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Abstract: The potentiostatic anodization of metallic tungsten has been investigated in different solvent/electrolyte
compositions with the aim of improving the photoelectrochemical performances of the tungsten oxide layer. Among the explored
electrolytes, the anodization in the NMF/H,O/NH,F solvent mixture was found to produce the most efficient WO; photoanodes,
which, combining spectral sensitivity, high electrochemically active surface and improved charge transfer kinetics, outperform,
under simulated solar illumination, most of the reported nanocrystalline substrates produced by anodization in aqueous
electrolytes and by sol gel methods. While the preparation of the photoelectrodes is a slow process at room temperature (20 °C),
it could be greatly accelerated (x 10) by carrying out the anodization at 40-50 °C, thus proving to be a fast and convenient

approach to the production of high performing WO3 photoactive substrates directly connected to a metal electron collector .
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1. 1. Introduction

Since the experiment of Fujishima and Honda[1], the use of semiconductor photoelectrodes or nanoparticles,
have appeared to be an interesting and viable approach to the photoinduced water splitting (i.e. the splitting of the
water molecule in molecular oxygen and hydrogen), thanks to the possibility to convert, with high quantum yield,
UV-vis radiation in highly energetic charge carriers that can induce the required electrochemical reactions at the
solid/electrolyte interface[2-5].

Photoanodes based on n-type metal oxides like TiO,[6], WO;[7] and Fe,0;[8,9] have been intensely studied,
since, they couple ease of fabrication, high chemical stability in aqueous solution under evolving oxygen
conditions, and reasonably high efficiency when operated in a photoelectrochemical cell. Particularly, WO,
electrodes show interesting properties displaying both visible absorption and good charge transport abilities[10-
12]. Tungsten (together with Al, Ti, Zr, Bi, Ta, Nb) belongs to the group of the so called valve metals, which
passivate and show a very high corrosion resistance in most common aqueous media. The composition of naturally
or anodically formed tungsten oxide films is essentially coincident with that of WO;[13]. Thus, electrochemical
anodization of metallic tungsten can be a convenient method for preparing porous photoactive films in which the
oxide structures are tightly interconnected and strongly bound to the metal collector, both factors concurring to
increase the photogenerated charge collection efficiency. It has already been shown that by this approach it is
indeed possible to obtain interesting nanostructures that can find application in the field of solar energy
conversion[14,15].

The most common route for the anodic preparation of porous WO; films involves the application of a constant
potential to a metallic tungsten lamina in the presence of aqueous electrolytes containing fluoride anions which
establish mild oxide dissolution conditions. It is the achievement of a steady state between oxide dissolution and
formation which leads to nanotubular or nanoporous structures. Some authors have also achieved a porous oxide
structure (and even some small nanotubular WO; domains) by careful application of an appropriate overvoltage
intended to reach oxide breakdown conditions in fluoride free electrolytes[16]. Basically, in order to reach
breakdown conditions, made possible by the presence of a strong applied field, a harsh treatment consisting in the
application of a sudden  potential step of several tens of volts has to be adopted. Electrolyte temperature and
compositions are also important for reaching reproducible results and a reasonable surface coverage. Although in
some contributions it appears that the monochromatic conversion in the visible region has been optimized following
certain annealing conditions (pure oxygen atmosphere, 550 °C)[10], more often are found literature reports in
which the nanostructured WOj; substrates display an high photoactvity in the UV region but give a limited
response in the visible frequencies. This is consistent with the reported monoclinic WOj; indirect band gaps
apparently ranging from 3.25 to 2.9 eV[15,17]. Indeed, we have also verified that, by following or slightly
modifying literature approaches, relevant IPCEs in the order of 50 % or higher could be reached in the UV region,
but no substantial photoactivity could be observed beyond 430 nm. We started therefore a systematic investigation
on the effect of the electrolyte composition on the photoelectrochemical properties of anodized WO; electrodes. Our
work has been largely inspired by the studies of Grimes et al.[18] on the anodic formation of titania nanotubes. We
report here on the preparation and characterization of WO; electrodes which combine a large spectral sensitivity to
improved charge transfer kinetics and allow for high production yields of hydrogen in 1M H,SO, under a potential
bias of 1V vs SCE.

