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Tungsten oxide is an n-type semiconductor possessing the 
bandgap width of 2.6 eV.1 Nanostructures based on WO3 are of 
interest in gas sensing, catalysis, and photocatalysis.1–3 The gas 
sensors utilizing nanocrystalline WO3 are promising for the 
detection of toxic gases (nitrogen oxides, NH3, H2S, etc.) and 
exhaled breath analysis.4–8 An oxygen chemisorption on the 
surfaces of n-type metal oxide semiconductors plays the key role 
in gas sensing mechanisms.9 Although the chemisorbed oxygen 
is often considered in the studies on tungsten oxide-based 
sensors,6,10–12 the types and amounts of surface oxygen species 
and the effect of WO3 microstructure on the chemisorbed oxygen 
have not yet been established.

In the present work, nanocrystalline WO3 incorporating 
particles of different sizes and specific surface area (SSA) was 
synthesized. The relative amounts of surface-to-bulk oxygen 
anions were quantified by X-ray photoelectron spectroscopy 
(XPS). Chemisorbed oxygen species were detected by the 
resistance measurements under controlled oxygen partial 
pressure. The WO3 samples were obtained via a deposition of 
tungstic acid from an aqueous solution of ammonium 
paratungstate, followed by an annealing at different temperatures 
in the range of 300–800 °C.† According to X-ray diffraction 
(XRD) data, all the samples consisted of the monoclinic γ-WO3 

(ICDD #43-1035). Mean particle size (dXRD) and SSA were 
correspondingly increased and decreased with raising the 
annealing temperature of WO3 (Figure 1). XPS signals from the 
W 4f and O 1s levels (Figures S1 and S2, in Online Supplementary 
Materials) were recorded for the WO3 samples containing 
particles of different sizes.‡ Tungsten was found mainly in the 
W6+ state with a small fraction of the W5+ state. The occurrence 
of W5+ in WO3 agrees with the intrinsic oxygen deficiency that 
can be expressed as WO3–δ.1 Oxygen was observed roughly in 
two states: the lattice anions O2–

bulk with the binding energy of 
530.1 eV and the surface oxygen species Osurf with the binding 
energy of 530.7–531.0 eV. The oxidation state of surface oxygen 
cannot be unambiguously deconvoluted from the XPS signals 
(see Figure S2). The broad peak of Osurf may be a sum of 
overlapping peaks of different oxidation states of oxygen, such as 
surface anions O2–, chemisorbed oxygen (O2

–, O–, and O2–), and 
OH groups. The positions of XPS peaks for Osurf coincided 
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X-ray photoelectron spectroscopy and electric conduction 
measurements performed for nanocrystalline WO3 revealed 
that the ratio of surface-to-bulk oxygen decreased, and the 
predominant type of chemisorbed oxygen changed from 
molecular O2

– to atomic O– and O2– species with the 
increment of WO3 particle size.

†	 Ammonium paratungstate (APT, Sigma-Aldrich, >99% pure) was 
dissolved in distilled water to obtain 16 mm solution. Nitric acid (7.8 m) 
was added dropwise to the stirred APT solution at 80 °C to reach the 
resulting concentrations of 10 mm and 3 m for APT and HNO3, 
respectively. This mixture was stirred at 80 °C for 30 min and cooled to 
room temperature within 1 h. The precipitate of tungstic acid was 
centrifuged, washed by deionized H2O, and dried at 80 °C. The dried 
residual was separated into four parts, which were annealed for 24 h at 
different temperatures: 300, 450, 600 and 800 °C. 
‡	 X-ray powder diffraction was measured with a DRON-3M diffractometer, 
CuKα radiation (0.154 nm). Specific surface area was evaluated by 
nitrogen adsorption according to the Brunauer–Emmett–Teller (BET) 
model using a Chemisorb 2750 (Micromeritics) instrument. DC-resistance 
was measured by a PC-controlled electrometer equipped with a flow 
chamber. Powders were dispersed in terpineol, and the paste was deposited 
onto alumina substrates with Pt contacts (0.3×0.2 mm, gap of 0.2 mm) and 
Pt-heaters. The binder was removed at 200 °C; the size of thick films was 
1×0.5 mm2, and their thickness was about 10 mm. Resistance was measured 
at a voltage of 1.3 V under Ar flow (99.999% pure, 100 ml min–1) mixed 
with pure air from a generator of pure air (model ‘1,2-3,5’, Khimelectronika). 
Oxygen partial pressure was varied in the range of 0.00–0.20 bar with the 
step of 0.04 bar. Temperature of measurements was varied in the range of 
150–300 °C with the step of 50 °C. 

