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ABSTRACT: Photocorrosion imposes a fundamental limit to
the longevity of devices that harvest energy from photons. As
one of the best performing electrode materials for photo-
electrochemical water oxidation reaction, BiVO, undergoes
photocorrosion with various postulated mechanisms under
debate. We present time-resolved dissolution measurements to
advance the mechanistic understanding, enabled by the recent
development in illuminated scanning flow cell coupled to
inductively coupled plasma mass spectrometry. The contact
dissolution of predominantly V was distinguished from the
stoichiometric photoelectrochemical dissolution of Bi and V.
The citrate electrolyte was utilized to form soluble complexes
with dissolved Bi and to act as hole scavengers that provide
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photocurrents at a wide range of potentials. The photoelectrochemical dissolution rates remain similar between 0.4 and 1.6 V vs
reversible hydrogen electrode and become lower at the open circuit potential, 0.2 V. The time-resolved measurements support
oxidation of Bi(IlI) by photogenerated holes as the main mechanism for photocorrosion.

B INTRODUCTION

Photoelectrochemical (PEC) water splitting transforms sun-
light, the most abundant renewable energy source, into H,, the
ideal fuel for a carbon-free economy. To integrate the mature
photovoltaic and water electrolysis technologies into single
PEC water splitting devices, the stability of photoelectrodes in
the aqueous environment remains a big challenge.' Indeed, in
recent years, there has been ongoing research and development
of materials that generate sufficient photovoltage under
sunlight, while their stability under PEC conditions is still to
be proven. One of the most studied photoabsorbers is bismuth
vanadate, BiVO,.

BiVO, has been studied for photocatalytic> and PEC®
oxidation of water. The monoclinic phase shows the highest
photocatalytic activity and has a band gap of 2.4 eV.* It has
been established as one of the best performing photoanode
materials for the water oxidation reaction.”™'* BiVO, has low
conductivity, and the charge carriers are prone to recombina-
tion. These can be respectively mitigated by doping of e.g. W,
Mo,"" or F'* and heterojunction band engineering with e.g.
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WO; or Sn0,.° Another bottleneck, the sluggish reaction of
holes with water, can be optimized by applying water oxidation
catalysts on the surface of the BiVO, absorber.”” Today,
BiVO, photoanodes can reach current densities close to the
theoretical limit of 7.5 mA cm™2."”"? It has been demonstrated
that a lower band gap absorber, Fe,O;, can be used in tandem
to extend the limit."*

Despite the ongoing development of BiVO, photoanodes,
their stability remains puzzling with seemingly contradicting
phenomena reported and various postulated corrosion
mechanisms under debate. The drop in BiVO, photocurrent
under potential hold has been first reported by Sayama et al.,"
where they also found that a surface treatment by AgNO; both
enhanced the photocurrent and slowed down its decay.
Berglund et al.'® used inductively coupled plasma mass
spectrometry (ICP-MS) to quantify the dissolution of BiVO,
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into electrolyte after PEC operation (ex situ). They have
characterized V dissolution from the BiVO, film with excess
amount of V but did not find dissolution from the
stoichiometric BiVO, film. BiVO, was hence considered stable
against photocorrosion.'® Two recent studies have demon-
strated the dissolution of BiVO, in neutral and alkaline media
by ex situ ICP-MS or ICP-optical emission spectrometry
(OES). Toma et al.'” have found a continuous decrease in
BiVO, layer thickness under operation by means of electron
microscopy and scanning probe microscopy, resulting in the
stoichiometric dissolution of Bi and V. In contrast, Lee and
Choi'® have found that V dissolves much more than Bi from
the electrode. They have demonstrated inhibition of the
dissolution by using an electrolyte saturated with V(V)“ and
over 500 h stability operating at 0.6 Vee and over 3 mA
cm™>

Chen and Wang studied possible corrosion reactions for
many photoelectrodes at pH = 0.'” However, their identified
corrosion reaction, 4BiVO, + 12H' + 12CI~ — 4BiCl; +
2V,04 + 6H, + 30,, at the equilibrium potential 1.24 Vyyy,
involves ClI~ ions in the aqueous media. Nevertheless, they
reach the conclusion that BiVO, is stable, as the corrosion
reaction has a more positive potential than the oxygen
evolution reaction (OER). On the other hand, BiVO, is
unstable with respect to the OER according to the Pourbaix
diagram calculated in ref 17. At potentials cathodic to OER,
the BiO* ion or Bi,O, solid is found stable together with the
[VO,]™ ion. It is nevertheless suggested that the Bi,O, phase
may act as a passivation layer.

