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A B S T R A C T 

Layers of vertically aligned WO3 nanochannels with individual pore diameter of ca. 10 

nm are anodically grown in a pure molten ortho-phosphoric acid (o-H3PO4) electrolyte. 

For this, no addition of additives such as water, organics or other salts to the electrolyte 

is required. When converted into crystalline structures by proper thermal treatment, the 

anodic WO3 nanochannel layers exhibit outstanding gas-sensing ability. These gas-

sensors can be operated at relatively low temperature (80-120°C) and deliver fast 

response-recovery times, so to reliably detect H2 traces with concentration as low as of 

ca. 500 ppb. The enhanced sensing ability is ascribed to the structural features of so-

fabricated anodic films that are characterized by large surface area and one-dimensional 

morphology, allowing for fast and reproducible response even to H2 traces in the ppb 

range. 

Keywords: anodization, tungsten oxide, phosphoric acid, molten salt, hydrogen, gas-

sensing  
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1. Introduction 

Tungsten trioxide (WO3) is an n-type semiconductor that has received large attention in 

the last decades in both scientific and technological fields due to its electronic and 

optical properties. It has been investigated as photocatalyst [1] and to fabricate 

electrodes for electrochromic devices [2] and for photo-electrochemical cells (i.e., water 

splitting) [3]. In particular, after the pioneering work of P.J. Shaver in 1967 [4], WO3 

has been intensively studied also as gas sensor, mainly for H2, H2S and NOx detection 

[5-7]. 

For resistive gas-sensors [8], the sensing mechanism is based on the change of 

semiconductor resistance upon exposure to a certain analyte. This is a surface 

phenomenon related to the extent of oxygen adsorption, and the larger the active surface 

of the semiconductor, the more pronounced is the sensor response to a given analyte 

(enhanced “receptor” function) [9]. Therefore, a large surface area is desired for the 

device and is typically obtained by fabricating gas-sensors from sintered oxide 

nanoparticle layers [10]. 

On the other hand, also the microstructure of the semiconductor largely affects the 

sensor performance (“transducer” function). In fact, it has been shown that improved 

sensitivities of the device are achieved by reducing the dimension of the oxide 

nanoparticles down to values comparable to the Debye length of the semiconductor, i.e., 

the depth of the surface space charge layer [9]. When this occurs, the electron transport 

takes place through the space charge layer in the “necks” (i.e., connectivities between 

adjacent crystallites), and the resistance of the device (and thus also the device 

sensitivity) becomes strictly related to the environment and hence gas-dependent. 
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Therefore, nanostructuring the semiconductor into one-dimensional (1D) 

architectures represents a potential key to fabricate functional oxide films and devices 

with improved performance [11]. 

Classical approaches to prepare nanostructured WO3 films include sol-gel and 

hydrothermal processes that use alkoxides as starting material [12,13]. These lead to 

WO3 nanoparticle slurries and post-treatments are needed to separate the oxide from the 

liquid phase so that the nanoparticles are then deposited (and sintered) on desired 

substrates for further use. Other frequently employed methods are spray pyrolysis [14], 

sputtering [15] and thermal or e-beam evaporation [16,17]. 

Besides, electrochemical anodization represents a simple, versatile and cost-effective 

approach for fabricating nanostructured oxide layers [18]. Electrochemical anodization 

has been extensively explored in the last decades to grow highly-ordered self-organized 

TiO2 nanotube arrays [19] as well as many other morphologies and nanostructured 

metal oxides [20], this since an optimized anodization strategy allows for a fine control 

over the oxide structural features. 

Concerning the growth of porous anodic WO3 films, a limited number of attempts 

have been reported, this because anodization of tungsten leads in many electrolytes to 

soluble species [21-23] and, consequently, the control over the anodic oxide structure 

results challenging. 

