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HIGHLIGHTS

e A sol-gel method for the preparation of Yb-doped WO;s; photoanodes is

presented.

e Ytterbium modification induces an increase in the photoresponse of WOs3

electrodes.

e Yb changes WO3 morphology and surface charge without increasing carrier

density.

Abstract

The development of efficient and stable photoelectrodes keeps on being critical in the
development of practical water splitting devices. Sol-gel synthesized tungsten trioxide
thin film electrodes modified with ytterbium have been prepared on conducting glass

substrates. All the obtained electrodes were found to be composed of monoclinic WOs,



which is the photoactive crystal phase of WO3; for water oxidation. The
photoelectrochemical behavior of both WO3 and WOz3:Yb nanostructured electrodes in
0.1 M HCIOq is apparently characterized by a low degree of recombination. Ytterbium
addition to tungsten trioxide improves its photoelectrochemical response as larger
photocurrents are obtained without a significant change of the onset potential. This
behavior is attributed primarily to a surface effect rather than on bulk doping. The
addition of H.O, to the aqueous electrolyte gives rise to both an increment in
photocurrent and a shift of the photocurrent onset potential toward less positive values,
which can be linked to the fact that hydrogen peroxide acts as an efficient hole
scavenger. The implications of these findings in the mechanism of water

photooxidation on WOs3 are discussed.

Keywords: photoelectrochemical, tungsten trioxide, water splitting, ytterbium doping.



1. Introduction

Nowadays, the depletion of fossil energy resources is a serious problem which will be
affecting modern life as we conceive it now. Finding carbon free energy sources is one
of the most pressing challenges of humanity [1,2]. Furthermore, since Fujishima and
Honda published the first photoelectrochemical (PEC) water splitting study in 1972 [3],
hydrogen has been widely studied as a promising energy vector that can be produced
in a renewable way. Taking into account that solar energy is an inexhaustible natural
resource and that hydrogen is a potential candidate to be used as a clean fuel, solar
water splitting seems to be one of the most convenient ways to harvest solar light and

to convert it into chemical energy, hydrogen for instance [4-6].

Most of the PEC devices work in combination with photovoltaic elements (e.g., p-n
junctions) and contain one photoelectrode (normally a photoanode) and one dark
electrode [6]. Nevertheless, a more straightforward and potentially more efficient path
to light-driven chemical transformations is to directly interface semiconductors and an
appropriate electrolyte in a PEC tandem cell, where there is one photoanode and one
photocathode [7-9]. If we focus on oxide electrodes, Sivula et al. [9] have shown that a
bismuth vanadate-cuprous oxide tandem cell for overall solar water splitting can work
without applying an external potential, although the stability of the oxide electrodes is

limited.

Photoanodes used in PEC water splitting are n-type semiconductors that under
illumination can photogenerate holes that oxidize water into O.. They mainly include
various binary and ternary oxides [5], for instance, a-Fe;O3 [10,11], WOs [12-15], ZnO
[16,17], In203 [18], SnO; [19], TiO, [20-21], BiVO,4 [22-24], CUWO, [24,25], Bi;WOs [25],
and bismuth molybdates (Bi-Os-nMo0Os3) [26]. Among them, tungsten oxide (WO3) has
been extensively studied as a photoanode for use in solar water splitting since its

valence band maximum position can provide sufficient overpotential for



photogenerated holes to oxidize water [27]. Furthermore, WOs3 is not only inexpensive
and nontoxic, but also it is one of the few oxides that are stable in acidic aqueous
media, which opens up the possibility of preparing tandem cells based on acidic

electrolytes [5,13,28].

The photooxidation of small organic molecules in competition with that of water has
been studied as a way to understand the photoelectrochemical response of WO3
photoanodes and to assess their potential use in decontaminative photoelectrocatalysis
[29,30]. It is remarkable that in all cases a very high conversion efficiency value was
found. The oxidation of formic acid not only on electrodeposited, but also on doctor-
blade deposited WO3 nanostructured thin film electrodes has been studied [13], being
reported in both cases photocurrent doubling and a shift of the photocurrent onset
potential toward less positive values. Remarkably, adding small organic molecules
improves photoelectrochemical behavior as these species tend to be more easily

oxidized than water molecules [13,31].

