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Inkjet deposition is an attractive technology to localize nanomaterials in an area-selective manner on

virtually any kind of surfaces. Great advantages of the method are effective usage of materials, low

processing temperatures and few required manufacturing steps, thus enabling rapid prototyping and

bulk production with reasonably low cost. A number of different electrical devices such as light

emitting diodes, transistors and solar cells have already been demonstrated, reflecting the versatility of

inkjet printing. In this paper, we collect the contemporary results on inkjet deposited gas sensors and

show examples of such gas sensing devices based on surface modified WO3 nanoparticles for efficient

discrimination of various gaseous analytes from sub-ppm up to nearly 0.1% concentration levels in air.
1. Introduction

Gas sensors based on semiconducting metal oxides are indis-

pensable devices that can be applied in diverse segments of our

daily life, including automotive exhausts, the household,

healthcare as well as industrial processes and safety control

systems. The active gas sensing components are usually inte-

grated by using scalable methods such as thick film (gravure- and

screen-printing) techniques or CMOS (complementary metal-

oxide-semiconductor) compatible techniques (sputtering, evap-

oration). However, inkjet printing, being one of the most facile

deposition tools, is quite untouched in the open literature from

the viewpoint of building gas sensors with inorganic semicon-

ducting nanoparticles,1,2 while several other types of inkjet

printed gas sensors are discussed in detail (Table 1).

Various forms of tungsten oxide materials (micro/nano-

particles, wires/rods, thin and porous films) have been
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synthesized and studied as gas sensing materials during the past

few decades, mostly due to their sensitivity towards nitric

oxides.3–5 Pulsed laser deposition,6 reactive evaporation,7 sput-

tering,8 thermal oxidation,9 and wet chemical processes10 are

most commonly applied to construct the sensing layers. Deco-

ration and/or doping of semiconducting metal oxides with metal

nanoparticles have been known to alter the electrical transport

behaviour as well as sensitivity of gas sensors towards different

analytes.11–15 Doping results in the appearance of new impurity

levels near the valence and/or conduction bands which can

influence both inter- and intra-band carrier transport16–18 and

also alter carrier concentration and mobility. As a result of this,

the Debye length of the material is affected. On the other hand,

decoration of the semiconductor surface with metals or other

semiconducting particles may lead to the formation of rectifying

Schottky junctions at the interfaces (depending on the electron

affinity of semiconductors and work functions of metals) helping

charge separation nearby the anchored nanoparticles also influ-

encing the gas–solid interaction and sensing (electronic sensiti-

zation). In addition, the decorating nanoparticles can also

activate gas molecules to react with the semiconducting oxide

support thus changing the work function and the overall carrier

distribution of the surface (chemical sensitization or chemi-

sorption). The classical example of this kind of behaviour is

exemplified by the dissociation of H2 on Pt or on Pd surfaces,

followed by a spill over of hydrogen on the support where it

partially reduces the oxide surface.19

In this work, we study inkjet deposited Taguchi-type gas sensor

devices based on various types of surface modified WO3 nano-

particles. Efficient discrimination of gaseous analytes in air is

demonstrated showing the feasibility of developed nanomaterials

and also the practical use of inkjet printing in this context.
This journal is ª The Royal Society of Chemistry 2012
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2. Experimental

Wet impregnation was used to anchor solid metal precursors on

WO3 nanoparticles (Sigma-Aldrich, <100 nm). To obtain prod-

ucts with 1 wt% nominal metal loading in the process, 15.9 mg

AgNO3 (Aldrich, 99.9999%), 28.7 mg Pd(C5H7O2)2 (palladium

acetylacetonate, Aldrich, 99%) and 20.2 mg Pt(C5H7O2)2 (plat-

inum acetylacetonate, Aldrich, 99.99%) were dissolved in

acetone–water mixture (200 mL, 50/50 vol.%) and mixed with

1.00 g of WO3 powder applying ultrasonic agitation for 3 hours,

followed by stirring for 6 hours, respectively. After evaporating

the solvents under N2 atmosphere (on a hotplate set to �80 �C),
the samples were annealed in air at 300 �C for 2 hours.

