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A B S T R A C T

Nanocrystalline tungsten oxide with variable particle size and surface area was synthesized by aqueous de-
position and heat treatment for use in resistive gas sensors. Surface modification with 1 wt.% Pd and Ru was
performed by impregnation to improve the sensitivity to CO and ammonia. Acid and oxidation surface sites were
evaluated by temperature-programmed techniques using probe molecules. The surface acidity dropped with
increasing particle size, and was weakly affected by additives. Lower crystallinity of WO3 and the presence of Ru
species favoured temperature-programmed reduction of the materials. Modifying WO3 increased its sensitivity,
to CO at ambient condition for modification by Pd and to NH3 at elevated temperature for Ru modification. An in
situ infrared study of the gas – solid interaction showed that the catalytic additives change the interaction route
of tungsten oxide with the target gases and make the reception of detected molecules independent of the
semiconductor oxide matrix.

1. Introduction

Although tungsten(VI) oxide attracts less attention as a resistive gas
sensor than tin oxide, zinc oxide and titania [1], the chemistry of WO3

is the most diverse among these metal oxide semiconductors (MOS).
First, there is an abundance of polymorphic phases. The transformation
between some polymorphs occurs at temperatures from 300 °C to above
500 °C, which coincides with the range of sensor operation tempera-
tures [2–6]. Tungsten(VI) oxide further has a tendency towards oxygen
deficiency, leading to the formation of the Magneli phase series (WO3n-

1, WO3n-2) and specific individual compounds, e.g. W24O68, W18O49.
Consequently, tungsten can exist in oxidation states lower than W(VI),
i.e. W(IV) and W(V) [2,7]. Therefore, due to intrinsic n-type semi-
conductor behavior (Eg=2.6 eV [2]) favorable for chemisorption of
acceptor molecules, WO3 has often been used for NO2 sensors [1,8–10].
On the other hand, because of high surface acidity, tungsten oxide has
been widely applied for detection of ammonia [4,5,11–14]. Another
promising application of WO3-based sensors is monitoring nitrogen
oxide and volatile organic compounds for breath analysis and medical
diagnostics [15–21]. However, less is known on the chemical aspects of
gas-solid interactions in these systems. This tendency holds on also for

other types of sensing materials, including metal oxides, conducting
polymers and novel two-dimensional materials and nanocomposites.
Detection of inorganic gases is a suitable case study to find the ways to
resolve the main issues of elevated operation temperature and poor
selectivity of the metal oxide-based resistive sensors [22,23]. Regard-
less of the compositions of sensing layer, in-depth investigation of gas-
solid interaction with metal oxides is of great necessity to unveil the
underlying sensing mechanism, beneficial for extended molecular re-
cognition of semiconducting metal oxides [24].

Sensing mechanisms of WO3 were roughly classified into either the
oxygen vacancy model focused on partial reduction of the oxide, or the
model of oxygen ionosorption [1]. Regarding the latter, the inter-
pretation of surface phenomena on tungsten oxide seems to be spec-
ulatively borrowed from the oxygen ionosorption model for tin oxide
sensors [9,13,25]. There are few examples of dedicated experimental
works on the surface chemistry of WO3 sensors and more details on the
gas-solid interactions would be useful [6]. Moreover, in these rare
studies some peculiar transformations of bulk and surface WO3 struc-
ture in the presence of particular gases (CO, NO2, H2S, water vapor)
were revealed [6,26,27]. Nevertheless, in the present work we show
that in definite cases the surface phenomena and sensing routes on WO3
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are similar to those on other n-type MOS. For oxides modified by Pd and
Ru, the sensitization routes to CO and NH3 gases provided by the cat-
alytic additives are likely uniform for different MOS, including WO3

and are based on the specific catalytic activity of noble metals in the
oxidation of the target gas molecules.

This work aims to evaluate the effect of particle size and surface
modification of nanocrystalline WO3 on its active sites, sensing beha-
vior and interaction with CO and NH3 gases. The concept of chemical
modification is based on the assumption that reception of particular
gases is improved when noble metal additives with appropriate cata-
lytic activity are supported on MOS, the latter serving as a transducer of
electric response and as the source of adsorption sites, chemisorbed
oxygen and OH-species [28–33]. Our previous research was focused on
the chemical details of the gas-solid interaction, sensing processes and
cluster-support interplay that demonstrated the adequacy of this model
for Pd- and Ru-modified tin oxide [34–38]. The main findings were that
Pd favored CO adsorption enabling its sensing at room temperature,
and Ru catalyzed oxidation of ammonia to nitrogen oxides that im-
proved sensitivity to NH3 [38]. In this work, using sensing tests and in
situ infrared spectroscopy we show that the interaction of the Pd- and
Ru-modified WO3 with CO and NH3 is determined by the catalytic
properties of the additives, reducing the distinction in surface chemistry
between tungsten oxide and other MOS.

