RESEARCH ARTICLE

W) Check for updates

ENERGY

www.advenergymat.de

Effective Corrosion-Resistant Single-Atom Alloy Catalyst on
HfO,-Passivated BiVO, Photoanode for Durable (=800 h)

Solar Water Oxidation

Maheswari Arunachalam, Kug-Seung Lee,* Kai Zhu,* and Soon Hyung Kang*

Green hydrogen (H,) production from solar water splitting necessitates
photoelectrodes with superior photoelectrochemical (PEC) activity and
durability. However, surface defects and photocorrosion instability—especially
at high potentials—limit PEC performance and stability. Herein, the
prototypical bismuth vanadate (BiVO,) photoanode is used to demonstrate

a holistic approach to improve photocurrent density and long-term stability.
In this approach, high surface-area nanostructuring of BiVO, is combined
with barium (Ba) doping with semi-crystalline hafnium oxide (HfO,) surface
passivation and single-atom nickel platinum (NiPt) catalysts. The introduction
of Ba?* ions into BiVO, increases the concentration of conductive V4* ions
or the ratio of V** ions to oxygen vacancies, avoiding V°* dissolution during
water oxidation. The semi-crystalline HfO,, which serves as a passivation
layer, prevents BiVO, photocorrosion by suppressing harmful chemical
reactions when holes are transferred to the electrolyte. The synergistic

use of isolated single-atom and Ni-Pt coordination improves charge transfer
at the photoanode/electrolyte interface, leading to enhanced PEC kinetics

and stability. As a result, a photoelectrode is demonstrated with 6.5 mA
cm~2 at 1.23 V versus a reversible hydrogen electrode (RHE) and continuous
operation for 800 h with a negligible degradation rate. This work provides

a promising approach to improve photoanodes for PEC H, production.

loss, and water oxidation kinetics.3#
PEC photoelectrode development re-
quires a holistic approach to overcome
these challenges. Monoclinic BiVO, is
an interesting prototypical electrode
material that can absorb a substantial
part of the visible solar spectrum.]!
However, its poor charge transport can
cause severe bulk and surface charge
recombination loss—particularly at a
low bias—at defects along the transport
pathway. The reported charge sepa-
ration efficiencies at potentials <0.6
Vpup Temain lower than 70%.16710]

Charge transport properties and pho-
tocarriers separation in BiVO, can be
improved with V site doping, increas-
ing oxygen vacancies, and morphology
tuning. Theoretical calculations also in-
dicate the importance of doping sites
for adsorption of hydroxyl (OH), oxy-
gen (0), and hydroperoxyl (OOH) species
on the electrode surface. The impurity
doping can: 1) extend the optical ab-
sorption in the long wavelength range;
2) improve surface adsorption of chem-
ical species; 3) enhance the electrical

1. Introduction

Storing solar energy in hydrogen bonds via a photoelectro-
chemical (PEC) process can contribute to achieving zero carbon
emissions.!?| However, the PEC-based water splitting is limited
by multiple factors, including light harvesting, recombination

conductivity via modified charge carrier mobility, diffusion, or
concentration; and 4) efficiently separate photogenerated charge
carriers through a built-in electrical field near the solid— liquid
interface.[1112]

As the performance of BiVO,-based photoanodes has con-
tinued to improve, the photostability of BiVO, has become an
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important issue. The harmful photocorrosion involving selective
leaching of vanadium (V) still prevents the continuous applica-
tion of BiVO,.['*!*] Hence, it is valuable to design an effective
corrosion-resistant layer to mitigate the dissolution of the under-
lying components without hindering charge transfer and pho-
ton absorption. For example, a W-doped BiVO, photoanode pas-
sivated with a thin amorphous TiO, layer by electrodeposition
can suppress the back reduction of photo-oxidized products.!'*!
In another study, an ultrathin Al,O, coating was deposited on
BiVO, electrodes to passivate the surface states using an atomic
layer deposition (ALD)-like process.'®! For the TiO,-passivated
BiVO, photoanode, although the performance is improved, the
photocurrent density is still lower than 0.25 mA cm~2, which is
presumably limited by charge transfer. Notably, the TiO, layer
contains positive charges, producing local electric fields at the
interface. Consequently, photocarriers (electrons and holes) will
migrate to the electrolyte and substrate sides, resulting in a de-
crease in the photocurrent density of the photoelectrode. Thus,
the selection of passivation material is crucial, as it can affect both
the PEC performance and stability.

The use of a catalyst layer can also suppress photocorro-
sion by increasing the rate of interfacial charge transfer. How-
ever, the stability of the catalyst could become an issue when
the photoelectrode is operating at a high photocurrent den-
sity coupled with a high operational potential. Recently, the
Sn/Ni/Mo:BiVO,/NiFeO, photoanode exhibited enhanced pho-
tocorrosion inhibition and self-generation and regeneration of
oxygen evolution catalysts, leading to stable oxygen evolution for
>1000h at low potentials (as low as 0.4 Vpy;p).1Y! Another study
revealed that the presence of V>* species in the electrolyte can
form a vanadium-containing surface layer on FeOOH/NiOOH,
enhancing water-oxidation kinetics over 500 h; note that this
phase was not stable under conventional water oxidation condi-
tions due to vanadium loss."® The water oxidation capability of
co-catalysts is limited by the insufficient thermodynamic driving
force for hole extraction from the photoanodes.