To identify the mechanism of BiVO, photocorrosion,
parameters such as light and the operating potential need to
be controlled independently. Time-resolved dissolution
measurements enable studying these effects in operando on
the same sample. This has been developed on a scanning flow
cell (SFC) coupled to ICP-MS to ensure the time resolution
and enhance the detection sensitivity.”””' The SFC-ICP-MS
setup has been applied to study the corrosion of metals,
coatings, and catalysts. Recently, it has been adapted to study
photocorrosion of WO; by introducing light control into the
SFC-ICP-MS setup.””

The direct integration with ICP-MS imposes an upper limit
on the ionic strength of the electrolyte to a few tens of mM. In
this study, we chose the chelating electrolyte sodium citrate
buffered at neutral pH. Citrate is a good chelating reagent,
which can keep dissolved Bi and V ions in the aqueous solution
to reach the detector of the ICP-MS for quantification. In this
way, the intrinsic stability and photostability of BiVO, can be
examined. Furthermore, citrate oxidation is thermodynamically
more favorable with respect to water oxidation. Using citrate as
the hole scavenger enables shifting the photocurrent onset of
photoanodes toward lower potentials,”> and hence we can
compare the activity and corrosion of BiVO, in a wide
potential range without introducing electrocatalysts.

The time resolution is demonstrated pivotal in this study to
differentiate the contact and electrochemical (EC) dissolution
from the following near-stoichiometric PEC dissolution. With
the new insights gained from time-resolved measurements, we
critically review different corrosion and photocorrosion
mechanisms of BiVO, and reconcile some seemingly contra-
dicting observations from the literature.
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B EXPERIMENTAL SECTION

The synthesis of BiVO, has been reported by Rohloff et al.''
Bismuth 2-ethylhexanoate and vanadium oxytriethoxide were
mixed and stirred for 4 h to form a homogeneous precursor
solution. Then, the solution was dip-coated on fluorine-doped
tin oxide substrates, which were then calcined at 450 °C for 2
h.

The PEC experiments were performed in a micro-
electrochemical SFC*”*' using a Gamry Reference 600
potentiostat. The geometric sample area that served as working
electrode was about 0.01 cm? The counter electrode (Pt wire,
0.5 mm, 99.997%, Alfa Aesar) was placed in the inlet channel
and the reference electrode (Ag/AgCl/ 3MKCL 1M =1 mol
dm™) in the outlet channel of the SFC. The 5 and 15 mM
citrate buffer solutions were prepared from citric acid
monohydrate (p.A. Merck) and 4 M sodium hydroxide
solution (Titrisol, Merck) in a molar ratio of 0.34:1. The pH
values were measured by the pH meter WI'W MultiLab 540
and determined to be between 6.95 and 7.05. Front
illumination was introduced by a light source (Lumatec
Superlite) filtered to the 400—700 nm spectral range. Guided
through a liquid light guide and collimating lenses, the
intensity at the working electrode was calibrated to be 100 mW
cm™? by using a Si-diode photometer (Newport).

The electrolyte was pumped with a flow rate of 3.4 uL s
through the cell and subsequently introduced into the ICP-MS
(NexION 300X, PerkinElmer) for time-resolved analysis of the
amount of dissolved ions of vanadium and bismuth (*'V and
299Bi isotopes were measured). The detected intensities were
analyzed with respect to an internal standard for compensation
of physical interferences. *Y was used for V and '*Re for Bi.
Both elements were added to the electrolyte via a Y-shaped
connector in a solution of 0.5% HNO; (65%, Suprapur,
Merck) behind the SFC. ICP-MS calibration was performed
on a daily basis prior to the measurements and used to convert
the detected intensities to the concentration of the dissolved
ions in the electrolyte.

An anodic photocurrent of 1 mA cm™ from the 0.01 cm”
cell corresponds to consuming 0.1 nmol s~ of photogenerated
holes and releasing as much H* (2H,0 + 4h* = O, + 4H"). By
considering the flow rate of 3.4 uL s™', a 31 4M concentration
of HY, or pH = 4.5, would be reached in the absence of buffers.
One millimole of citrate buffer has a capacity to buffer 0.3
mmol of H*, reducing the pH from 7 to 6. Therefore, for our
lowest concentration of citrate buffer at S mM, 1.5 mM H* can
be buffered until pH = 6. Assuming linearity of the buffer
capacity, 31 uM H', corresponding to a photocurrent of 1 mA
cm™? in our SFC setup, is only expected to cause a drop of pH
from 7 to 6.98.

