiO2 nanoparticles were studied using nano-indentation
technique. Aiming to obtain better statistics and more reliable data,
Young modulus and hardness were carefully probed using several load-
forces, and several measurements points on the surface of samples. The
Fig. 7 shows 20 load-displacement curves, measured for each load
(1mN, 5mN, 10mN, 25mN and 50mN), only for the untreated sample.
Values of load-forces are chosen to discriminate the influence of the
glass substrate on the resulting characteristics of the investigated
samples. For each load-force, 20 measurements were taken in rectan-
gular array on different spots on the surface of investigated sample. The
adopted approach offers a proper insight into mechanical properties,
because localized defects, impurities and irregularities can very often
produce an incorrect conclusion about Young modulus and hardness.
Based on the obtained measurements for the untreated sample, one can
see that, with an increase in the applied load, the curves shift to higher
values of displacements on sample surface (higher penetration depth).
This is due to the fact that TiO2 nanoparticles in as-printed film are
loosely bound by the paste matrix.

Values of Young modulus and hardness are calculated from the
averaged load-displacement curves, using the Oliver-Pharr method [43]

Fig. 6. a) First-order Raman spectra (black curve), together with Lorentzian fits (red
curve) for the untreated and laser treated samples. b) Variation in the most-intense Eg
mode position and linewidth with the laser fluence. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Load versus displacement curves for untreated sample, measured at 1mN, 5mN,
10mN, 25mn and 50mN.
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for each load-force and the results are presented in the inset of Fig. 7.
With increase in the applied load, the values of Young modulus and
hardness decrease. Large standard deviations and very low displace-
ment into sample surface for 1mN and 5mN suggest that the mea-
surements performed at these values of load forces are not reliable. This
can be expected, since these are the lowest load forces that can be
probed with nanoindenter.

Following the investigation of untreated sample, special attention
was devoted to the influence of laser sintering on mechanical properties
of screen-printed films. For the purpose of quantitative analysis, we
averaged 20 measurements obtained for each load-force (like in Fig. 7),
and also for each laser fluence that was used for sintering. The Fig. 8
presents comparison of the obtained averaged load displacement curves
for untreated and laser sintered samples. From Fig. 8 it can be easily
noticed that, with the increasing laser fluence, the curves shift towards
lower penetration depth compared to untreated film. For sample
treated with the highest laser fluence, the load–displacement curve
shows maximum shifting toward lower penetration depth, which di-
rectly confirms our assumption that laser treatment process induces
localized sintering and hardening of the printed film with TiO2 nano-
particles. For the samples treated with laser fluences of 0.17 J/cm2 and
0.19 J/cm2, and for the highest load-forces (25mN and 50mN), we can
detect deviation from the expected behavior in load displacement
curves as the non-uniform increase in displacement and appearance of
critical points (marked with arrows in Fig. 8). Such features can origi-
nate from surface roughness, local defects and non-homogeneities in
the printed film [44]. Appearance of these defects can produce false
values of Young modulus and hardness so it is not advisable to calculate
mechanical parameters from the curves possessing such features.

Having in mind that measurements for the lowest applied loads are
not reliable and that for the highest applied loads critical points affect
the measurements, we chose the curves measured at 10mN for the
calculation and comparison of mechanical parameters for the untreated
and laser sintered films. Young modulus and hardness were calculated
from the measured load–displacement curves at 10 mN load and their
values are presented in the Fig. 9. The obtained values for hardness
provide information about the resistance of the screen-printed film to

deformation caused by applied load force, whereas the Young modulus
can be interpreted as the ability of the printed film to recover in its
initial shape and form (stiffness of the material). For the untreated
sample we obtained the lowest values of modulus, reflecting the low
connectivity between the grains in the screen-printed matrix. For
sample treated with highest laser fluence we measured substantial in-
crease in Young modulus and hardness values. Presented results are in
good agreement with SEM measurements, since it was established that
the first stage of laser sintering process induces formation of necking
between nanoparticles, yielding a dense and compact TiO2 layer. The
observed process strongly resembles a transition of micro-porous
powdered material towards a solid ceramic one.

The significant increase in modulus and hardness values with laser
treatment shows that sintered surfaces exhibit very good recovery
characteristics and improved resistance to applied load. Compared to
literature data for films prepared with pulsed magnetron sputtering
(hardness H = 8GPa, Young modulus E=170 GPa) [45], modified
physical vapor deposition technique (H: 0.1–4.4 GPa, E: 20–122 GPa)
[46], nanocellulose composites (H = 3.4 GPa) [47] and for dip coating
(H = 0.69 GPa) [48], the values obtained in the presented research
reveal that the applied laser treatment produced successful sintering of
the oxide nanoparticles into ceramic material. It is important to keep in
mind the fact that applied technological processes in this work are by
far cost-effective than the ones reported in the literature. Gaillard et al.
[46] reported 4.4 GPa value for the hardness of anatase polymorph, but
this value was obtained after additional sintering of the laser treated
TiO2 film. Anatase is a very interesting material, because it is stable at
lower temperatures (< 500 °C) and ambient pressure, so it mainly oc-
curs in nanocrystalline form. For this reason, it is very important to
characterize its fundamental mechanical properties in order to expand
the scope of applications of anatase polymorph in advanced technolo-
gies. For temperatures higher than 500 °C, anatase starts to transform
into rutile polymorph, which naturally possesses much higher hardness
and Young modulus [49]. At very high temperatures and pressures,
achieved by laser sintering in diamond cell, anatase can transform into
cotunnite polymorph, the hardest known oxide [50]. This polymorph
exhibits extremely high hardness and Young modulus, comparable even
to the artificial diamond. The 2.9 GPa obtained in this research, for the
film treated with 0.19 J/cm2, is lower than the one reported for the
films developed with pulsed magnetron sputtering [45] and sintered
laser treated film [46]. This is probably due to the fact that not all
organic additives were removed during the laser treatment process, as
we have seen from the EDX maps. Analysis of the conducted research
and comparison with literature database provides substantial room for

Fig. 8. Averaged load vs displacement curves for the untreated and laser treated samples,
measured at 1 mN, 5mN, 10mN, 25mn and 50mN.

Fig. 9. Comparison of Young modulus and hardness values for untreated and laser treated
samples. Presented values were calculated for 10mN maximum load, from the curves
presented in Fig. 7.
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further improvement.
Formation of necking between individual nanoparticles is one of the

most important features of the sintering process, with strong impact on
the application of these materials in advanced technologies. Electronic
transport in devices based on semiconductor oxide nanomaterials is
essentially dependent on the formation of necking and good con-
nectivity among nanoparticles [51]. Aiming to investigate the effect of
laser fluence on conductivity of screen-printed films, we measured the
current versus voltage characteristics in the DC regime. For successful
and reliable measurements, the first step was to prepare the Ag inter-
digitated electrodes on glass substrate with screen-printing technique.
The SEM image of interdigitated electrodes is shown in the inset of
Fig. 10. The next step was to print the prepared paste with anatase TiO2

nanoparticles on top of the electrodes and, finally, printed films were
laser sintered using the same parameters in order to obtain identical
values of the laser fluence. The Fig. 10 shows I(V) curves for the un-
treated and samples sintered with 0.17 J/cm2 and 0.19 J/cm2 laser
fluences, measured in the − 5 to 5 V range. All measured curves exhibit
typical semiconductor response, with an evident deviation from linear
behavior originating from non-ohmic contacts between printed paste
matrix and silver electrodes.

Fig. 10 clearly demonstrates that increase in laser fluence induces
significant increase in the current values. For untreated sample, the
profile of I(V) curve corresponds to the material with poor conductivity
(9 nA at 5 V), whereas for the sample treated with 0.19 J/cm2 we have
order of magnitude higher current (16.6 μA at 5 V). Generally, DC
transport properties of the porous nanomaterial, where nanoparticles
are packed together, are governed by the grain-boundary resistance,
since the resistance at these contacts is much higher than the resistance
across single nanoparticle [52]. During sintering process, most of these
grain boundaries disappear as the nanoparticles form neck-like struc-
tures and the grains connect together. In this case, the grain con-
ductivity becomes dominant, and increase in current values can be
detected, as shown in Fig. 10. Improvement of DC conductivity with
laser sintering is essential for optimum performance of these materials
in gas sensors and photovoltaic devices.

4. Conclusion

Analysis of the obtained results clearly indicates that laser treatment
leads to significant improvement of mechanical properties of the
screen-printed films. Laser induced evaporation of organic components
in the paste matrix enabled total reorganization of the surface mor-
phology, through breaking of the agglomerates into more compact and

denser material with nanostructured surface roughness. The investiga-
tion of chemical composition in untreated and laser sintered films with
EDX spectroscopy, revealed that carbon content is lower in the laser
treated film due to evaporation of organic additives. The investigation
of crystal structure and vibrational properties, performed with Raman
spectroscopy, pointed out that anatase crystal structure is preserved
during the laser sintering without presence of other phases, and that
implementation of higher laser fluences led to increased non-
stoichiometry in the TiO2 nanoparticles. Nanoindenter measurements
were carried out at several applied loads (1mN, 5mN, 10mN, 25mN
and 50mN), in order to carefully probe the Young modulus and me-
chanical hardness. Based on refined measurements, it was established
that laser treatment induces sintering and hardening of the oxide ma-
terial into dense ceramic coating with enhanced resistance to me-
chanical deformation and recovery characteristics. Benefiting from
improved mechanical properties and formation of necking between
individual nanoparticles during laser sintering process, a dramatic in-
crease in DC conductivity was detected. Combination of the two simple
technologies (screen-printing and laser processing) in the presented
research offers a cost-effective solution to design and fabrication of
semiconductor electrical devices with enhanced mechanical properties.

Acknowledgment

This work is supported by the Serbian Ministry of Education,
Science and Technological Development through the projects III44006
and OI171032.

References

[1] J.M. Boyce, Modern technologies for improving cleaning and disinfection of en-
vironmental surfaces in hospitals, Antimicrob. Resist. Infect. 5 (2016) 1–10.

[2] W. Ke, G. Fang, J. Wan, H. Tao, Q. Liu, L. Xiong, P. Qin, J. Wang, H. Lei, G. Yang,
M. Qin, X. Zhao, Y. Yan, Efficient hole-blocking layer-free planar halide perovskite
thin-film solar cells, Nat. Commun. 6 (2015) 6700 (1-7).

