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Abstract

In this work, the synthesis of cheap BiVVO,4 photoanodes for the photoelectrochemical water splitting
reaction was optimized via the scalable thin film electrodeposition method. Factors affecting the
photoelectrochemical activity, such as the electrodeposition time, the ratio of the Bi-KI to benzoquinone-EtOH
in the deposition bath, and the calcination temperature, have been investigated by using the Central Composite
Design of Experiments. Pristine monoclinic scheelite BiVO, photoanodes having a photocurrent density of
0.45 + 0.05mA/cm? at 1.23 V vs RHE have been obtained. It was shown that a high photocurrent density is
generally dictated by the following physico-chemical properties: a higher crystallite size, optimal thickness
and a porous morphology, which give rise to a low charge transfer resistance, low onset potential and a high
donor density. Moreover, to the best of our knowledge, this is the first report on the depth profile XPS analysis
performed in BiVO4 photoanodes made by electrodeposition technique, from which it was concluded that the
surface V species exist as V#* while the bulk V species are V°*. The V** induces a higher amount of surface
oxygen vacancies, which was found to be beneficial for the photoactivity.

Keywords: BiVVO,4 photoanode, water splitting, artificial photosynthesis, electrodeposition, XPS depth profile,
Central Composite Design of Experiments.
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1. Introduction

The conversion of solar energy to gaseous or liquid fuels provides an attractive pathway for energy storage
and dispatch, which overcomes the inherent limitations associated with variable/seasonal availability and
spatial nonuniformity of this renewable energy source. Photoelectrochemical (PEC) water splitting is a solar
energy conversion process wherein photocatalytic materials use the photons coming from the sun to split water
into H, (a sustainable fuel) and O, directly converting the solar energy into chemical energy. The bottleneck
of this method is a 4-electron transfer process that happens at the photoanode during the water oxidation
reaction: 2H,O — O, + 4H* + 4e” [1,2] since stepwise one-electron transfers are necessary during the
photochemically-activated reaction [3].

Several molecular catalysts [4] and inorganic catalysts [5] may be used to catalyse the water oxidation
reaction via photo-assisted methods. Semiconductor metal oxides [6] that are composed of earth-abundant and
non-noble metallic elements are preferred because of their proven stability under oxidizing conditions, low
cost and sustainability. However, no single catalyst can fulfil all the requirements for an efficient water
oxidation reaction. As frequently seen in literature, there are always trade-offs among the light-harvesting
ability, the charge transport and charge transfer processes, and the catalyst’s influence in the kinetics of the
reaction.[7,8]

One interesting metal oxide that has drawn attention as a photoanode for the photoelectrochemical water
splitting is bismuth vanadate (BiVO,). The difference between its valence and conduction band edge positions
is relatively low (2.4-2.5 eV) and they are positioned more strategically compared to those of the other metal
oxides [9], therefore, it requires less bias potential and it is capable of accessing a wider portion of the solar
spectrum. BiVO4 has 3 main crystal forms: monoclinic scheelite, tetragonal zircon-type and tetragonal
scheelite structure [10,11]. An irreversible transition from the tetragonal zircon-type to the monoclinic
scheelite structure occurs at the calcination temperatures of 400 to 500°C. Meanwhile, a reversible transition
between the monoclinic-scheelite to the tetragonal scheelite structures occurs at the temperature of 255°C,
which gives its characteristic ferroelastic-paraelastic properties. Aside from the temperature-induced
transitions, it was also reported that mechanical grinding at room temperature can irreversibly transform the
tetragonal structure to the monoclinic structure [12] and the addition of Ag can progressively convert the
monoclinic to tetragonal structures [13]. Among the three crystal structures of BiVO4, monoclinic scheelite is
the most commonly used structure in photocatalysis because of its higher photoactivity compared to the other
structures [14]. Its theoretical maximum photocurrent density is 7.5 mA/cm? [15] If all of the photons
possessing energies greater than 2.4 eV are absorbed, this translates to a 9% solar-to-hydrogen (STH)
efficiency. [16] Moreover, it should be highlighted that the conduction band edge position of BiVO,4 almost
coincides with the thermodynamic hydrogen evolution potential [11,17], which can contribute in the promotion
of an earlier photocurrent onset and the generation of higher photocurrents in the low-bias region relative to
the other photoanodes. [18] All of these factors are essential for the attainment of a high overall operating
current that can lead to a high STH efficiency. [19] Lastly, BiVO. is known to be inexpensive and non-toxic.
Similar to most metal oxides, it is stable against chemical and photoelectrochemical corrosion when coupled
to appropriate co-catalysts or passivation layers. [20-22]

However, the use of BiVO4 photoanodes entail several disadvantages. BiVO, is known to suffer from
poor electron mobility, thus, photon efficiency is lost relatively easily due to electron-hole recombination.
[23,24] This phenomenon is reportedly due to the disconnect among the VO, tetrahedra in the BiVO, structure,
[25] which constrains the efficient flow of the photogenerated electrons towards the conducting support. In
addition, in order to maximize the photogeneration of charges, the thickness of the material has to be optimized
with respect to the optical penetration depth. [7,26] However, BiVVO4 has a short hole diffusion length that is
estimated to be 70-100 nm, [27,28] which compromises and restricts the needed light penetration depth. In
addition, BiVO, is known to exhibit poor water oxidation Kkinetics, which is a bottleneck that has to be
overcome through co-catalyst deposition.

The properties and characteristics of the resulting BiVOs photoanode, or of the metal oxide
semiconductors in general, largely depend on the synthesis method employed. There are several techniques
that can be used to prepare the BiVO. photoanodes. One route is through the synthesis of the BiVVO,4 powder
via solid-state methods or solution-based techniques such as hydrothermal synthesis or sol-gel synthesis. An



extensive amount of literature covers the powder synthesis techniques that are employed in preparing BiVO,
[29-32] Then, the synthesized powders are deposited on the conductive electrodes via spin-coating, dip-
coating or doctor-blade technique. These are simple techniques that can be easily implemented at cheaper cost.
However, BiVO4 powders that are synthesized by these methods usually suffer from very low surface area
[19,33], typically of values less than 10 m?/g. The uniformity in the photoanode films produced by this method
is also an issue for scaling up these methods. On the other hand, direct BiVO4thin films have been prepared
by employing different deposition techniques. There are physical vapor deposition processes like molecular
beam epitaxy and magnetron sputtering [34], which offer uniformity over large areas, a better control on
stoichiometry, and ease of scalability [35], but may require some highly specialized and crystalline substrates
as well as need high power and vacuum (at least 10 Pa) requirements, which might not be compatible with
the more low-cost glass substrates that are normally used [7]. Chemical vapor deposition processes to deposit
BiVO, offer highly crystalline and high quality thin films, with ample control on morphology via the control
of the process conditions [36], but it uses relatively high temperature in order to evaporate the precursors. One
of these techniques that are used to prepare BiVOsis atomic layer deposition [37], which is used to prepare
highly controlled thin films that are deposited in a layer-by-layer, self-limiting manner, which finds huge
advantage especially when the need to work with high-aspect ratio materials such as core-shell nanotube
assemblies arise. The disadvantage of this process is it is slower relative to other techniques because it is
performed in a layer-by-layer manner. Among the various thin film deposition techniques, the most promising
in terms of scalability and ease of execution is electrodeposition. Although the technique is limited to the
deposition of electrically-conductive materials, it is very much suited to the production of polycrystalline films
of BiVO, with favorable porosity and well-developed nanostructures. Being a solution-based technique, the
control of morphology can be accomplished by simply changing the different solution parameters while the
thickness control can be accomplished by controlling the electrodeposition parameters, which are all done
under ambient conditions, thus, relatively cheap and practical. However, the literature for electrodeposited
BiVO, is not exhaustive. An interesting electrodeposition route for BiVVO,4 synthesis has been developed by
McDonald and Choi [19]. They developed an electrodeposition method for the synthesis of extremely thin 2D
BiOl crystals via p-benzoquinone reduction. Because of its very thin structure (< 20 nm), the electrodeposited
BiOl produced porous BiVO, photoanodes after mild chemical and thermal treatments. Further improvement
into the process was introduced by Kim and Choi [38], who changed the vanadium precursor solution from
V>05/NH4OH to VO(acac)./DMSO to improve the distribution of vanadium by improving the ease of wetting
the electrodeposited BiOl surface. Despite its promise, the electrodeposition route of preparing BiVOs
photoanodes is not well-studied, so it is a good method to explore.