2. Experimental Section

2.1. Materials

Metallic tungsten foils 99.95% (0.1 mm thick), N-methyl-formamide (NMF), formamide, dimethyl sulfoxide
(DMSO), N,N- dimethyl-formamide (DMF), hydrofluoric acid were from Alfa Aesar. Ammonium fluoride,
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Alconox, sulphuric acid, ethanol, methanol, acetone, were reagent grade products obtained from Fluka or Sigma-
Aldrich and used as received. Nanocrystalline WO; electrodes obtained by blading of a sol-gel precursor on
fluorine-tin oxide conductive glass substrates (FTO, TEC 8, 8 ohm/[], from Hartford Glass, USA) were prepared
according to literature procedures [19,20].

2.2. Preparation of WO3 photoanodes

Prior to anodization, tungsten foils ca. 2 x 1 cm were sonicated in an aqueous alconox solution for 10 minutes,
rinsed with water and washed with ethanol and acetone. The potentiostatic anodization was carried out in a two
electrode configuration in which the tungsten anode and cathode were cofacially assembled at an average distance
of 3 mm. By using a DC power supply (KERT Cosmo 1500/1), the voltage was quickly manually increased to the
final value of 40 V, with a rate of approximately 0.5 V/s. The best electrolyte was composed by NMF/H,0 8/2 and
0.05 % NH,F w/w. An increase in fluoride concentration up to 0.1 % led to identical results. The use of an
equivalent (with respect to NH4F) molar amount of HF instead of NH4F did not change the structure and the
performance of the resulting oxide surface. Electrolytes based on other high dielectric constant organic solvents
(DMSO, formamide, DMF, ethylene glycol) were explored in an analogous ratio, i.e. organic solvent/water 8:2 in
the presence of ammonium fluoride or HF (0.05 — 0.1 % w/w) with less satisfactory results. The solution was kept
unstirred and the anodization was carried out for 72 hours at room temperature (203 °C). The typical average
current density during the anodization in NMF was 4-6 mA/cm’® and the total charge exchanged, obtained by
integration of the i-t curve was 150+18 C. The accelerated anodization processes at higher temperatures was
carried out in a thermostatic bath. Temperatures of both 40 °C and 50 °C were explored. Under these conditions the
anodic current reached maximum values close to 55 mA/cm”.

After the anodization process, the resulting WO; electrodes were rinsed with water, ethanol and acetone and
sonicated in water for 10 minutes in order to remove weakly surface bound material or debris, dried under an air
stream and fired at 550 °C in air for 1 hour to promote sintering and crystallization.

2.3. Photoelectrochemical Measurements

J-V curves were recorded with an Eco Chemie PGSTAT 302/N potentiostat in a three electrode configuration by
using a Pt wire counter electrode and a SCE reference electrode. The typical scan rate was 20 mV/s. Simulated
sunlight irradiation was obtained with an ABET sun simulator equipped with a 150 W Xe lamp and an AM1.5 G
filter. Incident irradiance was measured with a Molectron Power Max 500 power meter.

IPCE spectra (n° of collected electrons/n® of incident photons) were obtained by using the same three
electrode cell described above, by using a 150 W water cooled Xe lamp coupled to an Applied Photophysics
monochromator (1200 lines/mm, f:4, band pass 10 nm). The photocurrents were recorded with an Agilent 34401A
6 2 digits multimeter. The potential bias was generated by an AMEL mod. 552 potentiostat. Incident irradiance was
measured by a Centronic OSD 7Q calibrated photodiode

