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Abstract

Nanostructured semiconductor photoanodes play an important role in solar fuel generation, and the
design of the semiconductor — aqueous electrolyte interface can be crucial in enhancing the energy
conversion efficiency. We have investigated the effects on photoelectrochemical oxygen evolution
for monoclinic nanostructured BiVOs films uncoated and coated with microporous sol-gel Al,O3
“over-layers”. Variation of the thickness of the Al,O3 coating (formed by surface sol-gel deposition
and annealing at 435 °C) led to a reduction of pseudo-capacitance and allowed optimization of the
quantum efficiency. Exploration of the photocurrent enhancement as a function of applied potential
reveals two distinct potential domains/mechanisms: (i) a low bias region enhancement effect
(assigned to a lowering of the rate of external recombination of electrons with oxygen) and (ii) a high
bias region of enhancement (assigned to higher charge carrier mobility due to less trapping in surface

states).

Keywords: water splitting, solar energy, photocatalysis, ceramic coating, photo-kinetics,

microporous membrane.
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1. INTRODUCTION

Photochemical reactivity at semiconductor-aqueous solution interfaces is determined by many factors
including (i) charge carrier transport to the semiconductor|water interface and partitioning/trapping
in the “interfacial reaction zone”, (ii) the nature/mobility of reactive surface species taking part in
photocatalytic processes, and (iii) the dielectric conditions and double layer structure at the interface
[1]. The processes taken place in semiconductor nano-structures during photoelectrochemical
reactions (for example in solar water splitting [2]) are complex and depend on multiple parameters
since they may involve multiple mechanistic pathways, that include multiple (internal and external)
recombination and loss mechanisms. An attractive tool for the enhancement of photo-catalytic
reactivity, for example for solar water splitting, is the formation of “over-layers” or “blocking-layers”.
For hematite, Fe,Os, it was observed that photo-electrochemical performance can be improved by
coating the oxide with very thin Al,O3 over-layers [3]. The role of Al>O3 in these processes may at
least in part be chemical and in part electronic and attributed to changes in surface conditions for the
underlying semiconductor [4], which experiences a “coating medium” with a dielectric constant lower
than that of the aqueous electrolyte (ewater = 80.2 at 20 °C [5]; earno3z = 9.34 at 25 °C [6]). The coating
could also passivate surface states or change/restrict access for ionic solution species. As a result, the
ability of holes/electrons to be trapped into surface states would be altered and correspondingly their

apparent mobility/reactivity altered.

In addition to exerting electronic effects and changes in charge carrier transport, “over-layers” can
also have beneficial effects on the transport of reactive solution species to the electrode surface.
Barrier coatings at semiconductor - electrolyte interfaces can be crucial for the effective operation of
solar electrolyser devices. The effect of a hydrogen permeable Cr.Os [7] in suppressing
recombination via back-reaction with oxygen in water splitting processes is a good example. Access
of oxygen to the Rh or Pt metal catalyst coated with Cr203 is avoided and therefore recombination

(here as back-reaction with oxygen) can be suppressed. Similarly, for AlOs3 deposits on



semiconductors, a blocking effect on oxygen reaching the semiconductor photoanode surface or the
underlying substrate would be beneficial for stopping losses due to back reaction via electron transfer

to oxygen.

Initial studies on the sol-gel Al,O3 deposition process were reported by Ichinose et al. [8], and
experimental methods were developed for thin layer “surface-sol-gel” formation [9]. Kumara and
coworkers [10] reported enhanced photocurrents from SnO; photo-anodes in dye-sensitised solar
cells when coated with AlbOs. In this case, a sensitiser dye was immobilized directly onto the surface
of the AlbO3 film. TiO2 — SnO> composite electrodes were shown to perform better with Al,O3 barrier
coatings [11]. The application of microporous Al,O3 as a photo-current enhancing coating in photo-
electrochemical systems is now relatively common. Durrant and coworkers [12] further developed
these coatings based on the surface-sol-gel deposition recipe for AlO3; on TiO; film electrodes [13].
These were then employed to host sensitizer dye in a dye-sensitized solar cell [14] and found to
considerably increase performance. More recently, also atomic layer deposition (ALD) methods have
been suggested for Al,Os barrier layer coatings [15,16,17]. Effects primarily on electron tunnel
kinetics based on the more dense and less/non-porous ALD Al,O3 films have been discussed [18].
Aligned TiO: nanotube arrays were studied and exhibited ALD AlO3 coating thickness dependent
efficiency as dye-sensitized solar cells [19]. ALD coating offers a powerful surface modification tool
for dense conformal coatings. However, most literature studies to date have been based on

