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ABSTRACT

Operation-induced surface reconstruction of photoelectrodes is underexplored as a path to control
stability and performance. We show how adaptive junctions form via surface reconstruction of
BiVO4 during glycerol photooxidation and how these surfaces affect electrolyte-dependent
kinetics and durability. Preferential V dissolution in both acidic and alkaline media forms a Bi-
rich layer. In situ measurements through a dual-working-electrode platform quantify the changes
in photovoltage and charge-transfer resistance derived from adaptive junction formation, while
enabling quantitative separation of the driving forces for charge separation and interfacial
catalysis. The reconstructed surface in acidic media improves hole-transfer kinetics, functions as
a glycerol-oxidation catalyst, and imparts photostability. Surface reconstruction in alkaline media
exhibits the opposite behavior, impeding hole injection. This instability is mitigated by trace Ni**
ions, which drive in situ surface activation without cocatalyst pre-deposition. This study shows the
significance of surface reconstruction in the design of durable photoelectrodes for applications

targeting organic electro-oxidation.



Photoelectrochemical (PEC) energy conversion is a platform to generate fuels and chemicals
using light as an input.! The photovoltage generated by a semiconductor contributes to the free-
energy needed to drive the desired reaction, and, if large enough, enables a configuration without
external bias.*”’ A common limitation is the need to drive the four-electron oxygen evolution
reaction (OER), which has both a large positive thermodynamic potential and slow kinetics.® The
oxidizing potential for OER also contributes to the degradation of PEC systems, as many
semiconductors are unstable under oxidizing conditions.’ The use of alternative anodic reactions,
like biomass oxidations, provides one route to lower the voltage required for the anode reaction
and increase stability.!%14

Glycerol, produced as a byproduct at ~10 wt% during biodiesel production, is widely studied as
an alternative anodic reaction, as it can be converted into C3 products with ~150-fold higher value
than the reactant.'>! Compared with OER, the glycerol oxidation reaction (GOR) has a lower

thermodynamic potential and faster kinetics, both of which can reduce the required photovoltage

when coupled with a cathodic reaction and improve the stability.* The GOR has been coupled with

7 8

the cathodic hydrogen evolution reaction,'” as well as the oxygen,'® carbon-dioxide,'” and

nitrate?%-?!

reduction reactions in photoelectrochemical architectures. Noble metals with low
overpotential for GOR have been integrated onto semiconductors to couple the photovoltage to
GOR.?>"% The GOR has also been performed directly on the semiconductor surface without
cocatalysts, presumably with the reaction taking place on reconstructed surfaces.?®?’

Bismuth vanadate (BiVO4) is among the most-studied semiconductors for GOR, because Bi—O
bonding is thought to be a suitable adsorption site for glycerol.?® As a light absorber, the 2.4 eV
band gap (E¢) balances the trade-off between photocurrent and photovoltage, enabling both visible-

light absorption and photovoltage generation, although the obtained photovoltages so far are below



the practical recombination limit of gVoc = E; — 0.4 €V.?*! BiVO4 has thus been extensively

studied with a focus on improving GOR performance through the engineering of morphology,*

33,34 37-39

orientation,>*** surface composition,***® doping, vacancies,* and electrolyte.*'*> However,
despite the importance of surface chemical and structural changes to the physics of charge
recombination and electrochemical catalysis,* there have been no studies of the surface
reconstructions of BiVOs during GOR and their resulting impact on stability under different
reaction environments.

Here, we show that BiVO4 forms adaptive junctions with electrolyte under GOR conditions
through a dynamic operation-induced surface reconstruction. We find that the interface kinetics
are modulated in response to the electrolyte environment, which also affects the GOR stability.
We use a dual-working electrode (DWE) platform to separate bulk and surface potentials of BiVO4
and for the in-situ photovoltage measurement at the semiconductor|catalyst (sem|cat) interface.

The fabrication process of the BiVOys film consists of two steps: electrodeposition of a BiOy film
followed by the thermal reaction with VO(CsH70>), (Figure S1). X-ray diffraction (XRD) patterns
showed that the BiVOs4 layer was fully crystallized into the monoclinic phase (Figure S2). The
400-nm-thick BiVOs4 film consisted of densely packed grains of a few hundred nanometers in size
(Figure S3).