One of the first reports in such context is that of Mukherjee et al. [24], which 

describes the growth of nanoporous WO3 films by galvanostatic oxidation of W foil in 

aqueous oxalic acid. However, these films were rather thin (e.g., few tens of nm), while 

thicker layers are clearly desired for further applications. 
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Other follow-up studies reported on the use of aqueous NaF electrolytes though, also 

in these cases, the degree of self-ordering was rather poor and the layers were only 200-

300 nm-thick [25,26]. 

The fabrication of 1D anodic WO3 nanostructures, that is, high aspect ratio 

morphologies, was firstly reported by Hahn et al., who developed a strategy based on 

rapid anodic growth of WO3 nanotube bundles in aqueous NaCl or HClO4 electrolytes 

[27]. However, although nanotube bundles as long as 10-20 µm could be formed, these 

layers were not uniform as the anodic growth occurred through breakdown events that 

were randomly distributed over the anodized surface. 

Subsequently, more uniform and stable WO3 layers with several µm-long vertically-

aligned nanochannels were fabricated, as reported by Wei et al. [28], in an NH4F-

containing ethylene glycol electrolyte. Interestingly, an electrolyte with limited water 

content (<0.2wt%) as the one used by Wei et al. is seemingly the key to form such thick 

regular nanostructures. 

In this work we show a new anodization approach carried out in a hot pure o-H3PO4 

electrolyte that leads to the formation of functional, high aspect ratio WO3 layers. The 

growth conditions were optimized to fabricate thick ordered nanochannel structures. At 

the same time, we also address a critical aspect of using anodic layers grown on 

conductive (metallic) substrates as resistive gas-sensors, that is, the high electric 

conductivity of the substrate (i.e., W foil) typically contributes to a significant drop of 

the device sensitivity, this because the current flows preferentially through the metallic 

foil, and the change of the anodic film resistance upon exposure to the analyte (e.g., H2) 

becomes negligible compared to the overall resistance of the device. Thus, to overcome 

this issue, we fabricate porous anodic layers by anodizing W films that are e-beam 
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evaporated onto non-conductive glass. These structures, which are converted into 

crystalline WO3 by proper thermal treatment, exhibit very promising results when tested 

as H2 gas-sensors. Reproducible and fast gas-sensing response along with high 

sensitivity is provided by the large surface area and 1D morphology of these anodic 

structures. 

 

2. Results and Discussion 

Fig. 1(a)-(f) show SEM and TEM images of the optimized WO3 nanochannel layers that 

were grown on glass substrates by using the here introduced o-H3PO4-based anodization 

approach. As also shown in Fig. S1 and S2, this procedure leads to the growth of high 

aspect ratio pores with mean diameter of 10 nm (see). 

Key factor to succeed in the growth of such ordered structure is the use of a hot pure 

o-H3PO4 electrolyte. Pure o-H3PO4 (i.e., ortho-phosphoric acid) is solid at room 

temperature but melts at ca. 40°C. We found that when molten, a hot pure o-H3PO4 

medium is suitable for the growth of anodic porous layers. 

To achieve optimized self-ordering anodization conditions, a set of parameters was 

screened by performing preliminary experiments on W foil (see the ESI for 

experimental details). In particular, we observed that temperature and composition of 

the electrolyte, applied potential and anodization time were of relevant importance 

(results of preliminary experiments are summarized in Table S1 and S2). 

Fig. S3 (see ESI) shows ordered WO3 nanochannel structures that were grown on W 

foils by optimized anodization (pure o-H3PO4, 5 V, 100°C). The equilibrium between 

field-assisted passivation and oxide dissolution (that is a prerequisite for self-ordering 

anodization) is established only at an electrolyte temperature of ca. 100°C. At lower 
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temperature, a compact oxide or relatively thin porous layers were formed (Fig. S4). 

Thicker nanochannels could be formed at 120°C although these showed large extent of 

etching at the outermost part of the anodic film, most probably ascribed to fast oxide 

dissolution occurring at relatively high temperature. 