[3] S. Zen, Y. Inoue, R. Ono, Low temperature (150 °C) fabrication of high-performance
TiO2 films for dye-sensitized solar cells using ultraviolet light and plasma treat-
ments of TiO2 paste containing organic binder, J. Appl. Phys. 117 (2015) 103302
(1-5).

[4] V.D. Dao, L.L. Larina, H.S. Choi, Suppression of charge recombination in dye-sen-
sitized solar cells using the plasma treatment of fluorine-doped tin oxide substrates,
J. Electrochem. Soc. 162 (2015) H903–H909.

[5] O.V. Penkov, M. Khadem, W.S. Lim, D.E. Kim, A review of recent applications of
atmospheric pressure plasma jets for materials processing, J. Coat. Technol. Res.
(2015).

[6] L.T. Phan, S.M. Yoon, M.W. Moon, Plasma-based nanostructuring of polymers: a
review, Polymers 9 (2017) 417 (1-24).

[7] C.P. Eduardo, A.C.C. Aranha, A. Simões, M.S. Bello-Silva, K.M. Ramalho,
M. Esteves-Oliveira, P.M. de Freitas, J. Marotti, J. Tunér, Laser treatment of re-
current herpes labialis: a literature review, Lasers Med. Sci. (2013).

[8] F. Mangano, L. Chambrone, R. van Noort, C. Miller, P. Hatton, C. Mangano, Direct
metal laser sintering titanium dental implants: a review of the current literature,
Int. J. Biomater. (2014) (Article ID461534).

[9] C. Kerse, H. Kalaycıoğlu, P. Elahi, B. Çetin, D.K. Kesim, Ö. Akçaalan, S. Yavaş,
M.D. Aşık, B. Öktem, H. Hoogland, R. Holzwarth, F.O. Ilday, Ablation-cooled ma-
terial removal with ultrafast bursts of pulses, Nature 537 (2016) 84–88.

[10] G. Mincuzzi, A.L. Palma, A. Di Carlo, T.M. Brown, Laser processing in the manu-
facture of dye-sensitized and perovskite solar cell technologies, ChemElectroChem 3
(2016) 9–30.

[11] M. Colina, A. Morales-Vilches, C. Voz, I. Martín, P. Ortega, A. Orpella, G. López,
R. Alcubilla, Laser induced forward transfer for front contact improvement in si-
licon heterojunction solar cells, Appl. Surf. Sci. 336 (2015) 89–95.

[12] J.A. Spechler, K.A. Nagamatsu, J.C. Sturm, C.B. Arnold, Improved efficiency of
hybrid organic photovoltaics by pulsed laser sintering of silver nanowire network
transparent electrode, ACS Appl. Mater. Interfaces 7 (2015) 10556–10562.

[13] T. Huang, J. Lu, R. Xiao, Q. Wu, W. Yang, Enhanced photocatalytic properties of
hierarchical three-dimensional TiO2 grown on femtosecond laser structured tita-
nium substrate, Appl. Surf. Sci. 403 (2017) 584–589.

[14] C. Fenzl, P. Nayak, T. Hirsch, O.S. Wolfbeis, H.N. Alshareef, A.J. Baeumner, Laser-
scribed graphene electrodes for aptamer-based biosensing, ACS Sens. 2 (2017)
616–620.

[15] A. Kuchmizhak, E. Pustovalov, S. Syubaev, O. Vitrik, Y. Kulchin, A. Porfirev,
S. Khonina, S. Kudryashov, P. Danilov, A. Ionin, On-fly femtosecond-laser fabrica-
tion of self-organized plasmonic nanotextures for chemo- and biosensing applica-
tions, ACS Appl. Mater. Interfaces 8 (2016) 24946–24955.

[16] O. Hung, C.A. Kan, Study of CO2 laser treatment on colour properties of cotton-

Fig. 10. Current vs voltage curves for untreated and samples sintered at 0.17 J/cm2 and
0.19 J/cm2 laser fluences, measured in the − 5 to 5 V range. The inset shows SEM image
of the screen-printed interdigitated electrodes.

M. Radović et al. Ceramics International 44 (2018) 10975–10983

10982

http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref1
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref1
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref2
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref2
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref2
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref3
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref3
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref3
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref3
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref4
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref4
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref4
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref5
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref5
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref5
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref6
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref6
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref7
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref7
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref7
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref8
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref8
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref8
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref9
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref9
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref9
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref10
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref10
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref10
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref11
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref11
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref11
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref12
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref12
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref12
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref13
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref13
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref13
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref14
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref14
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref14
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref15
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref15
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref15
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref15
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref16


based fabrics, Coatings 7 (2017) 131 (1-14).
[17] R. Nayak, R. Padhye, The use of laser in garment manufacturing: an overview, Fash.

Text. 3 (2016) 5 (1-16).
[18] D.V. Ta, A. Dunn, T.J. Wasley, R.V. Kay, J. Stringer, P.J. Smith, C. Connaughton,

J.D. Shephard, Nanosecond laser textured superhydrophobic metallic surfaces and
their chemical sensing applications, Appl. Surf. Sci. 357 (2015) 248–254.

[19] H. Zhang, J. Di, M. Zhou, Y. Yan, R. Wang, An investigation on the hole quality
during picosecond laser helical drilling of stainless steel 304, Appl. Phys. A 119
(2015) 745–752.

[20] K. Sugioka, J. Xu, D. Wu, Y. Hanada, Z. Wang, Y. Cheng, K. Midorikawa,
Femtosecond laser 3D micromachining: a powerful tool for the fabrication of mi-
crofluidic, optofluidic, and electrofluidic devices based on glass, Lab Chip 14 (2014)
3447–3458.

[21] G.D. Tsibidis, C. Fotakis, E. Stratakis, From ripples to spikes: a hydrodynamical
mechanism to interpret femtosecond laser-induced self-assembled structures, Phys.
Rev. B 92 (2015) 041405 (1-6).

[22] A. Hadi, M. Alhabradi, Q. Chen, H. Liu, W. Guo, M. Curioni, R. Cernik, Z. Liu, Rapid
fabrication of mesoporous TiO2 thin films by pulsed fibre laser for dye sensitized
solar cells, Appl. Surf. Sci. 428 (2018) 1089–1097.

[23] T.M. Tanvir Ahmmed, C. Grambow, A. Kietzig, Fabrication of micro/nano struc-
tures on metals by femtosecond laser micromachining, Micromachines 5 (2014)
1219–1253.

[24] B. Hopp, T. Smausz, M. Lentner, J. Kopniczky, C. Tápai, T. Gera, T. Csizmadia,
M. Ehrhardt, P. Lorenz, K. Zimmer, Stability investigation of laser darkened metal
surfaces, Appl. Phys. A 123 (2017) 598 (1-8).

[25] M. Tian, M. Mahjouri-Samani, G. Eres, R. Sachan, M. Yoon, M.F. Chisholm,
K. Wang, A.A. Puretzky, C.M. Rouleau, D.B. Geohegan, G. Duscher, Structure and
formation mechanism of black TiO2 nanoparticles, ACS Nano 9 (2015)
10482–10488.

[26] X. Chen, L. Liu, F. Huang, Black titanium dioxide (TiO2) nanomaterials, Chem. Soc.
Rev. 44 (2015) 1861–1885.

[27] H. Kim, G.P. Kushto, C.B. Arnold, Z.H. Kafafi, A. Piqué, Laser processing of nano-
crystalline TiO2 films for dye-sensitized solar cells, Appl. Phys. Lett. 85 (2004)
464–466.

[28] M.J. Pu, J.Z. Chen, I.C. Cheng, KrF excimer laser irradiated nanoporous TiO2 layers
for dye-sensitized solar cells: influence of laser power density, Ceram. Int. 39 (2013)
6183–6188.

[29] M.A. Gondal, A.M. Ilyas, U. Baig, Pulsed laser ablation in liquid synthesis of ZnO/
TiO2 nanocomposite catalyst with enhanced photovoltaic and photocatalytic per-
formance, Ceram. Int. 42 (2016) 13151–13160.

[30] G. Dubourg, A. Segkos, J. Katona, M. Radović, S. Savić, G. Niarchos, C. Tsamis,
V. Crnojević-Bengin, Fabrication and characterization of flexible and miniaturized
humidity sensors using screen-printed TiO2 nanoparticles as sensitive layer, Sensors
17 (2017) 1854 (1-13).

[31] J. Kim, J. Kim, M. Lee, Laser welding of nanoparticulate TiO2 and transparent
conducting oxide electrodes for highly efficient dye-sensitized solar cell,
Nanotechnology 21 (2010) 345203 (6pp).

[32] H. Pan, S. Hwan Ko, N. Misra, C.P. Grigoropoulos, Laser annealed composite tita-
nium dioxide electrodes for dye-sensitized solar cells on glass and plastics, Appl.
Phys. Lett. 94 (2009) 071117.

[33] C. Perego, R. Revel, O. Durupthy, S. Cassaignon, J.P. Jolivet, Thermal stability of

TiO2-anatase: impact of nanoparticles morphology on kinetic phase transformation,
Solid State Sci. 12 (2010) 989–995.

[34] F. Haaf, A. Sanner, F. Straub, Polymers of N-vinylpyrrolidone: synthesis, char-
acterization and uses, Polym. J. 17 (1985) 143–152.

[35] T. Ohsaka, F. Izumi, Y. Fujiki, Raman spectrum of anatase, TiO2, J. Raman Spec. 7
(1978) 321.

[36] J.-G. Li, T. Ishigaki, X. Sun, Anatase, brookite, and rutile nanocrystals via redox
reactions under mild hydrothermal conditions: phase-selective synthesis and phy-
sicochemical properties, J. Phys. Chem. C 111 (2007) 4969–4976.

[37] W.F. Zhang, Y.L. He, M.S. Zhang, Z. Yin, Q. Chen, Raman scattering study on
anatase TiO2 nanocrystals, J. Phys. D: Appl. Phys. 33 (2000) 912–916.