The PEC water and glycerol oxidation response of BiVO4 was evaluated under acidic (pH = 2,
sulfate buffer solution), as well as alkaline (pH = 9, borate buffer solution) conditions, both with
and without 0.10 M glycerol. Current density—potential (J—F) plots in both electrolytes reveal a
cathodic shift of the onset potential and increased photocurrent density upon glycerol addition

(Figure 1a). The electrolytes with glycerol also yield more-negative open-circuit potential (OCP)

values compared to water oxidation under both conditions, consistent with the more-negative



thermodynamic redox potential for glycerol than water (Figure S4). An enhancement in the pseudo
fill factor (pFF) observed under acidic and alkaline conditions shows higher rates of the BiVO4
photoanode toward GOR compared to OER at the same potentials (Figure S5). Potentiostatic
impedance spectroscopy (PEIS) was measured over 0.3—1.2 Vrug, and the Nyquist plots were
fitted to a Randles circuit (Figure S6). As shown in Table S1, the charge transfer resistance (Rct)
toward GOR is lower than that for OER across most of the potential range, with a pronounced drop
in Rt observed at more cathodic potentials (0.3—0.5 Vrug), reflecting fast charge transfer for GOR.

The faster oxidation kinetics have been found previously,?**4

and are observed across different pH
conditions (Figure S7). However, the stability of the BiVO4 photoanode driving GOR at different
pH conditions has not been previously investigated.

The PEC GOR stability test of the BiVO4 photoanode was carried out at 1.23 Vrug in both pH
=2 and pH =9 conditions (Figure 1b). At pH = 2, the initial photocurrent increased with time and
saturated, whereas it rapidly decayed without recovery at pH = 9. These data show that the initial
surface, which is favorable for hole collection and catalysis, evolves in opposite ways depending
on pH. Despite these different photoelectrochemical responses with time, scanning electron
microscopy (SEM) images of the BiVOs surface after each 1-h operation reveal similar
microstructural changes in both pH environments, including increased roughness and corrosion at
grain boundaries.

To investigate surface-composition changes for the BiVOs during the reaction, elemental
dissolution rates were obtained by analyzing the electrolyte via inductively coupled plasma mass
spectrometry (ICP-MS) after the stability test (Figure 1c). For OER, the positive thermodynamic

potential and slow kinetics cause surface hole accumulation, leading to the leaching of vanadate

species.® Thus, at both pH = 2 and pH = 9, the dissolution rate of V was significantly higher than



a
_°T—pH2,01MGLY
Y 47— pH2
E 4]
(]
€ o
|
g: T T - T T T T
)= pH901MGLY
¢ 47— pHO
€ 34
(&)
< ,J
E 2
> Il
04 nﬂﬂ_ﬂﬂn” |
00 02 04 06 08 10 12 14
E (V versus RHE)
C
0.25 ,
= N Bi !
£ ] % :
9 0.20- :
€ :
o :
© i
£ 0151 !
£ :
2 |
® 0.10-
c 1
.9 '
5 |
O 0.054 :
7] I
£ ] !
(@) i
0_00-j| .I L -I _I
pH 2 pH 2 pH 9 pH 9
0.1 M GLY 0.1 M GLY

J (MA cm—2)

| — pH2 0.1 MGLY
24— pH9, 01 MGLY

pH2,0.1 M GLY

pH9, 0.1 M GLY

60

00 T T T T T T T
0 10 20 30 40 50
t (min)
51 — pH2 0.1MGLY
— pH9 l
4 H
i
i
34 i
)
|
2+ |
[
1 -
.
0- Water oxidation Water and glycerol oxidation
T T T T T T
0 20 40 60 80 100
t (min)

120

Figure 1. Photoelectrochemical water and glycerol oxidations at acidic and alkaline conditions. (a) J-E plots of
BiVO4 photoanodes in water and glycerol oxidations. (b) Normalized J— plots of BiVO, photoanodes in glycerol
oxidation. Inset: SEM images of BiVOj after a 1-h stability test of glycerol oxidation. (c) Elemental dissolution rates
in water and glycerol oxidations. (d) J~¢ plots of BiVO,4 photoanode at 1.23 Vgyug in water oxidation, followed by

glycerol addition.

that of Bi, which also correlated with the photocurrent decay observed in the OER current density—

time (J—7) plots (Figure S8). Despite the faster kinetics of GOR, a significant degree of V leaching

was still observed, although to a lesser extent than for the OER. These results suggest that both the

enhanced acidic GOR and the diminished alkaline GOR were the result of compositional change

to the Bi-rich surface due to V dissolution during the operation.