microporous surface-sol-gel AlbO3 over-layers.

A flexible solar cell device based on mesoporous TiO> coated with Al,O3; and immobilized ruthenium
dye was reported [20], for which the microporous Al>O; film was an integral component stopping
short circuit reactions and enhancing photo-activity. A novel photovoltaic “charge storing” hetero-
junction device was obtained by Kim et al. while investigating TiO2|Al,O3|W O3 materials in aqueous

electrolyte [21]. Effects were assigned to an improved charge trapping for electrons in WO3 and less
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recombination across the Al>O3 film. Generally, there seems to be agreement in the literature that it
is predominantly recombination rates (via external back-reactions) that are affected when thin Al,O3
coatings are applied [22]. Beneficial effects of microporous Al>O3 have also been observed on NiO
photo-cathodes where hydrogen evolution is the predominant process [23] and on CdSe sensitized
NiO [24]. Single molecule studies for charge injection from excited dye into NiO via Al,O3 suggest
a slowing down in electron transfer kinetics [25]. Beneficial effects of Al,O3 coatings on ZnO-based
dye-sensitized solar cells were investigated as a function of thickness [26]. Solution processed Al,O3
were also employed in organic photovoltaic devices [27] and hybrid devices [28]. In photocatalysis,
TiO, films were coated with Al,O3/Pt to improve hydrogen evolution and efficiency in dechlorination

reactions [29].

BiVO4 [30,31] and in particular nano-structured BiVO4 [32,33,34], are attractive photo-anode
materials for photo-catalysis and water splitting applications, but the effect of Al,O3 over-layers has
not been reported previously. We have recently reported a simple “one-step” approach for the
formation of BiVO4 from a paint precursor applied to tin-doped indium oxide (ITO) substrates [35]
and for application of BiVOj4 coatings onto titanium substrates [36]. The resulting monoclinic BiVO4
has a bright yellow colour and therefore offers an effective absorption band in the visible range of the
optical spectrum (with a band gap of typically 2.5 eV). Photocurrents have been optimised to reach
2.4 mA cm™ at 1.23 V vs. RHE and under one sun (AM1.5 or ca. 100 mWcm™) illumination [37].
Materials engineering approaches have been reported to further improve performance based on
inclusion of phosphate [38], lanthanum [39], iridium [40], molybdenum [41], cobalt [42], nickel [43],
Ti0; [44,45,46], and WOs [47]. The geometry of Mo-doped BiVO4 was further optimized in macro-

microporous “inverse opal” structures [48].
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Figure 1. Schematic drawing of the photo-anode mechanism for a nano-structured semiconductor
fully “shielded” in aqueous electrolyte solution. In this electrolyte shielded nano-structure hole-
electron pairs are generated and split into surface confined holes (resulting in oxygen evolution) and
mobile electrons (diffusing through the nano-structure). Both recombination (internal and external
back reaction with oxygen) and electron mobility (dependent on trap states) are affected by the
interfacial reaction zone (e.g. the presence of Al>O3 coatings).