[38] A.L. Bassi, D. Cattaneo, V. Russo, C.E. Bottani, E. Barborini, T. Mazza, P. Piseri,
P. Milani, F.O. Ernst, K. Wegner, S.E. Pratsinis, Raman spectroscopy characteriza-
tion of titania nanoparticles produced by flame pyrolysis: the influence of size and
stoichiometry, J. Appl. Phys. 98 (2005) 074305.

[39] B.J. Morgan, G.W. Watson, Intrinsic n-type defect formation in TiO2: a comparison
of rutile and anatase from GGA+U calculations, J. Phys. Chem. C 114 (2010)
2321–2328.

[40] X. Chen, L. Liu, P.Y. Yu, S.S. Mao, Increasing solar absorption for photocatalysis
with black hydrogenated titanium dioxide nanocrystals, Science 331 (2011)
746–750.

[41] X. Pan, M.-Q. Yang, X. Fu, N. Zhang, Y.-J. Xu, Defective TiO2 with oxygen va-
cancies: synthesis, properties and photocatalytic applications, Nanoscale 5 (2013)
3601–3614.

[42] J.C. Parker, R.W. Siegel, Calibration of the Raman spectrum to the oxygen stoi-
chiometry of nanophase TiO2, Appl. Phys. Lett. 57 (1990) 943–945.

[43] W.C. Oliver, G.M. Pharr, Measurement of hardness and elastic modulus by in-
strumented indentation: advances in understanding and refinements to metho-
dology, J. Mater. Res. 19 (2011) 3.

[44] L. Qian, M. Li, Z. Zhou, H. Yang, X. Shi, Comparison of nano-indentation hardness
to microhardness, Surf. Coat. Technol. 195 (2005) 264–271.

[45] O. Zywitzki, T. Modes, H. Sahm, P. Frach, K. Goedicke, D. Glöß, Structure and
properties of crystalline titanium oxide layers deposited by reactive pulse magne-
tron sputtering, Surf. Coat. Technol. 180–181 (2004) 538–543.

[46] Y. Gaillard, V.J. Rico, E. Jimenez-Pique, A.R. González-Elipe, Nanoindentation of
TiO2 thin films with different microstructures, J. Phys. D: Appl. Phys. 42 (2009)
145305 (9pp).

[47] C. Schütz, J. Sort, Z. Bacsik, V. Oliynyk, E. Pellicer, A. Fall, L. Wågberg, L. Berglund,
L. Bergström, G. Salazar-Alvarez, Hard and transparent films formed by nano-
cellulose-TiO2 nanoparticle hybrids, PLos One 7 (2012) e45828.

[48] H. Yaghoubi, N. Taghavinia, E.K. Alamdari, A.A. Volinsky, Nanomechanical prop-
erties of TiO2 granular thin films, Appl. Mater. Interface 2 (2010) 2629–2636.

[49] M.J. Mayo, R.W. Siegel, A. Narayanasamy, W.D. Nix, Mechanical properties of
nanophase TiO2 as determined by nanoindentation, J. Mater. Res. 5 (1990)
1073–1082.

[50] R. Ahuja, L.S. Dubrovinsky, High-pressure structural phase transitions in TiO2 and
synthesis of the hardest known oxide, J. Phys.: Condens. Matter 14 (2002)
10995–10999.

[51] N. Barsan, U. Weimar, Conduction model of metal oxide gas sensors, J.
Electroceram. 7 (2001) 143.

M. Radović et al. Ceramics International 44 (2018) 10975–10983

10983

http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref16
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref17
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref17
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref18
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref18
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref18
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref19
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref19
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref19
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref20
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref20
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref20
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref20
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref21
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref21
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref21
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref22
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref22
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref22
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref23
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref23
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref23
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref24
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref24
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref24
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref25
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref25
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref25
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref25
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref26
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref26
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref27
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref27
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref27
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref28
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref28
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref28
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref29
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref29
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref29
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref30
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref30
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref30
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref30
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref31
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref31
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref31
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref32
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref32
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref32
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref33
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref33
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref33
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref34
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref34
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref35
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref35
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref36
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref36
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref36
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref37
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref37
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref38
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref38
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref38
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref38
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref39
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref39
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref39
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref40
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref40
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref40
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref41
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref41
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref41
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref42
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref42
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref43
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref43
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref43
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref44
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref44
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref45
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref45
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref45
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref46
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref46
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref46
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref47
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref47
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref47
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref48
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref48
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref49
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref49
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref49
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref50
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref50
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref50
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref51
http://refhub.elsevier.com/S0272-8842(18)30750-8/sbref51


Processing and Application of Ceramics 12 [4] (2018) 326–334

https://doi.org/

Preparation of TiO2 and ZnO dispersions for inkjet printing of flexible

sensing devices
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Abstract

Research presented in this article focuses on the preparation of functional dispersions for inkjet printing of
nanoparticles as sensitive layers. The stable suspensions of MOx (M = Ti, Zn) were prepared using gum arabic

(GA) and Solsperse® 40000 (SO) as dispersants. A special attention was paid to the monitoring of particle
size evolution during the planetary ball milling of dispersions, so that optimum ratio between milling time
and particle size can be determined. After adjusting the printing parameters, prepared inks were printed on
the flexible PET substrate with interdigitated electrodes (IDE). Films printed with TiO2 ink stabilized by GA
exhibited highly cracked surface which resulted in low current values, whereas ZnO ink stabilized by SO yielded
crack-free surface and much higher current values. All investigated samples showed linear current behaviour
in the range from -5 to 5 V, indicating formation of ohmic contacts between electrodes and nanoparticles, but
ZnO ink produced the highest current values. Gas sensing properties, tested at room temperature at several
humidity levels and for different types of alcohols, revealed that printed sensor exhibits modest sensitivity for
low humidity levels and slightly higher affinity towards methanol gas. Photo sensitivity measurement showed
very high photocurrent values with strong potential for optoelectronic applications.

Keywords: ZnO, TiO
2
, inkjet printing, sensors

I. Introduction

Although the most common use of the inkjet print-
ing is in conventional applications such as graphics, text
printing or marking, over the last decades the technol-
ogy has been guided to manufacture novel functional
surfaces and components with applications for advanced
technologies. This is due to the ability of the inkjet
printing to digitally control the ejection of ink droplets
of defined volume and precisely position them onto a
substrate [1–3]. Inkjet printing is a contactless process
which means that wide range of fluids can be used and
optimized for a variety of substrates, even non-flat, rigid
or flexible ones. Besides this flexibility, short production
time, low-cost and very efficient use of materials can be
listed as main advantages of the inkjet printing [2–5].

Inkjet printing is one of the most versatile tools for

∗Corresponding authors: tel: +381 21 485 2138,
e-mail: nejra@biosense.rs

functionalization of MOx (metal oxides) nanomateri-
als into electronic components and devices [6]. Due to
their unique structure, morphology, chemical, optical
and electrical properties, MOx nanomaterials have wide
scope of applications in advanced technologies. Using
suitable dispersions, these nanomaterials are printed as
components for solar cells [7,8], photodetectors [9], gas
sensors [10] and biosensors [11,12]. Cost-effective so-
lutions to ambient monitoring, based on printed MOx
nanomaterials, have strong impact on modern food pro-
duction industry, which is today the fastest growing
market for inkjet printing technology. Food decay pro-
cess is often followed by the emission of volatile organic
compounds (VOC) like alcohols [13], therefore a lot of
attention is focused on the development of highly effi-
cient sensors, operating at room temperature and having
high sensitivity [14]. Smart packaging technology of-
ten requires sensor operation at different humidity lev-
els, ranging from low to high, for mushrooms, maize,
grains, spices and tomatoes [15]. Significant efforts have
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been devoted to the optimization of breathalyser de-
vices for monitoring concentration of ethanol vapour in
human breath [16]. One of the advantages for applica-
tion of the inkjet technology in diagnostic devices is the
ability to rapidly produce low cost solutions printed on
common paper substrate [17]. All these challenges have
spanned together chemistry, physics, material science,
biology and engineering in a joint multidisciplinary re-
search of sensor design and applications. The most im-
portant challenges for printing of MOx nanomaterials
are preservation of the material fundamental properties
trough the printing process and to provide conditions for
maximum efficiency of the materials performance.

The aim of this work was to demonstrate the pos-
sibility of the inkjet printing of stable homogeneous
aqueous suspensions of MOx onto flexible, environ-
mentally friendly, low-cost substrates addressing the re-
quirements of flexible electronics for a cost-efficient,
high-output manufacturing and opening the route to-
wards the flexible, eco-designed mass production. The
investigations on the optimum concentration of disper-
sants and the mechanism determining the dispersion be-
haviour of MOx in aqueous dispersants solution were
performed. The main goal of this work is to analyse
the influences of different quantity of dispersants and
milling conditions on the printing quality parameters of
the ink using different substrates.

II. Experimental procedure

Fabrication of basic components of sensor devices
such as transducer and sensitive layer was performed
with simple and cost-effective inkjet printing technique.
A schematic representation of sensor fabrication with
inkjet technology is shown in Fig. 1. Transducer used in
this work is composed of IDE printed with commercial
Ag ink on flexible substrate. The sensitive layer with
MOx nanoparticles is printed as rectangular film on top
of the electrodes. Utilization of the inkjet printing offers
very precise patterning on various types of substrates
with efficient use of nanomaterials and also provides
substantial operating flexibility since it does not require
use of masks and other complicated processing steps.

For the preparation of functional inks we have used
commercially available titanium oxide (TiO2, anatase,

Figure 1. A schematic representation of fabricated sensor

99.7%, Sigma Aldrich, US) and zinc oxide (ZnO,
99+%, Alfa Aesar, US) nanopowders. For the matrix
preparation we have used gum arabic (GA, polyan-
ionic hydrocolloide, Sigma Aldrich, US), Solsperse®

40000 (SO, anionic phosphate alkoxylated polymer, Lu-
brizol, US); Byk®-028 (antifoaming agent, BYK Ad-
ditives & Instruments, Germany); 1,2-propylene gly-
col (C3H8O2, Centrohem, Serbia), n-propanol (C3H8O,
Kemika, Croatia). Printing of the interdigitated elec-
trodes was performed using the Ag nanoparticle ink
SunTronic® Jet Silver (SunChemical, UK).