2. Materials and methods

Nanocrystalline tungsten(VI) oxide was obtained via aqueous de-
position of tungstic acid followed by thermal treatment [39]. Ammo-
nium paratungstate (APT, Sigma-Aldrich,> 99% pure) was dissolved in
water to obtain 16mM solution. Nitric acid (7.8 M) was dropwise-
added to the stirred APT solution at 80 °C, so that final concentrations
in the mixture were 10mM APT and 3M HNO3. The mixture was stirred
at 80 °C for 30min and for 1 h more while cooling to room temperature.
The resultant yellow deposit of tungstic acid was centrifuged, washed
with deionized water and dried at 80 °C overnight. The dried residue
was separated into four parts, which were annealed for 24 h at different
temperatures: 300, 450, 600, 800 °C.

The obtained WO3 samples with different microstructure para-
meters were modified by 1wt.% of Pd or Ru via impregnation. WO3

powders were dispersed in ethanol solutions of Pd(acac)2 or Ru(acac)3,
and the solvent was evaporated under heating and stirring. The residual
WO3/Pd(acac)2 and WO3/Ru(acac)3 powders were annealed for 24 h at
225 °C and 265 °C, respectively, to decompose noble metal precursors.

The X-ray powder diffraction was measured with a DRON-3M dif-
fractometer, Cu Kα radiation. Specific surface area was evaluated by
nitrogen adsorption within the Brunauer-Emmett-Teller (BET) model,
in single-point measurement mode using a Chemisorb 2750
(Micromeritics) instrument with thermoconductivity detector. X-ray
fluorescence (XRF) microanalysis was performed with a Mistral M1
(Bruker) spectrometer at an X-ray source operating voltage of 50 kV,
current 800mA, and diameter of scanned area 1.5 mm. TEM images
and electron diffraction were registered using a FEI Tecnai G2 micro-
scope operated at 200 kV. High angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images and energy
dispersive X-ray (EDX) maps were acquired using a FEI Osiris micro-
scope equipped with a Super-X detector and operated at 200 kV. The
materials were mixed with ethanol using an ultrasonic bath and de-
posited onto a Cu TEM grid covered with holey carbon. Temperature-
programmed reduction (TPR) with hydrogen was performed on a
Chemisorb 2750 (Micromeritics) instrument. The samples (30mg) were
pretreated under dry air flow at 200 °C for 1 h to clean the surface from
adsorbed impurities and cooled to room temperature. TPR was regis-
tered under flow of H2 (10%) in Ar and heating to 900 °C with rate 5 °C/
min. Temperature-programmed desorption (TPD) of ammonia was also
measured on the same device. Granulated powders (100mg, fraction
0.25 – 0.50mm) were pretreated at 200 °C in He (30ml/min) for 1 h,

then in pure air for 1 h more, and cooled to room temperature. Samples
were saturated under flow of NH3 (8%) in He for 1 h, then degassed
under He flow at 50 °C for 20min. to remove physisorbed ammonia.
Desorption into He (30ml/min) was measured on heating to 800 °C
with rate 10 °C/min. X-ray photoelectron spectroscopy (XPS) of sup-
ported Pd and Ru species was recorded with Axis Ultra DLD (Kratos,
UK) spectrometer with Al Kα source; binding energy was calibrated by
C1s at 285.0 eV. Fourier-transformed infrared (FTIR) spectra and dif-
fuse-reflectance infrared Fourier-transformed (DRIFT) spectra were re-
gistered by Frontier (Perkin Elmer) spectrometer. FTIR spectra were
recorded in 4000–400 cm−1 region using KBr pellets. DRIFT spectro-
scopy was performed using a DiffusIR annex and heated flow chamber
HC900 (Pike Technologies) sealed by ZnSe window. DRIFT spectra
were registered in the 4000 – 1000 cm−1 region with resolution 4 cm−1

and with accumulation of 30 scans at ambient conditions with auto-
matic H2O/CO2 compensation. Powders (30mg) were placed in alu-
mina crucibles (5 mm diameter). Measurements were performed from
samples exposed to a flow of 100ml/min of CO (200 ppm) in air at
30 °C, and NH3 (200 ppm) in air at 30 °C and at 200 °C. Prior to mea-
surement, the samples were heated under purified air flow at 200 °C to
remove the adsorbed impurities.