To investigate the effect of compositional change on glycerol oxidation behavior, 0.10 M
glycerol was added to the electrolyte during the PEC stability test, and the photocurrent response
was monitored (Figure 1d). At pH = 2, the initially degraded photocurrent during the first hour
recovered rapidly and remained stable upon glycerol addition. In contrast, at pH = 9, the
photocurrent continued to decrease without recovery, revealing that the Bi-rich surface led to
distinct catalytic activity for GOR depending on pH, thereby contributing to stability differences.
In J—t plots of the BiVO4 photoanode measured by sequentially replacing the GOR electrolyte
every hour, the photocurrent reached a new saturated value within ~1 h, suggesting that the surface
reconstruction approaches a quasi-steady state under each pH condition (Figure S9). The decreased
photocurrent observed at pH =9 was recovered when switched to the pH = 2 electrolyte. The
smaller original photocurrent returned upon switching back to the pH = 9 electrolyte. This indicates
that the Bi-rich surface undergoes dynamic reconstruction depending on the pH, leading to changes
in surface catalytic activity and junction properties.

To investigate the effect of electrolyte conditions on surface changes in BiVOs, ex situ analyses
were performed on the photoanodes after 1-h GOR stability tests. The XRD analysis shows that
most diffraction patterns are retained with only a slight decrease in peak intensity, indicating the
bulk BiVO4 phase is largely preserved (Figure S10). High-resolution transmission electron
microscopy (HR-TEM) images also show that the monoclinic phase of BiVO4 was retained in the
bulk (Figure 2a). At the surface, a ~3-nm-thick amorphous Bi-rich layer was observed after GOR
at pH = 2.

To study the surface reconstruction, electron energy loss spectroscopy (EELS) analysis was
used in combination with high-angle annular dark-field scanning transmission electron microscopy

(HAADF-STEM) imaging (Figure 2b). The V L;3-edge peaks progressively shifted by 0.83 and



0.60 eV to higher energy losses from the surface toward the bulk, respectively. These results
indicate that acidic GOR drives surface reconstruction over a depth of several nanometers. This
result can be explained by V species dissolution and the accompanying formation of O vacancies
within the reconstructed surface, leading to a reduction in the valence of V°* to maintain charge
neutrality. 647

After GOR at pH =9, a ~6-nm-thick Bi-rich layer was observed on the crystalline BiVO4 (Figure
2¢). The thicker and denser overlayer formed at pH = 9 compared to pH = 2 originates from the
tendency of Bi to exist as hydroxides with abundant OH™ under alkaline conditions, which is
consistent with the layered Bi-rich structure that is characteristic of hydroxides.*® The EELS data
showed a shift of 0.9 and 1.3 eV toward higher energy losses for the V L 3-edge peaks going from
surface to bulk, and the peak intensities decreased in the surface region (Figure 2d). Compared to
pH = 2, the larger peak shift and intensity decrease at pH = 9 suggest more-significant V
dissolution and surface reconstruction along with a more-distinct Bi-rich shell. Corresponding
energy-dispersive X-ray spectroscopy (EDS) mapping from the HAADF-STEM image also
displayed a thin V-deficient region of the Bi-rich/BiVO4 sample obtained from acidic GOR (Figure
S11). In contrast, a more-distinct V depletion was observed at the surface of Bi-rich/BiVO4
subjected to alkaline GOR (Figure S12).