Elemental composition of the decorated nanoparticles was

assessed by energy-dispersive X-ray spectroscopy (EDX, Inca,

Oxford Instruments, installed on a Jeol JSM-6400 scanning

electron microscope) measuring at least at 5 different sample

locations. X-ray photoelectron spectroscopy (XPS, Kratos Axis

Ultra, mono Al KaX-ray source, analysis area of 0.3� 0.7 mm2,

applying charge neutralizer) was used to study the chemical

composition as well as the oxidation states of metals anchored on

the WO3 nanoparticles. X-ray diffraction (XRD, Philips

PW1380, Cu Ka radiation), energy filtered transmission electron

microscopy (EFTEM, Leo 912 Omega, 120 kV), high-resolution

transmission electron microscopy (HRTEM, JEOL 2000FX,

200 kV) and field emission scanning electron microscopy

(FESEM, Zeiss ULTRA plus) were applied to study the structure

of the materials as well as the surface structure/morphology of

sensor devices.

The inks were prepared by mixing 100 mL of deionized water

with �230 mg of WO3 nanoparticles followed by ultrasonic

agitation for 3 hours. After 16 hours of natural sedimentation,

the supernatant fraction from the top of the container was

collected and used for inkjet printing. During ink preparation,

neither surfactants nor other additives were used to simplify

interpretation of gas sensing results. The concentrations of the

collected WO3 inks were measured to reside in the range of 0.9 �
0.4 g L�1 (Ag–WO3), 1.5 � 0.1 g L�1 (Pd–WO3), 1.3 � 0.2 g L�1

(Pt–WO3), and 1.4 � 0.1 g L�1 (pristine WO3). The viscosity of

the pristine WO3 ink (measured by a capillary type viscometer

with a differential pressure sensor for measuring a pressure drop

along the capillary) was similar to that of water, 0.8 � 0.1 cP at

�25 �C. The particle size distribution and zeta potential of

pristine WO3 nanoparticle ink were measured by a Delsa Nano C

particle analyzer (Beckman Coulter, CA, USA). The particle size

distribution and ink stability were also studied by an in-lab-made

spectroscopic measurement setup.

Microscopic line patterns of the nanomaterials were deposited

using an inkjet printer (Dimatix, DMP-2800, ink and substrate

temperatures of 30 and 35 �C, respectively, and piezo firing

voltage of 9 V). In order to study the properties of the prepared

inks, test patterns were deposited on Si substrates 1, 3, 9, and 27

repeated layers with 25 mm drop spacing using 3 different

patterns: a droplet in a single location, four droplets in a row

with �0.2 ms and �1.8 s drying time between jetting of neigh-

bouring droplets. In each case, the layers are allowed to dry at

least for 5 seconds, before depositing the next layer. Sensor

devices were inkjet printed on Si/SiO2 substrates having litho-

graphically defined Ti/Pt electrodes. Line patterns of the sensor
17880 | J. Mater. Chem., 2012, 22, 17878–17886
materials were deposited across the chip electrodes by ejecting 10

ink droplets (10 pL nominal volume) with 20 mm centre-to-centre

spacing (while keeping�1.8 s drying times) between each droplet

and then repeating the process to have 20 layers.