We also found that an applied potential of 2.5-10 V was ideal to form thick and 

ordered WO3 nanochannel layers. Current density (J) vs. time profiles were recorded 

when anodizing at these applied potentials (Fig. S5) and revealed that steady state J 

values as low as of 0.1-0.6 mA cm-2 are needed to establish a controlled oxide growth. 

Such profiles indicate that passivation firstly occurs (sudden increase and drop of J) 

which is followed by steady state condition, that is, a nearly constant J is reached, and 

desired equilibrium between metal passivation and oxide dissolution is obtained, 

leading to ordered structures as those shown in Fig. S6. On the contrary, only a few tens 

of nm-thick porous layer was formed at 1 V (the short thickness is in line with a J of 

few µA cm-2), while potentials of 15 V or higher led to significantly less ordered 

nanochannel layers (in agreement with J values as high as of tens of mA cm-2). 

At the same time, similar results were obtained by performing experiments in 

galvanostatic conditions (Fig. S7). By setting J at ca. 1.2 mA cm-2 (such J value exceeds 

that observed when anodizing at 2.5-10 V but is lower than that measured at 15 V), we 

found that the potential, after a first increase up to ca. 9 V, stabilizes at 5-6 V, and 

highly ordered nanochannel structures were obtained that resembles those fabricated by 

the optimized potentiostatic approach. 

Another key advantage of the here presented anodization process is that the 

electrolyte can be repeatedly used for anodizing with no detrimental effects on the 

anodic film morphology (see Table S1). However, it’s worth noting that o-H3PO4 is 
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rather hygroscopic (especially when pure) and tends to uptake water from the 

environment. Thus, to investigate the effect of water, we firstly performed anodization 

experiments (optimized conditions) during which a little amount of water was added to 

the electrolyte (so to reach a nominal water content of ca. 0.5 vol%). The J-time profile 

of this experiment shows, corresponding to the instant of water addition, a sharp 

positive spike that indicates sudden acceleration of the oxide dissolution (Fig. S8). 

However, in a few minutes, J recovered to steady state values and the anodization 

experiments finally led to highly-ordered WO3 nanochannel structures. 

The role of water was further investigated by growing anodic films in o-H3PO4-based 

electrolytes with different initial water contents. While a water content of 2 vol% did 

not detrimentally effect the structure of the WO3 film, larger amounts of water (i.e., 10 

vol%) led to dramatic increase of etching rate and consequently to less ordered porous 

films (see Fig. S8). 

These results can be explained assuming that limited amounts of water rapidly 

evaporate from the hot o-H3PO4. Therefore, the electrolyte can be in principle recovered 

from water uptake by an extensive heating step prior to anodization. However we 

assume that even by using a hot anodizing medium, traces of water (most probably with 

concentration in the ppm range) are present and contribute as oxygen-source to the 

field-assisted W passivation. In line with the work of Wei et al. [28], such limited water 

content more probably represents the key to reach controlled growth of thick and 

ordered porous films. 

Under optimized conditions, the thickening of the WO3 layers was shown to follow a 

parabolic trend over the anodization time (Fig. S9). This is ascribed to the fact that for 

long anodization experiments, the outermost part of the film is exposed to the 
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electrolyte and therefore undergoes extensive etching (this is well in line with what 

observed for other anodically grown 1D oxides [29]). However, for relatively short 

experiments (e.g., 0.5-8 h-long), we found that the layer thickness linearly increased 

over the anodization time with an average growth rate of ca. 0.25 µm h-1, and, most 

importantly, these films showed straight nanochannels with top open pores. 

Additional key strengths of the here presented approach are that i) the concept can be 

extended to the use of other phosphorus-containing acids, that is, hot pure pyro- and 

poly-phosphoric acids are suitable electrolytes for the growth of ordered anodic porous 

WO3 structures (Fig. S10); and ii) hot pure o-H3PO4 can be effectively used also to 

anodically form Al2O3 nanopore (Fig. S11) and Nb2O5 nanochannel (Fig. S12) 

structures. Overall, these aspects clearly highlight the broad potential of this approach 

and its technological significance in view of fabricating advanced nanostructured 

materials. 