Keywords: tungsten oxide, nanoparticles, chemisorbed oxygen, surface sites, semiconductor oxide. 

Figure  1  Dependences of mean particle size and specific surface area of 
the nanocrystalline WO3 samples on the annealing temperature.
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among the examined WO3 samples (see Figure S2), which means 
an absence of any XPS-detectable effect of the particle size of 
WO3 on the nature of surface oxygen species. The atomic ratios 
of the W and O elements in different states were estimated from 
the areas of XPS signals. The fraction of W5+ was 8–10 % from 
the total W content, irrespective of the particle size of WO3 
(Figure 2). The fraction of surface oxygen (Osurf) in its total 
content reduced as the particle size of WO3 increased (see Figure 
2). It can be explained by the decrease in atomic surface-to-bulk 
ratio with the increment of the particle size. The decreased O2 
chemisorption on the surface of WO3 with lower SSA can also be 
the reason for the reduction of surface oxygen fraction.

The type of chemisorbed oxygen species on WO3 was 
estimated from the dependences of electric conductance on 
oxygen partial pressure. The estimation was performed according 
to the model reported previously.13,14 The chemisorption of O2 
results in trapping electrons on the surface of an n-type 
semiconductor:

x/2 O2(gas) + y e– = Ox
y– 
(ads).	 (1)

Concentration of electrons on the grains surface (ns) 
determines the electric conductance. According to mass action 
law, it depends on oxygen partial pressure p(O2) and the type of 
chemisorbed species Ox

y– 
(ads) (i.e., parameters x and y) according 

to the following equation:

ns
y = kdes/kads S [p(O2)]–x/2,	 (2)

where kdes and kads are the rate constants of desorption and 
adsorption, respectively, and S is the concentration of adsorption 
sites occupied by chemisorbed oxygen. The latter is a function of 
ns and depends on the particle size (d) in relation to the thickness 
(L) of the depletion layer formed within the semiconductor due 
to the oxygen chemisorption. For a porous nanocrystalline layer 
consisting of the small particles with d < 2L, i.e. in the case of 
full depletion of the semiconductor grains by electrons (the 
case of flat bands), the conductance (s) depends on the oxygen 
partial pressure, according to equation (3). If oxygen is 
chemisorbed on the larger particles (d > 2L), i.e. in the case of 
band bending due to surface potential barrier formation, the 
conductance s depends on the oxygen partial pressure, 
according to equation (4).13,14

lgs – lg(1 – s/s0) = constant – x/2y lg[p(O2)]	  
                              (small particles, d < 2L),	 (3)

lgs – ½lg[ln(s0/s)] = constant – x/2y lg[p(O2)] 
                               (large particles, d > 2L),	 (4)

where s is the conductance in presence of oxygen, s0 is the 
conductance under inert atmosphere (Ar). The threshold size of 
WO3 particles, d = 2L = 33 nm, was previously reported.17 Slope 
x/2y shows the type of chemisorbed oxygen. For example, three 
types of oxygen species chemisorbed on n-type semiconductor 
(SnO2) are known:15 O2

– (x/2y = 1) at 100–160 °C, O– (x/2y =  
= 0.5) at 200–350 °C, and O2– (x/2y = 0.25) at temperatures 
above 350 °C.

The dynamic DC-resistance of the samples exposed to gas 
flow of Ar–air with variable oxygen percentage (Figure S3) and 
the logarithmic dependences of steady conductance values on 
oxygen partial pressure (Figure S4) were plotted. The logarithmic 
dependences of conductance on p(O2) for the WO3 samples with 
the mean particle size dXRD = 7–25 nm (estimated by XRD) are 
linear in the coordinates corresponding to equation (3)  
[Figure S3(b)], and the dependences for the sample with the 
mean particle size dXRD = 27–35 nm are linear in the coordinates 
of equation (4) [Figure S4(b)]. Figure 3 shows the x/2y parameter 
estimated from the slopes of these dependences and corresponding 
to the definite types of chemisorbed oxygen. For the samples 
with the mean particle sizes below 22 nm, the parameters are 
close to x/2y ≈ 0.75. Hence, oxygen is chemisorbed equally in 
the forms of the molecular O2