After the actual printing, each sensor was exposed to a heating

cycle as follows: 300 K–500 K–350 K–500 K–300 K with 10�

min�1 heating/cooling rates to dry the printouts. Gas response to

H2, NO, CO, and H2S analytes (in this order) was measured at

220 �C in air buffer using a Labview controlled gas blender. The

sensors were heated at a rate of 10� min�1 from room tempera-

ture up to the operation temperature just before starting the

measurement. At the beginning of each gas measurement, the

sample was kept at 220 �C for 8 hours under synthetic air

atmosphere to clean the surface of the sensors and stabilize the

conductance signal. Several gas input cycles, with four different

analyte concentrations, were used in the course of the gas

measurements. Current–voltage, resistance–temperature and gas

sensing experiments were performed in darkness in a Linkam

THMS600 Heating and Freezing Stage using a Keithley 2636A

sourcemeter and an Agilent 3458A multimeter as voltage source

and current meter, respectively.
3. Results and discussion

3.1. Structure and composition of gas sensing nanoparticles

According to X-ray photoelectron spectroscopy (XPS) (Fig. 1),

the nanoparticles encompassed mixed oxidation states of the

corresponding metals, except in the case of silver which was

found to be entirely metallic (Ag 3d5/2 at 368.4 eV). The resolved

Pd 3d5/2 peaks at 336.3, 337.5 and 338.5 eV binding energies

suggest the oxidation states of Pd2+ and Pd4+ present in the

samples (PdO, PdO2, Pd(acac)2). In the case of platinum modi-

fied powders, both metallic Pt0 and oxidized states such as Pt2+

and Pt4+ coexist according to the fitted Pt 4f7/2 peak positions at

71.2, 72.9 and 75.1 eV, respectively.

The decomposition of metal-precursors impregnated on the

WO3 nanoparticles resulted in the formation of particles with a

few nanometers in size on the surface (Fig. 2). The typical size of

the particles formed was between 1–4 nm, 2–5 nm and 1–2 nm

from the AgNO3, Pd(C5H7O2)2, and Pt(C5H7O2)2 precursors,

respectively. The decomposition products of the impregnated

AgNO3 appear separately on the WO3 surface, while the

Pd(C5H7O2)2 precursor produces nanoparticles that are

agglomerated to larger clusters of �10 nm size. In the case of

Pt(C5H7O2)2 precursor, the formed nanoparticles show only

minor agglomeration.

The distribution of nanoparticles was not completely uniform

as revealed by lower magnification transmission electron

microscopy (TEM) analysis. The values of average metal

concentration in the powder samples (cAg ¼ 1.0� 0.6 wt%, cPd ¼
0.9 � 0.5 wt%, cPt ¼ 1.4 � 0.5 wt%), measured by energy-

dispersive X-ray spectroscopy (EDX), are close to the designed

value (cMe ¼ 1 wt%). However, the considerable standard devi-

ation in each dataset also hints at non-uniform distribution of

anchored nanoparticles on the WO3 surface.

Because of their small size, the low concentration and prob-

ably also due to the amorphous structure of the deposited

nanoparticles, neither the reduced nor any oxide phases of the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 X-ray photoelectron spectra of the decorated WO3 nanoparticles. In the case of Pt–WO3, not-fitted intensity at 79 eV corresponds to W 5s core

level.
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metals could be identified by means of XRD analysis. Each

pattern is very similar to that of the original monoclinic WO3

(JCPDS card #830951) as shown in Fig. 3. The crystallite size of

the WO3 support was evaluated to be 32 � 3 nm based on

the broadening of the (004) and (040) peaks. Broad reflections at

2Q < 15� of Ag–WO3 and Pd–WO3 data originate from satura-

tion of the XRD facility sensor at low angles with high intensity

radiation and thus are not from the sample powders.
Fig. 2 High-resolution (left column) and energy filtered (right column)

transmission electron microscopy images of decorated WO3 nano-

particles applied in the gas sensing measurements. The nanoparticles

deposited on the WO3 surfaces are the decomposition products of (a)

AgNO3, (b) Pd(C5H7O2)2 and (c) Pt(C5H7O2)2 precursors. Insets show

decorated individual WO3 nanocrystals. Scale bars show 20 nm.

This journal is ª The Royal Society of Chemistry 2012
3.2. Stability of nanoparticle suspensions and average size of

nanoparticles

In order to determine the stability of the aqueous suspensions of

nanoparticles further used for inkjet printing and estimate

average particle diameters, we performed spectroscopic

measurements. Collimated transmittance of a narrow beam

(0.5 mm in diameter) scanned over the 250–1100 nm wavelengths

through the original suspensions was measured; calibration was

done using water. The spectra did not change within at least 3 h

for all WO3 nanoparticle suspensions (both decorated and

pristine).