The poor interaction at the photoanode—catalyst interfaces
could induce high electrical resistance or produce recombina-
tion centers, limiting the hole transport to the oxygen evolution
reaction (OER) catalysts. This hole transport is critical for par-
ticipating in water oxidation reactions. A recent study reported
that Pt-based catalysts are unstable under high anodic poten-
tials, potentially dissolving into electrolytes because of conver-
sion to high oxidation states.'! In contrast, single-atom catalysts
(SACs) have smaller dimensions and higher surface-to-volume
ratios, which favor lowering the catalyst cost and enhancing the
catalytic performance. Although it is desirable to use SACs with a
controlled charge distribution and coordination environment to
improve the photoanode’s OER performance, pushing catalysts
to the single-atom scale is nontrivial as SACs tend to aggregate
into clusters or nanoparticles.[20-21]

In this study, we report on a holistic approach—encompassing
nanostructuring, doping, surface passivation, and SAC—to sig-
nificantly enhance the performance and operational stability of
the BiVO, photoanode. We first report a unique nano-leaf-like-
structured Ba-doped BiVO, (referred to as Ba:BiVO,) electrode-
posited on the Fluorine-doped tin oxide (FTO) conducting sub-
strate. Before the Ba:BiVO, deposition, a 10-nm interlayer of ALD
SnO, was coated to facilitate electron transfer from BiVO, to
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FTO by reducing the back recombination. Next, we introduced
ALD-coated semi-crystalline hafnium oxide (HfO,) as a protec-
tion layer with several preferred features: 1) it is stable over a
wide range of pH and potential values; 2) it acts as a barrier to
mitigate physical and chemical degradation; and 3) it does not
hinder charge transport to the electrode. The HfO, layer helps
maintain efficient electrode operation while mitigating degrada-
tion pathways. Particularly, the semi-crystalline passivation layer
exhibits enhanced charge transfer efficiency due to the syner-
gistic interplay of amorphous regions (high density of localized
states) and crystalline regions (inherent structural order). We fur-
ther combined the nanostructured Ba:BiVO,/HfO, photoanode
support with a single-atom alloy, NiPt co-catalyst, synthesized
by electrochemical deposition. The co-catalyst exhibits atomically
dispersed Pt atoms, stabilized on the surface of Ni nanoclusters
through Pt-Ni coordination accompanied with electron transfer
from Ni to Pt. With such a holistic development approach, we
achieved unprecedented photocurrent densities of up to 6.2 mA
cm~? under simulated AM 1.5G illumination and ~800-h oper-
ation with a negligible degradation rate for water oxidation at
1.23 Vyyp. The NiPt SAC is atomically well dispersed on the
Ba:BiVO,/HfO, photoanode. It not only provides an effective
OER catalytic function but also increases the optical absorption
and hole lifetime of the photoanode. Our study demonstrates an
effective approach for integrating photoanodes with surface pas-
sivation and single-atom co-catalyst support to enable efficient
photoelectrode operation, which is attractive for large-scale PEC
cell development.

2. Results and Discussion

2.1. Chemical and Physical Properties of the
Ba:BiVO,/HfO, /NiPt Photoanode

Figure 1a illustrates the systematic synthesis process for prepar-
ing the Ba:BiVO, /HfO, /NiPt photoanode. Scanning electron mi-
croscopy (SEM) shows that BiVO, has a leaf-like nanostructure
with multi-leaves composed of very small crystallites. This larger-
surface-area photoanode can interact with a larger volume of
electrolyte and thus facilitate more water oxidation reactions.
This means that the massive holes can be used to oxidize wa-
ter into oxygen and protons, instead of recombining with the
electrons. When light hits a nanostructured surface, it can get
trapped within the material and bounce around, leading to mul-
tiple interactions with the material and an increased probability
of absorption. Top-view SEM images (Figure 1c) show that the
Ba dopant did not change the surface morphology. The HfO,-
covered Ba:BiVO, shows a smooth morphology, indicating that
the coverage of the passivation layer deposited via ALD is uni-
form (Figure 1d).

Furthermore, the NiPt alloy (Figure le), in the form of
tiny spherical particles arranged on the entire surface of the
Ba:BiVO,/HfO, photoanode, suggests that electrodeposition of
the NiPt catalyst forms well-bounded interfaces within the pas-
sivated photoanode. After the coating of the NiPt catalysts,
the smooth surfaces of the Ba:BiVO,/HfO, photoanodes trans-
formed into a slightly rough texture. Low-magnification SEM
(Figure S1, Supporting Information) revealed a well-defined,
high-surface-area nanostructured BiVO, on the conducting
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Figure 1. a) Schematic illustration of photoanode fabrication process. b—e) Field-emission Scanning electron microscopy (FE-SEM) images of BiVO,,
Ba:BiVO,, Ba:BiVO,/HfO,, and Ba:BiVO,/HfO,/NiPt. f~h) HR-TEM images of Ba:BiVO,/HfO, and Ba:BiVO,/HfO,/NiPt. i—p) EDS mapping of each
element such as Bi, V, Ba, Hf, O, Ni, and Pt, respectively. HR-TEM image of Ba:BiVO,/HfO,/NiPt photoanode film indicating clear lattice lines cor-
responding to (r) BiVO4 and q) Ni. s—u) High-angle annular dark-field Cs-STEM images of NiPt deposited Ba:BiVO,/HfO, photoanode film with the

isolated Pt atom highlighted in a yellow circle.

substrate, fabricated using an optimized synthesis protocol.
We conducted high-resolution transmission electron microscopy
(HR-TEM) to further explore the surface morphology and struc-
ture (Figure 1f-h). Figure 1f shows the Ba:BivVO, /HfO, photoan-
odes has a thin (%10 nm) passivation layer, confirming the for-
mation of HfO, on the surfaces of the Ba:BiVO, photoanode.
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Figure 1g illustrates the NiPt-covered Ba:BiVO,/HfO, photoan-
ode with a detailed interface between the passivation layer and
the surrounding NiPt co-catalyst. As displayed in Figure 1h, a
number of bright spots are clearly observed, further confirm-
ing the formation of single metal-atom pairs. Notably, spheri-
cal aberration (Cs) -corrected transmission electron microscopy
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(HAADF-STEM) images (Figure 1i,j) clearly show that single-
atom alloy NiPt catalysts are uniformly dispersed on the surface
of the Ba:BiVO, /HfO, photoanode, without cluster or aggrega-
tion. Furthermore, the Pt atoms were confirmed by the isolated
single atom in the STEM image (Figure S2, Supporting Infor-
mation), revealing the ordered intermetallic NiPt alloy with high
crystallinity. According to Figure 1i, the lattice lines of the (121)
plane with an interspacing of 0.31 nm correspond to highly crys-
tallized BiVO, in the bulk region, and the fringes on the top side
with interplanar distance of 0.19 nm correspond to the Ni (111)
plane, respectively. Moreover, the energy dispersive spectroscopy
(EDS) elemental mapping images are shown in Figure 1li—p. In
these images, signals of Bi, V, Ba, O, Ni, and Pt elements could
be detected, suggesting the homogeneous distribution of the
HfO, and NiPt catalysts on the Ba:BiVO, photoanode with the
quantitative wt.% content of constituent elements Bi (58.00%),
V(14.009%), O(15.00%), Ba(2.50%), Hf(1.18%), Pt(3.20%), and
Ni(6.12%). Figure 1q,r shows the interplanar distances of BiVO,
and Ni as depicted in Figure 1h. Figure 1s—u presents HAADF-
STEM images that provide a detailed view of the isolated atoms in
the electrocatalyst. In these images, the bright spots representing
Pt single atoms are marked with yellow circles.