Sensor measurements were performed with a PC-controlled 4-sensor
electrometer equipped with a flow chamber. Samples were dispersed in
terpineol and the paste was drop-deposited onto alumina substrates
embedded in TO-8 package and provided with Pt contacts
(0.3× 0.2mm, gap 0.2 mm) and Pt-heaters. Sensors were heated at
200 °C for 20 h to remove the binder. The formed sensing layer was
about 1×0.5mm2 in area and about 10 μm thick. DC-resistance was
measured at applied voltage 1.3 V under gas flow 100ml/min at fixed
temperature in the range 25–200 °C. Background gas was purified air
from a generator of pure air model “1,2–3,5″ (Himelectronica, Russia),
with contamination levels within the limits of 10 ppm H2O, 2 ppm CO2,
0.1 ppm hydrocarbons. Sources of test gases were bottled certified gas
mixtures of NH3 (1100 ± 20 ppm) in N2 and CO (1250 ± 25 ppm) in
N2 (MGPZ, Russia). Dilution and concentration control on the level
1–100 ppm was realized by EL-FLOW mass-flow controllers
(Bronkhorst). Humidity of the carrier gas was controlled by mixing two
flows of pure air with different flow rates: the dry one from the source
and the humid one purged through a bubbler which was filled by
deionized water. All measurements were performed under steady re-
lative humidity level (room temperature), that was verified using a
humidity meter IVTM-7 K (Eksis, Russia). The sensor signal (hereafter
also referred to as sensitivity) was defined as a ratio of sensor resistance
in air (Ra) to that in the presence of the test gas (Rg):

S = Ra/Rg. (1)

Response and recovery times were determined as the time needed
for sensors to reach 90% of steady resistance value after the start (i.e.
Rg/0.90) and the stop (0.90Ra) of exposure to a target gas, respectively.

3. Results and discussion

3.1. Composition and microstructure of samples

The list of synthesized samples, their composition and micro-
structure parameters is given in Table 1. According to XRD (Fig. 1) and
electron diffraction (insets in Fig. 2a,b), the obtained samples constitute
the nanocrystalline monoclinic γ-WO3 phase, which is the polymorph
stable at room temperature and up to 304–330 °C [3,6]. When in-
creasing the annealing temperature from 300 to 800 °C, the particle size
(dXRD calculated by Scherrer equation) of WO3 increased and the BET
area accordingly decreased (Table 1). Modification by Pd or Ru had no
effect on the tungsten oxide crystallinity: the XRD peak positions
(Fig. 1) and microstructure parameters were the same within the
measurement errors (Table 1).
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TEM and HAADF-STEM images demonstrate WO3 synthesized at
300 °C (Fig. 2a, c). The WO3 particles are severely agglomerated and
have close orientation, which results in a diffraction pattern resembling
that of single crystals (inset in Fig. 2a). Nevertheless, the individual
nanoparticles of a size 5–10 nm can be clearly seen at the edges of the
agglomerates (few individual particles are indicated by arrows) con-
firming the results of XRD. With increasing of the synthesis temperature
to 450 °C, the size of WO3 crystals considerably increase and varies
from 10 to 200 nm (Fig. 2b,d).

The noble metal additives were observed by STEM-EDX mapping.
Palladium was mainly present in the form of spherical nanoparticles,
ranging from 3 to 14 nm in diameter for those observed, independent of
the particle size of the tungsten oxide support (Fig. 2e). Ruthenium
nanoparticles had a less pronounced shape; the observed particles
varied in size from 5 to 12 nm in the WO3-450/Ru sample (Fig. 2f). In
the WO3-300/Ru sample, ruthenium was only found in the form of
RuO2 crystals with a size of a few hundred nm.

The concentration of additives in WO3/Pd, WO3/Ru measured by
XRF agreed with the loaded one (1 wt.%). XPS spectroscopy showed
that in WO3/Pd palladium was in Pd2+ and Pd° valence states, with the
relative amounts Pd2+:Pd°= 4.5:1 (Fig. 3a). The Ru4+ state like in
RuO2 was found in the WO3/Ru samples (Fig. 3b). The observed oxi-
dation state of Pd and Ru is coincident with that previously shown for
tin oxide-based nanocomposites [40].

3.2. Surface species of WO3 in relation to microstructure and surface
modification

The FTIR transmission spectra of the samples are dominated by the
broad tungsten-oxygen band of the WO3 lattice (500 – 1000 cm−1,
Fig. 4). It covers the wavenumber range of stretching vibrations of W]

O (950 cm−1) and W-O–W bonds in octahedral edge-sharing and
corner-sharing locations (800 – 650 cm−1) [41,42]. Surface H2O and
OH-species were detected by the bands of stretching OeH (3400 cm−1)
and bending H2O (1620 cm−1) and WeOH vibrations (1410 cm−1)
[43]. As inferred from Fig. 3a, the highest population of aqueous spe-
cies on the surface of pristine WO3 was found on WO3-300 in ac-
cordance with the least particle size and largest BET area of this sample.
Its modification resulted in weaker OH, H2O and WeOH peaks for
WO3/Pd and the absence of these peaks on the spectrum of WO3/Ru,
possibly due to the additional thermal treatment after the impregnation
procedure. A stronger depletion of aqueous species was found for
tungsten oxide synthesized at higher temperatures (Fig. 4b,c). It should
be due to smaller surface area available for water chemisorption. Yet,
the spectra of samples based on WO3-800 have a high background in
this wavenumber region due to IR absorption by free charge carriers in
the semiconductor grains (Fig. 4d).