Other convenient ways for enhancing the photoelectrochemical performance of WO3
are modifying both morphology and/or composition (doping) [4,27]. Kalanur et al. [32],
demonstrated that a significant increase in photocurrent is linked to the existence of
direct pathways for electron transport such as those provided by vertically aligned
nanorod arrays of WOs. Regarding doping, WOs has been doped with elements such
as nitrogen [33,34], carbon [35], tellurium [36], cesium [37], and ytterbium [38]. Liew et
al. [38] prepared Yb-doped WO; by co-sputtering and found an improvement in
photocurrent density, which was attributed to conductive carrier path and increased
oxygen vacancies due to the substitution of Wé*by Yb3*and electron enrichment by the
4f13 orbital configuration of Yb3'. Furthermore, they showed that Yb incorporation
reduced charge transfer resistances and increased donor densities of WOs3
photocatalysts. It is also worth noting that recent work in our laboratory has shown that

Yb doping of hematite electrodes is effective for promoting photoactivity [39].



In this work, we report on the behavior of WOs thin film electrodes prepared by a novel
sol-gel procedure with a focus on their structural, morphological and
photoelectrochemical properties. In addition, WOs3 thin film electrodes were modified
with ytterbium for the first time following a sol-gel procedure. It should be highlighted
that our work is focused in ultrathin films since this avoids difficulties arising from
composition variations throughout the thickness of the electrode as well as
complexities derived from inhomogeneous illumination. This facilitates gaining physical
insight on the dopant effect. In order to find the optimum amount of dopant for an
enhanced photoelectrochemical behavior, WOz electrodes were doped with five
different atomic percentages of ytterbium. The photoelectrochemical response of, not
only WO3 electrodes, but also WOs:Yb in contact with a more effective hole scavenger
than water has also been addressed. Important features of those electrodes such as
photocurrent onset potential, photoactivity improvement and chemical stability are

highlighted.

2. Experimental

WO; photoanodes were prepared on commercial fluorine-doped tin oxide (FTO) glass
substrates by spin-coating followed by a two-step thermal treatment. WCls (150 mg,
purity 99.99%-+, Aldrich Chem. Co.) and polyethylene glycol (25 mg, purity 99%,
Aldrich Chem. Co.) were dissolved in 1.25 mL ethanol and stirred for 4 hours [40].
Then, this precursor was spin-coated onto FTO at 1500 rpm for 15 s. The samples
were dried, maintained at 40 °C in air for 30 minutes and then, annealed at 500 °C for
30 minutes at a ramp rate of 5 °C/min. On the other hand, to obtain WO3 doped with Yb
(0.1, 0.2, 0.3, 0.4 y 0.5 %at Yb), YbCl3-6H20 (purity 99.99%+, Aldrich Chem. Co.) was

added to the precursor solution at the beginning of the synthetic procedure.



A Bruker D8-Advance X-ray diffractometer operating with Cu-K radiation at 40 kV and
40 mA was used to obtain the X-ray diffraction patterns. The composition of the
electrodes was analyzed by X-ray photoelectron spectroscopy (XPS) using a Ka
Thermoscientific spectrometer. The electrode morphology was studied with a Zeiss
model MERLIN compact VP field emission scanning electron microscope (FE-SEM).
The optical characterization of the electrodes was performed by solid-state UV-vis
spectroscopy, using a Shimadzu UV-2401 PC spectrophotometer equipped with an
integrating sphere. The UV-vis spectral data for the annealed films coated on

transparent FTO conducting substrates were recorded in the absorbance mode.

Photoelectrochemical measurements were performed at room temperature using a
three-electrode cell provided with a fused silica window and a computer-controlled
Autolab PGSTAT30 potentiostat. In all cases, an Ag/AgCI/KClI(sat) electrode and a Pt
wire were employed as a reference and counter electrode, respectively. All the
potentials are referred to the Ag/AgCI/KCl(sat) electrode. Solutions of 0.1 M HCIO,
were used as working electrolytes. They were prepared with ultrapure water and No-
purged before the experiments. The illumination was carried from the electrolyte side
(EE illumination) by employing a 300 W Xe-arc lamp (Thermo Oriel) equipped with a
water filter. The light intensity was 0.120 mW-cm2 and it was measured by coupling an

optical power meter (Thorlabs model PM100D) with a thermopile.

3. Results and discussions

3.1. Structural and physical characterization.

To verify the chemical structure of the as-prepared thin films, they were analyzed by

XRD. For WOz and WOs3:Yb 0.2 at% samples, their XRD patterns shown in Fig. 1



indicate that the WO3; monoclinic phase (JCPDS 01-072-0677) is the only crystalline
phase detected for both samples, which is the polymorph of WO3; more photoactive for
water oxidation [32]. Therefore the introduction of small quantities of the dopant does

not trigger any structural transformation.