Figure 2 shows the X-ray diffraction (XRD) patterns of pris-
tine BiVO,, Ba:BiVO, /HfO,, and Ba:BiVO,/HfO, /NiPt samples;
all of the high-intensity diffraction peaks are consistent with the
monoclinic phase of BiVO, (Joint Committee on Powder Diffrac-
tion Standards number (JCPDS) #14-0688). The XRD peaks of
the monoclinic BiVO, shift to lower angles in Ba:BiVO, film, due
to the dissimilarity between the ionic radius of the host lattice and
dopant ion; this suggests that dopant ions are incorporated inter-
stitially in the BiVO, latticef BiVO,. Because of the phase purity
and modification in d spacing, it can be concluded that Ba im-
purities have been successfully incorporated into the crystal lat-
tice of BiVO, as interstitial dopants, while the monoclinic phase
structure is preserved. The XRD spectra in Figure S3 (Supporting
Information) clearly highlight the shift to lower angles observed
in the Ba:BiVO, film.

It was not found that the developed films have sub-oxide impu-
rities such as BiOy and VO, phases. However, the low-intensity
diffraction peaks corresponding to HfO, (JCPDS # 006-0318)
were observed at 34.6° from the (002) plane. This is attributed to
the semi-crystalline monoclinic structure and ultrathin (%10 nm)
nature of the HfO, film. The HfO, peak intensity was notably
weaker compared to that of BiVO,. Crystalline cubic NiPt alloys
at 51.5° assigned to the main (111) crystal plane of Ni were suc-
cessfully prepared on a Ba:BiVO,/H{fO, and the absence of XRD
peaks for metallic Pt precludes the possibility of single-atom dis-
persion of Pt.

For more clear evidence, we utilize other techniques sensi-
tive to electronic interactions, such as X-ray absorption spec-
troscopy (XAS) to provide further evidence on the Pt-Ni inter-
action (Figure 2b—e). The X-ray absorption near-edge structure
(XANES) spectra of Ni K-edge for NiPt showed a significant pos-
itive shift compared to the Ni-foil reference and synthesized Ni
sample, suggesting the presence of oxidized Ni species in NiPt
(Figure 2b). Prominent peaks in the Fourier transformed ex-
tended X-ray absorption fine structure (FT-EXAFS) spectra at
~2.1 A for Ni foil and Ni sample identified the Ni—Ni bond in Ni
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fcc metallic phase (Figure 2d). Notably, the Ni—O bond located at
1.6 A indicated that Ni was oxidized to form an oxide phase as
mentioned in the XANES analysis.!??]

The Pt L,-edge XANES spectra (Figure 2c), reveal that the
rising edge of the NiPt single-atom catalyst slightly shifted to
higher energies, implying that the Pt element in NiPt sample
was minutely oxidized from its metallic phase. The minute ox-
idation of Pt might be attributed to Pt—C and/or Pt—O bond-
ings formed during the synthesis since the NiPt sample was
synthesized process. Further insights are provided by the FT-
EXAFS spectra of Pt (Figure 2e), which confirms the metal-
lic state of both Pt and Pt foil, as indicated by the Pt—Pt
bond at ~2.5 A. In the NiPt sample, a shift of this peak to
lower energy suggests the presence of a Pt—Ni bond. Addi-
tionally, the potential Pt—C and/or Pt—O bonds as stated in
the XANES analysis might be obscured in the region between
1.5 and 2.0 A[324)

We further explored the chemical states and electronic
structures of the Ba:BiVO,/HfO,/NiPt photoanodes via high-
resolution X-ray photoelectron spectroscopy (XPS). Figure 2b
shows the typical characteristics of Bi** species on the BiVO,
electrode, as evidenced by the peaks of Bi4f;;, and Bi4f; , at bind-
ing energies (BEs) of 164.61 and 159.07 eV, respectively. Figure 2c
shows the V2p,;, and V2p;, peaks of BiVO, located at BEs of
524.10 and 516.92 eV, respectively, indicating the formation of
V> cations in the crystal lattice.l>?’] In the Bi4f spectra, we ob-
served an obvious shoulder peak at a high BE of 160.3 eV, at-
tributable to the high-valence Bi®*) species; in the V2p spec-
tra, we observed a shoulder peak at 515.5 eV, which can be as-
signed to the low-valence VO¥ species.?] This is possibly due
to changes in their local coordination environments or partial
chemical reduction in the presence of oxygen vacancies and Ba**
substitution on the BiVO, lattice, which may increase the elec-
tron density of the V and Bi atoms. The presence of oxygen
vacancies was further confirmed by electron paramagnetic res-
onance (EPR) spectroscopy and Raman spectra (Figure S5a,b,
Supporting Information).[?>-*! For core-level Ba3d XPS spectra
(Figure 2d), we found two deconvoluted peaks associated with
Ba3d,, at 780.7 eV and Ba3ds, at 795.5 eV, ascribed to the ox-
idation state of Ba?*. The atomic concentrations of Ba obtained
from XPS survey spectra were 3 wt.% for the Ba:BivVO,. To gain
further insight into the effect of Ba doping, we also analyzed the
Ols and V2p spectra. The doping of Ba?* ions into the BiVO,
lattice causes abundant V** species and oxygen defects, lead-
ing to shortened charge transport length and enhanced optical
absorption.