– and atomic O– species. For the 
samples of WO3 with larger nanocrystals, the parameter x/2y 
decreased to 0.70–0.60 (dXRD = 23–25 nm) and 0.40–0.25  
(dXRD = 27–35 nm) (see Figure 3). Thus, the predominant type of 
chemisorbed oxygen changes to atomic O– and O2– species upon 
increasing the particle size of WO3. The similar influence of 
particle size on the predominant type of chemisorbed oxygen 
was reported in literature for other n-type metal oxides (SnO2 
and In2O3).14 It was rationalized in the other work:16 the grains 
of diameter (d) less than double thickness of the depletion layer 
(L) are fully depleted of electrons because of trapping at surface 
states. The Fermi level is shifted above the energy states of O2

–, 
which makes molecular ionosorption energetically favorable on 
the nanoparticles with d < 2L:

O2(gas) + e–
(bulk) = O2

–
(ads).	 (5)

In the larger particles (d > 2L), the Fermi level is below the 
energy level of O2

–, but above the levels of O– and O2–. It makes 
the molecular ionosorbates instable and facilitates their transition 
into atomic species:

O2
–
(ads) + e– 

(bulk) = 2 O–
(ads),	 (6)

O–
(ads) + e– 

(bulk) = O2–
(ads).	 (7)

Figure  2  Atomic fractions of W5+ in the total tungsten content and those of 
surface oxygen species (Osurf) in the total oxygen content in nanocrystalline 
WO3 as a function of mean particle size estimated by XRD. 

Figure  3  The temperature dependence of parameter x/2y and the 
corresponding type of chemisorbed oxygen Ox

y– on the surface of 
nanocrystalline WO3 with different mean particle sizes estimated by XRD. 
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Such an explanation of the effect of Fermi level position on 
the type of chemisorbed oxygen species is in agreement with our 
observation for nanocrystalline WO3. As one can conclude from 
Figure 3, the samples of WO3 with particle sizes below the 
threshold size of d < 2L = 33 nm are prone for the chemisorption 
of molecular O2

– and atomic O– species according to equations 
(5) and (6). Oxygen is chemisorbed mostly as the atomic species 
[equations (6) and (7)] on the WO3 surface with the particle size 
reaching 35 nm, i.e. exceeding the double depletion layer. 
Noteworthy, no change of the type of oxygen surface species 
was inferred from the XPS spectra of the WO3 samples with 
different particle size (see Figure S2). It can be explained by 
different measurement conditions: the XPS spectra were 
recorded at room temperature under ultra-high vacuum, while 
the conductance measurements were performed for the 
temperatures of 150–300 °C and ambient pressure.

The predominant type of chemisorbed oxygen species on the 
WO3 samples was dependent on temperature (Figure 3). For 
WO3 with dXRD < 25 nm, an increasing impact of the atomic O– 
species, in contrast to the molecular ones O2

–, was observed with 
the increase of temperature from 150 to 300 °C. Such an effect of 
temperature on the predominant route of oxygen chemisorption 
is typical of n-type semiconducting metal oxides.15 It is explained 
by the fact that the dissociation of molecular oxygen and the 
ionization of atomic species to the O– and further to the O2– ones 
require a thermal activation.15 For WO3 with dXRD = 27–35 nm, 
the predominant type of chemisorbed oxygen changed from the 
single-ionized O– to the double-ionized O2– species upon 
increasing temperature from 150 to 300 °C (see Figure 3). 

In conclusion, the amount of surface oxygen relative to bulk 
oxygen species decreases, as the particle size of WO3 increases 
within the range of 7–35 nm. Oxygen is chemisorbed 
predominantly in the forms of O2

– and O– species on the surface 
of nanocrystalline WO3 with particle size below 22 nm. The 
obtained results are valuable for the design and applications of 
nanocrystalline WO3-based materials in gas sensors, since the 
knowledge of chemisorbed oxygen species on the WO3 surface 
is necessary for understanding the sensing mechanisms and for 
the control of sensing behavior depending on the particle size of 
semiconductor and temperature.

This work was supported by the Russian Science Foundation 
(grant no. 19-13-00245).
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