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Novel mesoporous tungsten trioxide films with enhanced incident photon-to-current conversion
efficiencies have been prepared by a-sgél route from an aqueous precursor solution containing
peroxopolytungstic acid (PPTA). For films heated in air at 300it was found that film texture depended
in a precise and reproducible manner on adjustment of the pH of this precursor solution by addition of
a small volume of a selected mineral acid. Mesoporous micrometer-thick transparent films were obtained
from PPTA without pH adjustment while mesoporous semi-transparent films resulted when the pH was
lowered. The transparent films had specific surface areas of’df§ average pore diameters of 7.3 nm,
and average crystallite sizes of 30 nm. The semi-transparent films possessed specific surface areas of 30
m?/g, average pore diameters of 12.5 nm, and average crystallite diameters of 17 nm. In the case of the
semi-transparent films, electron microscopy indicated that the fundamental crystallites formed part of
larger 206-300 nm aggregates which were in turn interconnected to form an open micrometer-length
scale porous network. The transparent films did not show this type of porous hierarchy with the absence
of micrometer-scale porosity. Photoelectrochemical studies of the films indicated that the hierarchical
semi-transparent films exhibited a considerably enhanced photo-response relative to transparent films
due to increases in both the interface area and light scattering. After calcination of the semi-transparent
films at 500°C, anodic photocurrents up to an equivalent of 1.4 mA&/ander Air Mass 1.5 equivalent
solar irradiation were measured. Our results suggest that film texture is a major factor in determining the
performance of the films, and the method reported here provides a simple and convenient means for
modulation of this texture.

1. Introduction Tungsten trioxide has also been extensively studied for its
) o ) gas sensing properties and for the photoelectrocatalytic
_ Concern_over climate change is driving rer_1ewe_d interest decomposition of organic moleculé$n addition to these
in developing clean energy systems, and in this regard, ppjications, tungsten trioxide thin films deposited on a given
hydrogen has featured prominently as a potential transportc,nqycting current collector have yielded among the highest
fuel of the future' Hydrogen is, however, not readily enorted efficiencies for the photoelectrochemical splitting
available and needs to be manufactured. One emissions-fregs \yaters—13 Ultimately the maximum possible energy
methoq of hydrogen prodyctlpn, as opposed to steam conversion efficiency for W@in sunlight (Air Mass 1.5,
reforming of hydrocarbons, is via the photoelectrochemical AML.5) is limited to about 5% by the material’s band gap.
splitting of water using semiconductor electrodes, and there Important considerations in the performance of a semi-

has been an explosion of activity in this field since the first ¢onqyctor photoelectrode include the electronic structure of
demonstration of the potential of this approach by Fujishima {he semiconductor particles making up the film, their size,
and Honda in 1978.
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and how they are connected. While it is well-known that solar cells through micrometer scale control of surface
nanoparticulate films can offer an edge in terms of their texturé? and the dye sensitized solar céllsvhich utilize
performance for water splitting applicatioltd>there appears  nanoparticulate titania electrode assemblies.
to be little detailed understanding of the relationship between  One method to control of texture/porosity on the nanom-
the precise textural properties and the efficiency of WO eter length scale is through the surfactant templating ap-
photoanodes. In the case of tungsten trioxide it has beenproach3+35 and this has been exploited to prepare ordered
clearly demonstrated that there is an optimum crystallinity mesoporous thin films of crystalline titania to yield materials
for the generation of a photocurrent, but it has not been with high activity for water spliting® The surfactant
possible to evaluate the effect of texture alone. One reasontemplating strategy has also recently been applied to the
for this is that there is a relative dearth of available techniques preparation of poorly crystalline mesotextured tungstate
for the precise control of this parameter. materials, and some have shown interesting chromogenic
Tungsten trioxide thin films can be synthesized by many properties®3"-3% However, while such poorly crystalline
different physicochemical means, and there are a numerougnaterials have generally enhanced performance in chro-
examples of interesting nanoscale materials prepared by thenogenic applications, their use for photoelectrochemical
use of techniques such as vapor depostfioft,sputtering?>2° water splitting does not immediately follow because this
electrodepositiof?26-28 and a variety of setgel methodg:® application has the prerequisite of high crystallinity which

While the synthesis of W§films by the sot-gel route requires high temperatures. The mesoporous thin films

has several advantages, including low cost, ease with which'ePorted so far display limited thermal stability at the
large surfaces can be coated, control of film thickness, and temperatures required to remove the template and induce the

ability to prepare a range of mesoporous structures, control CryStallization necessary to confer high photoactivity. Con-
of the final product microstructure is not straightforward t@mination of the products by residual elements such as S
because selgel reaction mechanisms are seldom well and N present in the surfactants can also have dgleterlous
understood. The aqueous chemistry of the major precursorsconsequences for the performance of such materials. Thus
used to prepare electrochromic tungsten oxide hydrates hadMProved methods for achieving control of texture/porosity
been reviewed For the most part, three main sajel routes ne_ed t_o be dev_eloped, and this has formed one of the main
to tungsten oxide hydrates have been used including acidi-CPJectives of this work.

