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hancement in NH3 sensing for
surface functionalized WO3 film

Vibha Srivastava†* and Kiran Jain

Sensors were fabricated using a screen-printing technique using WO3 produced by a sol–gel process.

Surface functionalization was achieved by using normal and catalyzed SiO2 coatings. The variation of

sensor response to ammonia gas was investigated for both undoped and platinum doped WO3 sensor

layers. The response to ammonia exhibited significant improvement following surface modification with

catalyzed silica. The increase has been attributed to an increase in Schottky barrier height.
Introduction

Metal oxide semiconductor based sensors offer nondestructive,
continuous and rapid measurement of low concentrations of
gases. Many oxides such as ZnO, SnO2, In2O3, WO3 etc. have
been extensively investigated. These oxides are non-
stoichiometric and free electrons originating from oxygen
vacancies contribute to electronic conductivity. The detection of
a change in resistance on exposure to gas is the working prin-
ciple of these sensors. Since the surface layer of the material is
mainly involved in these reactions, the gas response is strongly
dependent on the surface to volume ratio.1

Detection of ammonia at lower levels is important for many
elds of technological importance such as food technology,
chemical engineering, medical diagnosis, environmental
protection and monitoring of vehicle interiors.2 Increased
pollution awareness has increased the demand for sensors for
continuous monitoring as exposure to high ammonia concen-
trations is a serious health threat. Tungsten oxide is n-type
semiconductor with an interesting photoconductivity and
resistivity which has been shown sensitive to low concentration
of NH3 and NOx.3 To further improve the gas response, noble
metals are added to the sensing layer to enhance the catalytic
reaction with the target gases.4,5 Gas sensing involves adsorp-
tion induced changes on the surface thereby sensor response
can be controlled by surface functionalization of the semi-
conductor oxides.5 To improve gas selectivity in oxide sensors,
bilayer conguration of sensing layers is oen used.6,7 A thin
permeable membrane of SiO2 has been shown to increase gases
sensitivity, selectivity and high temperature stability.8,9 We have
shown that Pt dopedWO3 with SiO2 is highly sensitive to NH3 at
450 �C in comparison to Au and Pd doped WO3 with and
without SiO2 overlayer.10 SiO2 membrane with a thickness
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gradient had been applied on gas sensor arrays to achieve
different gas sensitivities for individual sensor elements. Such
arrays have been employed for electronic nose applications
using pattern recognition methods.11 La2O3–Au/SnO2 – layer
with silica coating is used in CO sensor.12 High ammonia
sensitivity is reported for SnO2 coated with Pt and SiO2.13 We
have shown a signicant improvement in ammonia sensitivity
of WO3 thick lms by coating with a platinum catalyzed silica–
niobia layer leading to sensors capable of detecting ammonia
down to 15 ppm.14,15 In the present work, we investigate elec-
trical property of SiO2 and Pt/Nb/SiO2 coated undoped and Pt
doped WO3 powder to understand the role of surface func-
tionalization layer.
Experimental

The WO3 powder is prepared by adding 5 gm of tungstic acid
powder to 30% H2O2. The mixture is then stirred for 8 h to
obtain peroxotungstic acid gel (PTA) and further dried to obtain
precursor powder of WO3. This powder is calcined at 600 �C for
4 hours in air to obtain tungsten oxide powder.14 Pt doped
powder is prepared by adding WO3 powder to a solution of
0.4 wt% chloroplatinic acid in water before drying. A simple
traditional design is used to fabricate metal oxide sensor which
consists of alumina substrate with a printed heater and a gold
nger electrodes. Thick lm pastes were prepared and screen
printed of pure undoped WO3 powder (W) and Pt doped WO3

powder (W/Pt). Aer drying at 120 �C for 30 minutes, sensors
were red at 800 �C for 10 minutes in a furnace. The thickness
of WO3 layer was around 50 mm. For surface functionalization
with silica, a sol was prepared using tetraethyl ortho-silicate
(TEOS), hydrochloric acid and ethanol. A drop of this sol was
dropped on W and W/Pt sensors, dried and red at 600 �C
resulting in silica coated (W/S and W/Pt/S) samples. Another sol
was prepared for catalyzed silica sol coating, for which 0.1 gm
niobium chloride was dissolved in 10 ml ethanol, to which
0.1 gm platinum chloride powder was added, four drops of this
RSC Adv., 2015, 5, 56993–56997 | 56993
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Fig. 1 XRD pattern of WO3 powder with TEM image of silica coated
WO3 sensor as an inset.

