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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.
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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
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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 the preservation of the material fundamental proper-
ties trough the printing process and providing 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 of-
fers very precise patterning on various types of sub-
strates with efficient use of nanomaterials and also pro-
vides substantial operating flexibility since it does not
require the use of masks and other complicated process-
ing 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. The vis-
cosity 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 (Fujifilm,
Japan) semi-industrial inkjet printer. The optical images
were collected using Huvitz HRM-300 optical micro-
scope (Huvitz, South Korea). Atomic force microscopy
(AFM) measurements were performed on NTEGRA
prima (NDMT, Russia) microscope in semi-contact
mode. The characterization of DC electrical proper-
ties 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

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-

Figure 5. The average particle size of TiO2 and ZnO primary
dispersions stabilized with SO
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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 the appearance of this feature can lead
to the degradation of the print quality. The printing of
uniform layer on Si and Kapton® surfaces resulted in a
formation 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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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
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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 5 V 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. The measurement of
photocurrent 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 liter-
ature data for photocurrent values of ZnO based mate-
rials [23–25], one important fact can be established and
that is very good photosensitivity with very high pho-
tocurrent values. 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 previ-

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)

ously published data [26], and these findings render sen-
sor with ZnO nanoparticles not suitable for photosen-
sitive devices, where fast response is required. Longer
rise/decay times are probably the result of IDE configu-
ration, and further optimization of the electrode design
can lead to the improved 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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