Scanning electron microscopy (SEM) micrographs were
taken by using a Thermo Fischer Scios2 microscope operated
at 30 kV. Energy dispersive X-ray spectroscopy (EDS) spectra
were recorded at the same SEM operation conditions by a
EDAX spectrometer and quantified by the software.

X-ray photoelectron spectra (XPS) were measured (Quan-
tera II, Physical Electronics, Chanhassen, MN) using a
monochromatic Al Ka X-ray source (1486.6 eV) and operating
at 15 kV and 25 W. The binding energy scale was referenced to
the C Is signal at 285.0 eV. The Casa XPS software was used
to analyze the experimentally obtained spectra.
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Figure 1. Time profiles of applied potential to the BiVO, photoanode, current density (i), and dissolution rates (1) of Bi and V during (a) light-off
and (b) light-on CV scans in the 15 mM citrate buffer and integrated amount of dissolution at contact and different CV cycles of BiVO, during (c)
light-off and (d) light-on scans. Error bars are standard deviation from measurements on multiple spots.

B RESULTS

We use BiVO, thin film photoanodes synthesized by a scalable
chemical route reported in our previous study.'”'* The porous
BiVO, films are ~270 nm in thickness and have pore sizes of
several tens of nanometers. On the micrometer scale, they
homogeneously cover the fluorine-doped tin oxide substrate
and have a specific surface area ~8 times the geometrical
area.'' Without any doping or surface modification, a
photocurrent of 0.2 mA cm™ at 1.23 Vg was achieved
under an illumination of 100 mW cm™ (white light, 400—700
nm). Although by introducing water oxidation catalysts a
photocurrent of over 2 mA cm™> at 1.23 Vyyp was
demonstrated,'" it is not discussed in this mechanistic study
because electrocatalysts partially block the interface between
BiVO, thin film and the electrolyte.

Time Resolution and Cyclic Voltammetry. First, we
exemplify the time- and potential-resolution capacity of the in
operando measurements. A scheme of the SEC-ICP-MS setup
is presented in ref 22. Unlike in ref 22, a broad-band light
source filtered to 400—700 nm was introduced as front
illumination in this work instead of a single-wavelength light-
emitting diode. The BiVO, working electrodes were set at 0.4
Viye while approached by the SFC. As a visual guide is
needed, the SFC contact was only established in the dark, i.e.,
without intensive illumination. As marked by the arrows in
Figures la and 1b, a contact current was measured once the
working electrode is connected to the SFC. With regard to the
ICP-MS data, as soon as the contact was established between
the working electrode and the SFC, dissolution of Bi and V
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was observed that peaks in the following minutes. The contact
dissolution of V is more intense than that of Bi.

The potential was held at 0.4 Vg for S min to allow the
contact dissolution peaks to tail off. Subsequently, three cyclic
voltammetry (CV) scans between 0.4 and 1.6 Vg were
introduced to investigate the effect of potential on the BiVO,
dissolution. This potential protocol was performed either in
the dark (Figure la) or under light at a constant flux of 100
mW cm™? (Figure 1b). For the light-on measurements, the
illumination was from the front side (the interface between
electrolyte and BiVO,) of the working electrode and switched
on during the potential hold at 0.4 Vg, as highlighted by the
colored region in Figure 1b. During the light-off protocol,
negligible Faradaic current was observed on the BiVO,
electrode between 0.4 and 1.6 Vpyp. A gradual increase of
the photocurrent with the potential, reaching a current density
of ~1 mA cm ™ at 1.6 Vyyye (Figure 1b), was obtained during
the light-on protocol.

The integrated amount of dissolved V and Bi during each
CV cycle is summarized in Figures 1c and 1d. Measurements
of identical PEC protocols from different sample areas show
good reproducibility. The dissolution rates are integrated over
the time spans of the contact and subsequent CV cycles, where
the error bars indicate the spread of measurements on different
areas. Before the first CV cycle (labeled as 0 in Figures 1c and
1d), the dissolution was caused by the contact and potential
hold at 0.4 Vyye. Higher amounts of dissolution during the
zeroth phase under light are attributed to PEC dissolution in
addition to contact dissolution. Dissolution under light is
higher during the first cycle and levels off from the second CV
cycle onward. In comparison, dissolution tails toward less than
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Figure 2. Dissolution of Bi and V from BiVO, at (a) 1.6, (b) 1.23, (c) 0.8, (d) 0.4, and (e) 0.2 Vyy in the 15 mM citrate buffer and (f) summary
of the PEC dissolution rates and the EC dissolution rates in the dark. Error bars are standard deviation from measurements on multiple spots.