The dispersions were homogenized by means of Ul-
traturrax T-25 homogenizer (IKA, Germany). The ball
milling was performed using planetary ball mill PM 100
(Retsch, Germany) with YSZ (yttrium stabilized zirco-
nia) 50 ml jar and balls of 2 mm in diameter. Viscos-
ity of prepared inks was determined with RheoStress
600HP rheometer (Thermo Haake, Germany). Surface
tension was measured with Sigma 703D tensiometer
(KSV Instruments, Finland). Particle size determina-
tion was performed with Zetasizer Nano ZS (Malvern
Instruments Ltd, UK), which works on the dynamic
light scattering principle. Printing of the prepared inks
was performed with Fuji Dimatix DMP-3000 (Fuji-
film, Japan) semi-industrial inkjet printer. The optical
images were collected using Huvitz HRM-300 opti-
cal microscope (Huvitz, South Korea). Atomic force
microscopy (AFM) measurements were performed on
NTEGRA prima (NDMT, Russia) microscope in semi-
contact mode. Characterization of DC electrical prop-
erties was done on Yokogawa-Hewlett-Packard 4145A
semiconductor analyser (Yokogawa Electronic, Japan).
Humidity sensing characterization was performed us-
ing appropriate setup. Gas sensing properties of dif-
ferent alcohols (methanol, ethanol and propanol) were
investigated using custom-built setup consisting of the
chamber with mounted gas inlet/outlet for N2 purg-
ing and equipped with fan and evaporator. Photocur-
rent measurements were made in the custom built setup
equipped with high power light emitting diode operat-
ing at 365 nm.

III. Results and discussion

Design and optimization of functional inks, that can
be used for inkjet printing of nanomaterials, can be con-
sidered as a bottom-up approach to achieve higher tech-
nological level, with the strong impact on the applica-
tion of these materials in advanced technologies. Un-
dertaken approach to the preparation of functional ink
can be divided into 3 simple steps as shown in Fig. 2.

The primary dispersions of MOx were prepared by
dispersing either TiO2 or ZnO nanopowder in a contin-
uous phase. As the continuous phase, aqueous solution

Figure 2. Basic steps used for preparation of functional ink
for inkjet printing of TiO2 and ZnO nanoparticles
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Table 1. Chemical compositions of TiO2 primary dispersions

Dispersion
TiO2 GA SO Byk® H2O TiO2 in H2O Dispersant in TiO2 : dispersant

[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] H2O [wt.%] ratio
GATO-1 14.71 14.71 70.58 17.24 17.24 1 : 1

GATO-3.6 15.24 4.23 0.08 80.44 15.93 5.00 3.6 : 1
GATO-2.25 15.92 7.07 0.09 76.92 17.15 8.42 2.25 : 1
SOTO-45.2 15.82 0.35 0.35 83.48 15.93 0.42 45.2 : 1
SOTO-12.5 15.67 1.25 0.37 82.71 15.93 1.49 12.5 : 1

Table 2. Chemical compositions of ZnO primary dispersions

Dispersion
ZnO GA SO Byk® H2O ZnO in H2O Dispersant in ZnO : dispersant

[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] H2O [wt.%] ratio
GAZO-1 14.68 14.68 0.12 70.53 17.22 17.22 1 : 1

GAZO-3.6 15.25 4.24 0.04 80.47 15.93 5.00 3.6 : 1
SOZO-38.6 15.82 0.41 0.26 83.51 15.93 0.48 38.6 : 1

of dispersant GA or SO, in appropriate concentration,
was used. The appearance of foam during homogeniza-
tion imposed addition of suitable weight of antifoam-
ing agent Byk®-028 in the continuous phase. The dis-
persions were homogenized by means of Ultraturrax T-
25 homogenizer during 10 min at 15000 rpm and room
temperature. The obtained dispersions with correspond-
ing ratios are denoted as GATO (in the case of GA and
TiO2), SOTO (SO and TiO2), GAZO (GA and ZnO) and
SOZO (SO and ZnO). The compositions of TiO2 and
ZnO primary dispersions are shown in Tables 1 and 2,
respectively.

It is important to mention that for the preparation of
dispersions with acceptable particle size and stability,
the required concentration of SO is much lower com-
pared to GA concentration, because of different struc-
tures and stabilization mechanisms of dispersants.

The primary dispersions, immediately after prepara-
tion, were further homogenized in planetary ball mill.
The ball milling was performed using YSZ (yttrium sta-
bilized zirconia) 50 ml jar and YSZ balls of 2 mm in di-
ameter. For milling, 16.5 ml of primary dispersion was
used. The milling conditions for prepared dispersions
are shown in Table 3. TiO2 and ZnO dispersions with
higher concentration of GA in the formulation (GATO-
1 and GAZO-1) were milled at 250 rpm for 180 min,
and the particle sizes were simultaneously measured af-
ter 15, 30, 60, 90, 120, 150 and 180 min, in order to
determine an optimum milling time.

Table 3. The milling conditions for TiO2 and ZnO
dispersions

Dispersion
Milling speed Milling time

[rpm] [min]
GATO-1 250 180

GATO-3.6 250 90
TiO2 GATO-2.25 250 + 350 90 + 90

SOTO-45.2 250 180
SOTO-12.5 250 90

GAZO-1 250 180
ZnO GAZO-3.6 250 90

SOZO-38.6 250 90

The primary dispersions, with GA as a dispersant,
were prepared with the GA : TiO2 and GA : ZnO ra-
tio 1 : 1 and treated in planetary ball mill at 250 rpm for
180 min. Evolution of average particle size as a func-
tion of milling time is presented in Fig. 3. The milling
of dispersions up to 90 min resulted in the significant
reduction of the average particle size, which was the
main goal of using planetary ball mill for the prepara-
tion of functional inks. For TiO2 dispersion (GATO-1)
the average particle size is reduced from 600 nm at the
beginning to 420 nm after 90 min of milling, while in
the case of ZnO dispersion (GAZO-1) the average par-
ticle size is reduced from 460 nm at the beginning to
330 nm after 90 min of milling. Prolonged milling time
up to 180 min resulted in negligible changes of the aver-
age particle size for both dispersions. Therefore, milling
time of 90 min can be considered as an optimal com-
promise between invested energy and achieved particle
size.

Very important issue that needs to be addressed is the
long term stability of the prepared dispersions. The par-
ticle size measurements during three weeks after prepa-
ration of dispersion, served as an indicator of colloidal

Figure 3. Variation in average particle size with milling time
for GATO-1 and GAZO-1 primary dispersions
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Figure 4. The average particle size of TiO2 and ZnO primary
dispersions stabilized with GA

Figure 5. The average particle size of TiO2 and ZnO primary
dispersions stabilized with SO

stability. The dispersions GATO-1 and GAZO-1 showed
good stability within the three weeks, but these disper-
sions were not used for functional inks preparation due
to the high concentration of gum arabic, which is ex-
pected to have a strong influence on the properties of
printed structures. Therefore, TiO2 and ZnO primary
dispersions with lower GA concentration (GATO-3.6
and GAZO-3.6) were prepared by milling at 250 rpm for
90 min. The average particle sizes, measured for TiO2
and ZnO primary dispersions stabilized with GA, are
displayed in Fig. 4. As can be seen (Fig. 4) the average
particle size in TiO2 dispersion GATO-3.6, after milling
for 90 min is around 550 nm which means that the par-
ticle size is not decreased to the expected value. On the
other hand, the average particle size in ZnO dispersion
GAZO-3.6, after milling for 90 min, is around 300 nm,
which is close to the achieved particle size in dispersion
GAZO-1 after the same milling time.

It can also be seen (Fig. 4) that the average par-
ticle size of GATO-3.6 dispersion has increased for

10%, up to around 600 nm after one day, which indi-
cated very unstable dispersion, while the average par-
ticle size of GAZO-3.6 dispersion stayed almost un-
changed. During the third week, the average particle
size of GAZO-3.6 was increased for 44%, up to around
430 nm. Although the new dispersion GAZO-3.6 dis-
played slightly worse stability compared to dispersion
GAZO-1, due to the lower concentration of used dis-
persant, the GAZO-3.6 dispersion was used for func-
tional ink preparation. In order to obtain more stable
TiO2 dispersion with smaller average particle size, the
new dispersion GATO-2.25 was prepared. The disper-
sion GATO-2.25 was milled 180 min in total (90 min at
250 rpm + 90 min at 350 rpm). As can be seen in Fig. 4,
smaller particles of TiO2 dispersion were obtained with
optimized milling conditions. The average particle size
of the GATO-2.25 dispersion after 180 min of milling
is around 400 nm. Although the GATO-2.25 dispersion,
similarly as the GATO-3.6 dispersion, shows instability
in the first 24 h after milling, it was used for functional
ink formulation because of the smaller average particle
size.

In order to examine how to prepare stable nanodisper-
sions with SO as dispersant, two TiO2 primary disper-
sions (SOTO-45.2 and SOTO-12.5) and one ZnO pri-
mary dispersion (SOZO-38.6) were prepared. The ob-
tained results of the particle size measurements for TiO2
and ZnO primary dispersions stabilized with SO are
shown in Fig. 5. As can be seen, the dispersion SOZO-
38.6 displayed good stability for the first two weeks, and
a more significant increase in the particle size during
the third week, up to around 350 nm, which is around
35% of the value obtained immediately after milling.
The average particle size of the SOTO-12.5 dispersion
is higher than that of the SOTO-45.2 dispersion, but dis-
persion SOTO-12.5 showed better stability during the
time. The dispersions SOTO-12.5 and SOZO-38.6 were
used for functional ink preparation.

Finally, two TiO2 dispersions (GATO-2.25 and
SOTO-12.5) and two ZnO dispersions (GAZO-3.6 and
SOZO-38.6) were selected for functional ink prepara-
tion. Thus, four inkjet inks were prepared: two inks
with TiO2 nanoparticles (IJ-GATO-2.25 and IJ-SOTO-
12.5) and two inks with ZnO nanoparticles (IJ-GAZO-
3.6 and IJ-SOZO-38.6) according to the formulations
from Table 4. The functional inks were prepared by di-
luting stable TiO2 and ZnO nanodispersions with water
and adding 1,2-propylene glycol (PG) and n-propanol
(PrOH) in ratio PG : PrOH = 43 : 7. The water, PG and
PrOH ratio in the formulations was H2O : PG : PrOH =
50 : 43 : 7 which gives required values of viscosity and
surface tension (η = 6.40 mPa s and σ = 36.20 mN/m)
for printing. The formulations of the prepared inkjet
inks are shown in Table 4.