In this paper, the synthesis, characterization, and the photoactivity of pristine BiVO. photoanodes that
were synthesized via the electrodeposition of the Bi precursor and subsequent drop-casting of the V precursor
have been studied. Starting from the original electrosynthesis recipe of Kim and Choi [32], an optimization
experiment using the response surface methodology called the central composite design has been implemented.
The effect of changing the different synthesis parameters (i.e. the electrodeposition time, the calcination
temperature and the composition of the electrodeposition solution) to the resulting photocurrent density and
material properties have been studied. A well-designed optimization study is necessary in order to gain results
that are statistically valid, considering the design principles of randomization, replication and blocking. This
can serve as a model for other optimization studies and demonstrate how a well-implemented response surface
experimental design can be useful in this field. This is a strategy that is not often applied in the studies on
photoelectrochemical water splitting. Most importantly, we have identified the most critical factors which
significantly affect the behavior of the photocurrent density in the given synthesis procedure and described
how each of these factors influence the performance of the synthesized catalysts. Finally, this paper reports a
depth profile analysis of the prepared BiVO4 photoanodes which has not been reported in literature to date.
This new information confirms the role that oxygen vacancies on the catalyst surface play in the resulting
photoactivity of the material.

2. Experimental
2.1 Materials

Bismuth (111) nitrate pentahydrate (Bi(NO3)se5H,0, >98%), vanadyl acetylacetonate (VO(acac)2, >98%),
potassium iodide (KI, >99%), p-benzoquinone (CsHi(=0),, >98%), absolute ethanol (CHsCH,OH, ETOH,



>99.8%), dimethyl sulfoxide/DMSO (CH3),SO, >99.9%), nitric acid (HNO3, 70%) and sodium hydroxide
(NaOH pellets, >97%), were utilized as-received from Sigma-Aldrich. Fluorine-doped tin oxide (FTO)
conductive glasses with a sheet resistance of 7 Q/cm? were obtained from Solaronix Inc. The FTO glasses
were cleaned by sonication in acetone, ethanol and water, respectively, for 10 minutes each, prior to their use.

2.2 Investigation and optimization of BiVO4 synthesis

The BiVO, synthesis procedure involves the electrodeposition of BiOl on FTO as the first step. The entire
procedure is outlined in the supporting information section 2 (SI 2), which also shows the actual solutions and
electrodes that were obtained. The electrodeposition solution was prepared by mixing 0.04 M of
Bi(NOs)3e5H,0 that was dissolved in acidified 0.4 M KI aqueous solution (pH 1.7), with 0.23 M p-
benzoquinone in absolute ethanol (Step 1).

Potentiostatic cathodic deposition was performed by using a 3-electrode assembly. An FTO glass
served as the working electrode, a Ag/AgCI (3 M KCI) served as the reference electrode, and a Pt wire was
used as the counter electrode to close the circuit. Different voltages (from -0.05V to -2V vs Ag/AgCl) and
electrodeposition times (from 0.5min to 10 min) were investigated (Step 2). The geometric area was kept
constant at 2 cm?. The film thickness was obtained using a profilometer by tracing the surface topography of
the samples.

After the deposition of BiOl, vanadium was introduced on the BiOl film by a dropwise addition of
180pL of a 0.2M vanadyl acetylacetonate solution. Two different solvents were investigated for the dissolution
of the V-precursor: dimethyl sulfoxide (DMSO) and dimethyl fluoride (DMF).

In order to induce the formation of crystalline BiVO,, the samples were calcined using different ramp
rates, a slow rate (2°C/min) and a fast one (20°C/min), and at various temperatures from 350 to 500°C (Step
3).The calcined FTOs were then gently stirred in 1M NaOH solution for 30 minutes to dissolve the excess
V,0s (Step 4). Finally, pristine BiVO4 electrodes were obtained after washing the electrodes with ultrapure
H.O.

Preliminary factor screening tests (details shown in the Supporting Information, S, section SI-1) were
performed in order to identify the factors that presented the most influence on the photoactivity. The effects of
each identified factor (indicated in SI-3) and their different levels on the photoactivity have been thoroughly
investigated. Furthermore, the identified factors (electrodeposition time, calcination temperature and Bi-KI to
benzoquinone-EtOH ratio) were then optimized using the central composite design of experiments (CCDE) by
utilizing the photocurrent density as the response variable. Each factor was varied across 5 levels in the
experiment. The experimental runs have been performed in a randomized order, employing the design
principles of replication, randomization and blocking. A 6-point replication of the centre points of the
experimental design have been performed.

2.3 BiVOa4 thin film characterization

A Merlin Zeiss Field Emission — Scanning Electron Microscope (FE-SEM) that was equipped with an
Energy Dispersive X-ray Spectroscopy System (EDS) was used to study the morphology of the samples.

The XRD spectra were obtained by using a Panalytical X’Pert PRO diffractometer under Cu Ko radiation
(. =1.5418 A) set at 40 kV and 40 mA, in order to determine the crystallinity of the BiVO, films. Crystallite
sizes were calculated by using the Scherrer formula D= kA4 /8 cos 6, where D is the average crystallite size
(nm), A is the wavelength of the X-ray radiation (0.15418 nm), k is the shape factor (0.90) and B is the full-
width half maximum, which was corrected for instrumental broadening. Calculations were done in the
Panalytical High Score software by referencing the profile width of the samples to the LaB6 employed as a
standard, whose pattern was collected in the same optical and acquisition conditions of the samples. The
calculation was done after fitting a Pseudo-Voigt profile function into the measured data.



The UV-vis absorption spectra were obtained by using a Varian Cary 5000 spectrophotometer in the
diffuse reflectance mode with an integrating sphere. The optical band gap energies were calculated by using
the Tauc relation ahv = A(hv-Eg)", where o is the absorption coefficient, A is a constant that is related to the
mass of electrons and holes, Eq is the band gap energy, and the value of n depends on the type of transition
(n=1/2 for allowed direct transition and 2 for allowed indirect transition). The majority of the literature suggests
that BiVVO, follows an allowed direct transition. In this work, the band gap of the BiVO4 films was calculated
by using the equation ahv? = A(hv-Eg), through a plot of ahv?vs hv, which has a linear region having a slope
A and the extrapolation of ahv = 0 gives the direct Eq. The band gap calculations using indirect band gap
transition were similarly performed and the results obtained were almost equivalent to the direct band gap
transition calculations.