To determine the oxidative surface species, thermoreduction with
hydrogen was measured. The TPR profiles demonstrate the H2 ab-
sorption rate dependence on temperature (Fig. 5). The major peak
arising above 600 °C is due to WO3 bulk reduction, since its total area
corresponds to a stoichiometric molar ratio of H2:WO3 ≈ 3:1. More-
over, it could be resolved into lower-temperature (T1=600–700 °C)
and higher-temperature (T2=700–900 °C) parts, their areas related as
about 1:2. Thus, as temperature increased, tungsten(VI) oxide was
likely reduced to WO2 (Eq. (2)) and after that – to tungsten metal (Eq.
(3)):

WO3(s) + H2(g) = WO2(s) + H2O(g), at T1; (2)

WO2(s) + 2 H2(g) = W(s) + 2 H2O(g), at T2. (3)

The bulk reduction maxima of WO3 shifted to higher temperatures
with the increase of particle size, most prominently for the sample
obtained at 800 °C (Fig. 5a). It is reasonable to propose that the oxide
lattice stability improved with the growth of the crystallites. However,
it was not the case for modified tungsten oxide. Bulk reduction maxima
of WO3/Pd and WO3/Ru (T1=610–660 °C, T2=740–800 °C) were
shifted to lower temperature than for the pristine samples, and their
positions had no dependence on the particle size of the tungsten oxide
matrices (Fig. 5b,c). It can be due to the catalytic action of the noble
metal clusters in the reactions (2, 3), e.g. via hydrogen spillover and/or
promotion of oxygen exchange in the supporting oxide [40]. H2 con-
sumption at 130–200 °C was detected by WO3/Ru samples (Fig. 5c).
Assuming that it was due to the reduction of RuO2, the consumed H2

amount would correspond to a concentration of ruthenium 3–5 times

Table 1
Samples designation, composition and microstructure parameters.

Designation Annealing temperature of WO3, °C Modifier, wt.% (from XRF) dXRD (WO3), nm BET area, m2/g

WO3-300 300 – 7.0 – 9.2 25 – 32
WO3-300/Pd Pd, 0.95 ± 0.05 7.4 – 9.5
WO3-300/Ru Ru, 1.03 ± 0.05 8.5 – 10.0
WO3-450 450 – 19.2 – 21.6 5 – 9
WO3-450/Pd Pd, 0.91 ± 0.05 18.1 – 22.0
WO3-450/Ru Ru, 0.97 ± 0.05 18.5 – 21.8
WO3-600 600 – 22.8 – 24.7 2 – 4
WO3-600/Pd Pd, 1.02 ± 0.05 24.8 – 25.2
WO3-600/Ru Ru, 0.98 ± 0.05 23.8 – 26.0
WO3-800 800 – 27.2 – 35.4 < 2
WO3-800/Pd Pd, 0.88 ± 0.05 28.5 – 36.7
WO3-800/Ru Ru, 0.90 ± 0.05 27.9 – 34.8

Fig. 1. XRD patterns of pristine and modified tungsten oxide samples based on
WO3 obtained at 800 °C (a), 600 °C (b), 450 °C (c) and 300 °C (d). Peaks are
indexed for low-temperature monoclinic WO3 phase (JCPDS 43-1035).
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exceeding the actual Ru content. Since WO3/Ru had least surface hy-
droxyl contents (FTIR data, Fig. 4a), this peak is attributable to the
reduction of chemisorbed oxygen species:

O2(ads) + 2 H2(g)= 2 H2O(g). (4)

The concentration of O2(ads) species evaluated from TPR was about
10–14 micromole/m2 on WO3-300/Ru; the quantification for other
samples was hampered by a large uncertainty in the values of the BET
area. The additive likely facilitates oxygen chemisorption on the oxide

surface, similar to the effect reported for Ru-modified tin oxide [36,40].
The attribution of surface oxidative sites to diatomic oxygen species is
conditional here, based on the model of temperature-dependent ad-
sorbate types for other n-type MOS [44].

The surface acidity of pristine tungsten oxide was analyzed by
thermodesorption of ammonia probe molecules. Because of catalytic
action of Pd and, especially, of Ru additives, NH3 oxidation was sig-
nificant at raised temperature and desorption could not be reliably
measured from the modified samples. Acid sites were identified and

Fig. 2. TEM images with inserted electron diffraction patterns corresponding either to [100] or [010] orientation of monoclinic WO3 (a, b), Overview HAADF-STEM
images (c, d), and STEM-EDX elemental maps: blue –W, green – Pd, red - Ru (e, f) of the samples: WO3-300/Pd (a, c, e) and WO3-450/Ru (b, d, f) (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).