0.1 nmol cm™? in the dark, an order of magnitude smaller than
the dissolution under light. Therefore, PEC corrosion is
accountable for most of the dissolution under light observed
from the second CV cycle onward.

Nevertheless, an appreciable amount of V dissolution was
observed in the dark during the anodic sweep of the first CV
scan (Figure la). This peak is assigned as EC dissolution to
differentiate it from the PEC dissolution where light is the
determining factor. The integrated amount of the EC
dissolution of V, ~0.5 nmol cm™>, is similar to the difference
between the V dissolution under light measured during the first
CV cycle and the PEC dissolution of each of the subsequent
cycles (Figure 1b). Therefore, the corresponding peak in
Figure 1b was assigned to be a combination of EC and PEC
dissolution.

The time resolution of in operando measurements opens up
design space of PEC protocols to separate contact, EC, and
PEC dissolution. For the PEC protocols above, the contact
dissolution and EC dissolution diminish with time. During
these stages, the dissolution is clearly off stoichiometric, with a
much higher content of V than Bi. In contrast, PEC dissolution
was repeated among the CV cycles in trends and magnitude.
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Moreover, Bi and V dissolve at similar molar rates that
fluctuate mildly with the potential between 2 and 3 pmol cm™
s . V dissolution peaks at ~1 Vpyy, whereas Bi dissolution
peaks at ~0.6 Vyyg for both anodic and cathodic scans.

Chronoamperometry. As the next step, we designed
chronoamperometry measurements to study the operation of
photoanodes under fixed potentials. For the mechanistic
understanding of corrosion, holding potentials at 1.6, 1.23,
0.8, 0.4, and 0.2 Vyyg were studied, as shown in Figure 2. The
range spans from over the OER potential down until the open
circuit potential of BiVO, under light, 0.2 Vyyg. It is apparent
from the time-resolved measurements in Figure 2 that the
contact dissolution can be distinguished from the subsequent
PEC dissolution.

Like the CV experiments in Figure 1, contact to the SFC was
established in the dark. The measured current upon contact
decreases as the holding potential decreases. At 1.6 and 1.23
Vgrup the contact current is anodic. At 0.8 Vg, the contact
current is close to 0. At 0.4 and 0.2 Vyyy, a cathodic contact
current is observed. On the other hand, the contact dissolution
at all five potentials is very similar, ~1 nmol cm™ of integrated
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V dissolution and 0—0.2 nmol cm™ of Bi dissolution (see
Figure lc for the contact at 0.4 Vpyg).

To study the effect of illumination, light-on (2 min) and
light-off (8 min) cycles were introduced during the
chronoamperometry measurements, as highlighted by the
light on windows in Figure 2. At the first instance of light
on, there is still a higher amount of V dissolution than Bi
dissolution. In the subsequent light on windows, the
dissolution of V and Bi becomes closer to the 1:1
stoichiometry of BiVO,. As the light is switched on, Bi and
V dissolution rates sharply increase until a plateau is reached,
from which the PEC dissolution rates are evaluated. As the
light is switched off, Bi and V dissolution rates decrease
exponentially toward the EC dissolution rates in the dark. A
comparatively longer light oft time of 8 min was chosen to
allow the PEC dissolution to tail off.

To test the dependence of PEC dissolution rates on the
concentration of citrate electrolyte, BiVO, photoanodes were
also tested in the 5 mM citrate buffer solution, as shown in
Figure 3a. Instead of a constant potential hold, four potentials
are staggered in the protocol with light-on/off windows in
between.

(a) 5 mM citrate buffer
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Figure 3. (a) Dissolution of Bi and V from BiVO, at various holding
potentials in the S mM citrate buffer. (b) Comparison between PEC
dissolution rates in the 15 and S mM citrate buffer.

From the second light-on/off cycles onward (Figure 2), the
PEC and EC dissolution rates, determined at the end of the
respective light-on and -off windows, are very well reproduced.
As summarized in Figure 2f, the dissolution of Bi and V is close
to stoichiometry both under and without illumination.
Moreover, as shown in Figure 3b, the PEC dissolution rates
determined in the 15 and 5 mM citrate buffer are very similar.
For the measurement protocol in the 5 mM citrate buffer
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(Figure 3a), however, the EC dissolution rates in the dark may
not be accurately evaluated due to a shorter light off time and
more frequent changes in the holding potentials.