Potentiostatic electrochemical impedance spectroscopy (EIS) was performed by using an Eco Chemie
Frequency response analyzer by applying a single sinusoidal perturbation of the amplitude of 10 mV in the 5 10* - 5
10 Hz frequency range. The response was acquired with the Eco Chemie Nova 1.5 program and fitted in terms of
equivalent circuits with Z-Simp Win 3.22 software. In all cases the experimental data could be satisfactorily fitted
in terms of simple equivalent circuits of the type R(QR’) where R is the ohmic resistance, R’ is the interfacial
charge transfer resistance and Q is the constant phase element accounting for the non ideal double layer
capacitance.
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3. Results and Discussion

3.1. Formation of Anodically grown WO;

A NMF based electrolyte was privileged because of the high dielectric constant of such solvent (182.4), which
may favor, at any given potential, the formation of a higher charge density on the oxide layer, improving the
extraction of W® and, ultimately favoring oxide growth. In this electrolytic composition water is required to act as
an oxygen donor allowing for oxide formation., while fluorides act as a chemical etchant, promoting localized oxide
dissolution and the formation of corrosion pits from which the field assisted dissolution is stronger. After 72 h at
room temperature, the anodization in NMF results, after subsequent annealing, in the formation of an irregular
porous nanocrystalline (monoclinic) oxide layer 3-5 micron thick, with bundled up structures, ca. 300 nm wide,
longitudinally crossed by cracks which give to the surface an overall worm-like appearance (Fig.1). The AFM
imaging gives the topographical picture of the surface, confirming the existence of such morphology and revealing a
maximum height difference between structure crests and valleys or pores of approximately 600 nm.
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Fig.1 AFM micrograph of anodically formed WOj after the annealing process at 550 C° for 1 h in air

The SEM imaging of WO; films obtained at progressive anodization time intervals in the NMF electrolyte
provides a picture of the stages involved in the formation of the photoactive oxide. After 2 hours from the
beginning of the anodization a compact oxide layer with few corrosion pits is evident (Fig.2). After 6 hours the
number of pits is increased and thicker oxide walls are present at their borders, suggesting oxide growth and
formation of deeper tubes with a circular mouth. With the progress of the anodization, the adjacent tubes grow in
number, their walls grow in thickness, coalesce and crack, finally resulting, after 24 h, in the characteristic surface
which is still observed after 48 and 72 hours. The same surface morphology is observed also in WO; samples
obtained through the accelerated anodization route at 40 °C, in which nano tubular domains can also be noted (Fig. 3
(A), (B)). This analogy suggests that also under these conditions the formation of the oxide follows essentially the
same stages which are observed at room temperature. Simply, the kinetics of both the competing processes, i.e.
oxide formation and dissolution, are improved, as demonstrated by the significantly higher currents (40-50 mA/cm®
recorded at 40 °C compared to 4-6 mA/cm” at R.T.) observed during the accelerated anodization process (Fig.3C).
After an initial interval (ca. 30 min) during which the current is very low, due to the presence of a compact oxide
barrier layer, a steep rise of the anodic current follows, indicating that both chemical etching by F ions and field
assisted oxide dissolution coupled to the concomitant formation of fresh WOj; from the underlying metal are now
taking place. The competition between these two processes determines the inward movement of the W/WO;
interface and the formation of an outer porous oxide film which can reach a thickness of few microns (Fig.3C).
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The fact that the current continues to maintain relevant values (> 25 mA/cm?) along the whole duration of the
anodization process and the observation of gas bubbles evolving from the oxide surface under anodization

indicate the persistence of ionic and electronic conduction through the W/WO; interface.

Viacusan Moe = Hh Vacuam

Mag= 3183KX 1um
- e ot 30 001

o 102 Dagimie WD=95mm  EWT=2000kv SignalA=SE1 m;f&:&;ﬁ""‘ WD=90mm EHT=2000ky SgnelA=SE1  THEITE IO