Fig. 2 illustrates the morphology of the WOs3 thin films with and without Yb. In both
cases, hanocrystals are homogeneously distributed on the surface, being connected to
one another. Grains have an average diameter close to 60 nm not only for both
samples although it appears to be slightly smaller in the case of the WO3:Yb sample
(see histograms in the insets). Particle arrangement seems to be more uniform for
WOs3:Yb, which can be attributed to a change of the sol-gel process included by the
presence of Yb. In addition, the size distribution is more symmetrical and slightly

narrower for Yb-doped samples.

In order to confirm that Yb is effectively introduced in the WOz matrix, XPS analysis
was performed, being the high resolution spectra for the W 4f, O 1s and Yb 4d regions
displayed in Figure 3. The results point to the presence of Yb in the WOs:Yb sample,
which means that the incorporation of Yb is successfully performed. As expected for
the small loading of Yb in the sample doped and intrinsic WO3 films show a similar W 4f
spectra, which consists of two peaks centered at 35.46 eV and 37.58 eV associated
with the spin-orbit doublet of W 4f7;, and W 4fs, respectively. The O 1s spectra are also
similar for both samples showing a peak at 530.28 eV typical of O-W bonding and a
shoulder at 531.87 eV typical of O-C bonding coming from spurious impurities [38]. For
the Yb 4d spectrum, a broad peak of low intensity at 185.1 eV can be assigned to Yb
4dsp, in good agreement with reported value of 185.0 eV for Yb.O3s by Uwamino et al.
[41]. This means that the environment for Yb in the WOg3 lattice is similar to that found
in Yb2O3 (+3 oxidation state and coordination to oxygen). It is worth noting that even

when 0.2 at% doped samples were prepared, a composition of 0.24 at% was reported



by XPS analysis, which suggests that there is a slight enrichment of Yb on the thin film

surface.

The optical bandgap was obtained from optical absorption experiments. Fig. 4a shows
the optical absorption spectra of WOz and WOs:Yb 0.2 at% samples, which are very
similar. However, WOs:Yb samples have a slightly higher absorption background and
there is a minor shift in the absorption edge. Figure 4b shows the Tauc plot of (Ahv)*?
versus hv (A is the absorbance and hv the incident photon energy). Extrapolating the
linear region, the value of E4 is estimated to be 2.65 eV for both pristine and doped
WO;3; samples, in agreement with the values between 2.6 and 2.8 eV reported in the

literature [2,5].

3.2. Electrochemical characterization.

Cyclic voltammograms (CV) for WOs; and WO3:Yb 0.2 at% electrodes in the dark are
shown in Fig. 5in 0.1 M both in the dark (a) and under illumination (b). In the dark, the
electrochemical response exhibits the existence of small capacitive currents in the low
potential region (below 0.2 V), which tend to be higher when ytterbium is present. As
these currents have demonstrated to be proportional to the interfacial area [21], it
seems that the Yb-induced change could be mainly due to small changes in particle
size and distribution as observed in Fig. 2. Importantly, the addition of Yb to the WO;
structure does not alter the shape of the voltammograms in the accumulation region,
which point to the fact that doping does not alter in a significant way the conduction
band/band gap states. In addition, this quasi-reversible process appears accompanied
by blue coloration of the film at negative potentials. This process can be explained on

the basis of proton intercalation leading to a colored tungsten bronze [Eq. (1)]:

xH* + xe" + WO3 < HWO3 (1)



Linear scan voltammograms performed under chopped illumination for WOz and
WOzs:Yb at. 0.2 at% electrodes are shown in Fig. 5 (b). Upon illumination, anodic
photocurrents appear with an onset potential at 0.30 Vagagcl, that is, at 0.55 V versus
the reversible hydrogen electrode (RHE). In agreement with previous reports [13,42],
the material behaves as an n-type semiconductor with a valence band located at
around 3.2 Vgue (by considering a bandgap value of 2.65 eV as determined above).
Furthermore, there is an increase in the photocurrent density for WO3:Yb 0.2 at%

samples.