The X-ray photoelectron spectroscopy (XPS) measurements were performed by using a PHI 5000 Versa
probe instrument equipped with a monochromatic X-ray source of 1486.6 eV (Al Ka) in order to determine
the surface composition of the prepared electrodes. High resolution (HR) analysis has been performed using a
pass energy of 23 eV, with a double charge compensation made by Ar* and electron beam sources. The
deconvolution procedure has been completed by using a Multipak 9.0 dedicated software. C 1s core level has
been used and referenced at 284.5 eV. The Pseudo-Voigt function has been applied for curve-fitting the
experimental data, while the Shirley function has been used to subtract the background signal.

2.4 Photoelectrochemical tests

A 3-electrode system with a Pt coil counter electrode (CE), Ag/AgCI (3M KCI) reference electrode (RE),
and the prepared BiVO, photoanode as the working electrode (WE), were set up in a single-compartment
guartz cell containing a 0.1 M phosphate buffer solution at pH 7. To simulate sunlight irradiation, a Newport
450 W Xe lamp with an AM 1.5G filter was employed, using an intensity of 100 mW/cm? for all the tests. The
entire electrode geometric area of 2 cm? was illuminated.

PEC activity tests were performed by using a BioLogic VSP 300 potentiostat. In order to characterize the
photocatalytic activity of the BiVO, photoanodes, linear sweep voltammetry (LSV) in continuous and chopped
light modes, and chronoamperometry (CA), were employed. The LSV curves show the behaviour of the
photocurrent density as a function of the applied potential in the PEC system, while the CA curves show the
behaviour of the photocurrent density over time at a fixed voltage, which was 0.61 V vs Ag/AgCI (1.23 V vs
RHE) in this case. Linear sweep voltammetry was performed at the potential range of -0.3 to 1 V vs. Ag/AgCI
at a scan rate of 10 mV/s. Chronoamperometry was done at 0.61V vs. Ag/AgCl. For the conversion of the
measured potentials versus the Ag/AgCI (3M KCI) reference electrode to RHE (NHE at pH=0), the following
Nernst equation was used.

Erng = E 4g +0.059pH + E‘34_9< %g = +0.199 V) (1)

AgcCl AgCl AgCl

In order to examine the carrier mobility and the photocatalytic potential of the BiVO. films, staircase
potentio electrochemical impedance spectroscopy (SPEIS) was performed for each sample, using the potential
range of -0.8 to 1 V (vs. Ag/AgCl), and a frequency of 7.5 kHz with an amplitude of 25 mV. Then, Mott-
Schottky plots were drawn to extrapolate the flat band potentials (Eg) and the donor densities (Np) of the
photoanodes, according to the equation (2):

1 2
= mareny, (B - By —%2) (2)

where C is the interfacial capacitance, ¢ is the dielectric constant of the semiconductor, &, is the permittivity
of free space, A is the area of the interfacial capacitance, Np is the donor density, E is the applied potential, Es,
is the flat-band potential, kg is the Boltzmann’s constant, T is the temperature and e is the electronic charge. A

plot of éAZ versus the potential yields a linear region. From the value of this slope, the Np of a semiconductor

can be calculated and the intercept of the extrapolation of this linear plot to %AZ = 0 gives its flat band



potential. A positive slope indicates that the material is an n-type semiconductor and electrons are the majority
charge carriers.

Charge transport and transfer properties of the photoanodes were investigated using electrochemical
impedance spectroscopy (EIS) measurements, in the frequencies ranging from 0.1 Hz to 0.5 MHz, at 0.61 V
vs. Ag/AgCI, under simulated sunlight illumination (100 mW/cm?).

3 Results and Discussions

This section reports the findings about the optimization of the critical factors for BiVO, synthesis,
describes the bulk and surface characteristics of these BiVO4 photoanodes and then presents the effects of the
said critical factors on the physico-chemical properties and the photoactivity of the photoanode.

3.1 Optimization results

Three-dimensional response surface plots were generated as shown in Fig. 1 to identify the ideal region
of operability for this process. An initial factor screening scheme (see Sl, section SI 1) was implemented to
identify the critical factors that affect the response variable, i.e. the photocurrent density. The response surface
methodology (RSM) then produced an empirical polynomial model based on the Taylor series to yield an
approximation of the response surface over a region of factors, while also considering the interaction of these
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Fig. 1 - Response surface plots of optimization studies



factors. The response can change when the experiment is performed at a different value of the factors that were
held constant, as a result of factor interactions, and this is captured by studying the response surface.

Considering the 6-point replication that was performed, an experimental value for the photocurrent
density of 0.45 + 0.05 mA/cm?at 1.23 V vs RHE was obtained for an electrodeposition time of 5.25 min, a
calcination temperature of 425°C, and a Bi-KI to benzoquinone-EtOH ratio of 1.9. The optimization response
surface plots in Fig. 1 indicate that an optimal photocurrent density of 0.53 mA/cm? at 1.23 V vs RHE can be
obtained by changing the Bi-KI to benzoquinone-EtOH ratio to 2.2. Empirically, the resulting photocurrent
densities for the Bi-KI to benzoquinone-EtOH ratios of 1.9 and 2.5 yielded similar photocurrent responses.
Thus, the photocurrent density that were experimentally obtained at an electrodeposition time of 5.25 min, a
calcination temperature of 425°C, and a Bi-KI to benzoquinone-EtOH ratio of 1.9 already lies within this
optimal region of the response surface, and it is already indicative of the desired window of operability for the
water oxidation reaction using the BiVO. photoanodes that were prepared in this study.

3.2 Bulk and surface characteristics of theBiVO4+ photoanodes

The synthesized photoanodes exhibited nanoporous structures as seen in the FE-SEM image shown in
Fig.2A. In addition, the XRD spectra for the BiVO, photoanodes at different calcination temperatures, revealed
that the monoclinic scheelite structure (JCPDS No. 14-0688, space group: 12/a, a=5.195, b=11.701, ¢=5.092,
3=90.38°) was obtained for these electrodes, which is evident from the peak splitting at the 18.5°and 35°of 26
(see arrows in Fig.2B). The FE-SEM images and XRD spectra of all the other synthesized samples under
different parameters are shown in the Sl (Sections Sl 4, SI 5 and Sl 6).

Bi 4f
5 "
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T T T T T T T T T T T T
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Fig.2 - (A) FE-SEM image, (B) XRD spectra and (C) Bi 4f, V 2p and O 1s XPS spectra of
optimal BiVOa4 photoanode (5.25 mins, 425°C, 1.9 Bi-KI to benzoquinone-EtOH ratio).