The optimized anodization approach was used for fabricating gas-sensing devices 

(Scheme S1). Fir this, we anodized 600-700 nm-thick W layers that were evaporated on 

non-conductive glass slides (Fig. 1 and Fig. S1). Highly ordered porous oxide films 

with a thickness of ca. 1.3 µm were grown after ca. 4 h-long anodization experiments, 

in full agreement with the results of preliminary screening (Fig. 1(g)). The volume 

expansion is ascribed to the lower density of the metal oxide compared to that of the 

metal [30]. 

The complete conversion of metallic W into oxide film was shown to be another 

important key to fabricate functional devices (for more details see the ESI). For this, the 

J-time profiles were monitored during the anodization experiments and steady-state J 

values of 0.10-0.15 mA cm-2 were recorded that are well in line with those measured in 
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the preliminary experiments. We assumed the conversion of the metal film into porous 

oxide to be completed when J dropped to values of few µA cm-2 (Fig. 1(h)). This also 

occurred with gradual conversion of the film into a transparent oxide layer (Fig. 1(i)). 

When as-formed, these anodic films were amorphous, as shown by XRD data, 

HRTEM image and SAED pattern in Fig. 2(a) and (c). Their conversion into crystalline 

structure was obtained by proper thermal treatment. We observed crystallization into 

monoclinic WO3 by annealing at 350°C, as proved by appearance of intense reflections 

peaking at 23.2 and 23.7 degree (Fig. 2(b)) [24,26]. For layers annealed at 450°C we 

observed significantly more intense reflections, ascribed to higher degree of 

crystallinity. The crystallization of these layers was also confirmed by HRTEM as 

lattice planes of crystalline WO3 were clearly visible (Fig. 2(d)). Also, the SAED 

pattern showed a four-fold symmetry with d spacing of 3.86, 2.70, 1.93 and 1.69 Å 

corresponding to the (002), (022), (004) and (042) planes of monoclinic WO3 [31]. 

Interestingly, higher annealing temperature (≥550°C) led to formation of sodium 

tungstate species (these with different stoichiometry and crystallographic features) as 

proved by appearance of intense reflections mainly at 10.8, 24.3 and 28.3 degree (Fig. 

2(b)) [32,33]. These results can be explained by assuming that at such high annealing 

temperature, solid state reaction occurs that leads to diffusion of Na ions from the glass 

substrate into the oxide film. This is in agreement with WO3 crystallographic features 

and consequent ability to intercalate Na+ ions [34]. Moreover, we also noticed that high 

temperature annealing led to significant sintering and collapse of the structures (Fig. 

S13), and to a change of the anodic film color (from transparent into pale yellow, that 

can be ascribed to partial WO3 reduction due to Na+ intercalation, i.e., electrochromism, 
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or to formation of tungstate species). On the other hand, the nanochannel structures 

were shown to withstand thermal treatment at temperatures up to 450°C. 

XPS analysis of both as-formed and annealed layers further confirmed the formation 

of WO3 (Fig. 2(e)-(h)). Interestingly, the survey spectra of the film annealed at 450°C 

(Fig. 2(e)) showed intense Na1s signal. Once more, one can explain this assuming that 

the thermal treatment at 450°C enables Na ion intercalation. On the other hand, the film 

was shown to be composed of monoclinic WO3 so that we assume that only higher 

annealing temperatures (≥550°C) enable intercalation of significant amounts of Na ions 

with consequent transformation of WO3 into stoichiometric Na2W2O7. 