Average nanoparticle sizes were estimated by the comparison

of scattering coefficients (ms) retrieved from the measured data

and derived from the Mie theory of light scattering for a light

wavelength of 650 nm. At such a wavelength, no absorption

takes place, thus collimated transmittance (Tc) obeys the Beer’s

law: Tc ¼ e�msL, where L is the physical thickness of the cuvette

with the suspension (10 mm). On the other hand, the scattering

coefficient for different particle diameters was calculated from

the Mie theory, using refractive index of water (1.33) and WO3

(2.3), concentrations of the inks, and WO3 density (7.16 g cm
�3).

Since the concentration values are not exact but have some

uncertainty, the theoretical values have also upper and lower

limits (Fig. 4, for Pt–WO3 as an example).

The values of the scattering coefficient obtained from the

experiment should match those derived from the theory, thus
Fig. 3 X-ray diffraction patterns of pristine and the three different types

of decorated WO3 nanoparticles.

J. Mater. Chem., 2012, 22, 17878–17886 | 17881
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giving us the particle diameters: 119 � 3 nm (pristine WO3),

118 � 6 nm (Pt–WO3), 109 � 2 nm (Pd–WO3), and 103 � 16 nm

(Ag–WO3). The value measured for pristine WO3 by means of

dynamic light scattering analysis (Delsa Nano C) was also found

to be very similar: 100 � 40 nm. Zeta potential measurements

(Delsa Nano C) indicate that the dispersion has good stability.

When the pristine WO3–water ink was diluted with distilled

water (10 mM NaCl solution) (1 : 10), the zeta potential was

measured to be �44 mV � 5 mV (53 mV � 5 mV), respectively.

Based on these observations, the prepared suspensions are

concluded to be stable, having dispersed particles of 110� 20 nm

in diameter.
Fig. 6 Field emission scanning electron micrographs of a sensor with

printed WO3 nanoparticles (a–c). Panel (d) shows a higher magnification

image of palladium oxide decorated WO3 nanoparticles on a sensor. The

Fig. 5 WO3 nanoparticle inkjet test patterns. (a) A droplet deposited in

a single location 1, 3, 9 and 27 layers. Four droplets printed in a row with

25 mm spacing using (b) �0.2 ms and (c) �1.8 s drying time between

depositions of subsequent adjacent droplets. Notice: at least 5 seconds

drying time was allowed in each case between printing of subsequent

layers.
3.3. Inkjet deposited sensor chips

To obtain dispersions for inkjet deposition, the as-prepared

nanoparticle powders were suspended in deionized water using

ultrasonic agitation. To reveal the printability of our inks, 3

different types of patterns were deposited first on a Si wafer.

The first pattern consisted of only individual dots as shown in

Fig. 5(a). The other pattern, as in Fig. 5(b), was made by

depositing 4 droplets rapidly next to each other with 25 mm

centre-to-centre spacing and �0.2 ms delay. The third type of

pattern is similar to the previous one but the subsequent droplets

are ejected with �1.8 s delay (Fig. 5(c)). In all cases, single

(1 layer) and multilayer (3, 9 and 27 layers) deposits were made as

well. Droplets deposited in a single location reveal that at least 9

repeated layers are needed to achieve continuous nanoparticle

films. When the droplets are printed next to each other they tend

to merge together forming an elongated but not line shaped

pattern. Accordingly, to be able to fabricate well defined sensor

patterns, it is essential to allow the droplets to dry before the

placing of the subsequent one.

After printing on the sensor chips, the dried WO3 patterns

were observed to form a porous, thick and continuous layer with

well-defined edges (Fig. 6). The typical resistance of the printed

sensor structures (depending on doping and fabrication batch)

was between 10 MU and 1 GU at 220 �C. The current–voltage

characteristics of the sensors show slight non-linear behaviour

(not shown), which is understandable considering the Schottky

interface between the large work function chip-electrode
Fig. 4 Scattering coefficients for Pt–WO3 nanoparticle suspension vs.

particle diameter: curves are derived from theory and straight line is from

experiment. The intersection gives the average particle size.

black arrows indicate the decorating palladium oxide particles of 2–5 nm

size. Scale bars show 50 mm, 10 mm, 100 nm and 100 nm in the (a), (b), (c)

and (d) panels, respectively.