At 0.2 Vyyyg, a mild increase of dissolution is observed during
illumination despite having negligible photocurrent. At all
other four potentials where a photocurrent is clearly measured,
there is an order of magnitude contrast between the PEC
dissolution rates, 1.3—1.6 pmol cm™> s™" for V (1.1—1.3 pmol
cm™2 57! for Bi) and those in the dark, 0.1—0.2 pmol cm™ s,
Moreover, between 0.4 and 1.6 Vyyyg, the PEC dissolution rates
are constant within the statistical scatters from the measure-
ments (Figure 2f), and so are the EC dissolution rates in the
dark. The lack of dependence of PEC dissolution on the
holding potential in this range corresponds well to the slowly
varying dissolution rates in the CV scans (Figure 1b). It is,
however, noticeable that the PEC dissolution rates measured
during steady potential hold are only about half as much as
those measured at dynamic conditions during the CV scans.

Correlation with Surface Composition. The micro-
structure of the porous BiVO, film before and after the PEC
protocols was examined by SEM. As shown in Figure 4, the
SEC contact area is conveniently identified by the dried citrate
electrolyte left on top. The comparison between the areas
within the SFC (after PEC, Figure 4d) and without (as
synthesized, Figure 4c) shows hardly any changes in their
morphology. As shown in Table 1, EDS analysis on Bi and V
does not indicate a compositional change throughout the
thickness of the film. A change in the chemical composition
was observed by XPS measurements, as the surface becomes
slightly Bi-enriched after the PEC protocol.

B DISCUSSION

The time resolution offered by in operando dissolution
measurements helps unveil complicated phenomena of
BiVO, dissolution under PEC conditions. Contact, EC, and
PEC dissolution can be identified by their respective
dependence on time, the applied potential, and illumination.
These dissolution processes likely involve different mecha-
nisms, and it is very beneficial to investigate them separately.

Contact Dissolution. As shown in Figure 1, about 1 nmol
cm™> V is dissolved upon contact, which is a major
contribution to the total amount of dissolution in the dark
(Figure 1c). As 1 mol BiVO, has 323.92 g of mass and 53.1
cm?® of volume, 1 nmol cm™? translates to removal of V from
~0.5 nm of a compact BiVO, layer. To dissolve 1 nmol cm™
of BiVO, at the PEC dissolution rates of 1.1—1.6 pmol cm™
s™! under 100 mW cm™? illumination and 0.1—0.2 pmol cm™
s! in the dark would take 10—15 and 80—170 min,
respectively. For an integrated dissolution measurements
after 1 h of PEC operation, contact dissolution would still be
the major contribution in the dark and account for 15—20% of
the measured dissolution under light. Therefore, separation of
contact dissolution by time-resolved measurements is
especially crucial to evaluate the lower dissolution rates in
the dark.

The integrated dissolution measurements from the literature
do not offer much discussion on contact dissolution. It is
suggested by Lee and Choi'® that most V dissolution from V-
excess films of Berglund'® may have happened upon contact by
the dissolution of V-rich oxides (such as V,Os) on the BiVO,
surface. To exclude contact dissolution, Lee and Choi applied
chemical treatment prior to PEC measurements to standardize
the surfaces under investigation."® By following their procedure

DOI: 10.1021/acs.jpcc.9b07220
J. Phys. Chem. C 2019, 123, 23410-23418


http://dx.doi.org/10.1021/acs.jpcc.9b07220

The Journal of Physical Chemistry C

(a)

Figure 4. Top view of the SFC contact area on the BiVO, surface by (a) optical micrograph and (b, ¢, d) SEM micrographs at different
magnifications showing the surface morphology from (c) as-synthesized areas and (d) those after the PEC protocol from Figure 2d.

Table 1. Stoichiometry of BiVO, Surface and Bulk before
and after the PEC Protocol
V/Bi (mol %)

as synthesized
after PEC

bulk composition (EDS)

50.7/49.3
50.4/49.6

surface composition (XPS)

51.2/48.8
46.0/54.0

immersing our BiVO, films into 1 M NaOH for 15 min,
however, a contact dissolution peak of primarily Bi instead of V
was observed. Their strategy to reduce contact dissolution does
not apply here, which may be due to the difference in the
synthesis of BiVO, films. A separate time-resolved study will
aid the search for means to minimize contact dissolution,
which is however beyond the scope of this work.