In this report, microporous surface-sol-gel Al,Os is applied to nanostructured BiVO4 photo-anodes.
The morphology features of this BiVO4 semiconductor nanostructure are relatively small (typically
100 nm in diameter) and surrounded by aqueous electrolyte to provide “electrolyte shielded”
conditions with electron diffusion towards the substrate [49] (in contrast to conditions at a flat single
crystal semiconductor surface). The Al>O3 film is produced based on Durrant’s sol-gel procedure [12]
to give very thin microporous film coatings with only a few nanometer thickness. A schematic
drawing of the resulting interface with interfacial reaction zone (e.g. for BiVO4 | Al,Os | electrolyte)
is shown in Figure 1. Two distinct recombination pathways are possible: (i) internal (direct hole-
electron recombination) and (ii) external (back-reaction of electrons in surface states with oxygen in
solution). The mobility of electrons could be affected by the availability/absence of “trap states™ at
the semiconductor surface. Therefore, both recombination and electron transport can play an

important role in determining the magnitude of the photocurrent. The enhancing effect of the
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microporous AlbO3 over-layer is studied as a function of thickness (or the number of applied coatings)
and shown to be effective in particular at lower potential bias (possibly providing protection against
external recombination via back-reaction) and at higher potential bias (possibly providing faster
charge carrier transport and protection against internal recombination). The important role of the
available surface redox states (which are linked to interfacial pseudo-capacitance) in the process is

analyzed.

2. EXPERIMENTAL SECTION

Chemical reagents were Bi(NO3)35SH20, NH4VOs3;, AI[OCH(CH3)C2Hs]s (in dichloromethane),
ethylene glycol, and PEG300 (all Sigma-Aldrich). The supporting electrolyte for photo-voltammetric
measurements was aqueous 0.5 mol dm™ di-sodium sulphate. All chemicals were of analytical grade.

Ultrapure water (18.2 MQ cm) was taken from a Milli—Q Simplicity 185 system (Millipore).

The photo-electrodes were prepared following a slightly modified literature procedure based on the
previously published one-step approach [35]. Precursor solutions for BiVOj4 films were prepared by
mixing (A) a suspension with 0.2 mol dm™ NH4VOs3 in 2 mL H>O at 80 °C and (B) a solution of 0.4
mol dm™ Bi(NOs)s in 1 mL PEG300 : ethylene glycol (1:1). After 30 minutes sonication a uniform
paint was obtained. For coating of the FTO substrates, first the substrates were heated to 85° C and
an aliquot paint of typically 10 uL cm 2 of prepared paint was applied. The samples were then dried
for 10 minutes at 120° C. Next, samples were calcined in air for 60 minutes at 400° C. After
calcination, the oven was turned off and the samples cooled to ambient conditions. The Al,Os
overcoating process was performed following a slightly modified literature procedure based on the
methodology developed by Durrant and coworkers [50]. The BiVO4 electrode was coated with a
microporous aluminium oxide overlayer by dropping 10 uL cm™2 from an aliquot of 0.15 M solution

of aluminium tri-sec-butoxide in 2-propanol/dichloromethane. The electrode was then nitrogen-flow-



dried and annealed in a tube furnace at 435 °C for 20 minutes. The procedure was repeated for each

layer of Al,O3 deposited.

The photo-electrochemical measurements were performed with a potentiostat/galvanostat (Autolab
PGSTAT 302N, Metrohm-Eco Chemie) using GPES and FRA 4.9 software. The light source was a
blue power LED with £ = 455 nm (Thorlabs, UK). A three-electrode conventional electrochemical
cell with quartz windows was used. The reference electrode was Ag/AgCl in 3M KCI (BAS), the
auxiliary electrode was a platinum plate, and working electrodes were BiVO4/FTO photo-anodes.
The light input through the quartz window of the electrochemical cell was estimated as ca. 100 mW
cm 2 (employing a semiconductor photodiode, Thorlabs) with optical path of ca. 0.5 cm from quartz
window to electrode surface. Cyclic voltammetry (CV) experiments were carried out in 0.5 mol L™!
NaxSOq4 (pH = 5.3) as supporting electrolyte and the photo-electrodes were illuminated from the front
or back side. The crystalline phase of nano-BiVO4 and BiVO4/ALLO3 was characterized by X-ray
diffraction (XRD) using a Shimadzu diffractometer model XRD-6000, in 6—26 mode, from 10 to 80
deg, rate 2 deg s !, and accelerating voltage 30 kV. The morphology and thickness of the film were
evaluated by high-resolution field emission scanning electron microscopy (FE-SEM, Zeiss Supra 35

at 2 kV).