Within the potential range for the stability tests, the Pourbaix diagram of BiVOs indicates that
only V species are substantially soluble at pH = 9, whereas both Bi and V are expected to be
soluble species at pH = 2.% ICP-MS analysis shows that the dissolution rates at pH = 2 lead to
more rapid V leaching compared to Bi, causing the formation of the thin Bi-rich layer (Figure 1c¢).
At pH = 9, the faster V dissolution and suppressed Bi dissolution are also consistent with the

Pourbaix diagram and the formation of the more-robust Bi-rich layer in alkaline media.
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Figure 2. Characterization of BiVO4 photoanodes after stability tests of acidic and alkaline glycerol oxidations.
(a) HR-TEM image and FFT patterns of Bi-rich/BiVOs4 (pH =2). (b) EELS spectra of the depth direction in a HAADF-
STEM image of Bi-rich/BiVO4 (pH = 2). (c) HR-TEM image and FFT patterns of Bi-rich/BiVO4 (pH = 9). (d) EELS
spectra of the depth direction in a HAADF-STEM image of Bi-rich/BiVO4 (pH = 9). XPS (e) V 2p, (f) Bi 4f, and (g)
O 1s spectra of pristine BiVO4 and Bi-rich/BiVO4 (pH = 2 and pH =9).



To study the changes in surface composition and electronic structure, X-ray photoelectron
spectroscopy (XPS) analysis was conducted on BiVO4 before and after GOR operations. The V
2p spectra showed a reduced intensity in Bi-rich/BiVOs, consistent with V leaching (Figure 2e).
Also, the Bi 4fs» and 4f7» peaks shifted negatively from 164.26 and 158.96 eV to 164.13 and
158.83 eV at pH = 2, and further to 164.05 and 158.75 eV at pH = 9, respectively (Figure 2f).
These shifts, accompanied by increased peak intensities, represent an increase in the local electron
density around Bi atoms due to the depletion of V species.’® The XPS-derived Bi:V ratio increased
from 1.40 for pristine BiVOs to 2.25 and 3.80 after acidic and alkaline GOR, respectively,
confirming preferential V depletion and operation-induced Bi enrichment at the surface (Table S2).
In O 1s spectra, lattice oxygen (OL) decreased from 70% to 62% at pH = 2 and further to 29% at
pH =9 (Figure 2g). This suggests that the surface reconstruction involves the modification of the
local lattice-oxygen environment. The more pronounced decrease in Or in alkaline media is
consistent with stronger V dissolution, demonstrating characteristic differences in the Bi-rich layer
depending on the electrolyte conditions.

To elucidate the origin of the electrolyte-dependent GOR stability of BiVO4, we conducted in
situ PEC measurements of Bi-rich/BiVOs photoanodes. In conventional three-electrode
configurations, the photoelectrode is connected as a single working electrode (WE) through an
ohmic back contact to the semiconductor. The limitation of these conventional measurements is
that it is not possible to determine the relative contributions to voltage losses associated with the
semiconductor relative to the surface catalytic process. We assume that the reconstructed surface,
interacting with the electrolyte, is the site of the GOR catalysis and aim to understand the voltage

changes associated with driving GOR on the reconstructed surface.

10



To study the individual components of the PEC system, we use a DWE platform, in which the
Bi-rich layer formed during the operation was regarded as a GOR catalyst that could be
independently evaluated. The DWE analysis was carried out comparing pristine BiVO4 with Bi-
rich/BiVO4 photoanodes after 1-h chronoamperometry at pH =2 and pH =9, respectively. For the
DWE device fabrication, 10-nm-thick Au was deposited on the surface of BiVO4, forming a porous
conductive layer, whose thickness was chosen to be electrolyte-permeable while ensuring
electrical contact with the underlying catalyst layer (Figures 3a and S13).! WE1 and WE2 were
connected to an ohmic back-contact at fluorine-doped tin oxide (FTO) and the front catalyst
through the porous Au layer, respectively. The Au layer did not apparently contribute to the GOR
activity within the potential range for DWE measurements (Figure S14). Therefore, the Au layer
is taken to be in quasi-equilibrium with the catalyst potential and considered to function as an
electrical contact for sensing Eca. Due to the reduced optical transmittance by the Au layer, all
measurements were conducted with back-side illumination (Figure S15).