A. Marikutsa et al. Sensors & Actuators: B. Chemical 277 (2018) 336–346

339



quantified using the TPD model from ref. [45]. TPD profiles demon-
strated continuous NH3 desorption on heating of WO3 at 80–500 °C
(Fig. 6a). Although ambiguous, we divided the TPD profiles into tem-
perature ranges corresponding to desorption from weak (Broensted)
acid sites (below 200 °C) and from Lewis sites of medium (200–400 °C)
and strong acidity (above 400 °C). The Broensted sites represent surface
OH-groups and the Lewis sites are surface cations with an incomplete
coordination environment. The concentration of acid sites decreased
following the coarsening of the WO3 microstructure (Fig. 6b); for WO3-
800 the concentration could not be evaluated. The exceptionally high
Lewis acidity of WO3-300 could be due to defect cationic sites. At
higher synthesis temperature, the growth and sintering of oxide grains
made them less defective and exposed a smaller number of coordinately
unsaturated cations.

3.3. Sensitivity to CO and NH3 gases

The dynamic response to 20 ppm of CO and NH3 in dry air is illu-
strated in Fig. 7. Raw data for other sensors and measurement condi-
tions are given in the Supplementary data.

The overview of sensitivity to CO and NH3 as a function of operating
temperature is summarized in Figs. 8 and 9. For convenience, the sensor
signals are plotted as a logarithmic function lgS, so that positive lgS
indicates an n-type response to the reducing gas, while negative lgS
implies a p-type response. All sensors responded to CO as typical n-type

MOS (positive lgS in Fig. 8, dynamic response in the Supplementary
data). In contrast to almost insensitive pristine and Ru-modified tung-
sten oxide, the samples WO3/Pd displayed improved CO sensitivity
with the maximum response at room temperature (Fig. 8). Thus, the
major effect on CO sensitivity was due to sensors composition, i.e. the
presence of Pd modifier, which is rationalized by DRIFT spectroscopy to

Fig. 3. XPS spectra of Pd 3d signal from WO3-300/Pd (a) and Ru 3d signal from
WO3-450/Ru (b) samples.

Fig. 4. FTIR spectra of pristine and modified tungsten oxide samples based on
WO3 annealed at 300 °C (a), 450 °C (b), 600 °C (c) and 800 °C (d).

Fig. 5. Temperature profiles of reduction by hydrogen for samples WO3 (a),
WO3/Pd (b) and WO3/Ru (c) based on tungsten oxide prepared at different
annealing temperatures.
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be due to specific chemisorption of target molecules (Section 3.4). The
influence of materials microstructure on CO sensitivity was as well
prominent. The signals were higher for the sensor WO3-300/Pd based
on tungsten oxide with lowest particle size and largest surface area
(Table 1). With respect to the surface species composition discussed
above, the higher CO sensitivity is consistent with the larger con-
centration of OH-groups and chemisorbed oxygen species on the sam-
ples synthesized at 300 °C. These surface sites are responsible for oxi-
dation of chemisorbed CO molecules, as discussed below (Eq. (6)). The
response and recovery times were 4min and 30min, respectively
(Fig. 7a). The discrepancy between fast response and slow recovery
might be assigned to facile CO chemisorption on Pd sites during the
exposure stage and its poor desorption back in air from the unheated
sensor surface, as inferred from the DRIFT results.

The response of WO3 and WO3/Pd sensors to ammonia gas behaved
as n-type at an operating temperature higher than 100 °C and switched
to p-type at lower temperature (negative lgS in Fig. 9; dynamic response
in the Supplementary data). The unusual p-type response of tungsten
oxide to NH3 has been observed elsewhere and was assigned to high
oxygen deficiency or inversed surface conduction in fully depleted
narrow nanowires [14,46]. Resistance increase may be related to the
fact that at low temperature the main interaction route was NH3 che-
misorption on acid sites of the WO3 surface, as inferred by TPD (Fig. 6)

Fig. 6. Temperature profiles of ammonia desorption from WO3 samples ob-
tained at different annealing temperature.

Fig. 7. Dynamic response of sensors based on WO3-300/Pd to 20 ppm CO at
room temperature (a) and WO3-450/Ru to 20 ppm NH3 at 200 °C (b). Response
(tres) and recovery (trec) time intervals are highlighted.