3. RESULTS AND DISCUSSION

3.1. Deposition and Characterisation of BiVO4 and BiVO4/Al203 Films on Fluorine-Doped Tin
Oxide (FTO)

Deposition of BiVO4 from a “paint” precursor onto fluorine-doped tin oxide (FTO) transparent
conducting film electrodes was performed following a recipe reported recently [35]. Here, this
methodology was modified by annealing at a milder temperature of 400 °C. Scanning electron
micrographs (SEMs) are shown in Figure 2A and 2B. In contrast to material produced at 500 °C [35]

with feature sizes of typically 1 um, here with an annealing temperature of 400 °C the feature size of
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the nano-structured BiVOy4 deposit is typically 0.1 um or an order of magnitude smaller due to less
structural annealing at lower temperature. The thickness of films is typically ca. 7-8 um (see Figure
2D). With the surface-sol-gel AlO3 coating applied, there is only insignificant change in electron
optical images (see Figure 2C and 2D), which suggests that only very thin and very uniform Al>,O3

coatings are formed.
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Figure 2. (A,B) FE-SEM images of “one-step” BiVOs films obtained with 10 pL cm™ “paint”
dropped and annealed on FTO at 400 °C. (C) FE-SEM image of a BiVO4/2A1>03 film deposit. (D,E)
Cross-sectional FE-SEM images for BiVO4 and BiVO4/2A103, respectively.



Sample BiVO4/2xAl,0,

Figure 3. Cross-sectional FE-SEM with elemental mapping (V, Bi, Al, Sn, Si) for a BiVO4/2xAl,03
film deposit on FTO.

Additional cross-section elemental mapping was performed for a sample of BiVO4 with 2 layers of
ADLOs3 applied to the surface (Figure 3). The presence of both Bi and V uniformly distributed

throughout the film is observed. Perhaps surprisingly, there is some Sn (originating from the
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substrate) distributed throughout the film. Traces of Si are likely to be due to the sample
preparation/cutting process. The distribution of Al shows some excess at the top surface (a layer of
ca. 1 um thickness) with further Al being found throughout the nanostructured film. The XRD pattern
for the BiVOs film (Figure 4A) is consistent with the monoclinic phase [30]. Additional XRD peaks
for Al,O3 are not observed when BiVOys films is modified with 2 or 3 layers of Al,O3;, presumably
due to the very thin coating and small grain size developed for the microporous sol-gel Al>Os.
However, the signature for Al is clearly detected from EDS analysis, where Al content was 4.7% at/at

(Figure 4C).

11



——BiVO,/3XALO,

(A)
k U ‘ ‘0 ,. . o

——BiVO,/2xAl,0,
¢ FTO

CPS/a.u
&
Eo
R
_—
y

——BIVO,
¢ FTO

*
A U . + P 4
10 20 30 40 50 60 70 80 90
theta-2theta / degrees

T BiVO.
(B) 48,5 % aa V
51,4 % a» Bi

Bi
Bi
Bi
‘ Bi
2 4 6 8 10 12 14 keV

(C) T BiVO./2xALO3
45.3% 4 V

50.0% - Bi

4.7% w Al

2 4 6 8 10 12 14 keV

Figure 4. (A) XRD data for BiVO4, BiVO4/2A1,03, and BiVO4/3A1,03 film deposits showing FTO
substrate diffraction peaks as well as monoclinic BiVO4 (consistent with PDF: 01-083-1699) and (B)

EDS spectra for BiVO4/2A10s.
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The optical appearance of films after annealing is yellow and non-transparent (see photograph in
Figure 5A) with a film thickness estimated as ca. 7-8 pum for 10 pL cm™ “paint” precursor. Film
formation and photocurrents (with back illumination, vide infra) are highly reproducible, presumably
due to the considerable thickness of these non-transparent films (which minimizes effects from film
thickness variations). Based on literature reports, even AlOs3 layers of less than 1 nm average
thickness can result in significant photocurrent enhancement [51]. The coating is therefore unlikely
to be directly detectable in SEM and likely to be applied throughout the structure (see EDS mapping

in Figure 3) as well as onto the underlying FTO substrate electrode.