Fig. 2 Plan view TEM image of (a) silica and platinised/niobium silica
coating over WO3 film and (b) magnified TEM image.
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Pt/Nb sol were mixed with one drop of silica sol and nally one
drop of this sol was coated over the sintered WO3 sensor. The
surface coatings was dried at 120 �C for 30 minutes and then
red at 600 �C for 10 minutes. This resulted in catalyzed silica
sensors (W/C and W/Pt/C). The annealing temperature for the
surface layers is kept lower than the sintering temperature to
avoid undesirable changes in the microstructure of WO3.
However at ring temperatures, SiO2 and catalyzed SiO2 coated
on the surface of WO3 may penetrate/diffuse to the grain
boundary which is conrmed by change in Schottky barrier
height.

Resistance of the sensors is measured using a Keithley 2000
multi-meter in static ambient. The sensors were tted onto a
sample holder which can be heated externally. The temperature
of the lms is determined by a thermocouple attached nearer to
the sensor and was kept constant during each measurement.
The measurements were rst performed at each temperature in
air at room environment and then a required amount of NH3

was added to the chamber (volume 350 cm3) through a rubber
septum using a syringe. Sensor response (S) is generally dened
as the ratio of the resistance in dry air (Rair) to that in presence
of ammonia (Rgas), i.e. S ¼ Rair/Rgas. Different ammonia
concentrations were obtained by successive injections, aer
measurement at the highest concentration (4000 ppm) the test
chamber was ushed with dry air. Estimation of crystallite size,
phase and crystalline planes was carried out using a Technai G2
electronmicroscope operated at 200 kV accelerating voltage. For
TEM measurement of sensor samples aer surface functional-
ization were removed from alumina, sonicated in water to make
dilute dispersion and a drop of this dispersion is put over
carbon coated grid. XRD pattern of the sample is acquired by a
Bruker D8 Advance X-ray diffractometer (Germany) using Cu Ka
radiation (l ¼ 0.154178 nm).

Results and discussion

XRD and TEM analysis is carried out to ascertain crystalline
quality of WO3 powder which calcined at 600 �C for 4 hours.
XRD pattern of WO3 powder is shown in Fig. 1 and the TEM
image of silica coated WO3 sensor is shown as an inset. XRD
pattern is indexed by comparing it with standard patterns
[JCPDS 43-1035] suggests that the powder is crystallized as WO3

with monoclinic structure whose lattice parameters a ¼ 0.73,
b ¼ 0.75 and c ¼ 0.77 nm are in good agreement.16,17 No other
peaks related to tetragonal/orthorhombic phase are observed.
The lattice fringes present in the polycrystalline grains of WO3

(TEM image of SiO2/WO3 is shown as an inset) further conrm
monoclinic phase. Thus silica has no effect on the crystalline
nature of WO3.

The surface coverage of silica and platinised/niobium silica
coating over WO3 lm is ascertained by TEM measurement.
Plan view TEM image of silica and platinised/niobium silica
coating over WO3 lm is shown in Fig. 2(a). An envelope of 20–
50 nm wide SnO2 layer is seen over 30–50 nm sized WO3 grains.
Since the silica over-layer is few nanometers thick it partially
covers WO3 grains. Themagnied plan view TEM image of silica
and platinised/niobium silica coating over WO3 lm is shown in
56994 | RSC Adv., 2015, 5, 56993–56997
Fig. 2(b). In TEM image 30–50 nm wide discontinuous sheets of
SnO2 can be seen over WO3 layer along with Pt (2–5 nm) cata-
lysts dispersed over WO3. EDX pattern (not shown here)
conrms presence of Pt, Nb, Si and O2. The selective area
diffraction (SAD) pattern (not shown here) conrms poly-
crystalline nature of WO3.