Fig. 8. Logarithm of sensor signals to CO (20 ppm) for blank and modified
tungsten oxide in relation to annealing temperature of WO3 matrix and oper-
ating temperature of sensors.
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and DRIFT (Fig. 13). The trend of the p-type signal values at 50 °C for
pristine WO3 coincides with the increase of BET area and surface
acidity. Modification by Ru brought about high sensitivity to NH3 with
an n-type response in the whole tested operating temperature range.
The largest signals were measured for the sensor based on WO3-450/Ru
operated at 200–250 °C (Fig. 9). Noteworthy, this sample had moderate
BET area among the WO3/Ru series, i.e. the effect of the microstructure
on the sensitivity to reducing gases was not as expected. That the
highest sensor signals were observed not on the sample with larger
surface area may be ascribed to high surface acidity of the WO3-300
based samples (Fig. 6b). It leads to strong acid-base interaction with
NH3 preventing the bound target molecules from the redox conversion
necessary for sensor response formation. Due to the elevated tempera-
ture, the response and recovery time was short, i.e. 1 min for response
and 4min for recovery (Fig. 7b). Thus, WO3 modification by catalytic
additives yielded materials with improved sensitivity: WO3/Pd to CO at
room temperature and WO3/Ru to NH3 at about 200 °C. This sensiti-
zation effect is similar or even exceeding that previously observed for
SnO2- and In2O3-based sensors (Fig. 10). The sensor signals for the
optimized nanocomposites are linearly dependent on the concentration
of the target gas (2–100 ppm) in logarithmic scale. With the increase of
relative humidity (RH) of the gas flow, the sensor signals decreased
(Fig. 11). Most abrupt drop was in case of room temperature CO de-
tection by WO3/Pd. Extrapolating the linearized dependences to S=1
(the absence of sensor signal), the detection limits of CO were found to
increase from ∼1 ppm (in dry air) to ∼10 ppm (13% RH) and
∼20 ppm (21% RH), while under 30% RH and higher humidity it could
not be detected by WO3/Pd at room temperature (Fig. 11a). However,
due to raised operation temperature of appropriate ammonia sensing

Fig. 9. Logarithm of sensor signals to NH3 (20 ppm) for blank and modified
tungsten oxide in relation to annealing temperature of WO3 matrix and oper-
ating temperature of sensors.

Fig. 10. Comparison of sensor signals to 20 ppm CO at room temperature (a)
and to 20 ppm NH3 at 200 °C (b) for sensors based on pristine, Pd- and Ru-
modified nanocrystalline oxides WO3, SnO2 and In2O3 in relation to their
average particle size. The n-type MOS matrices were obtained by aqueous de-
position of metal hydroxides and annealed at different temperatures in the
range 300–1000 °C.

Fig. 11. Sensor signal of WO3-300/Pd to CO at room temperature (a) and of
WO3-450/Ru to NH3 at 200 °C (b) in relation to target gas concentration mea-
sured under different percentage of relative humidity.
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(200 °C) the signals of WO3/Ru to this analyte were not so drastically
interfered by humidity. The lowest tested concentration 2 ppm NH3 was
reliably detected by WO3/Ru even under 90% RH (Fig. 11b).

For the estimation of sensors selectivity, the sensor signals to fixed
concentrations (10 ppm) of different inorganic gases are compared in
Fig. 12. The signals were measured at the appropriate operation tem-
perature of the sensors: bare WO3 – at 300 °C, WO3/Ru – at 200 °C and
WO3/Pd – at room temperature. Although the analytes tested include
the reducing gases as well as oxidizing ones (NOx), it can be seen that
blank WO3 had comparable sensitivities to H2S and NO2. On the other
hand, WO3/Pd was sensitive only to CO at room temperature. The Ru-
modified sensor demonstrated highest sensor signals to ammonia with
low cross-sensitivity to H2, SO2 and NOx (Fig. 12).

3.4. DRIFT study of the interaction with CO and NH3 gases

DRIFT spectra of pristine and modified tungsten oxide interacting
with CO at room temperature are shown in Fig. 13. No spectral changes
were observed for WO3 and WO3/Ru, in agreement with the lack of CO
sensitivity of these samples. On the contrary, the spectra of Pd-modified
samples demonstrated clear signs of chemical interaction. The intensity
of the observed peaks correlated with the increase of BET area of WO3/
Pd samples. The main features were: a) increased background due to
absorption by free charge carriers, indicating electronic transfer to
tungsten oxide as a result of CO oxidation; b) appearance of C–O
stretching vibrational peaks in the region (2150 – 1950 cm−1) of car-
bonyl groups; c) depletion of IR adsorption at the vibrational fre-
quencies of aqueous species, i.e. OeH (3450 – 3000 cm−1), H2O
(1620 cm−1) and WeOH (1410 cm−1). Different modes of CO chemi-
sorption could be distinguished from the carbonyl bands. CO binding to
oxidized and reduced palladium sites in terminal conformation was
revealed from the peaks at 2150 cm−1 (Pd2+−CO) and 2115 cm−1

(Pd+−CO) with a shoulder at 2090 cm−1 (Pd°−CO) [47]. The peak at
1960 cm−1 is indicative of Pd-bound bridging carbonyls.