The n-type behavior of the as-prepared electrodes was confirmed by constructing Mott-
Schottky plots (Fig. 6, Fig. S1) at two different frequencies in the dark and under
illumination in 0.1 M HCIO4. The slopes of the linear regions increase with frequency
and for each frequency, the slope decreases in the order WO3; < WOs:Yb. This
behavior in the slope might be directly related with a change not only in donor density
but also in roughness of the electrode material, as it has been proposed by Gémez and
coworkers [11]. In other words, since the real interfacial area for WOs3 electrodes is
much larger than the geometric one and, as long as characteristic dimension of the
nano-objects is larger than that of the space charge region, the Mott-Schottky equation

should be written as [Eq. (2)]:

Aroal _ 2 (E_Efb_ke_T) (2)

2
Csc egscegNg

where Csg is the capacitance of the space charge region, Awa is the real surface area,
which takes into account the electrode roughness, Es is the semiconductor dielectric
constant, & is the vacuum permittivity, Ng is the donor density, E is the applied
potential, and Eg, is the flat band potential. Taking into account that the roughness

factor (r) can be expressed as [Eq. (3)]:

r = Areal (3)

Ageom



where Ageom iS the geometric (projected) area of the electrode, Equation 2 can be

rewritten as [EqQ. (4)]:

Afeom _ 2 (E By k_T) @

cé. egscegNgr2 e
To analyze the difference in the slopes, we must take into account that:

e The SEM analysis suggests that roughness factor is higher for WO3:Yb than for
WOs3, as the average particle size is slightly smaller for the Yb-containing
sample.

e The capacity of the accumulation region for WO3:Yb is higher than for WOs (Fig.
5a), which is related with the real area of the electrodes, which means that

roughness is higher for WO3:Yb than for WOs.

Therefore, if rwos:vb > fwos, it must occur that Ngwos:vo < Nawos. This behavior might be
related to a diminution of the density of oxygen vacancies upon addition of Yb [43]. The
diminution in donor density is concomitant with an enhancement of the n-type behavior
of the electrode. Such an apparent contradiction can be understood on the bases of an

increase in electron mobility upon Yb doping even when their concentration decreases.

The flat band potential estimated from extrapolation of the intercept of the Mott-
Schottky plot linear region with the x-axis, has approximately the same value (-0.05
Vagiagel) for pure WO3 and WO3:Yb electrodes. It is worth noting that this value is close
to that of the photocurrent onset, indicating that surface recombination is limited in both
cases. In agreement, the flat band potential does not significantly shift upon
illumination, which means that the density of trapped holes under photostationary
conditions when the illumination is intense does not induce an upward shift of the flat

band potential.

The dependence of the photocurrent density on the atomic percent of Yb in the WOs3

electrodes is shown in Fig. 7 for two different values of the applied potential. Five

10



different amounts of atomic percentages (0.1, 0.2, 0.3, 0.4 and 0.5 at. %) were studied
as to optimize the doping condition. As observed, the photocurrent is higher for the 0.2
at% sample not only at 0.6 V but also at 1.2 V. Thus, this is the adequate level of
doping for a higher photoresponse. It should be emphasized that the observed non-
linear dependence of the photoactivity on dopant concentration probably reflects the

concurrence of several factors in determining the effect of Yb doping.

Fig. 8 shows the voltammetric behavior both in the dark and under illumination for
pristine and Yb-modified WO3 in the presence 0.1 M H;O,. The dark response of the
WO; electrodes is characterized by the development of large cathodic currents
associated to the reduction of H.O. whose onset coincides with that of the
accumulation region. Upon illumination and irrespective of the presence of Yb, there is
a shift of the onset potential toward less positive values and an increase in the
photocurrent as observed by Gémez and coworkers [13] in the case of formic acid
photooxidation. This is a consequence of adding H>O2, which can be linked to the fact
that the hydrogen peroxide acts as an efficient hole scavenger. However, the increment
in the photocurrent density of WO3:Yb at. 0.2% atomic samples keeps on occurring at a
level similar to that in the absence of H.O,. One should conclude that the improvement
caused by doping with Yb is not directly linked to the charge transfer process, indirectly

supporting the increase in electron mobility invoked above.

The efficiency of H.O, as a hole scavenger is quite evident. Water photooxidation could

follow two possible pathways depicted in [Eq.(5)] and [Eq.(6)]:

2H,0 + 4h* > O, + 4H*, E" = 1.229 V (vs. NHE) (5)

2H,0 + 2h* > H20, + 2H*, E* = 1.763 V (vs. NHE) (6)

In this context, [Eq.(5)], which does not consider direct formation of H»O, is
thermodynamically favorable, since the standard potential is significantly smaller than
when its formation is required [Eq.(6)]. However, in a case when H>O; is already

11



present in the solution, its conversion to oxygen [Eq.(7)] becomes the primary reaction
as the standard potential for this process is much lower than for the competitive
process of water photooxidation according to the [Eq.(5)]. The latter illustrates the fact
that H.O, can be readily oxidized even in the absence of a strong oxidizing agents (e.g.

holes), and thus serve as a very efficient hole scavenger.