Furthermore, the O1s spectrum can be fitted into three peaks
located ~529.55, 531.66, and 532 eV, which can be assigned to 0>~
species in the lattice (O ), hydroxyl groups bonded to the metal
cations in the oxygen-deficient region (Oy), and chemisorbed or
dissociated oxygen species such as adsorbed H, O or adsorbed O,,
respectively.?®] In Figure 2e, the Hf4f exhibited the +4 oxidation
state related to Hf4f, , and Hf4f’ ,, positioned at BEs of 18.1 and
21.4 eV, and the metallic and sub-oxide hafnium were also posi-
tioned at BEs of 15.1 and 16.2 eV, respectively. According to these
findings, some mixed semi-crystalline oxide structures form in
the crystalline HfO,, and these are responsible for driving the
significant oxidation of the PEC water.*?]
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Figure 2. a) XRD of BiVO, (yellow), Ba:BiVO, (magenta), Ba:BiVO,/HfO, (blue), and Ba:BiVO,/HfO,/NiPt (cyan) photoanode films. b) Ni K-edge
XANES spectra of Ni-foil, Ni, and NiPt, c) Pt L-edge XANES spectra of Pt-foil, Pt, and NiPt, d) FT-EXAFS spectra Ni-foil, Ni and NiPt, and e) FT-EXAFS
spectra of Pt-foil, Pt and NiPt. High-resolution XPS spectra for f) Bi4f, g) V2p, h) Ba3d, i) O1s, j) Hf4f, k) Ni2p, and |) Pt4f for Ba:BiVO,/HfO,/NiPt

photoanodes.

For the Ni2p characteristic peaks (Figure 2g), two peaks of Ni’*
at 854.03 and 866.98 eV were assigned to the Ni2p; , and Ni2p, ,
levels, respectively. Each level was further split into two peaks at
855.55 and 873.08 eV, representing the coexistence of the Ni**
oxidation state. This suggests the existence of multiple Ni oxi-
dation states are present in the alloyed NiPt phase. Nickel hy-
droxide can participate in reversible (Ni* to Ni®*) redox reac-
tions, providing additional sites for the OER process. The other
peaks at 861 and 880eV were satellite peaks, consistent with

Adv. Energy Mater. 2024, 14, 2402607 2402607 (5 of 12)

the Ni2p spectra reported in previous studies. Figure 2h shows
the Pt 4f core-level spectra of NiPt. Pt4f; , and Pt4f; , orbitals of
the NiPt are observed at BEs of 72.4 and 74.8 eV, respectively.
This confirms the presence of Pt atoms with partially positive
charge (Pt*4f;, and Pt*4f; )) owing to the electronic interac-
tion between single Pt atoms and Ni. This peak position can be
regarded as evidence for the presence of surface Pt single atoms.
More importantly, Pt SACs with strong electronegativity were de-
posited on the Ba:BiVO, /HfO, /NiPt, changing the electron cloud
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Figure 3. a) Chopped LSV curves, b) incident photon-to-current efficiency spectra (at 1.23 Vgye), ¢) UV-vis diffusive absorbance spectra, d) ABPE,
e,f) charge separation and injection efficiency, g) EIS Nyquist plots (at open-circuit potential), and h) Mott—Schottky plots (at 1 kHz under dark) of the

photoanode films.

density.[?833] The increased electron cloud density facilitates elec-
tron transfer from Ni to Pt via the Pt—=O—M bond, which facili-
tates the transfer of holes from Ba:BiVO,/HfO, to NiPt for OER.
To further understand the crystalline properties and chemical
composition, we directly deposited NiPt onto Ti foil substrate, as
shown in Figure S4 (Supporting Information).

2.2. Photoelectrochemical Activity

PEC water splitting activities were evaluated in 1 M KBi electrolyte
by a standard three-electrode system under AM 1.5G 1-sun illu-
mination. As shown in Figure 3a, the highest photocurrent den-
sity J,;, of %6.5 mA cm™ was achieved for Ba:BiVO,/HfO, /NiPt,
followed by Ba:BiVO, /HfO, (], ~ 3.9 mAcm™) and Ba:BiVO,
(J,n 2.1 mA cm™?), whereas undoped BiVO, gave a ], value of
~0.77 mA cm~2. The pristine BiVO, photoanode exhibited a rel-
atively low J,;, value, which is attributable to both a high surface
defect density and slow charge transfer kinetics, causing recom-
bination losses at the surface. The HfO, passivated photoanode
exhibited an early onset (0.28 V) with a large current density.
This is attributed to surface defect passivation by HfO,, which
can suppress charge recombination at the Ba:BiVO, surface for
efficient charge transport. The surface charge transfer kinetics
can be improved by applying the catalyst a top Ba:BiVO,/HfO,.
The NiPt catalysts on top of BiVO, photoanodes promoted the
water oxidation reaction, and an outstanding J,, together with
a low onset potential (V) for the OER has been achieved. The
atomically dispersed NiPt co-catalyst can eliminate the unneces-
sary charge recombination and the non-Faradaic charging pro-
cess, leading to a significant cathodic shift in V, (20.195 V)
and improved J,, in the entire potential range. This phenomenon
is verified by the OER activity of the NiPt catalyst in 1 M KOH
(Figure S6, Supporting Information). In addition, the effect of Pt
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SAC on PEC performance, relative to SnO,/Ba:BiVO,/HfO, /Ni
photoanode, is shown in Figure S7 (Supporting Information).