fication of NaWO, solutions using a cation exchange resin ~ We describe here a simple method for the preparation of
in the proton forn® peroxopolytungstic acids (PPTAs) textured WQ films with porosity on multiple length scales.
obtained via the direct reaction between tungsten metal andThe films are prepared by a very simple and reproducible
hydrogen peroxid& tungsten alkoxides, and precursor Procedure involving the drop casting or doctor blade
solutions obtained by reaction of WQ@¥ith alcohols such  technique from an aqueous precursor solution of PPTA after
as PrOH. Relatively little attention has been paid to the careful adjustment of pH by addition of perchloric acid
development of methods for the precise control of texture (HCIO4). The method of film preparation presented here
and porosity. Yet texture is important in electrochemical Poasts several advantages including simplicity, low cost, the
applications where interfacial electron-transfer reactions areneed for few additives, and precise control of texture. This
concerned. One need only consider the improvement thatability to control texture in a precise manner therefore offers

has been brought about in the performance of silicon basedan opportunity for evaluating the influence of texture on
photocatalytic performance, and this forms the second major

objective of the present work.
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and finally diluting the solution to 100 mM by adding about 50
mL of 2-propanol to improve the stability. After removal of the
platinum black by filtration, the resulting precursor solution had a
pH of 1.58. The pH of the precursor solution could be systematically
lowered from 1.58 to 0.2 by adding a few drogdslav perchloric

acid (HCIQ). Lowering the pH of the precursor altered the
appearance of the resulting films in a progressive manner from
transparent to semi-transparent. The thin films were deposited by
doctor blade or drop-casting the precursor onto conducting indium
doped tin oxide (ITO) coated glass at room temperature and then
dried at 60°C. Finally, the films were calcined in air at 50C for

30 min to form a crystalline W@layer. After calcination, the films
adhered strongly to the ITO glass. Thick and homogeneous films
were made by repeated depositiazalcination cycles. Control of
film thickness was achieved through either control of solution
concentration or through repetition of the deposition annealing
cycles.

Scanning electron microscopy (SEM) images were recorded
using a JEOL JSM6400 electron microscope. X-ray diffraction was
performed using a Panalytical X'Pert Pro diffractometer with an
X'cellerator multichannel detector employing real time multiple strip
technology. Ni-filtered Cu I& radiation ¢ = 0.154 nm) was used.
Light absorption was calculated from diffuse reflectance spectra
that were measured at ambient temperature using a Cary 500
spectrophotometer equipped with a Labsphere Biconical Accessory.
To avoid interference in the thin Wiayer, we scratched the WO
pO\_/vder f'jom t!’1e film ar!d mixed it homogeneously with MgO in a 0.8 and (b) the transparent film prepared at$H.58 after calcination at
ratio of 1:4. Diffuse optical transmission measurements were also g oc. nset is a higher magnification image of the film in part a and
made on the films themselves using the same equipment. shows that the mesoporous film is composed of interconnected WO

Photocatalytic activity of the films was investigated using a particles with diameters of about 300 nm while the transparent film has a
standard three electrode cell with a flat quartz window to allow relatively smooth surface at the length scale of observation.
illumination of the electrodes. Solar light was simulated using an
Oriel 6271 ozone-free xenon lamp, with an Oriel 61945 water filter 3. Results

fitted. The spectrum of the lamp was calibrated precisely by the 3.1. Characterization of Films.SEM images of the semi-

Australian National Measure_men_t Institute because s_olar fs'mUIatorstransparent and transparent films prepared from solutions at
are often not well characterized in the UV radg&he irradiance S .