The weight of PG-PrOH mixture, equal to the total
weight of water in the formulation, was added to the pre-
viously diluted nanodispersion. Finally, inks were ho-
mogenized during 5 min at 15000 rpm and room tem-
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Table 4. The formulations of inks used for inkjet printing of nanoparticles

Ink
MOx GA SO Byk® PG PrOH H2O MOx : dispersant

[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] ratio
TiO2 – IJ-GATO-2.25 4.81 2.14 0.03 40 6.51 46.51 2.25 : 1
TiO2 – IJ-SOTO-12.5 4.50 0.40 0.10 40.85 6.67 47.52 12.5 : 1
ZnO – IJ-GAZO-3.6 4.45 1.24 0.01 40.54 6.60 47.14 3.6 : 1
ZnO – IJ-SOZO-38.6 4.51 0.12 0.07 40.96 6.69 47.65 38.6 : 1

Figure 6. Stability test of the prepared inks, presented as
variation in particle size during three weeks after

preparation

perature by Ultraturrax T-25 homogenizer. The stability
test of the prepared inks was conducted by measuring
particle size during three weeks after preparation and
the results are shown in Fig. 6. Negligible changes in
particle size for inks IJ-GATO-2.25 and IJ-SOZO-38.6
can be observed, indicating good stability of these inks.

Based on the performed particle size measurements
it can be concluded that the inks IJ-GATO-2.25 and IJ-
SOZO-38.6 showed the best stability. In order to re-
move large particle aggregates and to reduce the risk of
printhead nozzle clogging, prepared inks were filtered
through 1 µm syringe filter (Whatman, UK) and loaded
in the cartridge reservoir.

After successful preparation of inks, next step in the
research was to optimize the printing parameters aiming
to obtain a controllable and effective process for print-
ing of nanoparticles that can be used for fabrication of
sensitive sensor layers. By adjusting basic parameters of
piezoelectric inkjet printer, such as jetting voltage, fre-

quency and waveform, stable ink droplets, with an ap-
propriate drop speed at 0.5 mm distance from the nozzle
plate, were obtained. All prepared inks were printable
and able to form stable droplets during jetting, except
the TiO2 ink stabilized with SO (IJ-SOTO-12.5), which
showed the worst stability test after 3 weeks of aging.

Dropwatcher images of the IJ-SOZO-38.6 ink
droplets ejection from the nozzles of printhead are
shown in Fig. 7. It can be seen that after the drop leaves
the nozzle it has a ligament, called tail, which ideally
merges into the main drop without creating satellites
(formation of satellites usually leads to the reduction in
print quality).

In order to obtain continuous and homogeneous layer
during inkjet printing, it was necessary to determine the
optimal drop spacing by studying the behaviour of the
printed ink drops on the substrate surfaces. An array
of single ink drops on Si, polyimide (Kapton®), PET
and paper substrates was printed at a mutual distance of
100µm as shown in Fig. 8. The measured average drop
diameter is 34 µm for Si, 32 µm for Kapton® and 40 µm
for PET substrate. It must be noted that no coffee ring
effect (a pattern left by a puddle of particle-laden liq-
uid after it evaporates) was observed for all investigated
substrates, since appearance of this feature can lead to
the degradation of the print quality. The printing of uni-
form layer on Si and Kapton® surfaces resulted in a for-
mation of irregular structures due to the hydrophobic
nature of these surfaces. For printing of sensitive layer
of MOx nanoparticles we have chosen PET substrate be-
cause it is hydrophilic and can be heated up to 200 °C.
Taking into account the measured average drop diame-
ter on the PET substrate, drop spacing which is half of
the droplet size (20 µm) was used as the optimal value,
aiming to create sufficient overlapping between individ-
ual droplets so that continuous layers can be printed.

The fabrication of the sensor transducer was per-
formed by printing interdigitated electrodes (IDE) on
flexible PET substrate, using commercial silver ink. The

Figure 7. Dropwatcher images of the IJ-SOZO-38.6 ink droplets ejection from the nozzles of piezoelectric inkjet printhead
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N. Omerović et al. / Processing and Application of Ceramics 12 [4] (2018) 326–334

Figure 8. Optical images of individual drops of
IJ-SOZO-38.6 ink printed on: a) Si, b) Kapton®, c) PET and

d) paper substrate

optical image of the printed electrodes is given in Fig. 9.
During the printing of the silver ink, the substrate was
heated up at 40 °C, a step necessary for achievement of
precisely resolved structures for electrical characteriza-
tion. After printing, the IDE were gradually heated up
to 200 °C and kept for 1 h to attain sintered Ag nanopar-
ticles. The distance between fingers of IDE structure,

Figure 9. Optical images of IDE printed with Ag ink, along
with image of the sensitive layer printed with IJ-SOZO-38.6

ink

after sintering, was around 80µm, whereas the width of
the individual finger was around 340 µm. PET substrate
was chosen since it can withstand temperatures up to
200 °C allowing the sintering of printed electronic com-
ponents and because of its flexibility, biodegradability
and availability. In the second step rectangular layers
of functional TiO2 and ZnO inks were printed on top
of the electrodes and they represent a sensitive sensor
layer. By printing, a layer of liquid ink on the substrate
was obtained, which was transformed into functional
electronic element by evaporating volatile components
of dispersion. After printing, the obtained sensors with
rectangular (5 × 5 mm) sensitive layer were gradually
heated up at 100 °C and kept at that temperature for 2 h
to achieve evaporation of organic additives.

The successful preparation of inks with nanoparti-
cles and optimization of printing parameters enabled
printing of multilayer MOx structures for sensing ap-
plications. Optical images of films printed with 10 lay-
ers using IJ-SOZO-38.6 and IJ-GATO-2.25 inks, to-
gether with corresponding AFM images of the printed
nanoparticles are shown in Fig. 10. From the presented

Figure 10. Optical images of films printed with 10 layers on
top of IDE, using: a) IJ-SOZO-38.6 and b) IJ-GATO-2.25

inks, along with corresponding AFM images of printed
ZnO and TiO2 nanoparticles

331

A







e

p

t

e

d
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optical images it can be clearly seen that ZnO ink
(IJ-SOZO-38.6) produces consistent and homogeneous
layer without cracks. The layer printed with TiO2 ink
(IJ-GATO-2.25) exhibits significant cracks on the sur-
face of the film. The AFM images reveal nanostruc-
tured nature of printed films, where nanoparticles form
large agglomerates. The agglomeration process is also
observed during the preparation of the functional inks
since the size of particles in primary dispersion is much
larger than the initial size reported by manufacturers
(TiO2 APS < 25 nm; ZnO APS 40–100 nm). The par-
ticle size determined by the dynamic light scattering in
primary dispersion is very similar to the size of agglom-
erates observed in AFM images, indicating that once the
particles are stabilized in dispersion their size does not
alter significantly during the inkjet printing process and
after thermal treatment of the printed films.

The electrical characterization of the printed sen-
sors was performed by measuring current vs. voltage
(I(V)) curves in the -5 to 5V range. In Fig. 11, I(V)
curves are compared for sensors printed with 10 lay-
ers of IJ-SOZO-38.6, IJ-GAZO-3.6 and IJ-GATO-2.25
inks. From the presented measurements it is evident
that sensors printed with IJ-GAZO-3.6 and IJ-GATO-
2.25 inks possess very high resistivity (very low current)
which renders these samples not quite suitable for prac-
tical applications. Sensor printed with IJ-SOZO-38.6
ink exhibits significantly higher current values and lin-
ear voltage dependence pointing out that inkjet printed
ZnO nanoparticles have ohmic contacts with silver elec-
trodes. In the inset of Fig. 11 I(V) curve for IJ-SOZO-
38.6 ink without ZnO nanoparticles is shown, which dis-
plays essentially different behaviour compared to other
presented results. The curve profile for the ink without
nanoparticles presents clear evidence that the main con-
tribution to the DC conductivity of printed film origi-
nates from ZnO nanoparticles. From the comparison of

Figure 11. I(V) curves for sensors printed with
IJ-SOZO-38.6, IJ-GAZO-3.6 and IJ-GATO-2.25 inks (inset

shows I(V) curve for IJ-SOZO-38.6 ink without ZnO
nanoparticles)

presented curves in Fig. 11, one can easily conclude that
only sensor printed with IJ-SOZO-38.6 ink can be used
for sensing purposes.

Transient response curves to different relative humid-
ity levels, of the sensor printed with 10 layers of IJ-
SOZO-38.6 ink are shown in Fig. 12. In the inset of
Fig. 12 response/recovery curves are given for sensor
response to different types of alcohol vapours with the
same 50 ppm concentration. The performance of the
printed sensor was tested at room temperature. Sensor
response can be defined as [18]:

S =
Ra

Rg

(1)

where Ra is sensor’s resistivity in ambient gas and Rg
is sensor’s resistivity in the presence of target gas. From
the dynamic response behaviour, presented in Fig. 12,
it can be easily confirmed that for lower humidity lev-
els sensor has relatively modest response, which is ex-
pected for ZnO nanoparticles [19]. For extremely high
humidity conditions (RH = 90%) sensor response be-
comes drastic, most probably because of the several lay-
ers of physisorbed water on the surface of nanoparti-
cles. For porous structures made of MOx nanoparticles,
in the low RH conditions where water molecules do not
cover the reactive surface completely, dominant trans-
port mechanism is based on the electronic conduction
[20,21]. In the case of high relative humidity the ph-
ysisorbed water covers the surface completely and the
conduction mechanism is based on the proton transport
between adjacent hydrogen sites. Such transport mecha-
nism is independent of the properties of ZnO nanomate-
rial, so the sensor response becomes significantly higher
as seen in Fig. 12.