In “dark” electrochemical experiments (see Figure 5) in aqueous 0.5 M NaxSO4 the presence of the
BiVOs is clearly detected as a reduction signal with onset at approximately 0.6 V vs. Ag/AgCl (3M
KCI). At a slightly faster scan rate (see Figure 5D) two distinct and chemically reversible redox
processes are observed centered at 0.35 V vs. Ag/AgCl (3M KCI) (Process 1) and at -0.06 V vs.
Ag/AgCl (3M KCl) (Process 2). The former is likely to be associated with V(V/IV) surface redox
chemistry (equation 1) and the latter with bulk V(V/IV) conversion associated with cation

intercalation [35] (equation 2).

Process 1: V(V)(surface) + e <> V(IV)(surface) (€))

Process 2: V(V)(bulk) + e + H*'(aq) <> V(AV)(bulk) + H"(bulk) (2)
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Figure 5. (A) Cyclic voltammogram (0.5 mol dm Na,SOs, 20™ potential cycle shown; scan rate
500 mV s™!) for a “one-step” BiVOs film electrode produced at 400 °C (Inset: photograph). (B) Cyclic
voltammograms for BiVO4in 0.5 mol dm > Na,SOs at scan rate 500 mV s™! (twenty potential cycles
shown). (C) As above, but for BiVO4/2A103. (D) Cyclic voltammogram for samples BiVOs,
BiVO4/1A1,03, BiVO4/2A1,03, BiVO4/3A1,03 in 0.5 mol dm > Na,SOs, twenty-first potential cycle
shown; scan rate 50 mV s~ . (E) The 1%, 5™ 10", and 20" potential cycle for BiVO4/2A1,03 shown

at scan rate 500 mV s’!
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With sol-gel AlOj3 applied to the electrode surface, both processes 1 and 2 are suppressed (see Figure
5C) and with repeated potential cycling process 1 can be seen to slowly re-emerge to some extent
(now shifted positive by 0.15 V to a potential of 0.50 V vs. Ag/AgCl (3M KCl), see Figure 5E). This
behavior could be associated with some leaching of vanadate through/onto the microporous Al,O3
film deposit. This “ageing” effect is not observed in photo-electrochemical experiments (vide infra).
Importantly, both types of vanadium surface trap states (which are able to bind electrons, but which
could also be involved in hole trapping) appear to be suppressed, which should have two beneficial
effects on photoelectrochemical processes: (i) the transport of electrons through the nano-BiVO4
network is facilitated (faster) with less trap states and (ii) the back-reaction with oxygen in the
aqueous phase (recombination) at trap states is suppressed. Both of these effects should improve
photoelectrochemical performance. In addition, the interfacial capacitance (or availability of surface
redox states) for BiVO4/2A1,03 can be seen to be lower (compared to BiVO4) by a factor three

approximately.

3.3. Photo-Voltammetric Characterisation of BiVO4 and BiVO4/Al203 Films on Fluorine-Doped
Tin Oxide (FTO)

Photocurrent transients of typically 1 mA cm™ (at 1.3 V vs. Ag/AgCl (3M KCl) applied potential) are
observed for BiVO4 coated FTO electrodes immersed in 0.5 M Na>SOj4 (illuminated with a blue LED
delivering approximately 100 mW cm™, see Figure 6). By comparing front side illumination and back
side illumination, a dramatic difference due to the thicker (non-transparent) nature of the BiVOj4 film
can be observed (see Figure 6A inset). For front illumination under otherwise identical conditions,
only 10% of the photo-current magnitude is detected (due to light absorption predominantly in the