Under illumination, the generated electron-hole pairs are separated by the semiconductor
interface with the catalyst layer and electrolyte, causing a nonequilibrium state where the quasi-
Fermi levels split. The hole quasi-Fermi level (EFp) drops below the electron quasi-Fermi level
(Ern), and each converges toward the catalyst potential (Eca) and the semiconductor potential
(Esem), respectively, generating a photovoltage at the sem|cat interface.’? Quantifying the Eca of
the Bi-rich layer thus provides a direct measure of the sem|cat photovoltage, which is a key

determinant of the PEC performance.

11
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Figure 3. Dual-working electrode (DWE) measurements during photoelectrochemical glycerol oxidation. (a)
Device schematic and band diagram of Bi-rich/BiVOs4 photoanode for DWE measurements. (b) Ec. and J versus Esem
for BiVO4 photoanodes with or without a Bi-rich layer in a pH = 2 buffer solution with 0.10 M glycerol. (¢) Ec. and
Jversus Esem for BiVO,4 photoanodes with or without a Bi-rich layer in a pH = 9 buffer solution with 0.10 M glycerol.
Note that in (b) the Bi-rich surface provides a higher photovoltage, given by Ecasi— Esem, Which thus leads to a high
catalytic current for GOR at a given Eem, but in (¢) the Bi-rich surface provides a lower photovoltage, and thus a lower
photocurrent at a given Esem, J—Eca plots from DWE measurements of BiVO, and Bi-rich/BiVO4 photoanodes in (d)
pH = 2 and (e) pH = 9 buffer solutions with 0.10 M glycerol, which allow direct comparison of surface catalysis
behavior. Inset: Comparison of R at 0.60 Vrug and dEc./dJ values of BiVO4 and Bi-rich/BiVO4 photoanodes. These
data show that the surface reconstruction not only affects the PEC photovoltage but also the catalyst kinetics at a given
E.a, and this result is supported by both DWE and impedance measurements.
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While applying a stepwise potential scan from 0 to 1.3 V to WE1, we measured Eca on the
surface of BiVOs and Bi-rich/BiVOs at pH = 2 by independently sensing WE2 via the DWE
configuration (Figure S16). The current density was simultaneously recorded as a response to Esem,
closely matching separately collected voltammetry (Figure S17). At pH = 2, the formation of the
Bi-rich layer enhanced the photocurrent density and increased Ecat across the entire potential range
(Figure 3b). Considering the difference between Esem and Eca is equivalent to the photovoltage,
the Bi-rich layer is thus responsible for increasing the photovoltage for acidic GOR, also
contributing to an increase in photostability of BiVOa.

To determine the pH-dependent behavior of the Bi-rich layer, identical DWE measurements
were conducted under alkaline conditions (Figures S18 and S19). The Bi-rich layer formed at pH
= 9 decreased E.a, thereby reducing both the photovoltage and photocurrent density of BiVOs,
which thus reflected a rapid degradation of alkaline GOR performance (Figure 3c). To compare
the photovoltage trends, Eca—Esem Was plotted as a function of Esem (Figure S20). For pristine
BiVOs, the Ecar—Esem values were larger at pH = 9 than at pH = 2, consistent with the pH-dependent
trend in the OCP difference (Figure S4). The Bi-rich layer increased Eca—Fsem in acidic electrolyte
but decreased Eca—FEsem in alkaline electrolyte. Measurements without glycerol showed a decrease
in photovoltage for both acidic and alkaline media, indicating an intrinsic instability of BiVO4 for
water oxidation regardless of pH (Figure S21).

Ultraviolet photoelectron spectroscopy (UPS) indicates that the Bi-rich layer slightly shifts the
valence-band edge more negative relative to BiVO4 (Figure S22). This trend is consistent with the
reported dependence of BiVOs band alignment on surface stoichiometry.”®> Mott—Schottky

measurements showed no significant changes to the flat band under both pH conditions (Figure

13



S23). Therefore, the hole-transfer characteristics of the Bi-rich layer are responsible for the
different photostability with pH that cannot be explained by band-edge energetics.