- : pH of 0.8 and 1.58 after calcination at 500 are shown in
of the xenon lamp incident on the W@ilms was 86 mW/cri . h . ded with the fi
measured using an Oriel Instruments miniature thermopile detectorFlgure 1_‘ These SEM mages were recor e- with the film
(model 71751). The integrated intensity of the xenon lamp spectrum Surface t|!ted at about 4@vith respect to the incident elgctron
used here (normalized to an AM1.5 intensity of 100 mW-&n beam to image both the surface and the cross section of the
has~1.3 times the intensity of sunlight for photon energies greater WOjz layer and to yield its thickness. The images show that
than the band gap of WO(2.6 eV). Multiplying measured  the semi-transparent Wdilm consists of an open three-
photocurrents by a factor of 100/(861.28)= 0.91 yields AM1.5 dimensional (3D) network of interconnected droplet-like

8 um_

Figure 1. SEM images of (a) the semi-transparent film prepared atpH

equivalen_t \_/alueé_‘? _ . nanoparticles with diameters in the range of 4G00 nm.
The efficiency is determined according to This mesoporous structure forms through the colloidal
7= 15(1.23~ Vyad Es condensation of the molecular precursor species during the

evaporation of solvent at 6. The nature of this condensa-
wherejp, is the photocurrent (mA/c, Es is the incident radiation  tion process is at present not well understood and is beyond
energy (mWi/cr), Vyias is the cell bias between the working and  the scope of the present study. The inset to Figure la is a
counter electrodes, and 1.23 eV is the Gibbs free energy per electromigh magnification image of the semi-transparent film and
for the water splitting reaction. For photoelectrodes fabricated with shows that these films are quite uniform over some tens of
an embedded photovoltaic or arranged in a tandem Conﬁguraﬂ_on’micrometers with the presence of a few microcracks. We
Vbias S often assumed to be zero for the purposes of calculating have observed that the structure and texture is preserved up

efficiency4 t Icination t t f 58C. This t ture i
Incident photon-to-current conversion efficiencies (IPCEs) were 0 a calcination temperature o . MlIS emperailre 1s

obtained using the following relation: close to the limit of stability of the ITO-coated glass
_ substrate.
IPCE (1) = 100 x 1241 x j(A)/A14(4) In comparison with the semi-transparent films, the SEM

where 1 is the wavelength of light in units of nnj(1) is the imagfa of tranSparen.t film§ (Figure 1b) prepared without the

photocurrent density in mA cn under illumination att, andlo- addition of perchloric acid (pH-= 1.58) indicated smooth

(A) is the incident-light intensity in mW cn? atj. surfaces with occasional cracks. Although the structure at
In this work we focus on a detailed study of two types of films this length scale appears smooth, this does not preclude the

as typical examples: transparent films prepared atpH58 and existence of porosity on smaller length scales. It proved

semi-transparent films prepared at pHO.8. difficult to create transparent films thicker than 1./8n
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At 200 °C, the tungsten oxide hydrate in the semi-
transparent film showed the existence of W@nocrystals,
indicated by the presence of two very broad peaks at 24 and
34.5> 26. However, the correlation length/crystallite size of
the WGQ; crystals at this temperature was very small, about
7 nm, when evaluated using the Scherrer equabor,0.91/

(B cosB), wherel is X-ray wavelength angd represents the

full width at half-maximum (FWHM) of the peak at2in

this case at 24 At 250 °C, the transformation to Wwas
complete, because the reflections of the tungsten oxide
hydrate disappeared. The nanocrystals grew in size at
400 °C, as indicated by the appearance of the three
characteristic reflections of monoclini®Z;/n) WO; at 20

= 23.0, 23.6, and 24°1 The crystallization was complete

at about 500C, because the intensities of these three peaks
centered at 23%26 increased to their maximum values at
this temperature even though they continued to sharpen. The
relative intensities of these three reflections were close to that
observed in a random Wfpowder pattern indicating that
this semi-transparent film exhibited only a weak degree of
preferred orientation. In addition, the average size (or
crystallite diameter) of the crystallites comprising the semi-
transparent film increased to 17 nfh< 0.45 for the (112)
peak at 2 = 28.5) for this sample. It was observed that
the final morphological structure of semi-transparent VO
films at 500°C was independent of the initial state of the
film. In other words, heating either the amorphous or the
tungsten oxide hydrate film resulted in the same mesoporous
structure at higher calcination temperatures.

The XRD pattern of the transparent film (Figure 2b)
displayed a significant degree of preferred orientation as
could be deduced from the relative intensities of the triplet
of reflections centered at 23.&60. Even though these

transparent and (b) transparent film on a glass substrate, after heating totransparent films were obviously more crystalline at a given

increasing temperatures. Structures are those of monoclinig W@
tungsten oxide hydrate W&MH0.

because of poor adhesion of the W@yer to the ITO glass
during annealing.