We further conducted the incident photon-to-current conver-
sion efficiencies (IPCEs) at 1.23 Vg, and the results are shown
in Figure 3b. The IPCE at 480 nm reaches 7% for the BiVO, pho-
toelectrode. The IPCE increases from 0% at 510 nm to 18% at
~450 nm and remains almost constant until it starts to decrease
at ~#400 nm. The decrease is due to the parasitic absorption by the
FTO glass. After the decoration of the NiPt catalysts, the IPCE val-
ues of the BiVO, photoanodes are much enhanced in the whole
absorption wavelength range, with the extension of photon har-
vesting up to 800 nm. Also, the enhancement within the 520-
800 nm spectral region can be attributed to the scattering and
reflection of incident light by dispersed NiPt particles embedded
within the BiVO, layer, thereby elevating the probability of pho-
ton absorption and contributing to improved solar energy con-
version. The enhanced solar conversion efficiency (~83%) before
520 nm can be mainly attributed to the enhanced charge separa-
tion efficiency (~80%).

We explored the optical properties of pristine BiVO,,
Ba:BiVO,, Ba:BiVO,/HfO,, and Ba:BiVO,/HfO,/NiPt pho-
toanodes using ultraviolet-visible (UV-vis) absorption spectra
(Figure 3c). For the bare BiVO, film, the onset of light absorp-
tion is ~514 nm, corresponding to its bandgap energy. In the
Ba:BiVO,, the band absorption edges shifted to longer wave-
lengths, including the improvement of the E, value. It is in-
teresting to note that HfO, did not alter the optical proper-
ties of Ba:BiVO,. Hence, the HfO, layer is thin enough to
collect solar spectrum efficiently. The introduction of NiPt re-
sulted in a redshift of the onset wavelength, extending the
spectral response up to 800 nm. This can reflect the opti-
mized interfacial interaction between atomically dispersed NiPt
and the BiVO, photoanode, facilitating enhanced charge trans-
fer and improved photon utilization. To clearly determine the
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Table 1. Simulated values of each type of photoelectrodes using the sug-
gested equivalent circuit model along with the corresponding flat-band
potential and carrier concentration.

Photoanodes Rs [Q] Rer [Q] Veg [vs. RHE] Np [em™3]
BiVO, 25 10 400 0.35 3.982%10'
Ba:BivO, 18 3376 0.28 4.757%10®
Ba:BivO, /HfO, 22 750 0.23 1.363*%10"7
Ba:BivVO, /HfO, /NiPt 20 405 0.187 3.875%10'8

potential-dependent solar conversion efficiency, we measured the
applied bias photon-to-current efficiency (ABPE) (Figure 3d). The
BiVO, and Ba:BiVO,/HfO, /NiPt achieved maximum ABPEs of
0.5% and 2.5%, respectively, at 0.8 Vp,y; with AM 1.5G 1-sun il-
lumination.

To have a better understanding of the enhanced water oxida-
tion performance of the photoanode, we investigated the charge
carrier dynamics (i.e., charge injection and charge separation).
We calculated the charge-injection and -separation efficiencies by
performing linear sweep voltammetry (LSV) with a sulfite oxida-
tion reaction in a 1 m KBi electrolyte containing 0.2 M of Na, SO,
(pH 9.0) under AM 1.5G illumination. The calculated charge
separation (1,,) and injection efficiency () are presented in
Figure 3e and f, respectively. The 7, and #;, values can be ex-
tracted from the following Equations (1 and 2):34

nsep = ]Nazsol/]abs (1)

Minj = ]Hzo/INazso3 2)

Figure 3e shows the 5, curves for the BiVO, and Ba:BiVO,
photoanodes. For both electrodes, the separation yield begins to
rise at the anodic part of the flat band potential, reaching 36%
and 60% for the BiVO, and Ba:BiVO,, respectively, at a poten-
tial of 1.23 Vi The successful doping of the impurity into the
BiVO, lattice implies an enhancement in the charge separation
efficiency. Moreover, the #,; of both BiVO, and Ba:BiVO, were
below 50% (Figure 3e), which suggest that more than half of the
photogenerated holes were lost due to surface recombination.
Notably, the Ba:BiVO, /HfO, /NiPt photoanode exhibited a signif-
icantly higher #,,; of 80%, implying a rapid enhancement in in-
jection yield at high anodic potentials, most likely resulting from
surface trap passivation at the electrode/electrolyte interface. Ap-
parently, NiPt led to nearly complete charge injection from the
bulk BiVO, into the surface sites for the OER, avoiding charge
recombination loss.

Figure 3g shows the results of the electrochemical impedance
spectroscopy (EIS), which we used to further elucidate the inter-
facial charge transfer properties. We selected the Randles model,
in which Ry is the electrolyte resistance, CPE is the capacitance
phase element for the semiconductor/electrolyte interface, and
Rcp is the charge transfer resistance across the interface. The
best-fit results with the equivalent circuit model in Figure 3g were
summarized in Table 1. The arcs in the Nyquist plot are related
to charge transfer at the photoelectrode/electrolyte interface. Ac-
cording to the Nyquist plots and the fitting results, the calcu-
lated resistances are observed in the photoelectrodes (in order:
Ba:BiVO,/HfO,/NiPt > Ba:BiVO,/HfO, > Ba:BiVO, > BiVO,)
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under illumination. This reveals that the preferable capability
of the interfacial resistance of the Ba:BiVO,/HfO,/NiPt films is
much smaller than that of bare BiVO,. This facilitates efficient
charge transfer at the interface between the photoelectrode and
electrolyte and in particular, the HfO, overlayer not only facil-
itates the transfer of photogenerated holes but also aids in the
release of accumulated charges from the photoelectrode surface
into the electrolyte, hindering the charge recombination and in-
ducing the facile charge transport of electrons through the films.
Overall, we attribute the enhanced PEC water oxidation perfor-
mance of the Ba:BiVO,/HfO,/NiPt film to the improved trans-
port of photocarriers across the thin HfO, passivation layer to
eventually reaching the active sites of the NiPt electrocatalyst for
the PEC water oxidation reaction.