Using the DWE platform, we analyzed the charge-transfer behavior of the Bi-rich layer at
different pH conditions. First, PEIS analysis was conducted with and without the Bi-rich layer in
a three-electrode configuration. After 1-h driving GOR at pH = 2, the Bi-rich/BiVO4 shows an Ry
of 136 Q cm?, smaller than that of BiVO4 (169 Q cm?), indicating that the Bi-rich layer promoted
hole transfer for GOR (Figure S24). In contrast, the Bi-rich layer formed at pH =9 shows increased
Ret from 203 to 394 Q cm?, thus impeding hole injection toward GOR. These results were
compared with the Eca—J plot in DWE measurements, in which differential resistance dEca/dJ was
found by fitting the slope in the region above the onset potential. At pH = 2, the Bi-rich layer
reduced the differential resistance of BiVOs from 49 to 19 Q cm? (Figure 3d), whereas it increased
the differential resistance from 111 to 282 Q cm? at pH = 9 (Figure 3e). While the dEca/dJ values
were lower than the R values from PEIS, they show consistent trends.

These data thus show DWE measurements provide a way to separate the steady-state catalytic
activity from seml|cat interface charge-separation characteristics in this system. The results show
that although both surfaces are formed from similar V dissolution by photocorrosion, the Bi-rich
layer plays opposite roles in charge-transfer depending on the pH. When the catalytic rate is lower,
durability is worse, which is consistent with the surface chemistry controlling the branching ratio
between corrosion and productive GOR for photogenerated holes.

Acidic GOR performance of the Bi-rich/BiVO4 photoanode was evaluated in a pH = 2 buffer
solution with 0.10 M glycerol. The Bi-rich/BiVO4 formed after the 1-h operation exhibited an
increased photocurrent density of 4.7 mA cm 2 at 1.23 Vgug, relative to the pristine BiVO4 of 3.5

mA cm 2 (Figure 4a). Unlike conventional cocatalysts that are intentionally deposited on BiVOa,

14



the Bi-rich layer generated via surface reconstruction could also be affected by trace elements
naturally contained in the electrolyte.>* In XPS analysis, nickel or iron, which expedites the
reaction kinetics of typical oxidation reactions, was not detected on the surface of the Bi-rich layer.
(Figure S25). Thus, considering the DWE analysis, the Bi-rich layer appears to perform efficient
catalysis for acidic GOR by facilitating interfacial charge injection from BiVOa.

Quantitative analysis using high-performance liquid chromatography (HPLC) was conducted to
investigate the products of acidic GOR. Both BiVO4 and Bi-rich/BiVO4 generated multiple main
products, including dihydroxyacetone (DHA), glyceraldehyde (GLAD), glyceric acid (GLA),
glycolic acid (GCA), and formic acid (FA) (Figure S26), as reported in previous studies.*>*® The
glycolaldehyde peak was negligible and was excluded from the quantification of products.** The
major product at pH = 2 was DHA, which is the highest value-added product in GOR (Figure
S27).%° The selectivity of DHA was increased from 48% of BiVOa to 53% of Bi-rich/BiVOs. This
increase appears to be related to the preferential exposure of Bi sites on the surface by the
dissolution of V, since Bi-rich surfaces have been reported to promote the selective electrostatic
adsorption of the secondary hydroxyl group in glycerol, thereby leading to favorable DHA
formation.*® The improved charge injection and consequent increase in photocurrent density
through the Bi-rich layer enhanced the DHA production rate of BiVO4 by about 1.5 times, from
178 to 270 mmol m 2 h!.

To evaluate the durability of BiVOs4, chronoamperometry was performed at 1.23 Vgrug, and
product analysis for GOR was conducted in 1-h intervals for a 5-h span (Figure 4b). Based on the
catalytic activity of the Bi-rich shell for acidic GOR, the Bi-rich/BiVO4 photoanode operated
stably for approximately 20 h. Initially, DHA formation is predominant, after which FA generation

by C—C cleavage becomes more pronounced. In terms of the production of C3 compounds (DHA