The structural evolution of the transparent and semi-
transparent W@ films as a function of temperature was
studied by in situ X-ray powder diffraction in the range-30
500 °C (Figure 2). The XRD patterns of the as-deposited
semi-transparent film (Figure 2a) indicate that the tungstate
layer was amorphous at room temperature {G61) as no

sharp reflections were observed. The pattern of the as-

deposited film contained only a very broad hump centered
at 20 = 25°. However, this film was unstable and extremely
hygroscopic, rapidly absorbing water from the atmosphere
(at ambient temperature of 2& and relative humidity of
60%). In fact, small water droplets could be observed to
develop within minutes. After 24 h in ambient air, the
amorphous film transformed to yellowish tungsten oxide
hydrate (HO,W or WO;-H,0) as was evidenced by the
presence several reflections (3C-2). In particular, the
tungstate phase obtained under these conditions has a
orthorhombic unit cellg§ = 0.52477 nmp = 1.07851 nm,

¢ = 0.51440 nm, and space group PMnb.4>** No such

transformation was observed at room temperature for the

transparent film.

temperature compared with the semi-transparent films, the
photocurrents that could be obtained from them were always
significantly lower. The average domain size calculated after
heating to 500C was 30 nm, almost twice that of the semi-
transparent film. This result suggests that another synthetic
parameter is the dominant factor influencing film perfor-
mance, namely, film texture.

The porosity of the films was evaluated by scraping the
films from the slides and measuring the nitrogen adsorption
desorption isotherms. Figure 3 shows the isotherms and the
average pore size distribution for the semi-transparent and
transparent films. Both samples gave isotherms which were
of Type IV, clearly highlighting the fact that the films have
significant mesoporosity. The BET surface area of the semi-
transparent film was found to be approximately twice that
of the transparent film (32 versus 1&/q), and the average
mesopore diameters were 12.5 and 7.3 nm, respectively. This
factor of 2 difference in porosity is entirely consistent with
the difference in crystallite size. For perfect isolated 17 (semi-
transparent) and 30 nm (transparent) spherical particles the
galculated specific surface areas would be 49 and 2@, m
respectively. These values are only about 50% larger than

(40) Szymanski, J.; Roberts, £an. Mineral.1984 22, 685.
(41) Gerand, B.; Nowogrocki, G.; Figlarz, M. Solid State Cheni.981,
38, 312.
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Figure 3. Adsorption-desorption isotherms and average pore size distribu- Figure 5. (a) Photocurrent dependenc®)(and the corresponding visible
tion for the (a) semi-transparent and (b) transparent films calcined at (white) light diffuse transmittanced) as a function of the pH of PPTA
500°C. solution used for film formation (508C). (b) Photocurrent of transparent
(m) and semi-transparer®] films and the crystal correlation length of the
transparent film [@) and semi-transparentf films as a function of
calcination temperature.

3.2. Photochemical Properties.Figure 5a shows the
dependence of photocurrent on the pH of the precursor
solution after adjustment wit1 M perchloric acid for films
with a similar mass per unit area after these films had been
calcined at 500°C. This bell-shaped curve shows a clear
photocurrent maximum for films prepared from PPTA
solutions whose pH was adjusted to 0.8. Films calcined at
500°C also had different visual appearances depending on
the final pH of the precursor solution used for their
preparation. The as-prepared PPTA solution had a pH of 1.58
and when used for film preparation gave rise to smooth
transparent films. In contrast, films prepared from the
precursor PPTA solution whose pH was lowered to around
0.8 by the addition of mineral acid and corresponding to the
peak in photocurrent had a semi-transparent opaque appear-
ance. The terminology “semi-transparent” and “transparent”
the measured values. Loss of surface area due to particle will be used for films prepared at these two pH values which
particle contacts is probably responsible for this discrepancy. are the focus of the remainder of this paper. To discount the

The model of the semi-transparent film that is suggested possibility that films prepared at calcination temperatures of
by the data presented here so far is shown in Figure 4. In500 °C underwent interaction with the ITO substrate we
this model for the semi-transparent film the fundamental 17 removed a tungsten trioxide film calcined at 580 from
nm WGQG; crystallites measured by XRD are clustered into the original ITO substrate, reapplied a new film, and
aggregates that are about 26800 nm in diameter that can  re-measured the photocurrent. The fact that identical results
be easily observed in the SEM images. The individual were obtained suggests absence of interaction up to at least
crystallites within the aggregates define the mesoporosity of this temperature.
the system. The 206300 nm nanometer scale aggregates  Shown in Figure 5a is the variation in optical transmission
observed by SEM in turn define a network of micrometer- (of broadband light) for the films fired at 500 that were
sized pores by partial sintering, and we term this the prepared from precursor solutions at the different pH values.
secondary structure. It is clear that as the films changed from being visually

Figure 4. Model of the hierarchical semi-transparent YWidms.
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W

transparent to semi-transparent with decreasing pH, the mEnms
optical transmission was reduced. The major reduction in P (@

optical transmission occurred at a pH value at which the
photocurrent was maximized. This suggests that the light
harvesting efficiency of the films increased as the pH was
reduced, and this was presumably related to the texture of
the film. However, it is clear from the photocurrent curve in