To evaluate the flat-band potential and hole carrier den-
sity of the photoanode, we measured Mott—Schottky plots at
1 kHz in dark conditions (Figure 3h), including the values pre-
sented in Table 1. The flat band potential (Epp) is negatively
shifted, and the carrier (electron) density increases toward the
Ba:BiVO,/HfO,/NiPt < Ba:BiVO,/HfO, < Ba:BiVO, < BiVO,
films. The Ba:BiVO, generates more donor states in the bandgap,
and the increase in donor density influences the favorable charge
separation and transfer event. The increase of charge carrier den-
sity by HfO, confirms fewer surface states and reduced recombi-
nation due to the passivation effect. To have a better understand-
ing of the photogenerated carrier transfer kinetics and changes
in the density of surface states of the Ba:BivVO, /HfO, /NiPt pho-
toanode, we carefully performed EIS analyses as a function of
applied potential (Figure 4a—e).

2.3. Interfacial Charge Transfer Process and Surface States (SS)

A larger value of trap capacitance (C) and a lower value of
charge transfer resistance would normally result in a larger
photocurrent associated with a more effective charge transfer
from SS.*°) Figure 4a shows the best fitted bulk charge trans-
fer resistance (Ry,) as a function of applied potentials. The
Ba:BiVO, /HfO, /NiPt shows the smallest Ry, over the entire
potential range, followed by bare Ba:BiVO,/HfO,, Ba:BiVO,,
and 6% BiVO,. Upon doping of the Ba element into BiVO,,
we achieve a lower Ry, suggesting that the Ba doping em-
ployed herein improves the charge transfer in the bulk. Anal-
ysis of Ry, values demonstrates that the incorporation of an
HfO, overlayer significantly enhances charge transfer across the
semiconductor-liquid junction (SCLJ) interface. This observation
suggests that the HfO, overlayer plays a crucial role in sup-
pressing surface recombination by effectively passivating sur-
face defect states. It is also apparent that the modification of
the Ba:BiVO, /HfO, electrode with NiPt in particular at low ap-
plied bias potential further improves charge transfer. This im-
provement is expected as NiPt is confirmed to be a good cata-
lyst for water oxidation and it can accelerate the hole transfer
via the BiVO, valence band rather than SS. This behavior can
be attributed to the strong electron exchange between Pt SA and
Ni and the formation of covalent bonds between surface oxygen
sites and NiPt atoms, which promotes charge transfer across the
interface of Ba:BiVO,/HfO, and NiPt with reduced bulk charge
recombination.
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Figure 4. Equivalent circuit parameters obtained from fitting EIS data for the BiVO,, Ba:BiVO,, Ba:BiVO,/HfO,, and Ba:BivVO,/HfO,/NiPt electrodes
under illumination. Ry, @), Rss b), Cpuic ), Css d), and kss and ky, ratios e) as a function of applied potential.

The surface trap resistance (Rgg), which relates to the charge
transfer through SS to the electrolyte, follows the trend BiVO, >
Ba:BiVO, > Ba:BiVO, /HfO, > Ba:BiVO, /HfO, /NiPt (Figure 4b).
The Ry value is gradually decreased with increasing applied
potential for the bare photoanode, whereas they leveled off in
the range of 0.6-1.5 V for the Ba:BiVO,, Ba:BiVO,/HfO,, and
Ba:BiVO,/HfO, /NiPt samples. The remarkable decrease in Ry
demonstrates that Ba doping has a significant influence on the
reduction of surface states.

Interestingly, the capacitance (C,,;, ) associated with charge ac-
cumulation in the bulk shows a peak at 0.6-1.2 V,; (Figure 4c).
This behavior is attributable to charge accumulation due to
the redox process of V#/V>* in the bulk. It is clear that
the peak potential shifts to more positive values, whereas the
peak intensity decreases for Ba:BiVO,, Ba:BiVO,/HfO,, and
Ba:BiVO,/HfO, /NiPt samples. This is consistent with the reduc-
tion peak of V>* to V** in the same applied potential range. More-
over, the Cy ;. values for Ba:BiVO, /HfO, /NiPt undergo a drop in
potential, suggesting that the photogenerated holes accumulate
at the semiconductor/co-catalyst interface until reaching a proper
ratio between photogenerated holes and water-splitting oxidation
intermediates. This supports the key role of the co-catalyst as a
hole accumulation layer, which was also observed for other metal
oxide/co-catalyst systems. The above results clearly demonstrate
NiPt as a promising catalyst with a low onset potential and high
photocurrent for PEC water oxidation. A similar discharge char-
acteristic was also observed for all samples when considering the
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surface state capacitance (Cgg), which arises from the accumula-
tion of charges at SS (Figure 4e). Notably, the peaks observed for
the Cqq curves approximately coincided with the corresponding
V,, values for all samples.

Furthermore, a deeper investigation of the interfacial charge
transfer process is required to highlight the role of the surface
state. First, to ascertain the percentage of charge that is trans-
ferred for different electrodes, we estimate the charge proportion
at the semiconductor/electrolyte interface through Equation (3):

Kss/(Kbulk + Kss) = 1/(1+ Rss/Rbulk) (3)

where K, and Kg¢ are the rate constants for charge transfer
in the bulk and SS, respectively. The charge transfer resistance
is obtained from the fitting data of EIS, shown in Figure 4a—d.
The resulting ratios as a function of the potential are shown in
Figure 4e. A lower Rgq and larger Ry, correspond to a larger
proportion of charge transferred to water at the semiconduc-
tor/electrolyte interface. Therefore, BiVO, has fairly low val-
ues of charge transfer ratio across the applied potential range.
This means that few charges are transferred to the electrolyte
because they suffer from significant surface electron—hole re-
combination. In contrast, the surface recombination of pho-
toanodes has been suppressed in Ba:BiVO, < Ba:BiVO,/HfO,
< Ba:BiVO, /HfO, /NiPt, respectively, leading to remarkable en-
hancement of charge transfer efficiency.
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2.4. Photoelectrochemical Stability