Response/recovery time profiles of the same inkjet
printed sensor to 50 ppm of methanol, propanol and
ethanol vapours are shown in the inset of Fig. 12. Mea-
surements are performed at RT and very low humid-

Figure 12. Transient response curves to different levels of
relative humidity of the sensor printed with 10 layers of
IJ-SOZO-38.6 ink (inset shows response/recovery time
profiles of the sensor to 50 ppm ethanol, propanol and

methanol vapour, measured at RT and 8% RH)
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ity levels (8% RH) in order to determine true sen-
sor response to alcohol vapours without interference
of humidity. The target analyte concentration was set
at 50 ppm, since it is typical concentration of alcohol
vapour that can be detected during the food decay pro-
cess [13], and tested with breath analyser [16]. Dis-
played responses reveal that printed SOZO sensor ex-
hibits sensitivity to all tested alcohol vapours, and slight
affinity to methanol gas. For methanol vapour sensor
has the highest and the fastest response, whereas for
propanol and ethanol vapour the response is lower with
notably longer response and recovery times. By com-
parison of the gas sensitivity results we have concluded
that designed sensors have good sensing characteristics,
operating at room temperature, but the cross-sensitivity
between the humidity and VOC vapours remains the big
challenge for further optimization of this type of de-
vices.

Inkjet printing of porous MOx nanostructures can of-
fer cutting-edge technology for photosensitive devices
[9] and solar cells [7], due to their unique electronic
structure and optical properties. Measurement of pho-
tocurrent for the sensor printed with 10 layers of IJ-
SOZO-38.6 ink is given in Fig. 13. Light emitting diode
(LED) operating at 365 nm with the power of 100 mW
is used as excitation source. The wavelength of LED
source is chosen to be in the visible spectral range and
in the vicinity of the optical band gap of ZnO [22].
From the presented time-resolved response it can be
seen that investigated sensor shows very high response
to the incident light. By comparison with literature data
for photocurrent values of ZnO based materials [23–25],
one important fact can be established and that is very
good photosensitivity with very high photocurrent val-
ues. These results offer great potential for application of
the inkjet printed ZnO nanoparticles in solar cell devices
where high photoconversion rates are required. It should
be emphasized that rise and decay times (τr = 240 s;
τd = 210 s) are longer than for previously published

Figure 13. Photocurrent time resolved response of the sensor
printed with 10 layers of IJ-SOZO-38.6 ink (excitation

wavelength was 365 nm and LED power was set to 100 mW)

data [26], and these findings render sensor with ZnO
nanoparticles not suitable for photosensitive devices,
where fast response is required. Longer rise/decay times
are probably the result of IDE configuration, and further
optimization of the electrode design can lead to the im-
proved photocurrent response.

IV. Conclusions

A bottom-up approach to the inkjet fabrication of
sensitive layers for sensing devices is demonstrated in
this article. Main focus of the conducted research is op-
timization of functional dispersions for inkjet deposi-
tion of MOx nanoparticles. PET substrate with Ag IDE
was chosen as flexible transducer platform. On top of
the electrodes multiple layers of prepared inks were
printed in order to produce porous MOx nanostructures
for sensing applications. DC electrical transport char-
acterization proved to be very useful for discrimination
of the quality of the printed films since the IJ-GAZO-
3.6 (gum arabic as dispersant and ZnO nanoparticles
with ratio 1 : 3.6) and IJ-GATO-2.25 (gum arabic as
dispersant and TiO2 nanoparticles with ratio 1 : 2.25)
inks showed much lower current values compared to
the sensor printed with the IJ-SOZO-38.6 (Solsperse®

40000 as dispersant and ZnO nanoparticles with ratio
1 : 38.6) ink. Gas sensing measurements revealed that
the sensor printed with the IJ-SOZO-38.6 ink had mod-
est response to normal ambient humidity levels and very
high response to extreme RH levels. The tested sensor
had slight affinity to methanol vapour in comparison to
propanol and ethanol at the 50 ppm concentration. The
photocurrent measurements showed very good response
to the excitation light with high photocurrent values,
bringing strong impact on practical application of the
inkjet printed flexible sensing devices.
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Abstract: This paper describes the fabrication and the characterization of an original example of a
miniaturized resistive-type humidity sensor, printed on flexible substrate in a large-scale manner.
The fabrication process involves laser ablation for the design of interdigitated electrodes on PET
(Poly-Ethylene Terephthalate) substrate and a screen-printing process for the deposition of the
sensitive material, which is based on TiO2 nanoparticles. The laser ablation process was carefully
optimized to obtain micro-scale and well-resolved electrodes on PET substrate. A functional paste
based on cellulose was prepared in order to allow the precise screen-printing of the TiO2 nanoparticles
as sensing material on the top of the electrodes. The current against voltage (I–V) characteristic
of the sensor showed good linearity and potential for low-power operation. The results of a
humidity-sensing investigation and mechanical testing showed that the fabricated miniaturized
sensors have excellent mechanical stability, sensing characteristics, good repeatability, and relatively
fast response/recovery times operating at room temperature.

Keywords: humidity sensors; flexible substrate; TiO2 nanoparticles; screen-printing; laser ablation

1. Introduction

Humidity sensors are employed today in a wide range of applications, including environmental
monitoring, automotive, industrial process, healthcare, agriculture, and increasing indoor air
quality in smart buildings. Several kinds of humidity sensors are available based on different
transduction principles, such as resistive, capacitive, optical, and surface acoustic wave [1–4]. However,
resistive-type sensors have the advantage to be cheaper and easier to read out over the other ones.

Typically, rigid substrates like ceramic, glass, or silicon are used as the fundamental building
blocks of humidity sensors; but, recent advancements in the field of printed electronics show increased
potential for the substitution of rigid substrates by flexible ones, since the latter potentially reduce
the cost of sensors and offer good mechanical flexibility. Examples of flexible sensors integrating
additional electronic functions like readout electronics [5,6], thermal compensation systems [7],
and other sensors [8,9] have opened a new route towards multi-functional sensors fabricated on
flexible substrate. Despite that, silicon technology is still attractive for the fabrication of sensors due to
its mass-production capability, its high degree of miniaturization resulting in high integration density,
and, consequently its considerable cost reduction for sensor devices [10,11]. Indeed, as given in the
paper of Moore in 1965 [12]: “With unit cost falling as the number of components per circuit rises”,
the cost of one sensor must also decrease as more sensors are put on the substrate.
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In addition, due to their very small size, silicon-based devices can be integrated with a flexible
substrate. For example, a silicon strain sensor and multiplexed silicon non-volatile memory were
transferred onto flexible substrate for wearable electronics [13,14]. Miniaturization is then an important
issue in printed electronics, which needs to be assessed to consider it a valuable alternative to
silicon technology.

In the case of resistive-type sensors, the size of a device depends mainly on the surface area covered
by the electrodes. Low-cost printing technologies such as ink-jet or screen-printing are forecasted
to dominate the printed electronics era, since they allow high-volume production [15,16]. However,
for electrode designs, the line resolution/width achievable by printing technologies cannot reach
micro-scale features generally higher than 100 µm, resulting in a large surface area. Thus, alternative
technologies need to be considered to obtain miniaturized devices. Photolithography coming from
expensive CMOS (Complementary Metal–Oxide–Semiconductor) technologies allows the design of
micro-scale electrodes with high resolution in a large-scale manner, and this technology can be also
employed for the mass production fabrication of sensors on flexible substrate [17–20]. Nevertheless,
chemical and baking steps are required in photolithography, which limits it to chemically resistant
substrates such as polyimide.

Laser technology is gaining interest as another alternative micropatterning technique due to its
high precision and the possibility to use it in open air without clean room facilities. This process was
used for the fabrication of ozone sensors, and was compared with photolithography in [21]. It was
shown that this method can reach features of up to 60 µm. However, smaller features should be
obtained to enhance its potential for sensor fabrication.

Furthermore, to take advantage of miniaturization, it is important to select an adequate
sensing material. Among the various sensing materials, metal oxide nanomaterials possess good
properties such as chemical and physical stability and high mechanical strength, and they have a
high surface-to-volume ratio that makes them a perfect candidate for sensor applications. In recent
years, TiO2 has received wide attention and has found applications in many promising areas, such
as photovoltaics, photocatalysis, and sensors [22–26]. Many examples of humidity sensors based
on TiO2 can be found in the literature [27–30]. The ability of the sensing material to be integrated
in industrial production depends on the fabrication route used for its deposition and patterning.
In the case of humidity sensors, the most standard methods to deposit TiO2 are the spin-coating, dip
coating, or microdroper processes [27–31], which are suitable for prototypes, but cannot be considered
for large-scale process. In fabrication route selection, several factors must be considered, such as
costs, throughput, and reproducibility, and the procedure ought to be compatible with the substrate,
especially in terms of temperature. The screen-printing process meets all of the above, which has been
demonstrated in [32,33], where the screen-printing of TiO2 nanomaterials was used for dye-sensitized
solar cells and electrodes.

In this context, the aim of this work was to introduce a cost-efficient and low-temperature
procedure that allows the large scale fabrication of humidity sensors on flexible PET(Poly-Ethylene
Terephthalate) substrate. The undertaken multidisciplinary approach combines expertise in materials
science and chemistry, and fabrication processes and sensor characterization, aiming to present
comprehensive bottom-up research in the field of flexible electronics and sensors. One of the main
goals of the conducted research is not only to introduce an innovative technology process for the
fabrication of sensor devices, but also to provide a proof-of-concept through extensive mechanical
testing and a humidity response characterization of the fabricated miniaturized sensors.

2. Materials and Methods

2.1. Fabrication

The concept of the sensor is based on the resistive transduction principle, which consists in the
deposition of a TiO2-based sensitive layer on interdigitated electrodes (IDE) previously patterned on a
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flexible substrate (Figure 1). PET substrate was chosen as a flexible building block for the sensor design,
because this material is biodegradable, cost effective, and widely available. The underlying principle
of the sensor’s operation lies in fact that the absorption of water molecules by the sensitive film results
in an increase of the film’s electrical conductance. The conductance change as function of the humidity
level can be easily quantified by measuring the resistance between the interdigitated electrodes.
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Figure 1. Schematic model of resistive-type chemical sensor.

Keeping the intended final application closely in mind, we aimed to develop a simple and
economic technological process for the fabrication of humidity sensors, in order to be able to preserve
their attractiveness as low-cost, potentially mass-produced devices. The fabrication process of the
sensors proposed in this work is fast, compatible with roll-to-roll technologies, and does not require
the high-cost of the semiconductor manufacturing equipment and high temperature steps normally
used for silicon or ceramic fabrication.