Red shift of vibrational frequency from that in free molecules
(2143 cm−1) is caused by π-donation from Pd to CO antibonding or-
bital, which loosens the C–O bond. Notably, the relative intensity of the
peaks of bridging (1960 cm−1) vs. terminal (2090 – 2150 cm−1) car-
bonyls steeply increased on the spectra from WO3-600/Pd to WO3-300/
Pd (Fig. 13). That the sensitivity increased in this sequence suggests
that it was controlled by the strength of CO chemisorption on Pd sites,
although the effect of larger BET area is in line as well. The negative
bands of H2O and OH-groups cannot be ascribed to competitive CO
adsorption. Desorption of chemisorbed water usually needs thermal
activation and is unlikely to take place at room temperature. Hence, the
interaction of hydroxyl species with chemisorbed CO can be suggested
as a reason for OH-groups depletion. It does not rule out the possible
participation of surface oxygen species in sensor response formation, as
is often proposed but hard to prove experimentally [13,25]. Thus, we
propose that the route of room temperature CO oxidation on WO3/Pd
includes the following key steps:

a) chemisorption CO+Pd=Pd−CO; (5)

b) oxidation Pd−CO+OH=Pd+CO2 + H+ + e−. (6)

DRIFT spectra in the presence of ammonia were registered so as to
compare its adsorption at room temperature (Fig. 14) and reaction at
200 °C (Figs. 14 and 15) with samples having different composition and
microstructure. The adsorption was higher on WO3-300 based materials
in accordance with the larger BET area and higher concentration of acid
sites on these samples. The adsorption of ammonia resulted in the ap-
pearance of bending bands of NH4

+ (1450 cm−1 [48]) and NH3

(1220 cm−1, 1280 cm−1 [49,50]) due to ammonia bound with hy-
droxyl and cation sites, respectively, and stretching NeH vibrational
band at 3170 – 3320 cm−1. The adsorption on Broensted acid sites
accounts for depletion in stretching OeH (3650 – 3400 cm−1) and
bending H2O (1620 cm−1) regions. The interference with the negative
WeOH peak (1415 cm−1) may be the reason for NH4

+ peak splitting.
The composite structure of the ammonia-related bands might be due to
the occurrence of several types of NH3, NH4

+ species. These can arise
from binding to surface sites with diverse acid strengths, the higher
wavenumber corresponding to stronger acidity [49]. Modification by
Pd or Ru had minor influence on NH3 adsorption at room temperature,
unlike the effect of the tungsten oxide microstructure. The adsorption
declined significantly on samples with lower BET area (Fig. 14).

The spectra of pristine WO3 interacting with NH3 at 200 °C still
displayed the traces of ammonia adsorption, i.e. multiple positive NeH
peaks at 3250 – 3390 cm−1 and NH3 peaks at 1220 cm−1, 1290 cm−1

(Fig. 15a), as well as negative bands of aqueous surface species at 3650
– 3400 cm−1 and 1620 cm−1. However, these bands were much weaker
than at room temperature and decreased with the BET area of WO3,
except the sharp peak at 1220 cm−1 on the spectrum of WO3-600 as-
cribable to NH3 adsorbed on Lewis acid sites of medium strength. The
main features were the growth of the background absorption due to the
increasing concentration of free electrons yielded by NH3 oxidation.
The negative broad bands at 2060 cm−1 and 1850 cm−1, identified as
overtone peaks of WeO vibrations, imply the partial reduction of
tungsten oxide [6,26]. Actually, these peaks were also present on the
spectra of WO3-300 and, more prominently, of WO3-450 already at
room temperature (Fig. 14). The interaction with NH3 proceeded es-
sentially differently on modified tungsten oxide (Fig. 15b,c). The
spectra of WO3-300/Pd and WO3-300/Ru samples were dominated by
the bands of adsorbed ammonia species, mainly stretching NeH
(3200 cm−1) and bending bands of NH3 (1290 cm−1, 1220 cm−1) and
NH4

+ (1410 cm−1). The latter was shifted to lower wavenumber, in
comparison to room-temperature adsorbed NH4

+ (Fig. 14), and coin-
cided with the position of bending WeOH vibrations. However, it
cannot be due to hydroxyl species, since the other bands of aqueous
species were negative (3650 – 3400 cm−1, 1620 cm−1). Neither back-
ground shift, nor WeO overtone peaks were observed for modified

Fig. 12. Sensor signals of four samples of pristine tungsten oxide (WO3-300,
WO3-450) and modified tungsten oxide (WO3-300/Pd, WO3-450/Ru) to 10 ppm
of different inorganic target gases in dry air. Operation temperature of sensors:
WO3-300, WO3-450 – 300 °C, WO3-450/Ru – 200 °C, WO3-300/Pd – room
temperature.
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samples. The difference with pristine tungsten oxide is even larger on
the spectra of WO3-450-based materials (Fig. 15c). The background IR
absorption did not change during the interaction of WO3/Pd and WO3/
Ru with ammonia. It can be due to electronic depletion of semi-
conductor particles brought about by supported clusters, which agrees
with higher resistance of the modified tungsten oxide sensors (re-
sistance data in the Supplementary data).