Figure 5a that optical absorption is not the only factor

influencing photoactivity, because photocurrent declined at
pH < 0.8. Because, as will be shown in due course, the band
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in increased light absorption, the difference is not due to 08 06 04 02 0 02 04 06
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shown in Figure 5b. A clear maximum was observed at a £ ol f Semi-transparent f
heating temperature of between 475 and SD0A similarly E il ﬁ ]
shaped curve, also with a maximum at around S00Qwas g 6ol WA
observed for transparent films prepared from PPTA precursor ;g ¢ i i
solution to which no perchloric acid had been added. The S a0l TLelbit 'Il'rmlsparlent i1
present results therefore confirm that there is a strong % f ‘ ; ‘ ; "
dependence of photocurrent on calcination temperature for 2 2 ! ' N ]
films prepared from PPTA at a given pH. Because crystallite P | nk '. VA I [L]‘.h, WA
size (measured using XRD as discussed below) varied AbLLL OSSR
linearly with calcination temperature as shown in Figure 5b 02 04 ng:nti(;ls(\’) vs ‘:;m;& L6 1.

Itis Cle.ar t.hat the be"_Shap.ed depender_lce of p.hOtocurremFigure 6. (@) CVs (0.8 to 0.2 V vs Ag/AgCl, 20 mV/min ramp) of
on calcination temperature is not determined entirely by the annealed (at 508C for 30 min) transparent and semi-transparentjfiles
crystallite size. It follows, for the case of the semi-transparent in 0.1 N H,SO; aqueous solution. The cathodic and anodic peak currents

; ; ; correspond to the formation and oxidation of the hydrogen tungsten bronze
film, that a calcination temperature of at least 300 (HYWOg3) during cycling. (b) Potentiodynamic scans (30 mV/s) under

Corr?Sponding to a CrySt_a”ine size of at least 12 nm was chopped illumination from a tungsten lamp for the semi-transparent and
required for the observation of photocurrent. The lack of a transparent films.

defined correlation between crystallite size and photocurrent

is further emphasized by the fact that the transparent film, (0-5V, 2.7 mA/cnt and—0.8 V, —3.0 mA/cnf) were chosen
which had a significantly larger domain/crystallite size of from the CV of semi-transparent film to calculate the
22 nm after heating to 308C, continued not to show any resistance by applying the equatigp= (0.5+ 0.8)/(2.7+
significant photocurrent until this temperature. In fact this 3) = 228 Q cn.

value of crystallite dimension for the transparent film For the transparent filnRR. = (0.5 + 0.8)/(0.51+ 0.79)
calcined at 300C already exceeded the value obtained for = 1000Q cn?. TheR. of the semi-transparent film was about
the semi-transparent film at 50C. a quarter that of the transparent film. The difference in

The electrochemical and photocatalytic properties of semi- SPecific surface areas (mesoporosity) discussed above only
transparent and transparent f||mS were investigated by aCCOUnted fOI’ half Of thIS diﬁerence m ThIS SuggeStS that
comparing semi-transparent and transparent films with the the efficiency of charge transport, both within the electrolyte
same weight of W@per unit area (0.5 mg/cth The semi- and the electrode, is important, and the difference in
transparent film exhibited a stronger electrochemical responseSecondary structure between the two films might account
than the transparent film. Figure 6a shows the cyclic for the remaining difference ifR.. The micrometer scale
voltammograms (CVs) for hydrogen intercalatiesteinter- pores in the semi-transparent film (Figure 2a) may well assist
calation in the calcined W&Xilms in 0.1 M sulfuric acid. ~ transport of both charge and evolved gas through the
During the CV, the color of the film changed reversibly on electrolyte phase, relative to the denser structure of the
reduction from pale yellow to dark blue and reverted back transparent film (Figure 2b).
to pale yellow on oxidation. This electrochromic process Figure 6b shows potentiodynamic scans (30 mV/s) under
corresponds to the reversible change between; ¥rd the chopped illumination for the two filmsnil M H,SO, and
blue tungsten bronze (M/O3), as a result of the insertion 0.1 M CH;OH. The photochemical reaction of GBH in
and extraction of hydrogen. Figure 6a illustrates clearly that the electrolyte has been studied by Santato ét dhe
the semi-transparent film generates a higher photocurrent forphotocurrent is the difference between the light current and
both oxidation and reduction of the transparent films. the dark current. From Figure 6b it is evident that there were
Because the current increased quasi-linearly, the geometricatwo major differences between the two scans: (1) the
contact resistanc®., between the semi-transparent film and saturation photocurrent of the semi-transparent film (100%)
the electrolyte can be gauged from the slope of anodic andwas about 40% higher than that of the transparent film (60%);
cathodic scans of the films in the electrolyte. Two points and (2) for the semi-transparent film, the photocurrent rose
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Figure 8. Dependence of photocurrent on bias potential (the difference

between the working and counter electrodes) of the semi-transparent films
in 1 M H>SO, with and without adding 0.2 mol/L of C4#DH, respectively.