The mean crystallite sizes (calculated from data on (011), (121) and (040) facets), and the ratio between
the crystal facets (040) and (110) were calculated from the XRD data. The photocatalytic activity of BiVO4
powders have previously been reported to be directly proportional to the exposure of the (040) facet, which is
assumed to provide a multi-atomic BiVs centre that makes the electron transfer more facile [39-41]. Hence,



the normalized XRD intensity peak parameter, (040)/(110) ratio, was used to compare the XRD intensities,
using the (110) peak considered as an internal standard. Moreover, optical band gap energies were calculated
from the UV-vis diffuse reflectance spectra by using the Kubelka-Munk function and the Tauc relation for a
direct band gap semiconductor, as it was done in previous literature reports, and in agreement with the
behaviour of all the BiVVO, thin films that were synthesized in this study. From these data, the band gap energy
calculations yielded values ranging from 2.51 to 2.63 eV, signifying absorption in the visible light range. Please
refer to the SI (Figure SI-12) for the plots showing the summary of the physico-chemical properties resulting
from the variation of each synthesis parameter.

The high resolution XPS spectra for the Bi 4f, V_2p, and O_1s binding energy regions that were
obtained for the optimal electrode are shown in Fig.2C. The XPS spectra for the other electrodes are shown in
the Sl (section Sl 9). It is noteworthy that the Bi_4f 7/2 and Bi 4f 5/2 peaks appear in the binding energy
region (158.5 eV and 163.8 eV, respectively) that is much higher than that of metallic Bi, i.e. 156.8 eV and
162.2 eV [42], respectively. These Bi 4f peaks indicate the presence of Bi occurring mainly as Bi®* species in
the surface of the electrodes. Meanwhile, the VV_2p_3/2 and V_2p_1/2 peaks at 516.1 eV and 523.7 eV,
respectively, are characteristic of V occurring as V#* species on the surface of the photoanode. This is different
from the bulk V species, which have a V°* oxidation state. Rossell et al [43] have reported a pronounced
surface reduction of Vanadium from V°* to V#* in a commercial monoclinic scheelite BiVO4 powder, which
was attributed to the presence of intrinsic surface defects in the form of oxygen vacancies that directly impact
the electronic structure of monoclinic scheelite BiVOa.

The same reduction of the V oxidation state from +5 to +4 has been observed in all of the
electrodeposited BiVOs electrodes that were prepared in this study. However, it should be reiterated that the
nature of the V_2p region of V in the BiVO, surface should be interpreted with extreme caution, considering
the spread in the reported values in literature [44]. Some reported standard deviations can sometimes cause the
binding energies to slightly overlap between V°* and VV#*. In order to be more certain about the nature of the
V oxidation state in the BiVO, surface as well as in the bulk, a depth profile analysis using XPS was performed
via Ar+ ion bombardment, the results of which are shown in Error! Reference source not found.. To the best
of our knowledge, this is the first report of the depth profile analysis of the V_2p region of V in BiVO.. It can
be clearly seen from the table inset in Error! Reference source not found. that the as-grown sample (0 s Ar+
bombardment) manifested the V#* in the surface, as previously reported for all the samples. Similarly, the 6 s
Ar+ bombardment also revealed the presence of the V#* in the surface. However, at increasing depths, after 36
s and 96 s of Ar+ bombardment, the peak shifted towards the V°* region and the V** species started to appear.
The appearance of the V°* at higher depths confirms that the Ar+ bombardment removed the V** surface layer,
which confirms that the bulk indeed consists of V°*, while the unexpected appearance of V3" and VV** at higher
depths is attributed to the reduction of the V®°* that was induced by the Ar+ bombardment. This has been
reported in a study by Silversmit et al [45] where Ar+ was found to have induced the reduction of V°* to V3*
in the following manner: V** decreases fast and disappears within the first 30 s of Ar+ bombardment, after
which the V** increases and reaches a maximum at 24 — 40s, and the V** build up from 30 s onwards. Thus, in
summary, the surface V species have the V** oxidation state, while the bulk species contains V*°.
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Fig 4. _ Photoelectrochemical characterization of samples at various electrodeposition
time. (A) linear sweep voltammograms (scan rate: 10 mV/s) and chronoamperometry
plots (potential: 1.23 V vs RHE), (B) Nyquist plots under dark and illuminated
conditions. (0.1 M Na-Pi buffer pH 7).
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Fig. 5. _ Photoelectrochemical characterization of samples at various calcination
temperatures. (A) linear sweep voltammograms (scan rate: 10 mV/s) and
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measurements under dark and illuminated conditions. (0.1 M Na-Pi buffer pH 7).

Meanwhile, a deconvolution procedure that was applied to the O_1s spectrum as shown in Fig.2C
reveals that the O species are divided into the following: oxygen due to the lattice structure, the non-lattice
oxygen, and oxygen due to adsorbed molecules [42,46]. The deconvoluted O_1s peak at 529.2 eV is assigned
to the oxygen in a BiVVO, lattice environment, while the peaks at 530.3 eV and 532.0 eV are assigned to the
non-lattice and adsorbed oxygen species, respectively [47,48,49]. Non-lattice oxygen refers to the oxygen-
deficient regions, which might be populated with OH groups in order to correct the charge balance. Finally,
the O_1s peak at 532.0 eV refer to the chemisorbed or dissociated oxygen from the water molecules.A proper
amount of oxygen vacancies can aid in both bulk and surface charge separation [50] because the creation of
oxygen vacancies brings about free electrons, which are shallow electron donors [46] that enhance the
conductivity of the semiconductor. They also enhance the interfacial charge transfer by increasing the active
sites, i.e. turning the V site into an active site, and by lowering the adsorption energies of some intermediates
like H2Oa4s, OHags, and Oags, thereby promoting an easier charge transfer to the electrolyte and improving the
surface catalysis [50]. Also, oxygen vacancies facilitate hole trapping and migration and drive highly oxidizing
hole migration at the semiconductor/electrolyte interface [51]. On the other hand, an excessive amount of the
oxygen vacancies is detrimental to the photoactivity because the V** is characterized by a larger ionic radius
than the VV°*, and when they exist in excessive amounts, this can result to lattice distortion that can subsequently
reduce the hole diffusion length [52].

The surface Bi/V atomic ratios that were measured using XPS and the bulk Bi/V atomic ratios that
were obtained using EDS are reported in the Sl (Figure SI-14). The bulk Bi/V ratios are consistently about 1,
confirming the 1:1 ratio of the Bi:V atoms of BiVVO., which is also confirms the presence of the V** species in
the bulk. However, when the surface species of Bi/V are examined, it can be seen that the Bi concentration
tends to be higher than that of the V atoms for all the synthesized electrodes. We have found that the Bi/V ratio
for an untested electrode deposited at 5.25 minutes, 425°C and 1.9 Bi-KI to benzoguinone-EtOH ratio, results
to a surface Bi/V of 2.3. This Bi-rich surface, consistent with the findings of Sayama et al [53], could have
been due to the segregation phenomenon that has been observed for different Bi-containing oxides. The



depletion of O in the subsurface happens because of the segregation of O to the surface, which leads to Bi-O
surface terminations as reported by Passerone et al [54]. This Bi-rich surface can either enhance the
photoactivity by serving as a protective layer or be detrimental to it by worsening the catalytic activity of the
BiVO, as a water oxidation catalyst [43]. This Bi/V ratio increases to 2.96 after the photoelectrochemical tests,
while that for the bulk Bi/V remains unchanged at about 1. Thus, there was also a dissolution of surface V
atoms from the BiVO;, surface during the photoelectrochemical tests, which might have been due to the higher
solubility of Vanadium over Bismuth under these conditions [55].