As shown in Figure 2, there is a similar amount of
dissolution of V and Bi during contact, whether the contact
current is anodic or cathodic. At ~0.8 Vg, similar contact
dissolution is observed at a negligibly small contact current. As
charges can flow in either direction depending on the potential,
it is unlikely that the contact dissolution is caused by one
particular redox reaction. Hence, a charge-neutral reaction is
likely responsible for the contact dissolution.

V, 05 is known to dissolve in aqueous solutions.'® In the V—
H,0 Pourbaix diagram,”*** V,0Oj is only predicted stable at
low pH < 3 and high V(V) concentrations. At around neutral
pH, ions such as H,VO,™ and V,0,,* exist in the aqueous
phase, depending on the V(V) concentration.”® V(V) may also
form complexed ions with citrate.”® To simplify the
mechanistic picture, all dissolved V(V) species are generalized
as V(V),q as shown by reaction 3 in Scheme 1.

No charge transfer is involved in reaction 3, as the contact
dissolution at different potentials remains similar regardless of
the varying contact currents. The reaction readily proceeds to
dissolve any excess of V,0; on the surface of BiVO,. There is
also the possibility of contact dissolution of V from
stoichiometric BiVO,, leaving a Bi-rich surface as suggested
by the post-PEC compositional analysis (Table 1). The Bi-rich
surface of BiVO, has also been reported in the literature, which
becomes more Bi-rich after PEC degradation.'

PEC Dissolution: Resolving the Discrepancy in the
Literature. The dissolution stability of BiVO, has been

Scheme 1. Possible Reactions of BiVO, Photoanodes in the

Discussion”
V(V)y Bl

i o
@ b :(3) :(4) chelate
BiVO,  V,0, +Bi(ll~V),,
(1) (5)

6) h*
H,O (6)

Bi,0,.
h* scavenger 273
“The oxidation reactions involving photogenerated holes [(1) and
(2)] are colored in yellow. The transfer of holes in (1) and (6) are
marked by hollow-line arrows. The dissolution reactions (3) and (4)
are marked by dashed lines, and the possible precipitation reaction
(5) is marked by a gray solid line.

quantitatively evaluated by ICP-MS'®' or ICP-OES'® in
several experimental studies. It is worth noting that all previous
reports are ex situ integrated measurements without time
resolution and hence unable to differentiate PEC dissolution
from the contact dissolution. Berglund et al. measured
stoichiometric BiVO, tested in 0.1 M Na,SO, electrolyte
(not buffered in pH) and found neither V nor Bi in the
electrolyte.'® However, their electrolytes were heavily diluted
by 1:100 or 1:1000 before the ICP-MS measurements, which
means that the concentrations of dissolved Bi and V ions may
have fallen below their respective detection limits. In a more
recent report, Lee and Choi measured in 1 M K,B,0,
electrolyte (pH 9.3) and diluted only by 1:2 before the ICP-
OES analysis. They have clearly observed a significant amount
of dissolved V and a lower amount of dissolved Bi.'® Finally,
Toma et al. measured in phosphate buffers (K,HPO, at pH =
6.8 or K;PO, at pH = 12.3) at 0.1 or 1 M and observed close
to stoichiometric Bi and V dissolution.'” The major
discrepancy between the last two reports is the amount of Bi
dissolution with respect to V dissolution.

According to the Bi—H,O Pourbaix diagram,27 Bi(III) and
Bi(V) oxides are insoluble in water at neutral and alkaline pH.
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Therefore, suppose BiVO, did dissolve, Bi ions would not be
stable in water and would form insoluble compounds, as
described by reaction S in Scheme 1. It is also worth noting
that Bi(V) can oxidize water and return to Bi(Ill),*" as
indicated by reaction 6.

With the presence of a chelating reagent, such as the citrate
electrolyte used in this study, dissolved Bi can form complex
ions and remain in the aqueous phase, described by the general
notation Bi, in reaction 4 of Scheme 1. Bi(Ill) citrate
complexes have been studied in pharmacology.”**’ Their
water solubility has been determined to be over 10 mg L™" at
20 °C,* ie., 25 uM of Bi. Saturated Bi(IIl) citrate flowing
through SFC of 0.01 cm” at 3.4 L s™' would be measured at 8
nmol cm™? s}, 3—4 orders of magnitude higher than measured
dissolution rates in Figures 1—3. In addition, Bi(III) citrate is
known to solubilize by NH,OH and KOH, forming complex
ions” with the units [Bi,cit,(H,0),]*”, which are the likely
species entering the ICP-MS for the quantification of Bi,g.