17882 | J. Mater. Chem., 2012, 22, 17878–17886
(4Pt � 5.7 eV and 4Ti � 4.3 eV)37 and the n-type semiconducting

WO3 surface (cWO3
� 3.3 eV).38
3.4. Gas adsorption behaviour on metal and metal-oxide

surfaces

Quite many of the n-type semiconducting metal oxides, such as

WO3, SnO2 and ZnO, display strong activity towards sensing of

environmentally and industrially relevant gases including CO,

CH4, H2 NH3, NOx, etc.
39,40 According to a simple qualitative

picture, reducing gases adsorbed on the oxide surfaces (n-type)

increase electrical conductivity by inducing oxygen defects,

which are essential for ionic conduction in the lattice. Oxidizing
This journal is ª The Royal Society of Chemistry 2012
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analytes – on the other hand – work opposite and decrease

conductivity. The degree of change is a function of the chemistry

and concentration of analytes, and of course depends on the

sensor material itself. However, the presence of the decorating

metal/metal oxide nanoparticles on the surface of semiconduct-

ing metal oxides is clearly making the overall picture of gas

sorption and sensing mechanisms more complex.

The sensitivity of our printed WO3 based devices towards a

particular analyte varies greatly with the decorating metal or

metal oxide in question, thus inducing molecular selectivity, i.e.

discrimination of different types of analytes. The response and

recovery times (95% and 5% of the saturation conductance in

reference to the base line, respectively) depend also on the type of

the prepared device. The quickest sensor is the Pt–WO3, with a

typical response time of a few minutes. All other sensors display

slower responses of �10 minutes or higher, except the pristine

WO3, which responded to H2S or NO within 3 minutes. Sensor

recovery usually requires longer time-periods, typically half an

hour or more (Fig. 7) being higher than those typical for Tagu-

chi-type gas sensors.41,42Both the large specific surface area of the

WO3 nanoparticle based sensing materials and the porous nature

of the deposited patterns on the chips can be responsible for this.

While the large surface area is influencing the rates of adsorption

and desorption; the porous structure is limiting diffusion of the

gas molecules from/to the nanoparticles.
Fig. 7 Change in the conductance of the modified and pristine WO3 nanopa

160, and 640 ppm of H2, (b) 0.5, 2, 8, and 32 ppm of NO, (c) 10, 40, 160, and 64

carrier gas at 220 �C. In each experiment, 5 subsequent sets of pulses were ap

Please note that the y-axes in the H2 sensing data are logarithmic.

This journal is ª The Royal Society of Chemistry 2012
Noticeable drift is present – mainly – at the beginning of

individual gas measurements. This is a common phenomenon

seen in most metal oxide gas sensors caused by several factors:

the slow desorption of gas molecules from the surface, bulk

diffusion of oxygen vacancies in the oxide, change of semi-

conductor–metal contact at the electrodes, and physical changes

in the sensors’ structure such as crack formation and coarsening

of sensitizing particles, etc.43,44 Anyhow, fairly stable base signals

could be achieved after a few hours of heat treatment at 220 �C.

3.4.1. Nitrogen monoxide – NO. Each sensor was found to be

sensitive towards NO with varying response depending on the

type of the decoration metal. Upon exposure to oxidizing gases,

the electrical conductance decreased, as expected for a sensor

based on the n-type semiconducting active layer. In previous

studies, WO3 sensors were observed to exhibit an enhanced

response to NO, when doped with Ag45 or covered by a thin layer

of Pt or Pd.11 In another study, the WO3 gas sensor with NiO-

doping was shown to have enhanced NO response, when NiO

concentration was in the range of 1 wt%.46 However, in our case

the response to NO was observed to be slightly lower for metal

and metal oxide decorated WO3. An interesting feature was

observed whenmeasuring NO analyte with Pd decorated sensors.