The process sequence for the fabrication of the flexible humidity sensors is schematically
illustrated in Figure 2. Initially, a gold layer was deposited by electron beam evaporation on a
commercial PET substrate (Figure 2a). Afterwards, the resulting layer was directly patterned by laser
ablation using a short pulse laser (Nd:YAG-1064 nm, Rofin) in order to create micro-scale interdigitated
electrodes (Figure 2b). The next step is the patterning of the sensitive layer on top of the IDE in
a low-cost manner. For this purpose, a TiO2-based paste was prepared and then screen-printed
(Figure 2c) in order to cover locally the surface of the electrodes (Figure 2d).

Sensors 2017, 17, 1854 3 of 13 

 

a flexible substrate (Figure 1). PET substrate was chosen as a flexible building block for the sensor 
design, because this material is biodegradable, cost effective, and widely available. The underlying 
principle of the sensor’s operation lies in fact that the absorption of water molecules by the sensitive 
film results in an increase of the film’s electrical conductance. The conductance change as function of 
the humidity level can be easily quantified by measuring the resistance between the interdigitated 
electrodes. 

 

Figure 1. Schematic model of resistive-type chemical sensor. 

Keeping the intended final application closely in mind, we aimed to develop a simple and 
economic technological process for the fabrication of humidity sensors, in order to be able to preserve 
their attractiveness as low-cost, potentially mass-produced devices. The fabrication process of the 
sensors proposed in this work is fast, compatible with roll-to-roll technologies, and does not require 
the high-cost of the semiconductor manufacturing equipment and high temperature steps normally 
used for silicon or ceramic fabrication. 

The process sequence for the fabrication of the flexible humidity sensors is schematically 
illustrated in Figure 2. Initially, a gold layer was deposited by electron beam evaporation on a 
commercial PET substrate (Figure 2a). Afterwards, the resulting layer was directly patterned by laser 
ablation using a short pulse laser (Nd:YAG-1064 nm, Rofin) in order to create micro-scale 
interdigitated electrodes (Figure 2b). The next step is the patterning of the sensitive layer on top of 
the IDE in a low-cost manner. For this purpose, a TiO2-based paste was prepared and then  
screen-printed (Figure 2c) in order to cover locally the surface of the electrodes (Figure 2d). 

 
Figure 2. Process sequence of the humidity sensors: (a) Deposition of the gold layer on PET  
(Poly-Ethylene Terephthalate) substrate; (b) Laser ablation of the gold layer; (c) Screen-printing of the 
TiO2 nanoparticles; (d) Sensors after screen-printing. 

Figure 2. Process sequence of the humidity sensors: (a) Deposition of the gold layer on PET
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The following sections describe the process sequences in more detail.
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2.1.1. Laser Ablation of the Interdigitated Electrodes

The deposited gold layer was patterned by laser ablation (Nd:YAG-1064 nm, Rofin, Plymouth,
MI, USA) for the design of micro-scale interdigitated electrodes. This powerful technique used for
the micromachining of microdevices consists of the creation of an effective heat zone by a focused
laser beam, which induces a localized physical state transition allowing the ablation materials [34].
In order to obtain micro-scale and well-resolved electrodes, the laser ablation process was optimized
as proposed in [35,36]. First, the pulse overlapping was adjusted by using the maximum available
frequency of 65 kHz and a low raster speed of 80 mm/s in order to achieve a continuous ablation line
without damaging the substrate by thermal accumulation. Next, to obtain the micro-scale features,
the laser ablation process was optimized by modification of the current values. A current of 23 A was
found to be an ideal value to succeed with the complete and selective ablation of the metal layer at
the micro-scale. Using these parameters, the thin layer of gold was patterned without damaging the
PET substrate.

2.1.2. Sensitive Layer: Preparation and Screen-Printing

A screen printing process, which is a cost-effective, time-saving, and mass-production fabrication
process, was used for the deposition and patterning of the sensing material. This technique consists in
using a squeegee for depositing a paste through a screen stencil, which allows for the direct patterning
of functional pastes on a large variety of substrates [37,38].

In this work, a TiO2 nanoparticles-based paste was used for the fabrication of the sensitive
layer, and was developed specially for the screen-printing process. Water was chosen as the main
solvent of the paste because it is readily available and environmentally friendly. First, a 2.5 wt %
hydroxypropylmethyl cellulose (HPMC, Methocel® K15, Colorcon, Dartford, UK) was dissolved
in water. Next, a 6.1/1 wt % propylene glycol/n-propanol mixture was prepared, where both the
propylene glycol and n-propanol were of p.a. quality obtained from Kemika Zagreb, Croatia. Then,
a 2.7 wt % solution of a dispersant (Solsperse 40000, Lubrizol, Wickliffe, OH, USA) in the propylene
glycol/n-propanol mixture was prepared. The HPMC solution and the solspers solution were mixed
at 1:1 wt ratio by means of an IKA RW20 overhead stirrer for 10 min at 1500 rpm. TiO2 powder
(anatase, Sigma Aldrich, St. Louis, MO, USA) was dispersed (IKA RW20, 1500 rpm for 20 min) in the
mixture to obtain a 7.5 wt % dispersion of TiO2. The screen-printing of the TiO2 paste was performed
using a semi-automatized screen-printer (EKRA 2H screen-printer, Dornstadt, Germany), which is
a widespread industrially-applied piece of equipment. A screen was fabricated using a 30 µm thick
photopolymer film (Koenen, Ottobrunn-Riemerling, Germany). The mesh used for the screen-printing
of the TiO2 paste onto the surface of the electrodes was characterized by a wire diameter of 30 µm.
Finally, the samples were kept at room temperature for 2 days to attain complete dryness.

2.2. Measurements

The precision patterning of the devices and the morphology of the screen-printed TiO2 film were
examined by scanning electron microscope (HITACHI TM3030) and atomic force microscopy (AFM),
whose images were taken with an NTEGRA prima microscope in semi-contact mode. The composition
of the TiO2 was investigated by Energy Dispersive X-Ray Analysis (Bruker XFlash), and the electrical
characterization was performed using a Yokogawa–Hewlett-Packard semiconductor probe analyzer.

The humidity sensing properties of the fabricated sensors were investigated at room temperature
(25 ◦C) by using an indigenously custom-designed humidity setup as described in [36]. The sensor
to be analyzed was placed inside a sealed Teflon chamber, along with a reference sensor (Hanna
instrument) that was used to monitor in real time the temperature and relative humidity (RH) inside
the chamber. The water vapors were generated by driving gases (N2 and O2) inside a sealed bubbler
containing water, and the resulting vapors were then carried to the experimental chamber where
the sensors were tested. The humidity level inside the chamber was controlled by adjusting the
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concentration of the driving gases with mass-flow controllers and flow meters (Brooks Instruments).
The humidity sensing response was recorded through the change in resistance caused by varying
the RH. A Keithley multimeter, driven by a custom-designed Labview-based interface, was used for
monitoring in real time the resistance across the IDEs.

3. Results and Discussion

Using the process described above, the large-scale fabrication of humidity sensors has been
successfully achieved. Figure 3a shows matrices of 3 × 3 sensors printed on PET substrate. Figure 3b
depicts an SEM image of the ablated interdigitated electrodes on the PET substrate. This image
indicates that the surfaces of the electrodes’ structures subjected to pulse ablation are highly consistent
and spatially well-resolved. An individual digit of an electrode is 700 µm long and 55 µm wide, and
it is separated by a gap of 40 µm to the next digit. Here, small electrode geometry was obtained
compared to the standard printed sensors, which are generally above 100 µm.
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Figure 3c shows an optical picture of the interdigitated electrodes covered by the screen-printed
TiO2 film. The resulting TiO2 film is well aligned with the film, covering perfectly the surface of the
electrodes. This perfect alignment of the screen-printed film is also confirmed at larger scale, as shown
in Figure 3a. The screen-printed TiO2 nanoparticle-based film, defining the active area of the humidity
sensor, forms a rectangle of 1 mm width and 1.5 mm length (Figure 3b).

The thickness of the TiO2 can be controlled by the number of printed layers. Indeed, Figure 4a,b
represents a cross-section of the TiO2 film after the printing of four layers and six layers, where the
thicknesses were measured to be approximately 18 µm and 25 µm, respectively. The evolution of the
thickness as function of the number of printed layers is summarized in Figure 4c.
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layers; (c) thickness of the final TiO2 film as function of the number of printed layers.

The sensing properties are based on the change in the electrical conductance of the sensitive
layer with the adsorbed water, which depends on the surface characteristics of the film. The surface
morphology of the TiO2 film was investigated using SEM and AFM techniques. Figure 5a shows the
SEM image of a TiO2 layer with high magnification, where the porous structure of the TiO2 film can be
observed, which is favorable for water vapor absorption due to the large surface area [39]. Figure 5b
shows an AFM image of the TiO2 film, where the spherical structure of the TiO2 nanoparticles with
a grain size of less than 100 nm, and the porosity of the film, can be clearly observed. Also, we can
see in Figure 5d that the film formed by TiO2 after screen-printing is quite uniform and homogeneous
along the sensor. Next, an energy dispersive X-ray spectrometer (EDX) was employed to study the
structural composition of the printed titanium dioxide film. Figure 5c shows the EDX spectrum of the
selected area shown in Figure 5d, where the main peaks correspond to titanium and oxygen, indicating
that the surface is well covered with TiO2. The presence of carbon can be clearly observed, and it has
been attributed to organic components of the functional paste. Note that, among them, an important
component is the binder (hydroxypropylmethyl cellulose), since it assures a strong binding between
TiO2 nanoparticles and a good adhesion of the TiO2 film with the substrate, improving the stability of
the TiO2 film.
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(c) large area SEM image of the TiO2 film; and (d) EDX spectrum of the selected area on TiO2 film
shown in (c).