In addition to the high photocurrent efficiency, the high stability
and durability of the photoelectrodes are also critical for practical
applications. Figure 5a compares the current-time (i—t) curves
of four types of photoanodes (pristine BiVO,, SnO,/BiVO,,
Sn0,/Ba:BiVO,, and Sn0O, /BiVO,/HfO,) operated at 1.23 Vp;.
Note that due to the serious photocorrosion and V°* dissolu-
tion from the crystal lattices, the pristine BiVO, exhibited a
rapid decrease of the photocurrent, signifying a relatively poor
PEC stability. Also, BiVO, can sometimes contain bismuth ox-
ide phases on its surface due to oxidation or surface transforma-
tions. These phases can introduce additional energy levels within
the bandgap, acting as recombination centers for charge carriers.
This recombination reduces the lifetime of charge carriers and
limits their ability to participate in efficient photocurrent gener-
ation. The SnO, (10 nm)/BiVO, photoanode film improves the
stability up to 4 h, indicating that SnO, can block holes to sup-
press recombination via FTO-related defects at the FTO/BiVO,
interface. It is worth noting that without the SnO, interfacial
layer, the photoelectrons can be trapped at these defect sites, lead-
ing to accumulation of negative charges at the FTO/BiVO, inter-
face. Additional electrons will be repelled by this negative charge
and remain in the bulk. This reduces the band bending in BiVO,
and allows the photogenerated holes to reach the FTO/BiVO, in-
terface and recombine with the trapped electrons. This result re-
veals that SnO, plays an important role in stability by prevent-
ing the photogenerated holes from reaching the defect state. This
leads to less recombination and a higher collection efficiency.*®!

Furthermore, SnO,/Ba:BiVO, showed a significant photocur-
rent with 10 h stability, revealing that the substrate passiva-
tion and barium dopant increased the bulk charge separa-
tion (Figure 5a). We also verified the long-term stability of the
Sn0O,/Ba:BiVO,/HfO, photoanode to understand the role of
HfO, at the BiVO, interface. The photocurrent densities were
fairly sustainable until 20 h, revealing excellent stability due to
the conformal semi-crystalline HfO, protective layer. During the
continuous illumination from 0-20 h, 95% of the initial pho-
tocurrent density was maintained for the photoanode with the
HfO, overlayer, while there was as little as 25% photocurrent den-
sity left for the bare photoanode. To ensure reproducibility, these
primary findings include SnO, underlayers, Ba ion dopants, and
HfO, passivation tests performed repeatedly with different batch
samples.

Finally, we deposited the single-atom NiPt co-catalysts on
the SnO,/Ba:BiVO,/HfO, photoanode under similar condi-
tions. The Ba:BiVO,/HfO,/NiPt photoanode achieved good sta-
bility (~800 h) while maintaining a high photocurrent density
(~6.5 mA cm™2), presented in Figure 5b. These results clearly
demonstrate that the decoration of NiPt catalysts not only signifi-
cantly promotes the PEC activity but also effectively enhances the
PEC stability of the BiVO, photoanodes. The surface morphol-
ogy and composition of the photoanodes are almost unchanged
after the 800-h stability test, demonstrating the promising role
of HfO, and NiPt as protective layers against corrosion. To un-
derstand the surface morphology, we verified the structure and
composition of the SnO,/Ba:BiVO,/HfO,/NiPt photoanode via
HR-TEM analysis (Figure 5c—j) after the ~800-h stability test. Im-
portantly, no deformation of the morphology was observed, and
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the HfO, passivation layer still protected the photoactive BiVO,.
The NiPt co-catalyst morphology was expanded like the bundle
structure, implying that during the stability test, the composi-
tion reconstruction was unavoidable. This is likely due to the
Ni-based catalyst in the form of hydroxide and oxy-hydroxide,
which includes Pt active centers due to the re-deposition pro-
cess. After long-term durability testing, the Ni® peak disappeared,
while the Ni(OH), peak gradually increased. The presence of
Ni** ions facilitate the generation of Ni**(0)-OH intermediates.
This is consistent with the XPS analysis of the sample after sta-
bility testing, presented in Figure S8a,b (Supporting Informa-
tion). Meanwhile, the reconstruction process during PEC reac-
tion can deduce to the formation of Pt@NiOOH or Pt@Ni(OH),
is more likely and can function as a robust OER catalyst. More-
over, the atomically dispersed NiPt catalyst was confirmed to be
more stable against Pt dissolution. This attested that the atom-
ically dispersed NiPt alloy was maintained after long stability
testing and seen in Figure S9(a—c) (Supporting Information).
The results indicate that Pt atoms are strongly anchored to the
Ni, or Ni(OH), or NiOOH lattice, preventing their migration
and aggregation into larger clusters even under prolonged PEC
conditions.

The rapid development of BiVO,-based photoanodes has been
achieved for enhanced photocurrent density and photostabil-
ity, as summarized in Figure 5k.1'7:182837-4901 According to state-
of-the-art research, surface-engineered BiVO, photoanodes op-
erate for ~ 500 h under 1.23 Vy; and for ~ 1100 h under
0.4 Vi A noteworthy feature of our photoanode film is that
it achieved high photocurrent density and operated for up to
~800 h with minimal photocurrent loss, even at 1.23 Vpyyp. Dur-
ing steady-state testing, the photoanode was more stable due
to the lattice stabilization by isolated NiPt atoms with high ac-
tive site energy as well as the formation of the Ni-O-Pt bond
without obvious dissolution or clustering during the durability
test.