The WG; layer thickness is about 2.4 nm, and illumination from the water
filtered xenon lamp is 86 mW/ct

Wavelength (nm)

Figure 7. Light absorption of the W@ powders obtained from semi-
transparent and transparent films calcined at 8@0as a function of
wavelength, at room temperature. The data were collected using a diffuse . .
reflectance spectrometer. The inset shows a Tauc plot for an indirect bandfunction (KMU = (1 — R)Z/ZR, whereR is the reflectance)

gap semiconductor calculated from the data. multiplied by photon energy as a function of photon energy
. e ) : ) _ (Figure 7, inset}>*? The absence of any significant “red”
rapidly with |n.creasmg potential. In partlcular, for the semi- or “blue” shift suggests that the average domain size in each
transparent film, the photocurrent increased more or 1esS ¢ o fims was well above the quantum confinement limit
linearly up to the saturation current (100%) as the potential ¢ WOs in accordance with the XRD results. It was also

rises from 0.2 to 0.6 V and thgn reached a plateau_ at higherevident that the film texture does not influence the band gap.
voltages. For the transparent film the photocurrent 'ncreasedHowever a notable difference between the two spectra was
linearly up to 60%, while the potential rose from 0,'2 0 1.2 yhat the integrated intensity of the absorption peak of the
V, and then the light current and dar.k current increased semi-transparent film was about 30% larger than that of
equally so that the photocurrent remained at the S“"‘turatedtransparent film. This was confirmed by diffuse reflectance

V‘.”"“e- I IS interesting to note that there was a fourfold and transmission measurements of glass coated with the same
dlffer'ence in slope (photocurrent vs potgntlal) betvyeen the ass per unit area of transparent or semi-transpareng WO
two films which matched the correspon_dmg S"?pe dlﬁerence which indicated a similar ratio of total absorption as that
in the CV measurements. On the basis of this observanon,seen in Figure 7. The more effective absorption of light by

we can conclude that the photocurrent rises quasi-linearlythe semi-transparent material probably results from an

as the potential increases from the “onset potential” to the increased path length of short wavelength light in the film

“saFuration potential”, and its ;Iope corresponds toacontact y, o ¢4 scattering from the 3D network (see Figure 2a). This
resistance between the working electrode material and theiS favorable for the conversion of incident light to photo-

electrolyte. In the case of the semi-transparent sample, thecurrent
resistance was lower, so the photocurrent consequently 1o yetermine which film synthesis conditions achieved

saturates at lower bias. .In fact, Fhe slope is strongly related, highest photoactivity, we synthesized mesoporous semi-
tob the ‘;’)Ft“rﬁ ththe film. This phenomenonh was;] alslo transparent films of various thicknesses by using sequential
0 lserve n t € dp Ot(icll\jl"ﬁn; meas(;1rem(e3nt(s):|v en the e eC'deposition and measured the photocurrent as a function of
trolyte contained onl 2 Q. and no ) HOH. layer thickness. The optimum thickness of the semi-transpar-
. The texiure of the seml-transparent_ﬁ_lms had a st_rong ent film was found to be about 2,8m, and this thickness
mfluenpg on the energy conversion efficiency _Of the fllms was used for all subsequent experiments. Figure 8 shows
for splitting water to hydrogen and oxygen in sunlight. e hpotocurrent of the best film as a function of applied
Because higher photocurrents could be reached at a Iowerbias h 1 M H,SO, before and after addition of 0.1 mol/L of
bia; potential with.the semi-tranqurgnt film, this would lead o201, The addition of methanol resulted in an unexpected
to improvements in conversion efficiency compared t0 the . ooo1q increase in saturation photocurrent from 1.5 to 4.5

transparent films. It seems therefore at this stage that these;nAlcmz (1.4 to 4.1 mA/crA equivalent photocurrent under
textural properties may be more important than the degree \\;1 5y and a negative shift of the current onset potential

of crystallographic preferred orientation in defining the water by about 0.2 V. The photocurrent is comparable with that

splitting efficilency as has been previously suggested by reported by Santato et & however, they observed only a
Santat.o etat h is ab ) fth twofold increase in photocurrent with the addition of
In Figure 7 are shown UVvis absorption spectra of the o, oyhanol which can be explained by the well-known current