At low NO concentrations (0.5 and 2 ppm), an increase in the

conductance was observed indicating that the surface of the
rticle based gas sensors when exposed in the following order to (a) 10, 40,

0 ppm of CO, and (d) 0.5, 2, 8, and 32 ppm of H2S analytes in synthetic air

plied to demonstrate sensor recovery and repeatability of gas responses.

J. Mater. Chem., 2012, 22, 17878–17886 | 17883

https://doi.org/10.1039/c2jm32499g


Fig. 8 Gas sensitivities (as a function of analyte concentration) of metal

decorated and pristine WO3 sensors to (a) CO, (b) H2, (c) H2S, and

(d) NO.
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sensor nanoparticles was either slightly reduced or at least some

of the adsorbed oxygen species (of the carrier gas) desorbed.

Based on extended X-ray absorption fine structure (EXAFS)47

analysis and IR48 measurements, the reduction of Pd2+ to Pd1+

with adsorbed NO is, indeed, possible resulting in the formation

of NO2 gas. At higher NO concentrations, the amount of

produced and adsorbed NO2, obviously an oxidizing gas, may

overcome the reductive behaviour of NO, thus expressing a more

pronounced oxidative gas response of the sensors.49

It is worth mentioning that WO3 itself is not reported as an

effective catalyst for the oxidation of NO. Anyhow, our results

suggest that NO undergoes oxidation on our sensors, which may

be due to the presence of Pt in each sample (the electrode

surfaces), in addition to the other metals/metal oxides decorating

the WO3 nanoparticles.
45,50–56

3.4.2. Hydrogen sulphide – H2S. Dwyer et al.57 have used

XPS to investigate the interactions between tungsten oxide films

and H2S gas at 475 K, close to our sensor operation temperature

of 493 K. The WO3 film was exposed to different concentrations

of H2S gas and after each exposure, W 4f, O 1s and S 2p spectra

were recorded. It was assumed that in the first step, oxygen

vacancies are formed on the surface of the crystal. Also other

mechanisms such as the development of a WS2 surface may

evolve similarly to those on multitude transition-metal oxides

when exposed to H2S.
58,59 Presumably, at low concentrations,

H2S dissociatively adsorbs on the surface and desorbs as SO2 and

H2O, consequently resulting in oxygen vacancies in the lattice.

Large quantities of hydrogen-sulphide promote the evolution of

tungsten-sulphide on the surface of WO3. This partial poisoning

of the surface may explain why the first set of gas pulses induced

larger responses than the subsequent ones.

Pt-decorated sensors show only small reductive gas response,

while the Pd-decorated devices demonstrate practically no

response at all. In these cases, a strong metal surface poisoning

with the formation of palladium- and platinum sulphides60 can

reasonably explain such a poor sensing behaviour.

In the case of Ag-decorated WO3, a surface layer of Ag2S

forms when the nanoparticles are exposed to H2S, especially in

the presence of O2 at the same time.61 Though the sulphide layer

is thermally unstable at elevated temperatures after measure-

ments in H2S,
62,63 the metal decorated nanoparticles can only

partially recover at 220 �C under air flow leading to a decreased

sensor performance (Fig. S1†).

3.4.3. Hydrogen – H2. The relatively moderate responses of

pristine WO3 and Ag-decorated sensors result from the absence

or limited catalytic oxidation of H2 below 400 �C.64 However,

due to the Pt electrodes, some electrons and protons form after

the dissociation of H2 to adsorbed H atoms, and the protons can

react with lattice oxygen of WO3, thus creating oxygen vacancies

and an increased conductance.65–67

Both platinum and palladium decoratedWO3 gas sensors were

observed to be highly sensitive (�10% per ppm and �1000% per

ppm, respectively) and selective towards H2. The Pt-decorated

sensor illustrated an extremely high �104-fold increase in its

conductance when exposed to 640 ppm analyte (Fig. 7). The

oxides of noble metals, such as Pd and Pt, are reduced in H2 at

220 �C. Consequently, it is highly likely that on Pd/WO3 as well
17884 | J. Mater. Chem., 2012, 22, 17878–17886
as on Pt/WO3 surfaces, H2 is dissociatively adsorbed, which in