15
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Figure 4. Acidic and alkaline glycerol oxidation of Bi-rich/BiVO4 photoanodes. (a) J/~E plots of BiVO,4 and Bi-
rich/BiVOs4 photoanodes in a pH = 2 solution with 0.10 M glycerol. (b) J— plot of Bi-rich/BiVO4 photoanode and
time-dependent yields of glycerol oxidation products for BiVO4 and Bi-rich/BiVOs photoanodes at 1.23 Vgyg in a pH
= 2 buffer solution with 0.10 M glycerol. (c) Schematic illustration of Bi-rich layer formation and reaction mechanism
in acidic glycerol oxidation. (d) J—¢ plots and time-dependent yields of glycerol oxidation product for BiVO4
photoanodes at 1.23 Vrug in a pH = 9 (with 0.10 M glycerol) with and without 1.0 uM Ni** (). (€) J~E plots of BiVO4
and Bi-rich/BiVOs photoanodes in a pH = 9 buffer solution (with 0.10 M glycerol) with and without 1.0 pM Ni**(,q).
(f) Schematic illustration of Bi-rich layer formation and reaction mechanism in alkaline glycerol oxidation. All
measurements were conducted under AM1.5G 1 sun illumination.

and GLAD/GLA), Bi-rich/BiVO4 showed a higher C3 yield of 1170 mmol m 2 than pristine BiVO4
(830 mmol m2) after 5 h of operation.

Figure 4c summarizes the proposed mechanism by which the BiVO4 photoanode operates stably
in acidic GOR without a cocatalyst. At pH = 2, both Bi and V are expected to leach based on
thermodynamics, but the faster dissolution rate of V over Bi results in the formation of a thin Bi-
rich layer on BiVOa. Bi sites are thought to be favorable for the glycerol adsorption as a Lewis-
acidic center that interacts with hydroxyl groups.?® While the VOs units in pristine BiVO4 limit

accessibility to surface Bi sites, preferential V dissolution exposes Bi sites, promoting activity
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during GOR by proton-coupled electron transfer (PCET).% Increasing the density of accessible Bi
sites appears to favor oxidation of the secondary hydroxyl group, contributing to kinetics through
its fast two-electron pathway.’®>” Consequently, it is likely that the operation-induced Bi-rich
surface not only increases DHA selectivity but also lowers the surface hole-transfer resistance for
the GOR, thereby contributing to the stability of acidic GOR.

Alkaline GOR performance of the Bi-rich/BiVO4 photoanode was also evaluated in a pH = 9
buffer solution with 0.10 M glycerol. Since BiVOs exhibited poor stability in alkaline media
(Figure 1b), achieving stable alkaline GOR required an alternative approach. We hypothesized that
introducing Ni** ions into the aqueous electrolyte could stabilize BiVO4 for GOR by providing
surface-adsorbed Ni*>*3*. During the first hour of chronoamperometry, the formation of the Bi-rich
layer led to a pronounced degradation, but photocurrent density was recovered and stabilized upon
adding 1.0 uM Ni**(q) midway through the test (Figure S28). Ni*'(q in solution with OH"
undergoes oxidation to Ni** by holes under anodic bias for the GOR, and these Ni species are
likely adsorbed on the photoanode surface during the reaction.® When the Ni catalyst is reduced
back to Ni** upon reaction with glycerol, it is likely dissolved into the electrolyte. This approach
is similar to those used to create dynamically stable water-oxidation catalysts under near-neutral
conditions.>%° The observed stable operation for 20 h upon Ni**(4q) addition, after formation of the
Bi-rich layer for 1 h, suggests that the Bi-rich layer does not block hole transport between BiVO4
and the Ni catalysts (Figure S29). This interpretation is consistent with nearly identical J-V curves
of BiVO4 and Bi-rich/BiVOs4 in a pH = 9 buffer containing a hole scavenger, showing that the Bi-
rich layer does not limit the hole transport (Figure S30).

Chronoamperometry and GOR product analysis of BiVO4 were conducted at 1.23 Vrur with

1.0 uM Ni**(4q in the electrolyte (Figure 4d). The rapidly decayed photocurrent density at initial
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stages quickly recovered, and the photoanode operated stably for 20 h. This indicates that the
formation of the Bi-rich layer by photocorrosion precedes the generation of the Ni catalysts
through the redox process of Ni ions. Subsequently, Ni-containing species deposit or adsorb on
the surface-reconstructed layer during the reaction, enhancing charge transfer of Bi-rich/BiVOa.