3. Conclusion

In summary, we demonstrated a Ba-doped BiVO, electrode com-
posed of HfO, (=10 nm) passivation with a NiPt co-catalyst
for the PEC water oxidation under mild alkaline conditions.
The HfO, passivated photoanode exhibits a cathodic onset shift
(0.28 Vpyyp) with a large current density, which can be attributed
to surface defect passivation by HfO, facilitating an efficient
charge transfer event. In particular, Ba:BiVO,-induced excessive
oxygen vacancies can act as active intermediates for the wa-
ter oxidation reaction in the presence of V** species. Detailed
electrochemical analysis using EIS revealed the charge trans-
fer/recombination processes of Ba:BiVO,/HfO,/NiPt. The syn-
ergistic interaction between isolated single-atom sites and Ni—Pt
coordination within the Ba:BiVO,/HfO,/NiPt architecture re-
sults in exceptional charge transfer and separation at the pho-
toanode surface, significantly enhancing PEC performance and
operational stability. This remarkable design achieved a record
durability exceeding 800 h, exhibiting negligible degradation at
~6.5 mA cm~? at 1.23 V versus RHE under AM 1.5 illumination.
This study will pave a new path for addressing the challenge of
durable, long-term photoelectrode operation for energy conver-
sion applications.
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Figure 5. a) and b) Stability test of the photoanode films (at 1.23 Vpye), ¢) HR-TEM image of BiVO,/HfO,/NiPt after 800-h stability test, d—j) EDS
mapping of elements such as Bi, V, Ba, Hf, O, Ni, and Pt after 800-h stability test, and k) the photocurrent density and stability of recent reported BiVO,
photoanode films.
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4. Experimental Section

Materials: ~ Sulfuric acid (H,SO,4, 98%, DAEJUNG), Hydrogen per-
oxide (H,0,, 28%, DUKSAN), Anhydrous ethanol (C,H;OH, DAE-
JUNG), Acetone (C3HgO, DAEJUNG), Bismuth (IIl) nitrate pentahy-
drate (Bi(NO3)3-5H,0, Sigma-Aldrich, 98%), Vanadium (V) oxytripropox-
ide (CqH,104V, 99+%, Alfa Aesar), Barium nitrate (Ba(NOj3),, Dimethyl-
formamide (DMF anhydrous, 99.8%, Sigma-Aldrich), Dimethyl sulfoxide
((CH3),SO, 99+%, Alfa Aesar), Sodium hydroxide (NaOH, flake (98%),
Chloroplatinic acid hexahydrate (H,PtClge6H,0, 99.9%, Sigma-Aldrich),
Nickel(Il) chloride hexahydrate (NiCl,.6H,0, DC chemical), Boric acid
(H3BO3, 99.5%, OCl), high pure nitrogen (N, 99.999%, Shinbiochem),
the deionized (DI) water, with a resistivity of 18.25 MQ cm™', used in all
experiments were prepared using ultrapure purification systems (PURE-
LAB, Elgalab).

Fabrication of the Ba-Doped BiVO, Photoanode Film: FTO glass sub-
strates (58-72 ohm sq.”!, MTIKOREA) were ultrasonically cleaned in ace-
tone, Dl water, and ethanol for 15 min each, followed by a chemical etching
treatment in a 1:1:3 ratio of H,0:H,0,:H,SO, for 15 min. This procedure
promotes strong film adhesion and ensures uniform deposition of the
photoanode. The 10 nm thick SnO, layer was deposited onto the cleaned
FTO using atomic layer deposition (ALD, NCD (Lucida D100)) employing
tetrakis (dimethylamino)tin(IV) (TDMASh, 99.99% Sn, Strem Chemicals)
and water as precursors. A consistent growth rate of 0.014 nm per cycle
was verified by alpha-step measurements, and nitrogen (99.9999%) was
used as the carrier gas at a flow rate of 50 sccm. The Sn sub-cycle consisted
of the following steps: 2 s of TDMASh pulse, followed by 15 s of N, purge,
then 2 s of H,O pulse, and finally 15 s of N, purge. The as-deposited films
were then annealed in a muffle furnace at 400 °C for 30 min. For Bi elec-
trodeposition, 0.04 m Bi(NO3)3-5H,0 was dissolved in 25 mL DMF and
25 mL DI water. The above solution was purged with Ar gas for 30 min.
A constant potential of —1.5 Vg, Was applied for 3 min to fabricate
the BiVO, photoanode film. Then, C4H,;04V in DMSO was placed on the
as-prepared film and dried at 50 °C in an oven for 10 min before annealing
at 450 °C for 2 h in air. Excess V,05 was removed by dipping in an alkali
solution and the film was rinsed with DI water and dried in nitrogen. For
barium doping, the electrochemical bath solution was prepared with the
appropriate amount of Ba(NO;),, while all other processes remained the
same as for the pristine BiVO,.

Fabrication of HfO, Passivation Layer over Ba-Doped BiVO, Photoanode
Film: ~ALD of HfO, was performed at 150 °C using a Lucida D100 system
from NCD. Tetrakis (ethylmethylamino)hafnium (TEMAH) served as the
hafnium precursor, and DI water was used as the oxygen source. The tem-
perature of the hafnium precursor was kept at 40 °C, while DI water was
kept at room temperature. High-purity N, (99.9999%) was the carrier and
purging gas. Under these deposition conditions, one ALD growth cycle
consisted of the following sequence: tetrakis (ethylmethylamino)hafnium
pulse, followed by an N, purge, then an H,O pulse, and a final N, purge.
The Ba:BiVO, photoanode was coated with HfO, using different ALD cy-
cle numbers: 50, 75, and 100 cycles, resulting in film thicknesses of 5, 10,
and 15 nm, respectively. The thickness was determined from a growth rate
of 0.14 nm per ALD cycle, using ellipsometry measurements with a Veeco
Dektak 150 ellipsometer.

Deposition of NiPt over Ba:BiVO,/HfO, Photoanode: For NiPt depo-
sition, 0.2 m NiCl,.6H,0, 0.2 m H3BO;3, and 3 mM H,PtClge6H,0O were
dissolved in 50 mL of DI water, and 1 mL of 0.5 m KCl| was then added
to the solution. Electrochemical deposition was performed in a three-
electrode cell comprising the Ba:BiVO,/HfO, photoanode as the working
electrode, Pt foil as the counter electrode, and saturated Ag/AgCl as the
reference electrode. A constant potential of —0.8 V was applied for 100
s. The as-deposited NiPt composite was then cleaned with ethanol and
DI water and dried in N, gas. The fabricated samples were designated as
Ba:BiVO, /HfO, /NiPt.
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