3.3 Effects of synthesis parameters on the physico-chemical properties and photoactivity

3.3.1 Electrodeposition time

Effect on physico-chemical properties

Increasing film thicknesses were obtained by using different electrodeposition times of 0.5, 5.25 and 10
minutes and the film thicknesses, measured by using a profilometer, were 56, 478 and 517 nm, respectively.
A calcination temperature of 425°C and a Bi-KI to benzoquinone ratio of 1.9 were kept constant for all of these
electrodes. The 0.5 min electrode did not completely cover the FTO surface, whose crystals are evident in the
FE-SEM image shown in the Figure SI-8. However, after 5.25 min of electrodeposition, the FTO substrate was
fully covered and a nanoporous BiVOy, structure was produced, which tends to maintain the nanoflake structure
of the electrodeposited BiOl material (refer to Figures SI-8 and SI-9), as the electrodeposition time increases
and as the film thickness grows.

The XRD patterns (Figure SI-10A) showed that the thicker photoanodes exhibited the monoclinic
scheelite structure while the thinnest electrode yielded an XRD spectrum similar to the FTO, which suggests
that a very thin layer of BiVO4 was deposited on the FTO surface for this sample. In agreement with the
thickness measurements, the XRD peak intensities generated for the thickest film, i.e. 10 minutes of
electrodeposition time, are generally higher compared to the other samples, which confirms that more material
has been deposited on this FTO surface. This is seen most distinctively in the 26 peak of 29°. The mean
crystallite size was the highest for the 5.25 min electrode (112 nm) and the lowest for the 0.5 min electrode
(53 nm). In addition, the 0.5 min electrode had a negligible (040) peak and, therefore, almost zero value of the
(040)/(110) ratio. A preferential growth of the BiVVO, crystals along the (040) direction was observed by
increasing the electrodeposition time, which should be beneficial for the photocatalytic activity of the film
[39-41].

As reported in the Figure SI-12, the band gap energy of the sample electrodeposited for 0.5 min (2.63 eV)
is higher than those of the samples prepared during 5.25 and 10 min of electrodeposition time, which have
almost equal band gap energies, i.e. 2.55 and 2.56 eV, respectively, which are characteristic of the monoclinic
scheelite BiVO4[56]. The higher band gap energy for the thinnest electrode was due to the contribution from
the FTO that has a band gap energy of about 3.3 eV [57].

A slight shift of the binding energy for the O1s peak of the thinnest electrode (0.5 min) relative to the
5.25 and 10 min samples was observed (see Figure SI-13), which is due to the contribution of the oxygen
vacancies in the exposed FTO, where F doping tends to substitute the O, which provides a free electron that
serves as the reason for the dominant defects on FTO. As explained above for the optimum BiVVO4 film, the
thicker BiVO. samples (5.25 and 10 min) clearly evidenced the presence of lattice oxygen and oxygen
vacancies, the latter being the highest for the 5.25 min electrode. On the other hand, from the surface
composition analysis that is shown in the Sl (Figure SI-14), the 5.25 min sample has the lowest surface Bi/V
ratio (2.96), while the 0.5 min sample has the highest surface Bi/V ratio (4.79) after testing.

Effect on photoelectrochemical properties

Error! Reference source not found.A reports the LSV curves for the samples that were electrodeposited
at different times, which were acquired by using chopped light measurements. They show evidences of fast
recombination of the photogenerated electron-hole pairs at the BiVO. surface, characterized by the



instantaneous dampening of the photocurrent density signal right after the light is turned on. The same is also
evident in the CA plots displayed in Error! Reference source not found.A. This behaviour is typical of
BiVO, electrodes without any co-catalyst on its surface that is able to enhance the kinetics of the water
oxidation reaction [38]. From these plots, relatively stable mean photocurrent density values were obtained
over the course of the measurement time of 12 minutes. The highest photocurrent density was obtained for the
electrode that was electrodeposited for 5.25 minutes, that is 0.45 mA/cm? at 1.23 V vs. RHE (blue line). The
least photocurrent density was for the 0.5 min sample (red line) having a photocurrent density of 0.06 mA/cm?
at 1.23 V vs. RHE, while the 10 min sample generated a photocurrent density of 0.39 mA/cm? at 1.23 V vs.
RHE (green line). By comparing the physico-chemical properties of these electrodes, it can be inferred that the
best photocurrent density of the 5.25 min sample is related to its higher crystallite size (112 nm), optimal
electrode thickness (478 nm) and lower surface Bi/V ratio.

A higher crystallite size is correlated also to a higher crystallinity, which together with the highest
interconnection among the crystals and a more closed porosity of the 5.25 min sample, could have played a
role in enhancing the carrier mobility in this electrode compared to the others. To confirm this hypothesis, the
Mott-Schottky plots were recorded and analysed for these samples (Figure SI-15). These plots demonstrated
the n-type behaviour of the BiVO4 samples, as manifested by the positive slope of the linear data, and the
mobility of the majority carriers was calculated. As expected, the donor density increased from the 0.5 min
(Np = 2.35 x 10'° cm™) to the 5.25 min (Np = 4.66 x 10%° cm) but then decreased at 10 min (Np = 3.00 x 10*°
cm®) of electrodeposition time. As mentioned previously, the highest presence of oxygen vacancies in the 5.25
min sample introduces shallow electron donors that additionally could aid in increasing the donor density in
the semiconductor. The higher Np of this sample could have played a role in improving the
photoelectrochemical response due to two main reasons [17]. First, it raises the Fermi level, which increases
the band bending in the space-charge region because of the bigger difference between the Fermi level and the
redox potential of the electrolyte. Because of the increased band bending, the electric field in the space charge
layer is similarly enhanced, which reduces the electron-hole recombination. Second, it enhances the electrical
conductivity of the photoanode, thus, it improves the charge transport properties within the material.

Furthermore, there is an optimum thickness of BiVO4that was electrodeposited in the electrode after 5.25
min, which is higher in the present case (about 478 nm) than the optimum value of 200 nm that was previously
reported for the BiVO. electrodes that were prepared by other techniques such as dip-coating. [40] This
behaviour could be explained by the higher porosity and active surface that were available in the
electrodeposited samples relative to the BiVO. films prepared by other techniques. Electrochemical impedance
spectroscopy (EIS) is a powerful technique that was used to gain insights about the charge transfer rate due to
the photoelectrochemical reaction, which is generally associated with the charge transfer resistance (Rc), at
the electrode-electrolyte interface. [58] The EIS results in this study are reported by using Nyquist plots, herein
characterized by a single arc, whose diameter is proportional to the Rc. This was further verified by using an
equivalent circuit model (shown in the Figure SI-17), which was used to calculate the charge transfer
resistances. The symmetric Nyquist plots in both the dark and illuminated conditions are shown in Error!
Reference source not found.B. The thinnest and worst-performing electrode (0.5 min sample) had the highest
charge transfer resistance (2.7 kQ), while the corresponding charge transfer resistances for the 5.25 min and
10 min samples are much smaller and practically equal (0.25 and 0.26 kQ, respectively). This explains the
higher photocurrent density of the 5.25 and 10 min samples in comparison to the 0.5 min electrode.