transparent and semi-transparent films calculated from thedoubling effect’® The photocurrent action spectrum (IPCE)
diffuse reflectance data. For both samples, the absorptiong . . semi-transparent Wdilm at 1 V versus the SCE

onset occurred near 460 nm. The band gap of all the films (Figure 9) showed peak efficiency of about 40% at a
was 2.6 eV corresponding to an indirect band gap of purely

crystalll_ne WQ. These values were determined using a Tauc (42) Butler, M. A.J. Appl. Phys1977, 84, 1914,
plot which shows the square root of the Kubettdunk (43) Morrison, S. R.; Freund, T. T. Chem. Physl967, 47, 1543.
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O T T T T T T T T T T electron gun deposition. The use of texturing on the
AM5 . micrometer scale is also a common method for improving
315 the efficiency of silicon photovoltaic®. It was the advent
vﬁ of particulate TiQ thin films with mesoporous texture using
b the sot-gel approach that helped to make solar cells based
on dye-sensitization a promising and intensively studied
technology??

In the present work we have sought to achieve controlled
texturing using an extremely simple synthetic method. We
have demonstrated that films formed by lowering the pH of
PPTA solutions using a mineral acid can result in vastly
—os different textures relative to films formed from PPTA
I solution whose pH was not adjusted. Our data unequivocally
N . show that the semi-transparent films produced at a pH of
24 26 28 3.09 0.8 have twice the surface area and larger average mesopore

E (eV) . diameters (12.5 compared with 7.3) relative to transparent
— films produced from PPTA solutions whose pH was not
adjusted. Moreover, the variation induced by pH adjustment
Figure 9. Photocurrent action spectrum (incident photon-to-current conver- appears to -be- Sys.tematlc In the sense that it generates a.be"
sion effiéiency, IPCE) of semi-transparent \W€lectrode in 1.0 M bSOy shaped variation in photo-response as one moves from high
at 1 V vsSCE. The irradiance of the AM1.5 spectrum is also shown for (transparent films) to low (semi-transparent films) pH. While
comparison. Inset: Tauc plot for the indirect semiconductor derived from photh extremes of pH yield mesoporous films, the SEM
the IPCE measurements. images clearly show that the semi-transparent films also have
wavelength of 410 nm. Also shown for comparison is the a porosity on the micrometer length scale that is not observed
irradiance of the AM1.5 spectrum. By convolving the IPCE in the transparent films. This porosity on multiple length
curve with the photon flux|(%), derived from the AM1.5  scales is preserved and may even be promoted, by heating
spectrum, an estimate of the AM1.5 photocurrent can be to 500°C because sintering of aggregates probably occurs
calculated:* at these temperatures. This temperature also appears to
" produce the optimum crystallinity for water splitting. How-
Jcatcuated= € f;, IPCE@) 1(2) dA ever, it is not yet clear whether reduction in photocurrent
after calcination at temperatures beyond 8QQesults from
wheree is the electronic charge. In this case the calculated the collapse of mesoporosity due to further crystal growth

photocurrent using the IPCE(in Figure 9 wagcaicuiaed= and sintering or is possibly linked to alteration of the ITO
1.15 mA/cni, and the measured photocurrent under 86 mW/ sypstrate.

cn? illumination from a xenon lamp was 1.2 mA/érat 1

V versus SCE. Using the approximation described in the
_experimental secti.on. this measured current i§ equivalent t0and this is likely due to an increase in sofilectrolyte

jp = 1.1 mA/ent, S|m|lgr 10 ]calcuiaied The insetin Figure 9 0 tace area andlor related to the light absorbed within the
shows aTauc_pIot derived fr_om the IPCE measurement_ Thefilm. While it is difficult to disentangle these two effects,
band gap derived was equivalent to that derived from the
diffuse reflectance measurements shown in Figure 7.
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The hierarchical semi-transparent films produced here
(Figure 4) are much more active than the transparent films,