Response was measured at different temperatures from 200
to 450 �C. The response was very low at temperatures below
200 �C and increased with increasing temperature. The effect of
surface functionalization over WO3 is shown in Fig. 3(a), which
shows the gas response at a concentration of 4000 ppm
ammonia for the as prepared (W), silica coated (W/S) and
catalyzed silica (W/C) sensors at different temperatures.
Fig. 3(b) shows the gas response at different concentrations of
ammonia at 450 �C. The response to ammonia was enhanced
aer SiO2 coating and improved further aer catalyzed silica
coating. Fig. 3(c) shows the gas response for Pt doped WO3 aer
surface functionalization with SiO2 and catalyzed SiO2 coatings
at different temperatures for 4000 ppm ammonia. Pt doped
sample shows higher response to ammonia as compared to
undoped sample in all cases investigated. Surface functionali-
zation with SiO2 as well as catalyzed silica coating, increased the
gas response for Pt doped as well as undoped sensor. Highest
gas response was observed at 350 �C for Pt doped sample aer
the catalyzed silica coating. Fig. 3(d) shows the gas response for
different concentrations of ammonia at 350 �C. Noble metals or
oxides of other elements added to the sensor surface provide
sites for adsorption which promotes (or inhibit) surface
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 ln(R) vs. (1/T)� 103 curve for (a) undopedWO3 and (b) Pt-doped
WO3.

Paper RSC Advances

Pu
bl

is
he

d 
on

 2
4 

Ju
ne

 2
01

5.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

N
ew

 D
el

hi
 o

n 
13

/1
0/

20
15

 0
4:

52
:5

9.
 

View Article Online
catalysis and surface electronic states. As a result, gas sensi-
tivity, response time and selectivity can be dramatically
improved. To understand the improvement caused by func-
tionalization layer over WO3, and the role of the top layer, we
measured the resistance of all WO3 samples as a function of
temperature. The samples were rst heated at 450 �C for one
hour to promote desorption of any pre-adsorbed gases from the
atmosphere as well as moisture. The resistance was than
measured by reducing the temperature continuously.

Fig. 4(a) and (b) show ln(R) vs. (1/T) curve for undoped and Pt
doped sample, before and aer surface functionalization with
SiO2 and catalyzed SiO2. The resistance of all the samples
increases on decreasing temperature with two different slopes.
Signicant increase in resistance of the sensor material was
observed aer doping with Pt, as well as aer coating with silica
and catalyzed silica. The resistance in air at 300 �C for undoped
WO3 was 0.29 M ohm, which increased to 1.2 M ohm and 1.6 M
ohm aer silica and catalyzed silica coating respectively. Simi-
larly, the resistance in air at 300 �C for Pt doped sensor was
0.69 M ohm, which increased to 2.15 and 5.4 M ohm aer silica
coating and catalyzed silica coating respectively.

It is generally accepted that the charged species such as O�,
O2� are adsorbed on the metal oxide surface in air. The
reducing gas (NH3) reacts with oxygen adsorbed on the surface
of the sensor as3

R + Oads
� 4 RO + e� (i)

To maintain charge neutrality, the electrons are released
back into WO3, resulting in an increase of electron concentra-
tion and the decrease of the resistance. According to this model
of metal oxide gas sensor, since the material is polycrystalline,
the conductivity of a sensor is dominated by the Schottky type
potential barrier that develops at the inter grain boundaries of
the lm in the presence of surface oxygen.18 An alteration of the
Fig. 3 Sensor response for undopedWO3 (a) at different temperatures
for 4000 ppm ammonia (b) different concentrations of ammonia at
450 �C, sensor response for Pt doped WO3 (c) at different tempera-
tures for 4000 ppm ammonia (d) different concentrations of ammonia
at 350 �C.

This journal is © The Royal Society of Chemistry 2015
of the electron concentration in the grain due to the presence of
gas that reacts with oxygen adsorbates leads to a modication of
the potential barrier height, which results in a change in
conductivity. According to this model, the conductivity is
expressed as

G ¼ G0 exp(�Eb/kT) (ii)

where Eb is the barrier height at intergranular contacts, which is
proportional to adsorbed oxygen ion concentration, and G0 a
factor including the bulk conductance.19 The Schottky barrier
height Eb was determined, between 200 to 450 �C temperature
range, for all the samples using Fig. 3 and 4. Table 1 shows the
Schottky barrier height for all sensor samples. The Schottky
barrier height for undoped sensor was 0.14 eV which increased
to 0.28 eV aer Pt doping. The functionalization with silica and
catalyzed silica coatings increased the barrier height to 0.36 eV
and 0.44 eV for undoped WO3 sensor; and 0.56 and 0.78 eV for
Pt doped WO3 sensor.