In a similar experiment conducted in the absence of glycerol, although some photocurrent
density was recovered at early stages with Ni*'(a), the overall current density still decayed,
showing that the stability of the catalyst differed from that of GOR (Figure S31). XPS analysis
after the 20-h stability test revealed a distribution of Ni (and Fe) on the surface of Bi-rich/BiVOas,
indicating the added Ni and trace Fe impurities present in the electrolyte were deposited on the
surface under the oxidative bias (Figure S32).

The Ni-mediated alkaline GOR had a different product distribution from the nominally Bi-only
acidic GOR. While the DHA selectivity decreased from 53% to 34%, the selectivity of
GLAD/GLA increased from 3.7% to 26.5%, suggesting that adsorption of the primary hydroxyl
group is enhanced in alkaline environments (Figure S33). At pH =9, FA was the major product,
exhibiting a steadily increasing yield over 5 h, whereas the yields of the C; products plateaued at
steady values. This behavior indicates that C—C cleavage of the C3 products becomes dominant in
the static H-cell over time, leading to further oxidation into the C; product.** After 5 h, the total
yield of the C3 products (107 mmol m2) was lower than that of the C; product (154 mmol m2).

As a result, the Bi-rich/BiVO4 measured for 20 h in a pH = 9 electrolyte with Ni**q) exhibited
an increased photocurrent density of 3.2 mA cm 2, compared to pristine BiVOs of 2.3 mA cm >
(Figure 4e). This contrasts with the Bi-rich/BiVOs without Ni**(aq, which displayed a 30%

decrease in photocurrent density (1.6 mA cm 2) along with a reduced pFF.
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Figure 4f illustrates a possible mechanism by which the Ni-assisted BiVO4 photoanode stably
operates during alkaline GOR. At pH =9, the predominant dissolution of V leads to the formation
of a thick Bi-rich layer on BiVOs, which hinders hole transfer for GOR and consequently reduces
stability. The addition of Ni** ions stabilizes the BiVOs surface for alkaline GOR through OH -
mediated redox cycling with Ni**. The Ni catalyst formed on the surface induces the adsorption of
the primary hydroxyl group of glycerol, enhancing the production of not only GLAD/GLA by
dehydrogenation but also FA through C—C cleavage. The increased surface-charge-transfer
resistance and resulting instability caused by the Bi-rich layer are thus mitigated by even trace
amounts of Ni?* ions that determine GOR selectivity.

In summary, we uncover how operation-induced surface reconstruction governs the
photoelectrochemical stability of BiVO4 photoanodes during glycerol oxidation across acidic and
alkaline media. PEC measurements and ex situ characterizations collectively reveal that
preferential V species dissolution forms a Bi-rich shell on BiVO4 under both pH conditions, but
its catalytic role in durability is dictated by the electrolyte environment. We study the sem|cat
interface using in situ measurements with the DWE platform that independently measures Esem and
Ecat, providing information on photovoltage and interfacial charge-transfer resistance changes
during operation. Under acidic conditions, a thin Bi-rich layer on BiVO4 lowers surface resistance
and increases the photovoltage. The reconstructed surface acts as an active GOR catalyst,
promoting hole injection and enabling stable operation without added cocatalysts. Under alkaline
conditions, a thick Bi-rich shell leads to rapid photocurrent decay due to inhibited hole transfer for
GOR. DWE analysis shows that the Bi-rich layer increases surface resistance and reduces

photovoltage. Introducing trace Ni** into the electrolyte changes the behavior without pre-
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deposition of cocatalysts. The Ni catalyst formed on the Bi-rich layer by Ni**/Ni** redox cycling
during operation restores the charge-transfer capability and enables more-durable alkaline GOR.
These findings reveal that the surface reconstruction is neither universally beneficial nor
detrimental, and the surface kinetics and resulting durability are governed by interaction with the
electrolyte environment. Namely, even without cocatalyst deposition, intrinsic elemental leaching,
often considered a degradation pathway, can be harnessed to create self-forming catalytic
interfaces during operation. This study also establishes DWE analysis as a useful diagnostic

platform for evaluating how surface reconstruction affects photoelectrode stability.
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