The high resolution XPS spectra showed that peak position of W4f7/2 and W4f5/2 for 

as-formed layers were at 36.71 and 38.91 eV, respectively (Fig. 2(f)), that well 

correspond to the literature [35]. After annealing at 450°C, we observed a ca. 0.5 eV-

shift of W4f doublet towards lower binding energies. However, according to the 

literature, a shift toward higher binding energies is typically observed after annealing 

that is ascribed to complete oxidation of the anodic film to form stoichiometric WO3 

and also to a reduction of hydroxide species and water adsorbed at the oxide surface 

[36]. Therefore, a shift towards lower binding energies can be due to intercalation of Na 

ions, as above discussed, that induces partial reduction of WO3 [35]. 

According to the literature, the O1s signals were deconvoluted into two peaks by 

Gaussian fitting (Fig. 2(g)). The main peaks, that are those at lower binding energies, 

are attributed to lattice oxygen, and, in line with literature on anodic WO3 [35], were 

found to peak at 530.88 and 530.28 eV, respectively, for the as-formed and annealed 

films. On the other hand, the peaks at higher binding energies, i.e., peaking at ca. 

532.27-531.48 eV, are attributable to adsorbed hydroxide [35]. The Gaussian fitting of 
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these peaks revealed that the amount of adsorbed hydroxide species was of ca. 13% for 

both as-formed and annealed films. 

XPS analysis revealed also the presence of P in both as-formed and annealed films, 

as indicated by the P2p signals peaking at 134.71 and 134.45 eV [35], respectively, 

corresponding to P concentration of ca. 1.2-1.4 at%. These results were found to be well 

in line with those provided by EDAX measurements, which revealed P contents of ca. 

1.1-1.2 at% (Fig. S14) [27]. 

The value of the structures produced in this work was assessed by performing a 

series of H2 gas-sensing experiments (see Scheme S2 and ESI for experimental details). 

The fabrication of the gas-sensing devices was completed by depositing two Pt 

electrodes on top of the anodic layers (Fig. S15). Overall, the results (see below) were 

well in line with the H2 sensing mechanism reported in the literature [4-7]. Briefly, the 

sensing ability of WO3 is ascribed to reduction of the sensor resistance upon exposure to 

H2 (reducing gas). This occurs because H2 undergoes oxidation by oxygen species 

adsorbed at the surface of the oxide forming water as final product (“receptor” 

function), and thus, the consumption of adsorbed oxygen leads to the increase of 

conductivity of the sensor (“transducer” function). 

A preliminary set of experiments was performed on films annealed at different 

temperature to identify the optimal thermal treatment (Fig. 3(a)). The best response, in 

terms of both speed and magnitude, was obtained for samples annealed at 350-450°C, 

which showed fast resistance drop-recovery upon exposure to H2 pulses. These devices, 

for H2 injections of 2.3 ppm, delivered response of 29.9 and 23.4%, respectively. 

However, a thermal treatment at 450°C was preferred over that at 350°C since the 

former led to more stable gas-sensors, i.e., devices crystallized at 350°C showed 
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significant baseline drift and unreliable response over extended experiments. On the 

other hand, devices annealed at higher temperatures (≥550°C) delivered slow resistance 

drop-recovery while the films treated at 250°C showed poor and unreliable response. 

These results correspond well with what observed by XRD and SEM analysis, that is, 

films annealed at temperature ≥550°C underwent sintering (significant loss of porosity) 

and conversion into tungstate species, while structures treated at 250°C resulted not 

crystalline (Fig. 2(a) and Fig. S13). 

By means of further screening experiments, we found the sensors to deliver reliable 

signal also at relatively low sensing temperature (Fig. 3(b)). In fact, stable and 

reproducible response as high as of ca. 23% to H2 injections of 2.3 ppm was measured 

at 80 and 120°C. However, for extended experiments at 80°C we observed resistance 

drift and slight loss of reproducibility of the response (clearly, lower temperature led to 

even less reliable signal). Besides, higher sensing temperature led to significant 

decrease of the sensor response (when operating at 200°C, r dropped down to ca. 10%). 