As V(V) is soluble in water, a chelating reagent to keep
dissolved Bi ions in the electrolyte would preserve the 1:1
stoichiometric dissolution of V and Bi from BiVO,. We have
demonstrated that the 5 mM citrate buffer is sufficient to
chelate dissolved Bi ions, as the dissolution rates remain very
similar compared to those measured in the 15 mM citrate
buffer (Figure 3b). Our observation of stoichiometric PEC
dissolution agrees with the results measured in phosphate
buffers.'” Pyrophosphate and triphosphate are known for
chelating ions.”’ The concentration of these polymeric
phosphate ions would increase with increasing phosphate
concentration, which may explain the higher Bi dissolution
measured in the 1 M than in the 0.1 M phosphate buffer."’

As a chelating reagent could favor the dissolution of BiVO,,
it is useful to compare our measured dissolution rates in
neutral 5 and 15 mM citrate buffers with available reports in
the literature, measured in 0.1 and 1 M phosphate buffers."”
Note that the dissolution rates from ref 17 were derived from
integrated measurements assuming a constant dissolution rate.
To convert our unit pmol em™ s7' to nm min”!, a
multiplication factor of 0.032 is applied for BiVO,. The
respective dissolution rates of 0.023 and 0.126 nm min ™" in 0.1
and 1 M phosphate buffers at pH 6.8, 1.23 Vg and 100 mW
cm™? illumination'” envelope our measured rates of ~0.05 nm
min~" (1.5 pmol cm™ s7'). For their measurements in the
dark in 1 M phosphate buffer at pH 6.8, 1.23 Vyyy, the rate
0.049 nm min~' is an order of magnitude higher than our
measurement of ~0.005 nm min™" (0.15 pmol cm™ s7'). As
mentioned above, time-resolved measurements can benefit
from the determination of lower dissolution rates by excluding
the contribution from contact dissolution.

PEC Dissolution: Possible Mechanisms. Unlike contact
dissolution, PEC dissolution must involve a redox reaction.
The clear order of magnitude difference between the light-on
and light-off dissolution rates suggests the important role of
photogenerated holes. Lee and Choi'® proposed selective
leech-out of V as the main mechanism of BiVO, photo-
corrosion. In the BiVO,—H,0 Pourbaix diagram,'” V(VII)
species such as VO,” are suggested. However, further
oxidation of V(V), which would require removal of the inner
shell 3s/3p electrons from V, has not been reported in the V—
H,0O Pourbaix diagrams.%25

The oxidation of Bi(III) has also been proposed as a possible
mechanism for the PEC dissolution." In the calculated BiVO,—
H,0 Pourbaix diagram,17 Bi,O, solid exists with a mixed

oxidation states of Bi(Ill) and Bi(V). Similarly, the Bi—H,0O
Pourbaix diagram”’ contains the insoluble Bi,O,, Bi,O,, and
Bi,Os. The apparent difficulty for this interpretation is the
formation of insoluble Bi phases. It was attempted to remove
the Bi,O, phase from the BiVO,—H,0 Pourbaix diagram,'’
resulting in Bi(III) species such as BiO* at neutral pH.
However, as discussed in the previous section, the presence of
chelating reagents can be responsible for the Bi detection from
the electrolyte.

We therefore propose oxidation of Bi(Ill) as the main
mechanism for BiVO, dissolution. In Scheme 1, reaction 2
describes the primary process where the photogenerated holes
oxidize Bi(IIl) in BiVO,, causing the release of Bi ions into the
electrolyte. The reaction can proceed as long as holes are
available on the surface, as any V(V) species (e.g,, V,05) left
after the Bi dissolution would be dissolved in water following
reaction 3.

BiVO, has a flat-band potential at ~0.2 Vyyp,'' and their
holes are expected to locate around 2.4—2.6 V. Holes on
the BiVO, surface have therefore enough energy to oxidize
Bi(IlI) at 1.4—1.6 Vpyy, according to the Bi—H,0O Pourbaix
diagram.”” Holes prefer to participate in more cathodic
reactions at the surface, including water oxidation at 1.23
Viug, or oxidation of the hole scavenging citrate, generalized as
reaction 1 in Scheme 1. As a result, Bi(III) oxidation can be
protected by the more cathodic reactions in the electrolyte,
which renders the photoanode stable against self-oxidation."**
Nevertheless, dissolution measured in the study shows the
existence of self-oxidation.