A further increase in the electrode thickness of 39 nm by electrodeposition for 10 min has caused a
reduction of 13% in the photocurrent density. It is possible that this accompanying increase in thickness has
contributed to more defect levels that could have acted as charge recombination sites. Indeed, the lower surface
Bi/V ratio of the 5.25 min sample is favourable because this leads to a lower presence of the Bi-O surface
terminations that have a poorer photocatalytic activity for the water oxidation, which could have contributed
to the lower activity of the 10 min sample that has a higher Bi/V ratio. These results are also in agreement with
the determined onset potentials of these electrodes: 0.36, and 0.40 V vs RHE for the 5.25 min and 10 min
samples, respectively, taken from a magnified region of interest in the LSV plots (Figure Sl 16). The 5.25 min
sample has the least onset potential, which is another indicator of its superior catalytic activity. A low onset
potential is important because it gives way to a practical implementation of the device to be achieved at a lower
bias.



In conclusion, the highest photocurrent density of the 5.25 min sample can be attributed to the
following photoelectrochemical characteristics: lowest charge transfer resistance, highest donor density, and
lowest onset potential, which highly depends on physico-chemical properties like higher crystallite size,
optimal electrode thickness, and a lower surface Bi/V ratio.

3.3.2 Calcination temperature

Effect on physico-chemical properties

The effect of the calcination temperature was investigated at 350, 425 and 500°C, at an electrodeposition
time of 5.25 min and a Bi-KI to benzoquinone-EtOH ratio of 1.9. There were pronounced differences in the
morphology of the samples that were calcined at different temperatures, as shown in Figure SI-8. All the BiVO,
films possess a nanoporous structure, but the pores decreased in size as the crystals grew. The 350°C sample
showed the formation of small crystals that are agglomerated in a network that follows the shape of the pristine
BiOl nanoflakes (see section Sl 5), which seem to stick to one another. As the temperature increased, the small
crystals sintered together into larger crystals, achieving up to about 200 nm of length and formed the
interconnected globules, which are visible in the FESEM images of the samples calcined at 500°C.

XRD data in Figure SI-10B shows that the three BiVO, samples calcined at 350, 425 and 500°C clearly
exhibited the monoclinic scheelite structure. The presence of the tetragonal zircon-type phase that could be
present in the samples calcined at 350°C can be excluded due to the absence of the main peaks at 24.3° and
32.7° that are associated with this crystalline structure. The peak splitting of the characteristic peaks that were
observed at 18.5°and 35°0f 20 was more pronounced as the calcination temperature increased, which is most
likely due to an increase in the crystallinity of the monoclinic scheelite phase in the BiVVO, samples because
the thicknesses of these electrodes are similar. Indeed, in agreement with the FESEM images, the mean
crystallite sizes that were calculated from the XRD data also increased by increasing the calcination
temperature. However, the peak related to the (040) facet was absent in the sample calcined at 350°C, most
probably due to the small size of the crystals (i.e. 22 nm and 13 nm for the (011) and (121) facets, respectively).
Meanwhile, by increasing the temperature, the samples grew along all directions. It is noteworthy that the
electrodes calcined at 425 and 500°C have an almost similar mean crystal size of 112 and 115 nm, respectively,
while having almost the same ratios of the (040)/(110) facets, that are 0.52 and 0.49, respectively, as shown in
Figure SI-12.

The band gap energies that were obtained for these samples did not vary significantly and ranged from
2.51 to 2.55 eV, with a very slight advantage towards the 350°C electrode, because of its slightly lower band
gap energy value. These values are slightly higher than the generally reported values of 2.4 eV for BiVO4.[56]

Based on the XPS spectra (Figure SI-13), the Bi species are mainly Bi®* and the V species are occurring
mainly as V**. From the O1s region, it can be seen that the sample 425°C has the highest amount of oxygen
vacancies among all the samples. Moreover, as reported in Figure B, the surface Bi/V ratios were almost equal
for the 350 (2.92) and 425°C (2.96) samples, while it was significantly higher for the 500°C sample (3.65).

Effect on photoelectrochemical properties

The photoelectrochemical results (LSV plot) of the samples that were calcined at different temperatures
are reported in the Error! Reference source not found.A. The least photocurrent density was obtained for the
350°C sample (red line), which generated a very low photocurrent of 0.08 mA/cm? at 1.23 V vs. RHE, which
can be attributed to the low crystallinity of this sample. The 500°C sample (green line) demonstrated a
photocurrent density of 0.19 mA/cm? at 1.23 V vs. RHE, which was 58% higher than that of the 350°C sample,
but only 42% of the maximum value that was achieved by the sample calcined at 425°C (blue line). Since the
crystallinity, crystallites size, band gap energy and (040)/(110) ratio for these two last samples are almost the
same, the main parameters that could play a role on their different activity are their thickness and morphology.
The electrode needs to be thick enough to enhance the absorption of the photons but at the same time, it needs
to be thin enough to avoid the formation of defect levels that can act as charge recombination sites. A perfect
compromise between these two properties is the ideal condition.



As explained previously, the physico-chemical properties have an influence on the photoelectrochemical
behaviour and they caused the highest photocurrent density of the 425°C sample due to the following
characteristics: least charge transfer resistance, highest donor density, and the lowest onset potential. Indeed,
as shown in the Nyquist plots in Error! Reference source not found.B, this photoanode (425°C sample, blue
line) have the lowest R (0.25 k) under illumination conditions (see also Figure SI-17). Meanwhile, the R
of the 350°C sample (red line, 2.2 kQ) and the 500°C sample (green line, 1.8 kQ) are significantly higher than
the former. The EIS data indicates a superior reaction kinetics and photoelectroactive surface at the electrode-
electrolyte interphase on the electrode that was calcined at 450°C, which is also confirmed by the lower onset
potential of this sample (0.36 V vs RHE) than for the 350°C and 500°C samples (having an onset of 0.44 V
and 0.38 V vs RHE, respectively). The donor density values (see Figure SI-15) were found to increase from
3.39 x 10% cm™ to 4.66 x 10%° cm™when the calcination temperature was increased from 350 to 425°C, and
then decreased to 3.82 x 10'° cmin the 500°C sample. This can be explained by the XRD and FESEM results:
the lower calcination temperature (350°C) induces a lower crystallinity that reduces the e mobility and the
further growth of BiVO, crystals at the highest temperature could cause less interconnected surface of the
BiVO, crystals, and the exposure of free FTO substrate, which could possibly induce a lower rate of electron
flow and collection, and a higher rate of charge (e/h*) recombination in the 500°C sample than in the 425°C
electrode.

On the other hand, despite having a slightly higher charge transfer resistance and a lower thickness, the
500°C sample exhibited a higher photocurrent density than the 350°C sample, mainly because of its lower
onset potential, higher donor density, and the prevalence of the (040) facet, as explained above.