The main distinctive feature on the spectra of WO3/Ru (Figs. 14b,c,
15) is the evolution of the peak at 1860 – 1880 cm−1 characteristic of

nitrosyl species resulting from oxidation of adsorbed ammonia
[29,38,51]. This wavenumber range corresponds to stretching vibra-
tions of the NO-group, whatever cations it could be bound to: Ru4+

and/or W6+ [52]. But the peak shift to lower wavenumbers from
1880 cm-1 on the spectrum of WO3-300/Ru to 1860 cm−1 on the
spectra of WO3-450/Ru and WO3-600/Ru (Fig. 16) indicates π-back
donation and suggests preferential NO binding to the cations which
have more d-electrons, i.e. to the ruthenium cations. Matching with the
sensitivity data (Fig. 9), it can be claimed that high sensor response is
provided by the Ru-catalyzed NH3 oxidation. Since neither the parti-
cipation of OH-groups, nor WeO bonds cleavage were observed on
DRIFT spectra of WO3/Ru, this reaction assumingly involves surface
oxygen species, as indirectly supported by TPR data (Fig. 5):

NH3 + (5/x) Ox
− + 2 Ru=2 Ru-NO + 3 H2O + (5/x) e−. (7)

The role of the WO3/Ru microstructure is rationalized by the in-
terplay of chemisorption and oxidation processes. Due to a higher BET
area and surface acidity of the matrix obtained at 300 °C, ammonia was
likely too strongly chemisorbed on WO3-300/Ru (Fig. 16). As a result,
the formation of inactive species, e.g. NH4

+, would impede the oxi-
dation reaction (7). On the other hand, the spectrum of WO3-450/Ru
showed comparable peak intensity for oxidized (N–O 1870 cm−1) and
adsorbed (NH4

+ 1410 cm−1, NH3 1230 – 1260 cm−1) ammonia spe-
cies. Hence, the higher sensitivity of this sample to NH3 is accounted for
by balanced impacts from adsorption and oxidation of the target mo-
lecules on the sensing process. It completely agrees with what we de-
monstrated for sulfated tin oxide-based sensors [29]. With further in-
crease in WO3 particle size, the samples WO3/Ru possessed lower NH3

adsorption (WO3-600/Ru) up till the absence of interaction (WO3-800/
Ru) (Fig. 16), most probably due to the coarsening microstructure.

Fig. 13. DRIFT spectra of WO3, WO3/Pd and WO3/Ru samples based on tungsten oxide obtained at different annealing temperature under the exposure to 200 ppm
CO for 1 h at 30 °C. Inset shows enlarged band of stretching carbonyl vibrations.

Fig. 14. DRIFT spectra of WO3, WO3/Pd and WO3/Ru samples based on
tungsten oxide obtained at different annealing temperature under the exposure
to 200 ppm NH3 for 1 h at 30 °C.
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4. Conclusions

Tungsten oxide with variable particle size and BET area was

obtained via tungstic acid deposition and heat treatment. Its surface
was modified with 1 wt.% Pd and Ru by impregnation. The effect of the
microstructure and additives on surface sites was investigated. With the
growth of the particle size, the content of aqueous species and the
surface acidity of WO3 decreased. Tungsten oxide modification by
palladium resulted in materials with improved sensitivity to CO at room
temperature. DRIFT spectroscopy revealed that it was due to CO
binding to Pd sites on the surface of WO3/Pd and the adsorbate oxi-
dation by surface aqueous species. No interaction of tungsten oxide
with CO at room temperature was detected without the catalytic ad-
ditive Pd. Modification by ruthenium resulted in an increased con-
centration of easily reducible species believed to be chemisorbed
oxygen. The samples WO3/Ru were highly sensitive to ammonia at
elevated temperature (200–250 °C). The DRIFT study showed that NH3

adsorption decreased with increasing WO3 particle size and was un-
affected by noble metal additives. The interaction at raised temperature
proceeded differently on blank and modified tungsten oxide. Oxidation
of NH3 on WO3 involved partial reduction of the oxide inferred from
WeO bonds cleavage, implying that the sensing route was as proposed
in the oxygen vacancy model. This conclusion was supported by similar
observations on tungsten oxide interaction with other reducing gases
[26] and can be understood taking into account the tendency of WO3

structure towards oxygen deficiency. On the other hand, for modified
tungsten oxide no traces of bulk reduction were detected. On the sur-
face of WO3/Ru, adsorbed ammonia was oxidized, producing NO spe-
cies due to specific catalytic activity of the supported ruthenium. A
detrimental influence of the high surface acidity on the sensitivity to
NH3 was shown, and resulted in an imbalance between chemisorption
and oxidation processes. The specific promotion of sensitivity to CO and
NH3 by catalytic Pd and Ru additives was found to be based on the same
key interaction steps for the presently reported tungsten oxide and
previously researched tin oxide-based sensors. Thus, the model of
chemical modification by specific catalyst clusters may be considered
uniform for different semiconductor metal oxides.
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