H,02 > O, + 2H* + 2e, E’ = -0.695 V (vs. NHE) (7

Based on these observations, it is plausible to assume that the formation of peroxo

species is limiting the rate of water oxidation on WO3; photoanodes.

Finally, the pH effect is summarized in Fig. 9, which shows that the higher the pH
value, the worst the photoresponse. It is worth noting that in the case of water
photooxidation the WO3:Yb electrode is much more sensitive to pH than the pristine
WO:s electrode. This could be linked with the fact that there is Yb located at the surface,
as demonstrated by XPS analysis, and the acid-base properties of the W-O and Yb-O
species might be different, as well as, their isoelectric points (IEP), since IEP of Yb,0O3
is located at pH values around 7.5 — 8.5 while that of WOs3 is located at pH values at
around 1.5 — 2 [44]. Therefore, the change in the charge state of the surface (resulting
from acid/base equilibria) would be the main factor responsible for the effects observed

as a function of pH without the need of invoking Yb surface enrichment.

4. Conclusions

In summary, we have shown that Yb modification of sol-gel synthesized tungsten
trioxide improves its photoelectrochemical response as photocurrents increase while
the onset potential remains virtually unaltered. Taking into account Mott-Schottky plots,
this behavior is attributed to a surface effect and/or to an increase in electron mobility

together with a slight diminution in particle size upon Yb maodification. In addition, since

12



doping does not cause a significant alteration of the shape of the dark CVs in the
accumulation region, no significant changes in the conduction band/band gap states
seem to occur upon doping. Different doping levels were studied and the highest
photocurrent was obtained for 0.2 at% Yb. The photoelectrochemical behavior of both
WO3 and WOs:Yb nanostructured electrodes in aqueous solutions of 0.1 M HCIOy is
apparently characterized by a low degree of recombination. As a result, the addition of
H20- to the aqueous electrolyte only gives rise to a moderate increment in photocurrent
and a slight shift of the photocurrent onset potential towards less positive values,
despite H.O, being a very effective hole scavenger. Importantly, the addition of H>O,
causes similar effects regardless the presence of Yb, meaning that factors different
from the hole transfer process, such as charge carrier mobility play a crucial role in the

Yb-induced enhancement.
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Figure 1. XRD patterns for the samples of WOz and WOs3:Yb 0.2 at. %.
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Figure 2. Scanning electron micrographs for the samples of (a) WOz and (b) WOs:Yb
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Fig. 4. (a) Optical absorbance of the samples of WOs; and WOs:Yb 0.2 at.%, (b)
Determination of the bandgap from an (Ahv)¥? versus hv plot for WOz and WOs:Yb 0.2

at% samples.
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Fig. 5. (a) Cyclic voltammograms for WOz and WO3:Yb 0.2 at% samples in the dark in
0.1 M HCIO4. Scan rate: 20 mV s™. (b) Linear scan voltammograms for the same

samples under chopped illumination in 0.1 M HCIO4. Scan rate: 5 mV s,
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Fig. 6. Mott-Schottky plots (at two different frequencies) for WOs; and WO3:Yb 0.2 at%
samples in 0.1 M HCIO4 in the dark.
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0.1 M HCIO4 and H20,. Scan rate: 20 mV s™. (b) Linear scan voltammograms for the

samples of WO3; and WOs:Yb 0.2 at. % in 0.1 M HCIO,4 and H,O.. Scan rate: 5 mV s,

(b)os

— WO,
—— WO,Yb ”‘
0.4 H
(\"E III
[}
<02 |||||||
= |||
ni
0.0 '
0.0 0.5 1.0 15

@) — -
0.3+ WOS —pﬂ:(}
——pH=5
0.2

§ 01 A 5
: fllk:

-0.11= T : ;

0.0 0.5 1.0 1.5

E/V vs. RHE

E /V vs. Ag/AgCl

(b) —pH=1

031 wo,vb —pH=3
3 ——pH=5
0.2
0.1
0.0
'01 T T T T
0.0 0.5 1.0 15
E/Vvs. RHE

Fig. 9. Linear scan voltammograms under chopped illumination for (a) WO3 and (b)

WO3:Yb electrodes in contact with solutions of different pH (1, 3 and 5). Scan

rate: 5 mV s?.
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