The increased performance of the present sensors can be
understood in terms of the existing models developed for SnO2

sensors.20 In case of Pt doped WO3 sensor, the chemical sensi-
tization mechanismmight be assumed to operate for Pt catalyst.
Platinum nanoparticles catalytically activate the dissociation of
oxygen or ammonia. The increase in gas sensitivity due to Pt
doping can be ascribed to spill over of the atomic oxygen formed
catalytically on the Pt particles thatmigrate into theWO3 and the
back spill over effect in which the weakly bound molecular
oxygen migrate to the Pt. As a result both the delivery of active
species to and from WO3 surface was promoted by catalytically
active Pt nanoparticles. This is reected as an increase in the
barrier height aer Pt doping (W/Pt) as shown in Table 1.
Further, the resistance measurements show that the addition of
catalytic Pt induces an increase in the resistance of WO3 lm.
Table 1 Schottky barrier height for different WO3 sensors

Sample Barrier height (eV)

W 0.14
W/S 0.36
W/C 0.44
W/Pt 0.28
W/Pt/S 0.56
W/Pt/C 0.78

RSC Adv., 2015, 5, 56993–56997 | 56995
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An increase in the Schottky barrier height was observed aer
surface functionalization with silica as well as catalyzed silica
coating. The response or recovery time had not increased aer
surface functionalization. This indicates a catalytic role of the
surface functionization layers. Earlier studies on SnO2 have
shown that SiO2 has no catalytic activity individually but and
can enhance the activity of other catalysts.13 Thin lms of SiO2–

WO3 composites were reported to be more sensitive to NO2 than
pure WO3 lms due to the decreased grain size and increased
porosity.21 In the present work, the silica coating was red at a
lower temperature (600 �C) as compared to the sensor layer
sintering temperature (800 �C), change in the microstructure is
not likely. Increased resistance in air at 250–450 �C aer surface
functionalization with silica as well as catalyzed silica (Pt/Nb/
SiO2) was observed. This increase in resistance can be explained
by considering the electronic interaction between WO3 and
phases existing at the grain boundaries. Aer surface func-
tionalization with silica or catalyzed silica coating, the top layer
consisting either of silica or of Pt, silica and niobia, will diffuse
to the grain boundaries of porous WO3 layer during ring. This
may modify the grain boundary properties as reected in
enhanced Schottky barrier height that causes enhancement in
response magnitude.

In metal oxides the surface oxygen species with a negative
charge and metal cations play the role of Lewis basic and acidic
centers respectively. Ammonia molecule behaves as a strong
Lewis base and preferentially adsorbs at acid centers. For SnO2

sensors, the sensitivity for ammonia was found to increase with
the density of acid centers.22 A similar enhancement in
ammonia sensitivity can be expected with an increase in acid
centers at WO3 surface. Niobium oxide is a solid acid with high
acidity on the surface.21 Nb2O5 can be deposited on silica to
form stable surface oxide phase. Nb2O5 is well dispersed on SiO2

by interaction of the sylanol group of SiO2 with niobium
precursor forming Nb–O–Si bonds and surface niobia possesses
a considerable amount of acid sites.23,24 It is proposed that
WO3–Nb2O5 is a solid with strong acidity based on Bronsted
acid sites on the surface22,25 due to substitution of pentavalent
niobium for hexavalent tungsten in the lattice of tungsten
oxide. The dopant niobium is an acceptor leading to decreased
electron concentration at the grain boundary region when
substituted for tungsten. This results in an increase in acid sites
when Nb2O5–SiO2 exists at WO3 grain boundaries. Our results of
enhanced ammonia response in sensors with catalyzed silica
coating can be attributed to the presence of increased acidic
sites for ammonia oxidation. As the results indicated, func-
tionalization with silica was also effective in enhancing the
Schottky barrier height, however the highest barrier was
observed for catalyzed silica coating on Pt doped WO3, which
showedmaximum gas response. This is reected as the increase
in barrier height in as more oxygen ions can be adsorbed in air.
This enhanced barrier height in other way reects trapping of
higher concentration of electrons and hence enhanced resis-
tance due to decrease in current carrier. On exposure to
ammonia gas, ammonia reacts with adsorbed oxygen at surface
and these trapped electrons are released back, that increases
the conductivity.
56996 | RSC Adv., 2015, 5, 56993–56997
Conclusions

In conclusion, the NH3 sensing properties of the WO3 thick lm
have been signicantly improved by addition of catalyzed silica
overlayer onto the WO3 lm surface. A possible mechanism of
surface functionalization on the sensing properties is explored.
The increased gas response was correlated to increased barrier
height and increased air resistance. The increased gas response
can be explained through an increased Schottky barrier height
due to increased acidic sites attributed to the replacement of
hexavalent tungsten by pentavalent niobium at the grain
boundaries.
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