Taking Bi(III) oxidation as the PEC dissolution mechanism,
the dissolution current iggjuon Can be evaluated by igiomtion =
zFn, where z is the charge transfer of the redox reaction, F =
96485 A mol™ is the Faraday constant, and i is the PEC
dissolution rate of Bi. Assuming an average charge transfer of z
= 1, the calculated dissolution current is compared with the
photocurrent in Figure 5. From 1.6 to 0.4 Vg, the oxidation
photocurrent decreases, whereas the dissolution current
remains the same.

1

10 100
[ ] Total current

11 Il Dissolution current

0.1 4

0.014

0.001 4

Total current (mA cm)

1E-4

Dissolution efficiency (%)

1E-5
1.6 1.23 0.8 0.4

Potential (Vgye)

Figure S. Comparison between the photocurrent density and the PEC
dissolution current densitiy derived from Figure 3 and the Faraday
efficiency of the PEC dissolution (star symbols corresponding to the
right axis).

The Faraday efliciency of the dissolution process 7giolution =
igissolution ftotal 1S defined by the ratio between the dissolution
current and the total current i, measured during light on. As
shown in Figure S, the Faraday efficiency of dissolution
increases from ~0.01% at 1.6 Vyyp to ~0.1% at 0.4 Viyg. In
other words, BiVO, self-oxidation occurs once for 1000—
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10000 of transferred holes. This is in agreement with the
mechanistic picture that electrolyte oxidation is the more
favorable reaction and hence limits the rates and efficiency of
BiVO, self-oxidation. For OER, stability number has been
introduced as a metric to benchmark the stability of electrodes
against dissolution,” which is roughly speaking inversely
proportional to the Faraday efficiency of dissolution. BiVO, is
more stable under conditions when the Faraday efficiency of
dissolution is lower.

Despite the seemingly low Faraday efficiency of dissolution,
a photocorrosion rate of 0.0 nm min™" (1.5 pmol cm™ s7")
suggests complete removal of a 100 nm BiVO, film in 2000
min, just over a day. A further reduction of dissolution by 2—3
orders of magnitude is necessary for applications. By
introducing a protection layer on top, BiVO, surface can be
insulated from the electrolyte. Water oxidation catalysts can
offer very effective protection,””'*'®** as they provide more
active sites for the photogenerated holes to oxidize water,
thereby further limiting the population of holes in BiVO, and
hence the self-oxidation.

B CONCLUSION

In summary, we have demonstrated time-resolved dissolution
studies on BiVO, photoanodes that further shed light on the
mechanisms of photocorrosion.

1. Time-resolved measurement reveals dissolution upon
contact with the electrolyte. The amount of contact dissolution
remains similar regardless of the contact potential. Chemical
dissolution of V-rich oxide is a likely mechanism, and the
resulting surface becomes more Bi-rich.

2. PEC dissolution of BiVO, is an order of magnitude higher
than the dissolution in the dark between 0.4 and 1.6 V. The
independence of PEC dissolution on the potential in this range
suggests Bi(II) oxidation as the main mechanism of PEC
dissolution. The branching ratio between Bi(III) self-oxidation
and the oxidation of water and the hole scavenging citrate is
1:1000—1:10000 depending on the potential, as the latter
reactions protect BiVO, from the former photocorrosion
pathway. At the open circuit potential, 0.2 Vpyg, PEC
dissolution is much lower yet still higher than the dissolution
in the dark.

3. PEC dissolution rates in the 5 and 15 mM citrate
electrolytes are very similar and comparable to the rates
evaluated in neutral 0.1 and 1 M phosphate buffers."” The
chelating effect of citrate electrolytes keeps the otherwise
insoluble Bi ions in the electrolyte, and hence a stoichiometric
dissolution rate is observed with respect to V. Near-
stoichiometric Bi dissolution was also observed in phosphate
electrolytes,'” possibly due to the chelating effect of polymeric
phosphate ions.
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B ADDITIONAL NOTES

“The Roman numeral in the parentheses refers to the
oxidation state of the element.

bAll electrode potentials referred to in this study are with
respect to the reversible hydrogen electrode, RHE. The unit
symbol Vpyg was used to avoid confusion with the
abbreviation of vanadium, V.
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