Oate 264902011

Mag= 1505 KX 1¥m
v To = DostayFin

Vatum Mode = High Vitaam
Oate 26430 2011

Vicue Mde = High Vacusm
ste 26,930 2011

Mag= 3011 KX 1um WD= B5mm  EWT=2000Ky Signal A=SE1

Outpt Ta = Diaphay P WD=70mm EHT=2000kv Signal A=SE1

WD=80mm  EMT=2000kv SgnalA=SEY Vel

Ote 26 430 2011

Mag = 30,10 KX 1#m
Gt To = Dungoy i

Fig.2 - SEM micrographs of the WOj5 surface resulting from the anodization in the NMF based electrolyte at different times: 2 h, 6 h, 12 h, 24 h,

48 h. Samples annealed at 550 °C in air before SEM imaging.
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Fig.3. SEM top (A) and cross sectional (B) micrographs of the WOs film after 7 hours of the accelerated anodization in the NMF based
electrolyte at 40 °C. Samples annealed at 550 °C in air before SEM imaging. (C) typical current-time (i-t) behavior recorded during anodization.

3.2. Photoelectrochemistry

When compared to colloidal WO; films[20] obtained by blade casting or to other samples obtained by
anodization in different solvents (DMF, DMSO, water), the typical photoelectrochemical performances of the WO;
films grown in NMF are relevant: under an incident power of 0.15 W/cm® (AM 1.5 G) these samples deliver the
highest photocurrent, approaching 3.5 mA/cm” at 1.5 V vs SCE. Interestingly, a double layer colloidal electrode
obtained by two subsequent blade casting, with a thickness comparable to the NMF substrate, undergoes only a
marginal improvement over the single layer, suggesting that the oxide thickness or the related light harvesting
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alone is not entirely responsible for the different performances. Other factors, presumably charge transport and
charge transfer resistance at the interface and specific electro active surface area are playing the major role in
determining the photoelectrode behavior.
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Fig.4. J-V curves in 1M H,SO; for anodized WO; films obtained from different electrolytic compositions : NMF (dark cyan), DMF (blue),
DMSO (red), colloidal (gold and purple) . AM 1.5 G, 0.15 W/cm?

Under AM 1.5 G incident irradiation, the photocurrent generated by photoelectrodes obtained from the NMF
route, varies in a reasonably linear fashion with the incident irradiance, showing maximum values exceeding 9
mA/cm® under 0.37 W/ecm® with an average slope of 0.013 A cm™ V™. The advantage of the electrochemically
grown WO; over a more conventional WO; electrode obtained by standard sol-gel methods (colloidal), can be
clearly appreciated from Fig.5: while the performances of the two electrodes are quite similar at low power
intensities, under strong illumination the anodically grown film does not show saturation and clearly outperforms
the colloidal film by almost a factor of four, indicating, particularly under high power intensities, a more effective
hole transfer to the electrolyte.
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Fig.5. Photocurrent density taken at 1 V vs SCE as a function of the incident irradiance (AM 1.5 G): (black) anodically grown; (red) sol/gel
WO;
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In the presence of an electrolyte composed by 1 M H,SO,/CH;0H 8/2 (V/V) the plateau photocurrents generated
by the anodically grown WO, films are nearly doubled, approaching, under strong illumination (ca. 0.3 W/cm?),
16 mA/cm®. Concomitantly, it can be observed a negative shift of the photoanodic onset of ca. 100 mV: both
effects are consistent with an improved hole scavenging by CH;0OH and/or by a known mechanism of photocurrent
doubling from surface adsorbed highly reducing CH;O- intermediates[21]. A further evidence of effective charge
transfer to the electrolyte, as well as of photocurrent doubling in the presence of methanol, acting as a hole
scavenger, was gained from the J-V curves recorded under shuttered illumination, in which the rectangular shape
of the transients, the presence of small photoanodic transients in the immediate proximity of the flat band potential
and the lack of cathodic features are all indicative of efficient photoinduced charge separation and transport™.

As indicated by a recently published study[23], the good photoelectrochemical properties of the anodically
grown WO; in NMF stem from a low charge transfer resistance and from a highly porous surface formed by
interconnected nanostructures which enhance the possibility of hole transfer to the electrolyte and the concomitant
electron transport to the metal collector.