they are both ultimately related to the texture of the films.
In comparison with the tungsten trioxide materials investi-
gated here, mesoporous Ti@erived from block copolymers
does not show this hierarchical structure because the only
As stated in the introduction to this study, to be able to mesoporosity is created through packing of thel® nm
produce high efficiency films in the context of water splitting, fundamental crystallite¥.
one must first be able to identify the most important factors  So far, few techniques are available for the controlled
for the generation of high activity. Santato efalame to generation of mesoporous texture in Wims which should
the conclusion that crystallite size and degree of preferred result in similar performance improvements in water splitting.
orientation were the dominant factors influencing photoac- One exception is the study by Baeck et@vhere sodium
tivity and relegated porosity to a secondary factor. However, dodecyl sulfate was used as a texturing agent to produce
the texture of a semiconductor electrode is potentially lamellar tungsten oxides. In the study by Baeck et al., 800
important as it can have a number of beneficial consequenceshm thick lamellar WQ films displayed 26% increased
such as an increase in the number of semiconductor photocurrent relative to a reference film prepared without a
electrolyte interfaces at which electron-transfer reactions takemesotexturing agent. That study concluded that the improve-
place and therefore transport of charged species as well asnent in photocurrent yield was attributed to the texture of
improving light harvesting efficiency. the films, which agrees with what we have observed. It is
Papaefthimiou et &t have demonstrated the benefits of
texturing on _the hundreds of micrometer scale On_ the (44) Papaefthimiou, S.; Leftheriotis, G.; Yianoulis, $olid State lonics
electrochromic response of WQelectrodes made using 2001, 139, 135.

4, Discussion
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well-known from the earlier study of Santato et®adnd be diperoxo tungstate dimefsKudo et al*¢ have ventured
confirmed here now that crystallite dimensions can be quite that the yellow glassy solid product produced on evaporation
different for films produced in different ways and that this of such solutions is related to one of the main polytungstate
profoundly influences the photocurrent that can be expected.cations. Clearly, condensation of these diperoxo species can
Santato et al. claimed that the dominant factor affecting occur on evaporation. In the present work amorphous
photoactivity was W@crystallite orientation, and no measure materials are also produced initially on evaporation of PPTA
of this was provided by the Baeck study either. In the present solutions at pH of 1.58 and 0.8. Herein we have observed
study we have attempted to quantify all of these related crystalline tungsten oxide hydrate formed on evaporation
factors for films produced using novel, simple, and easily only of the PPTA solution adjusted to low pH. This hydrate
reproducible methods. From inspection of the triplet reflec- then transforms to a hierarchical interconnected structure on
tions centered at around 23.860 in the XRD patterns itis  calcination. The PPTA solution whose pH was not lowered
apparent that our semi-transparent mesoporous films haveusing acid gave glassy solids that never crystallized at room
orientations approximating that of bulk WQwhile the temperature and on calcination did not produce hierarchical
transparent mesoporous films have crystallite orientations porosity. This points to the fact that different polycations
approximating that of Santato et al. That the former are far form on evaporation of PPTA solutions of different pH which
more active than the latter suggests that orientation is restructure in different ways on calcination.

subordinate to texture in determining activity. In other words

the overriding factor appears to be the nature of the porosity, 5. Conclusions

and the improved performance of our semi-transparent films
is probably mostly due to the enhancement in ion transport
and electron transfer occurring at the electrediectrolyte
interface in these hierarchical films. The trapping or scat-
tering of light within such a structure may ultimately be the
reason for the activity, but this in turn comes down to a
textural effect.

In another relevant and recent stddphotocurrents of
about 3 mA/cr for optimized films (2.8um thickness)
prepared using low-temperature reactive sputtering were
obtained. In this case, 0.33 M3PIO, solution was used as
the electrolyte. While the thickness of the films investigated
in the Miller study is similar to that in ours their measure-
ments were made in electrolyte solutions containing no hole
scavengers. They referred to their films as compact; however
they provided no information on porosity or microscopy of
their materials, and thus it is hard to gauge the importance
of texture for their film performance. The XRD patterns that
were reported are similar to those of our semi-transparent
films.

We have demonstrated here for the first time that the pH
used for the preparation of PPTA solutions can strongly
influence the texture of WOfilms formed from these
solutions offering a simple and precise method for control
of texture. The following additional conclusions can be drawn
from our experimental results:

(1) Semi-transparent films produced by pH adjustment to
a value of 0.8 gave saturation photocurrents under AM1.5
equivalent sunlight ah1 M H,SO; of 4.1 mA/cn? and 1.4
mA/cn?, with and without 0.1 M CHOH, respectively.

(2) The contact resistance of the semi-transparent film was
about four times lower than that of the transparent film, and
this appears to be linked to the difference in film texture.

(3) The results clearly show that higher porosity allows a
'higher saturated photocurrent at lower bias potential.

While the band gap of the two film types (transparent and
semi-transparent) are about the same, the semi-transparent
film absorbed more UV light than the transparent film
probably as a result of light scattering within the film. This

Our results help clarify the connection between film texture to?ett_her _"‘{['thf an enhant(r:]ement Int_the r]lutrrr]]ber ?1; sell(rj] t
and photocurrent capacity and emphasize the need to producgO ut |_%nt|ntertz;c_esh_arr? N ?roper Ies o Ihese Tims tha
an open connected network of semiconductor nanoparticlesCon ribute to thewr higher pertormance.

as an important element in obtaining high performance.
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