3.3.3 Bi-KI to Benzoquinone-Ethanol Ratio

Effect on physico-chemical properties

The effect of varying the Bi-KI to benzoquinone-ethanol ratio was also investigated by using the ratios of
1.3, 1.9, and 2.5, at a calcination temperature of 425°C and an electrodeposition time of 5.25 min. As seen in
the FESEM images in Figure SI-8, this parameter significantly affected the morphology of the synthesized
BiVO, thin films. Although all the samples that were synthesized at these conditions yielded nanoporous
structures, the globules formed at the ratio of 1.3 exhibited a high agglomeration and closure of most of the
porosity. The samples 1.9 and 2.5 ratios have morphologies that are quite similar, both showing a higher degree
of porosity than the one prepared with a ratio of 1.3. All these samples possessed the monoclinic scheelite
structure (Figure SI-10C). As expected, depending mostly on the deposition time, the electrodes thickness was
similar for the 1.9 and 2.5 ratio samples (i.e. 478 nm, and 457 nm, respectively), while for the 1.3 ratio the
thickness was lower indicating that 1.9 is close to the minimum value for this parameter to guarantee an
optimum BiVO;, yield. Indeed, as shown in the Figure SI-12, the highest crystallite size was obtained for the
1.9 ratio sample (112 nm), while the lowest one was obtained for the 1.3 ratio sample. The 1.9 sample also
exhibited the highest (040)/(110) facet ratio and the lowest surface Bi/V ratios (Figure SI-13) of 2.96, which
are characteristics that could play in favour of the photoactivity of this sample.

There were no significant differences in the photon absorption capacity for these samples since their band
gap energy values did not vary significantly (ranged between 2.53 to 2.56 eV, Figure SI-11C and SI-12). From
the XPS analyses (Figure SI-13, all the Bi species are mainly Bi®*, and the V species are occurring mainly as
V# and the O1s deconvolution spectra showed that the amount of oxygen vacancies were quite comparable
for these three samples.
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Fig. 6. _ Photoelectrochemical characterization of samples at various Bi-Ki to benzoquinone-EtOH ratios.
(A) linear sweep voltammograms (scan rate: 10 mV/s) and chronoamperometry plots (potential: 1.23 V vs
RHE), (B) Nyquist plots of EIS measurements under dark and illuminated conditions. (0.1 M Na-Pi buffer
pH 7)

Effect on photoelectrochemical properties

Among the calcined samples that were made with different Bi-KI to benzoquinone-EtOH ratios, the
least photocurrent density was observed for the 1.3 ratio sample (0.29 mA/cm? at 1.23 V vs. RHE), as reported
in Fig. 6A (see also Figure SI-12). The photocurrent density for the 1.9 and 2.5 ratio samples were about 36%
higher than the 1.3 electrode, but they achieved almost similar photoactivities: 0.45 mA/cm? and 0.43 mA/cm?
at 1.23 V vs RHE, respectively. The onset potential (Figure SI-16) was equal for both the 1.9 ratio and 2.5
ratio (0.36 V vs RHE), while it was higher for the 1.3 ratio (0.4 V vs RHE). The lowest activity of the 1.3
sample can be explained by its lower thickness, while the other two electrodes possess almost similar
morphologies, thicknesses, and band gap energies. Thus, the very slight advantage of the 1.9 ratio electrode
lies in the higher crystallite size, higher (040)/(110) ratio, and lower surface Bi/V ratio compared to the 2.5
ratio electrode.

These results are in agreement with the Nyquist plots of the EIS measurements under illumination
shown in Fig. 6B. The worst-performing electrode with a 1.3 ratio (red line) have the highest Re (0.39 kQ),
while the 2.5 ratio sample (green line, 0.24 k Q) and the 1.9 ratio sample (blue line, 0.25 kQ) showed almost
similar R values, indicating an enhanced electroactive surface area that is available for the photocatalytic
reaction on these latter samples, which also have an improved porosity with respect to the 1.3 electrode.
Moreover, the donor density value (Figure SI-15) for the 1.9 ratio sample was the highest (4.66 x 10*° cm),
indicating its superior electron mobility. This value is followed by the 2.5 ratio (4.1 x 10*° cm3), while the 1.3
ratio has the least donor density (3.46 x 10'° cm), which can be related to a poorer e- mobility due to a poorer
interconnection among the BiVO4 nanoparticles that were formed under this electrodeposition condition.

To summarize, the optimization of the BiVO. photoanode synthesis revealed that a 5.25-minute
electrodeposition time using an electrodeposition solution consisting of a 1.9 Bi-KI to benzoquinone-EtOH
ratio and a calcination temperature of 425°C yields an optimal photocurrent density of 0.45 + 0.05 mA/cm? at
1.23 V vs RHE. This nanoporous electrode exhibited the monoclinic scheelite structure, with surface V**



species that signify the presence of oxygen vacancies in the surface and bulk V*°* species. The presence of a
higher amount of oxygen vacancies has been shown to be beneficial to the photoactivity of the electrode as
well as high crystallite size, an optimal thickness and a porous morphology. These factors contribute to the
low charge transfer resistance, low onset potential and a high donor density for this electrode that ultimately
yielded favourable photocurrents.

4  Conclusion

In this work, the optimization of the BiVO, photoanode preparation via thin film electrodeposition on
FTO was performed. Factors affecting the photoelectrochemical activity such as the electrodeposition time,
the ratio of the bismuth precursor to the reduced reagent in the deposition bath, and the calcination temperature,
have been investigated by using the Central Composite Design of Experiments. Pristine monoclinic scheelite
BiVO, photoanodes having a photocurrent density of 0.45 + 0.05mA/cm? at 1.23 V vs RHE have been
obtained. It was shown that a high photocurrent density is generally dictated by the following physico-chemical
properties: a higher crystallite size, an optimal thickness and a porous morphology, which give rise to a low
charge transfer resistance, low onset potential and a high donor density. The optimization of the critical
synthesis factors sheds light on the proper design and fabrication of efficient bare BiVVO4 photoanodes for solar
fuels production, whose efficiency can be further improved by the deposition of O, evolution co-catalysts to
reduce the superficial e/h* recombination.

To the best of our knowledge, this is the first report on the depth profile analysis that was performed on
the VV2p spectra of V in the optimized BiVO, electrodes, from which it was concluded that, as a result of the
electrodeposition technique that was employed, the surface V species exist as V#*, while the bulk V species
are V°*. The V* induces a higher amount of surface oxygen vacancies, which was found to be beneficial for
the photoactivity. Optimizing the amount of superficial oxygen vacancies and finding a way to stabilize them
could be a new strategy to further improve the photoactivity of BiVO,4 photoanodes.
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Sl 1. Preliminary experiments for factor screening

Initially, 6 factors have been identified and preliminarily screened in order to identify the significant
factors to be subjected to design of experiments. The factors that were investigated were: potential,
electrodeposition time, Bi-KI to benzoquinone-ethanol ratio, V precursor solvent, calcination temperature and
ramp rate.

S1.1 Effect of Potential
With all other factors held constant, the effect of potential (-0.05V to -2Vvs Ag/AgCI (3M KCI)) was
investigated. Electrodeposition time was set at 3 min and Bi-KI to benzoquinone-ethanol ratio of 2.5.

2V -1.5V -0.5V -0.3V -0.1V -0.05V

Figure SI-1. Electrodeposition with varying potentials

As seen in Figure S1, deposition was accomplished with a uniform coverage of the electrode at a
potential of -0.1V vs Ag/AgCl (3M KCI). Depositing at higher potentials did not yield a film that adhered to
the FTO surface while using a lower potential did not entirely cover the set electrodeposition area. For this
reason, the applied potential was fixed at -0.1Vvs Ag/AgClI (3M KCI) for the experimental runs.