TiO2 film should possess good electrical performances to allow for precise and stable resistance
measurements. Then, the electrical characteristics of the printed structures should be investigated as
well. Current against voltage (I–V) measurements were obtained on sensors printed with one, two,
four, and six layers by sweeping the applied voltage from −5 to 5 V. A typical current reading, as
shown in Figure 6a, clearly demonstrates that the TiO2 film provides a connecting Ohmic electrical
contact between pairs of Au electrodes with constant resistance over the supply voltages. That means
that a low voltage operation does not hinder the sensitivity, which is essential for low power operation.
On the other hand, the conductance of the printed layer should be high enough to be measurable
without a high-precision instrument. Figure 6a highlights the influence of the number of printed
layers on the electrical performance of the film. For one printed layer, the variation in current is about
4 nA at 5 V bias, which reveals a poor conductance of the TiO2 film. Generally, post-processing steps
such as annealing are required to improve the conductivity of the material, leading to an increase in
energy consumption and producing additional cost. In this work, in order to develop a low cost and
low-temperature process adapted to flexible substrates, we have formulated a recipe for a functional
paste that can be used for the printing of several TiO2 layers, and that can preserve the original material
physical and transport properties. Indeed, in Figure 6a, we can see that the sensor current increased
as the number of successive printed layers is increased, due to the added TiO2 nanopartices (NPs).
This leads to a drop of resistance from about 1 GΩ to 266 MΩ (Figure 6b). With six printed layers,
the resulting resistance (266 MΩ) is low enough to make the sensor compatible with a simple and
low-powered electronic scheme, such as a Wheatstone bridge, for the signal read-out.
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Figure 6. Current against voltage (I–V) characteristics of (a) the devices with different numbers of
printed TiO2 layers; (b) resistance of the TiO2 as function of the number of printed layers.

Afterwards, humidity sensing performance was evaluated using the following equation to define
the sensors’ response:

S(%) =
Rini − Rmes

Rini
× 100

where Rmes are the resistances at a given humidity level, and Rini is the resistance at zero humidity
used as a baseline.

Reproducibility is one of the first requirements for a sensor’s application. Typically, it is defined
as a condition wherein the sensors exhibit multiple vapor adsorptions/desorption behaviors under
cyclic operating conditions. In order to examine this, the humidity environments of the sensor
were sequentially changed from 0 to 70% in periods of 30 min for several sorption and desorption
processes. Figure 7 reveals that during the fourth response/recovery cycles, the sensor response shows
a good sensing repeatability during cycling tests, which represents another advantage for its potential
application. However, a drift of about 8% in the initial value of the response can be observed in
Figure 7. This was attributed to residual moisture that had accumulated in the TiO2 film after several
sorption and desorption processes. Indeed, the highly porous structure of the TiO2 film highlighted in
Figure 5a,b can easily trap moisture, producing the observed drift in the measurements.
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Figure 7. Sensor response under dynamic cycles between 0% and 72% relative humidity (RH), at 25 ◦C.
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Next, in order to study further the characteristics of our humidity sensors, it is important to
investigate the sensors’ response at different humidity levels.

Figure 8a shows the sensors’ response for several dynamic cycles of absorption/desorption at
humidity levels varying from 0 to 70%. It is important to mention that low relative humidity levels were
detected with designed miniaturized sensors, introducing a significant improvement in comparison to
the other flexible humidity sensors found in the literature [40–43]. This can be attributed to the highly
porous surface of the printed TiO2 film, which results in a large surface area providing more surface
active sites and paths for water molecule adsorption and diffusion [39].
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Figure 8. (a) response curve of the sensor to gradually increased humidity levels, ranging from 0 up to
72%; (b) sensor response as function of the relative humidity; (c) response and recovery time of the
sensor as function of the relative humidity.

Figure 8b presents the sensors’ response as a function of humidity level, where it can be observed
that sensor response is linearly proportional to the relative humidity level, implying a more precise
measurement at a low humidity level and simple calibration, which are important parameters for
potential sensor application.

The response and recovery times are also very important factors to determine the performance
of humidity sensors, and they also need to be evaluated. The response time is the time taken by a
sensor to achieve 90% of the maximum response, and the recovery time is the time needed for the
senor to drop to 10% of its initial response. Both parameters were calculated from a long cycle time
(30 min), which was used to ensure that the device response reached its saturated limit without any
noticeable drift.

Figure 8c shows the response and recovery time as function of the relative humidity level including
the equilibration time of water vapor inside the test chamber. In this Figure, it can be seen that the
response and the recovery times are fast in a range from 5 to 40 % RH, varying between 40 s and 3
min for the response times, and about 50 s concerning the recovery times. However, the response
and recovery times become much slower at higher RH levels (>50% RH). This could be attributed
to the humidity sensing mechanism. In fact, at low RH, the decrease of resistance is mainly due to
the chemisorbtion of water molecules by the active sites available on the TiO2 surface. In that case,
the dominant charge transport mechanism is electronic transport, which is much faster than proton
conduction. On the other hand, the subsequent layer of the water molecule is generally physisorbed
by double hydrogen bonding with the hydroxyl groups formed on the previous water layer [30,39].
Afterwards, successive physisorbed water layers are accumulated on the surface of the TiO2 film as the
humidity level increases. In that case, the proton conduction mechanism becomes dominant, which
could explain the slower response times for high humidity levels.

Mechanical stability is essential to flexible electronic devices, especially for applications where
high stability over the mechanical deformation is required, such as wearable electronic and smart food
packaging. Therefore, the influence of the mechanical strain on the electrical behavior of the devices
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has to be explored. To do so, bending experiments were performed by attaching the flexible sensors to
a cylinder (Figure 9a) and the curvature angle was calculated to be approximately 100◦, as depicted in
Figure 9b.
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Figure 9. (a) picture of the sensor placed on cylinder; (b) schematic of the bended sensor; (c) resistance
under dynamic bending cycles; (d) resistance value as function of the bending cycles; (e) SEM picture
of the TiO2 after bending cycles; (f) response curves of the sensor to 35% RH when tested in a flat and a
bended position.

Figure 9c shows the resistance change during several bending and return to flat position cycles in
periods of 5 min. It can be seen that the resistance decreased during the bending experiments, but it
retrieved its initial value quickly after the mechanical excitation, i.e., after a relaxation time of about
1 min.

Figure 9c exhibits the resistance as a function of the number of bending cycles. The device showed
only a slight decrease in resistance (2.3% of the initial value) after five cycles. Moreover, a scanning
electron microscopy (SEM) analysis revealed no morphology change of the film caused by mechanical
bending (Figure 9d).

To validate the stable sensing operation under mechanical deformation, humidity measurements
were performed when the sensor was in a flat position and bended at 100◦.

At each indicated position, the sensor was exposed to RH varying from 0 to 35% RH in periods of
10 min. Note that the measurements in a bended position were performed 2 min after bending the
sensor in order to leave it enough time to recover its initial resistance value. Figure 9e shows that the
response of the sensor when it was bended increased by less than 3% from that measured when it
was in a flat position. It can be concluded that the sensors’ response showed negligible effect over the
mechanical strain.
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The obtained results indicate that the TiO2 paste formulation offers high mechanical stability for a
TiO2-sensitive layer when it is printed on a plastic substrate, which consequently allows the devices to
be used for flexible sensor applications.

4. Conclusions

An original and innovative process for the large-scale production of flexible and miniaturized
humidity sensors with TiO2 nanoparticles as sensing material was proposed. This method results from
the association of two different approaches: laser ablation and screen-printing. The first approach is
coherent for the patterning of micro-scale interdigitated electrodes. The second one is particularly
adapted for the industrial integration of metal-oxide-based sensitive film on flexible substrate. Both
approaches are fast, cost-effective, and do not require annealing and chemical treatment, which makes
them compatible with any kind of flexible substrates. The electrical measurements of the investigated
sensors revealed Ohmic behavior, and the electrical properties of the devices were improved by
printing successive layers. Mechanical testing showed very good stability of the electrical properties
and humidity response of the investigated sensors. The humidity sensing properties were evaluated
by the measurement of resistance change with variation in the humidity. The linear response of
the fabricated sensitive layer, in range from 5 to 70% relative humidity, reveals great potential for
environmental monitoring and humidity sensing applications. In addition, the sensors showed good
repeatability and a relatively fast response time. Therefore, the possibility to fabricate miniaturized
sensors in a large-scale manner, with preserved good sensing properties, paves the way to low-cost
solutions for sensor technologies printed on flexible substrates.
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Conducted research introduces a rapid and cost-effective approach to technological processing of
screen-printed films with anatase TiO2 nanoparticles.  The undertaken approach is  based on the
hierarchical combination of the screen-printing process and laser post-treatment. Investigation of
surface morphology of screen-printed films revealed that higher laser fluences caused significant
reduction in film thickness, trough evaporation of organic additives used in the paste matrix. EDX
mapping of carbon content in untreated and laser sintered surface confirmed removal of organic
additives.  Laser sintering stimulated breaking of large agglomerates into much finer nano-sized
particles  and  promoted  formation  of  necking  between  individual  grains.  Crystal  structure  and
vibrational properties of anatase TiO2 nanoparticles was monitored with Raman spectroscopy before
and after laser sintering. Obtained results point out that anatase polymorph was preserved during the
sintering process, without appearance of other phases. From observation of the behavior of the most
intense  Eg  Raman  active  mode,  it  was  deduced  that  laser  sintering  provoked  a  formation  of
structural defects i.e. oxygen vacancies in TiO2 nanoparticles, whose concentration increased in the
samples treated with higher laser fluences. Mechanical properties of untreated and laser sintered
samples were investigated with nanoindenter measurements using several load forces, in order to
carefully probe the Young modulus and mechanical hardness. From the analysis of collected data,
we established that overall improvement of the mechanical properties with laser sintering originates
from formation of very dense ceramic layer with enhanced interconnectivity between individual
TiO2 nanoparticles. Measurements of current vs voltage characteristics clearly demonstrated that
increase in laser fluence leads to drastic increase in current values and improvement of electric
conductivity. 

Developed processing technology was further exploited for fabrication of multifunctional devices
printed on flexible substrates, with multisensing capability, which have attracted a lot of attention
due to various applications, such as wearable electronics, soft robotics, interactive interfaces, and
electronic  skin  design.  The  screen-printing  is  used  for  the  patterning  of  silver  interdigitated
electrodes and the active layer based on TiO2 nanoparticles, whereas the laser processing is utilized
to fine-tune the UV and ethanol-sensing properties of the anatase active layer. Laser fluence was
adjusted to enhance the electrical conductivity and optimize the UV photoresponse and ethanol-
sensing characteristics at room temperature. 
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