The gas-sensing ability of the devices was highlighted especially when screening the 

sensor response to H2 concentration as low as of ca. 500 ppb (Fig. 3(c)-(e)). It is worth 

noting that, according to the literature, such low H2 concentration are typically detected 

with WO3-based gas sensors only if high sensing temperatures (≥300°C) are adopted 

(thermal activation) or if the semiconductor is decorated with noble metal (Pt or Pd) 

nanoparticles (catalytic activation) [36,37]. Indeed, without undertaking any of these 

strategies, we measured with our gas-sensors consistent and reproducible response to 

repeated H2 pulses with concentration in the 0.5-2.3 ppm range (Fig. 3(c)). Interestingly, 

we observed for these devices not only a promising resistance to fatigue (i.e., stability 
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over long term measurements) but also a stabilization of sensor response after extended 

experiments, as shown in Fig. 3(d). 

The response to H2 pulses of 500 ppb was of ca. 5% and the device also showed, in 

such a low range of H2 concentration, a linear correlation between the response and the 

amount of analyte (Fig. 3(e)), which is clearly a desirable feature for H2-leak sensors. 

 

3. Conclusions 

With this work we introduced a new anodization approach that allows for the growth of 

different nanostructured metal oxide layers. We showed that hot phosphoric acids, when 

pure, are suitable electrolyte for the anodic growth of nanostructured functional 

materials. In particular, the growth of highly-ordered WO3 nanochannel layers was 

optimized and these structures were used to fabricate gas-sensing devices that can be 

operated at low temperature and without costly noble metal nanoparticle decoration. So-

fabricated devices showed outstanding sensing ability and delivered reliable response to 

H2 concentrations as low as of ca. 500 ppb. 
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Figure captions 

 

Figure 1 – (a,b) Top view and (c,d) cross sectional SEM images of WO3 nanochannel 

layers grown on non-conductive glass substrates by optimized anodization (pure o-

H3PO4, at 5 V, 100°C); (e,f) relative TEM images; (g,h) J-time profile recorded during 

the anodization experiment with (h) showing a magnified view of the same profile; (i) 

optical pictures of the so obtained porous transparent WO3 nanochannel layer grown on 

non-conductive glass slide 

 

Figure 2 – XRD, TEM and XPS characterization of ca. 1.3 µm-thick WO3 nanochannel 

layers grown on non-conductive glass substrates by optimized anodization (pure o-

H3PO4, at 5 V, 100°C), as-formed and annealed at different temperature (250-670°C 

range, air, 1 h). (a,b) XRD patterns of as-formed and annealed layers; (b) magnified 

view of 10-30 degree region of data shown in (a); (c,d) HRTEM images and SAED 

patterns (insets) of (c) as-formed and (d) annealed (450°C) films; (e-h) XPS data of as-

formed and annealed (450°C) films showing (e) survey spectra and high resolution 

spectra in the (f) W4f, (g) O1s and (h) P2p regions. The lines with square and circle 

symbols in (g) are the experimental data, while the pink and blue curves are the two 

peaks determined by Gaussian fitting of the experimental data (the cyan lines are the 

fitting baselines). 

 

Figure 3 – H2 gas-sensing results (artificial air was used as carrier gas) measured with 

gas-sensors fabricated from films grown on non-conductive glass by optimized 

anodization and annealed at different temperature (250-650°C, air, 1 h). (a) Response of 

devices fabricated by different annealing conditions to H2 injections of 2.3 ppm at a 

sensing temperature of 120°C; (b) response of a device annealed at 450°C to H2 

injections of 2.3 ppm at different sensing temperature (80-200°C); (c) response of a 

device annealed at 450°C to H2 injections of different concentrations (500 ppb - 2.3 

ppm) at a sensing temperature of 120°C; (d) stable response of a device annealed at 

450°C to H2 injections of 500 ppb at a sensing temperature of 120°C (data are taken 
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from the red box in (c)); (e) plot summarizing the response of a device annealed at 

450°C to H2 injections of different concentrations (500 ppb - 2.3 ppm) at a sensing 

temperature of 120°C. 
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