$1.2 Effect of electrodeposition time

Varying the electrodeposition time varies the thickness of electrodeposited films, as shown in Figure
S2. For the design of experiments, a wider range of electrodeposition time, from 0.5 min to 10 min, has been
considered.

| BiOI

BiVO,

Figure SI-2. Electrodeposited BiOIl (TOP) and synthesized BiVO4 (BOTTOM) at different electrodeposition
times, (Bi-KI to benzoquinone-ethanol ratio at 2.5 and the calcination temperature of 450°C)




$1.3 Effect of the Bi-KI to Benzoquinone-ETOH ratio

The electrodeposition of BiOl onto the FTO glass is made possible by the reduction of p-benzoquinone
to hydroquinone. The p-benzoquinone consumes H* in the solution during the process, which results in a local
pH increase enabling the precipitation of BiOl on the FTO glass working electrode.*®
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Figure SI-3. Water oxidation activity results by varying the Bi-KI to benzoquinone-EtOH ratio. (A)
Chronoamperometry plots of the photocurrent density and the (B) corresponding FE-SEM images,
(electrodeposition time of 3 minutes and calcination temperature of 450 °C)

The ratios investigated for the Bi-KI to benzoquinone-ethanol are 1.3 to 2.5 because differences in
morphology were observed among the samples synthesized at different ratios in the preliminary tests. At a
ratio of 1, no deposition was observed.

$1.4 Effect of the Vanadium precursor solvent
Two V precursor solvents were intially used. The photocurrent densities obtained using DMSO

(dimethyl sulfoxide) were slightly higher than those using DMF (dimethylfuran). For this reason and due to
the safety considerations, the V precursor solvent chosen was DMSO.
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Figure SI-4. Chronoamperometry plot showing the effect of the Vanadium precursor solvent on the photocurrent
density (electrodeposition time of 3 minutes and calcination temperature of 450°C)



$1.5 Effect of the calcination temperature

Significant morphology changes as well as different grain sizes were observed upon calcination at the
temperature range of 350°C to 500°C. This was the same range that was employed in the design of experiments.
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Figure SI-5. Chronoamperometry plot showing the effect of calcination temperature on the photocurrent density
and the resulting morphologies, as shown by the FE-SEM images (electrodeposition time of 3 minutes and Bi-KI to
benzoquinone-EtOH ratio of 2.5)

$1.6 Effect of the calcination heating rate

A fast (20°C) and slow (2°C) ramp rate were preliminarily tested to identify the effect of heating rate
during calcination on the morphology and photocurrent density of the material. Based on preliminary tests, a
slower ramp rate is preferred, thus, the heating rate was fixed to 2°C/min.

0,3
—— 2°C/min

“‘E —— 20°C/min
o

g

~ 0,24

o

B

4

[

o

€

o

3 01

o

S

B

o

0,0 - T T T T T
0 200 400 600 800
Time (sec)
A B

Figure SI-6. Water oxidation activity results by varying calcination heating/ramp rate. (A) Chronoamperometry
plot showing the photocurrent density and the (B) corresponding FE-SEM images, (electrodeposition time of 3
minutes and calcination temperature of 450 °C)



Sl 2. Preparation of BiVO4 photoanodes

actual solution
r 0
[} ‘
0.04 M Bi(NO3); ° R\

. ]
in 0.4 M aqueous KI ® < 0.23 M p-benzoquinone
(pH 1.7) in absolute ethanol

®

Step 1. Preparation of the electrodeposition solution

Working electrode: FTO actual BiOl electrode
Reference electrode: Ag/AgCl (3M KCI)
Counter electrode: Pt wire

-,

actual cell Reduction of benzoquinone

0 OH

m+2H++20-ﬁ i:ﬂ
hd

0 OH

Precipitation of BiOI
[Bily)” + 20H"— BiOl(s) + H,0 + 31

POTENTIOSTAT

Step 2. Electrodeposition of BiOIl

0'2M VO(acac), 4BiOl + 0, — 2Biy05 + 21, actual BiVOy electrode
in DMSO VO(acac); + Oy — V,05+ hydrocarbons ~ With excess V05
\ Bi,0; + V,05 — 2BiVO,

FURNACE

Step 3. Addition of V precursor and heat treatment

) actual BiVOy electrode
1 M NaOH solution ,

E V,05 + 6NaOH = 2NayVOy (5 + 3H,0

N

Step 4. Washing with NaOH

Figure SI-7. Synthesis of pristine BiVO4



SI 3. Factors optimized using the experimental design

Table SI-1. Important factors that were optimized using the experimental design

Levels Fixed factor
Factor Electro- Calcination Bi-KI to
Min Max deposition temperature benzoquinone-
time (min) (°C) EtOH ratio
Elec_trodepqsmon 05 10 425 1.9
time (min)
Calcination
temperature (°C) 350 500 5.25 1.9
Bi-Kl to
benzoquinone- 1.3 2.5 5.25 425

EtOH ratio




Sl 4. FE-SEM images of BiVO4 photoanodes

1.9 25

Figure SI-8. FE-SEM images of the bare BiVO4 photoanodes synthesized at different: (A)
electrodeposition times, (B) calcination temperatures, and (C) Bi-KI to Benzoquinone-EtOH ratio,

as detailed in SI 3. Factors optimized using the experimental design



SI 5. FE-SEM images of BiOl

5 min

Figure SI-9. FE-SEM Images of electrodeposited BiOl at different electrodeposition time

1 min 2min and K min)\



S1 6. XRD Spectra
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Figure SI-10. XRD spectra of the bare BiVO4 photoanodes synthesized at different: (a) electrodeposition times, (b)
calcination temperatures, and (c) Bi-KI to Benzoquinone-EtOH ratio, as specified in SI 3. Factors optimized using

the experimental design

Table SI-1.



SI 7. UV-vis diffuse reflectance spectra
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Figure SI-11. Kubelka-Munk function versus photon energy at various (A) electrodeposition time,
(B) calcination temperature, and (C) Bi-KI to benzoquinone-EtOH ratio



600
450
300
150

27
26
25
24

045
0.30
0.15
0.00

SI 8. Summary of physico-chemical properties
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Figure SI-12. Summary of physico-chemical properties at various (A) electrodeposition time, (B) calcination
temperature, and (C) Bi-KI to benzoquinone-EtOH ratio, plotted with respect to the photocurrent density
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SI 9. XPS spectra and bulk/surface Bi/V ratios
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Figure SI-13. Bi4f, V2p, and O1s XPS spectra for electrodes after testing with various (A) electrodeposition time, (B) calcination

temperature, and (C) Bi-KI to benzoquinone-EtOH ratio
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Figure SI-14. Surface and bulk Bi/V ratio of electrodes after testing with different (A) electrodeposition time, (B)

calcination temperature, and (C) Bi-KI to benzoquinone-EtOH ratio



SI 10. Mott-Schottky plots
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Figure SI-15. Mott-Schottky plots at various (A) electrodeposition time, (B) calcination

temperature, and (C)

Bi-KI to benzoquinone-EtOH ratio, measured at 7.6 kHz



SI 11. Onset potentials
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Figure SI-16. Magnified LSV plots showing the region of onset potentials



N

Photocurrent Density (mA/cm’)

-Im (Z), Q

Sl 12. Equivalent circuit model and calculated charge transfer resistances
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Figure SI-17. Model of the equivalent circuit and the plots of the calculated charge transfer
resistances versus photocurrent density