turn may cause the reduction of W6+ centers, consequently

increasing the number of strong acid sites of WO3,
68 as also

demonstrated69 Pt or Pd impregnated WO3 catalyzes H2 oxida-

tion. Our results on Pt and Pd modified WO3 are comparable

with earlier reports on Pt decorated ZnO nanorods70 and nano-

particles14 as highly sensitive H2 sensors. The main reason for the

extremely high sensitivity towards H2 is most likely due to a

spillover of dissociated hydrogen that facilitates reduction of the

WO3 surface in a similar manner to the directly adsorbed H2.

3.4.4. Carbon monoxide – CO. In the case of CO catalysis,

adsorption of CO molecules onto the metal oxide surface usually

takes place via the C atom on the metal cations. As the next step,

an O atom of the oxide surface can be transferred to the adsorbed

radical/CO molecule, leading to the formation of (i) oxygen

vacancies in the metal oxide and (ii) release of CO2 from the

surface. The catalyst can be regenerated by the chemisorption of

O2 molecules from the gas phase, thus facilitating the re-oxida-

tion of the surface for subsequent CO oxidation and so forth.40

This sequence of events (i.e.Mars–van Krevelen mechanism) will

result in a dynamic change of lattice oxygen/defect concentration

ultimately leading to a change (increase) in the materials

conductivity.71 On the contrary, in our system the sensor surface

is always flooded with oxygen species because of the sensor

recovery in air atmosphere in between the gas pulses. One should

also observe the high concentration of O2 in the buffer gas.

Accordingly, the decorating nanoparticles should be covered by

adsorbed and dissociated oxygen species. Since the surface is

practically blocked for CO to adsorb, the Eley–Rideal mecha-

nism seems to be the only plausible way to oxidize the analyte to

CO2 (ref. 72 and 73) and therefore does not give rise to any kind

of change of the electrical properties as a result of this

phenomenon. Since CO has a limited access to the surface, the

sensitivity of the devices for CO is generally poor (Fig. 7).
4. Conclusions

Tungsten oxide nanoparticles decorated by wet impregnation

with metal and metal oxide nanoparticles and subsequently

subject to inkjet printing were applied to construct Taguchi-type
This journal is ª The Royal Society of Chemistry 2012
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metal oxide gas sensors based on modified WO3 nanoparticles.

Gas responses of the sensors were observed to vary depending on

the surface decoration. The relative change of conductance for

Pd and Pt modified sensors, when exposed to 640 ppm of H2 were

extremely high, �100-fold and �10 thousand-fold, respectively.

The responses of Ag-modified and pristine WO3 sensors towards

NO were considerable (�10% per ppm analyte for both), while

the Pd and Pt modified nanoparticles demonstrated a moderate

response. In general, the responses of the devices towards CO

andH2S were observed to be low (Fig. 8). The large differences in

the sensitivities therefore demonstrate that metal or metal oxide

decorated WO3 nanoparticles are suitable for selective detection

of analytes.

Besides the simplicity of inkjet printing to produce different

types of sensor devices with high throughput, it is also a cost

effective approach with practical relevance. When printing

several sensors in a single batch, the sensing layer for a single

device may be deposited within a fraction of a second. The

amount of WO3 nanomaterials used in a single component is

estimated to be around nanogram quantities resulting in less than

one Euro material cost per 1 million devices. Even though this

work introduced printing of WO3 nanoparticles between Pt

electrodes on Si/SiO2 substrates, an analogous inkjet printing

method could be applied on virtually any kind of substrate.

Accordingly, the manufacturing cost of such sensors is evaluated

to depend almost completely on the price of the measuring

electronics.

Though we have attempted to explain the observed sensor

responses on the basis of catalytic surface processes reported in

the literature on similar gas–solid systems, a more precise and

exact evaluation of the surface reactions requires further inves-

tigation using for instance in situ infrared and X-ray photoelec-

tron spectroscopy methods.
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