region more distant from the electrode [52]).
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Figure 6. (A) Light-on photocurrent transients (blue-LED light with 100 mW cm™, £ = 455 nm) in
0.5 mol dm™ NaySO4 and Egias = +1.3 V vs. Ag/AgCl (3M KCl) under front-side and back-side
illumination for 10 uL cm™ BiVO4 “paint” annealed at 400 °C. (B) Photocurrent transients with Epas
=+1.2 V vs. Ag/AgCl (3M KCI) comparing (1) 0, (ii) 1, (ii1) 2, and (iv) 3 Al>,O3 layers.
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The underlying redox process for the light-driven reaction has been identified as the formation of
oxygen from water due to hole reactivity at the surface of BiVO4 (equation 3) [53]. The more mobile
electrons find their way through the BiVO4 nanostructure to the underlying substrate electrode to
provide the anodic photocurrent response. It is the loss of these electrons in transit (see equation 1)

that explains the difference between back- and front-illumination.

Process 3: 4h*(BiVOs) + 2H20 <2 02 + 4H'(aq) 3)

When investigating the effect of sol-gel Al>O3 on the photoelectrochemical behavior (Figure 6B), a
clear increase in photocurrent at 1.2 V vs. Ag/AgCl (3M KCl) is seen when going from zero to one
and to two coatings. A third coating only has a small effect or in some cases even slightly decreases
the photo-current response (Figure 6 B). Further coatings significantly decrease the photo-current

responses.
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= 5.1). Photocurrent transients for (C) BiVO4 and (D) BiVO4/2A1>03 as a function of potential (linear
sweep voltammetry, scan rate 10 mV s™!). (E) The ratio of photocurrents detected for BiVO4/2A1,05
divided by that for BiVOs plotted versus bias potential and indicating two distinct potential regions.

When investigating the magnitude of the photocurrent enhancement as a function of the applied

potential (Figure 7) an interesting pattern emerges. The photocurrent enhancement is large (Figure

18



7E) in particular at lower bias potentials. The current more than doubles, which is indicative of
suppression of recombination at low driving voltages. This is likely to be due to a lower rate of
external recombination (blocked by Al,O3) based on oxygen back-reacting with electrons in surface
states (see Figures 1 and 7E). A further region of strong enhancement is at more positive potentials
beyond 1.0 V vs. Ag/AgClI (3M KCI) bias. In this potential range electrons are quickly removed into
the underlying FTO substrate electrode. However, under these conditions, the microporous Al20O3
film is proposed to help harvesting electrons from deeper within the porous BiVOys film due to higher
mobility (enhanced conductivity for electrons and less trapping in surface states). A summary of the
two effects, at low bias and at higher bias is shown schematically in Figure 7E. Effects of Al,O3 such
as lowering recombination rates and enhancing charge carrier mobility have been suggested and

reviewed recently for barrier coatings on other types of semiconductors [54].

4. CONCLUSIONS

It has been shown that thin microporous sol-gel Al,O3 coatings on BiVO4 have a beneficial effect on
photocurrents for oxygen evolution, in particular in the low potential bias and high potential bias
domains. It is suggested here that the microporous Al>O3 at the semiconductor - aqueous electrolyte
interface is effective due to (i) a lowering of the availability of surface redox states (trap states) which
are reactive towards solution oxygen (leading to less external recombination at low bias) and (i1) a
speeding up electron transport through the nano-BiVOs structure (leading to improved electron
harvesting a high bias). Additional structural information showing how the Al>O3 film is distributed
and orientated with respect to the underlying semiconductor would be desirable and more work will

be necessary also to quantify rate constants and mechanistic pathways.

In this preliminary study only the photo-active BiVO4 material produced at 400 °C was investigated
to provide proof-of-principle for improved photo-currents. The methodology will be of broader

appeal and useful also for related doped photo-catalyst materials. In addition to applications in solar
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fuel production, there could be interesting applications in selective photo-catalysis for processes
exploiting solar electrosynthesis. Finally, in future the electrically insulating nature of Al.O3 will
allow very thin wet “sandwich cells” to be constructed for solar energy harvesting with only oxygen

redox mediation and a platinized counter electrode.
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