These properties are retained in samples obtained from the accelerated (40 °C) anodization route, as
demonstrated by the IPCE spectra (Fig.6(A)) recorded in sulfuric acid, which, in the best case (10 h anodization),
approach 75 % in a broad region in the UV, extending deeply in the visible region thanks to a secondary maximum
at 390 nm (IPCE,,x = 65-70 % at 1.5 V vs SCE). The photoaction onset is located at 480 nm. As a comparison,
WO; films electrochemically produced either in water/HF/NH4F according to the procedure described by Guo
et.al,”” or in other organic solvents like DMF or by sol gel methods, do not show any relevant photoconversion
beyond 430-440 nm. This indicates that, thanks to the high porosity of WO; films produced by anodization in
NMF, the hole transfer to the electolyte has been optimized, allowing to achieve charge separation and conversion
also at those wavelengths close to the visible absorption threshold of the oxide (430-470 nm). Indeed, visible
photons with a longer penetration depth in the material, often create electron hole pairs in the inner part of the
oxide where, due to a poor permeation by the electrolyte, losses by recombination are more likely to occur. Both
in terms of IPCE and of J-V characteristics, the performances of the photoelectrodes obtained at 40 °C in the
anodization interval comprised between 10 and 7 hours are, within the experimental error, essentially comparable
(Fig.6 (B)), proving that the accelerated anodization route is a rather reproducible procedure which does not
depend critically, at least within a reasonably wide time interval, from the duration of the anodization process.
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Fig.6. (A) IPCE spectra of anodically grown WO; samples obtained in accelerated anodization conditions (3-10 h) biased at 1.5 v vs SCE. 1 M
H,SO4 (B) J-V curves of anodically grown WOj; obtained in accelerated anodization conditions (3-12 h) 1 M H,SOs, 0.2 W/em?.

At 50 °C the electrochemical growth of the oxide is faster and the anodization process can be controlled with
less accuracy, showing, for example, a large difference in the photoelectrochemical response of samples obtained in
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a relatively narrow time interval (e.g. 1-2 h). Nevertheless the results are encouraging, since a good IPCE (70 %)
and a reasonable extension to the visible region up to 470 nm can be obtained just after 2 hours of anodization.
However the performances of the electrodes rapidly decay by increasing the anodization time probably due to an
excessive thickness of the resulting WOj; layer in which the transport and the interfacial transfer of the charge
carriers become more critical, as suggested by the modest average slope (2mA/V) of the J-V characteristics. In
some cases (but not always) the poorer performance is also associated to the loss of the typical worm-like
structure, which is replaced by sintered nano particles or by a not well resolved, even at the highest SEM
magnification allowed by our machine (10° X), needle network. Such changes in surface and film morphology
may also introduce modifications in the carrier transport across the film, leading to a less effective charge
separation and collection. This is indicated also by the Nyquist plots recorded at 0.7 V vs SCE under 0.2 W/cm®
AM1.5 G illumination, which reveal a larger charge transfer resistance (Rct ~ 200 ohm in the most favorable case)
in the samples anodized at 50 °C  with respect to the typical samples obtained at 40 °C (Rct ~150 Ohm) (Fig.7).
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Fig. 7. Nyquist plots recorded at 0.7 V vs SCE under 0.2 W/cm? Am 1.5 illumination for anodized samples obtained under accelerated
conditions at 50 °C (1-4 h) compared to a typical WOj; sample obtained at 40 °C (7h)

4. Conclusions

The anodization of tungsten in the NMF/H,O/NH,F electrolyte leads to the formation of highly efficient WO;
films, which, combining spectral sensitivity, high electrochemically active surface and low interfacial charge
transfer resistance can find a promising application as photoanodes in photoelectrolytic cells for solar water
splitting. The preparation of the photoelectrodes can be significantly accelerated at the temperature of 40 °C
without negative repercussions on the photoelectrochemical performance, proving to be a fast and convenient
approach to the production of high performing WO; photoactive films directly connected to a metal electron
collector .
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