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Abstract 
 
Photoanodes used in a water-splitting photoelectrochemical cell are almost always paired with an 
oxygen evolution catalyst (OEC) to efficiently utilize photon-generated holes for water oxidation 
because the surfaces of photoanodes are typically not catalytic for the water oxidation reaction. 
Suppressing electron-hole recombination at the photoanode/OEC interface is critical for the OEC 
to maximally utilize the holes reaching the interface for water oxidation. In order to explicitly 
demonstrate and investigate how the detailed features of the photoanode/OEC interface affect 
interfacial charge transfer and photocurrent generation for water oxidation, we prepared two 
BiVO4(010)/FeOOH photoanodes with different Bi:V ratios at the outermost layer of the BiVO4 
interface (close to stoichiometric vs Bi-rich) while keeping all other factors in the bulk BiVO4 and 
FeOOH layers identical. The resulting two photoanodes show a striking difference in the 
photocurrent onset potential and the photocurrent density for water oxidation. The ambient 
pressure X-ray photoelectron spectroscopy results show that these two BiVO4(010)/FeOOH 
photoanodes show drastically different Fe2+:Fe3+ ratios in FeOOH both in dark and under 
illumination with water, demonstrating the immense impact of the interfacial composition and 
structure on interfacial charge transfer. Using computational studies, we reveal the effect of the 
surface Bi:V ratio on the hydration of the BiVO4 surface and bonding with the FeOOH layer, 
which in turn affect the band alignments between BiVO4 and FeOOH. These results explain the 
atomic origin of the experimentally observed differences in electron and hole transfer and solar 
water oxidation performance of the two photoanodes having different interfacial compositions.  
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Introduction 
 

In a water-splitting photoelectrochemical cell (PEC), a semiconductor electrode 
(photoelectrode) can directly utilize photon-generated charge carriers (electrons and holes) for 
water reduction and oxidation reactions.1,2 The band edge positions and work function of the 
photoelectrode affect the generation, separation, transport, and utilization of the photon-generated 
charge carriers for water-splitting reactions. In general, the surfaces of most photoelectrodes are 
not particularly catalytic for water reduction or water oxidation reactions. Thus, for the efficient 
utilization of surface reaching electrons and holes for water-splitting reactions the photocathode 
and photoanode are paired with a hydrogen evolution catalyst (HEC) and an oxygen evolution 
catalyst (OEC), respectively.3 

In our recent study, we showed that when a ternary oxide containing two different metal 
ions, such as BiVO4, is used as a photoanode, the surface metal composition (i.e., the surface Bi:V 
ratio) may not necessarily be the same as the bulk metal composition and can also be intentionally 
tuned.4 This can have an immense impact on the band edge positions and work function, even for 
the same facet exposed on the surface, thereby altering the band bending and the electron-hole 
separation at any given potential. This observation made us wonder how the variation of the surface 
composition of the same photoelectrode can impact the photoelectrode/catalyst junction when the 
same catalyst layer is deposited on the photoelectrode. We postulated that even when the same 
pair of photoelectrode and catalyst is selected, the details of the interfacial atomic composition and 
structure may affect the band alignments at the interface, influencing the interfacial electron-hole 
recombination and the overall solar-to-fuel conversion efficiency. We note that to the best of our 
knowledge, the impact of varying the interfacial structure formed between the same photoelectrode 
and catalyst pair on interfacial charge recombination has never been investigated prior to this work.  

In our previous study establishing the impact of the surface Bi:V composition on the 
surface energetics of BiVO4, we prepared and thoroughly characterized epitaxially grown 
BiVO4(010) photoanodes with two different surface Bi:V ratios (i.e., close to stoichiometric and 
Bi-rich).4 Also, we identified theoretical BiVO4 surface models that can closely mimic these two 
experimental surfaces by matching simulated scanning tunneling microscopy (STM) images from 
various surface models with the experimentally obtained STM images of the real samples.4 In the 
current study, using these previously well-established experimental and theoretical BiVO4(010) 
surfaces with two different Bi:V surface ratios, we assembled BiVO4/FeOOH photoanodes where 
FeOOH serves as an OEC. These two samples, composed of the identical BiVO4 and FeOOH pair 
but different interfacial Bi:V compositions, offer an ideal opportunity to investigate the impact of 
the photoanode/catalyst interface on interfacial electron and hole transport. The two 
BiVO4/FeOOH photoanodes show strikingly different photoelectrochemical oxygen evolution 
reaction (OER) performances, which is solely due to the difference at the BiVO4/FeOOH interface. 
We performed computational as well as experimental investigations, including ambient pressure 
X-ray photoelectron spectroscopy (AP-XPS) under illumination with water, to probe interfacial 
charge transfer and band alignments between BiVO4 and FeOOH. Using these results, we offer an 
atomic level understanding of how the BiVO4/FeOOH interfacial composition and structure affect 
the interfacial band alignments and electron and hole transfer, directly impacting the OER 
performances.    
 
 
Methods 
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Experimental Study 
  
Epitaxial BiVO4(010) Film Preparation. The epitaxial BiVO4(010) thin film was deposited on 
commercial (100)-oriented yttrium-stabilized zirconia (YSZ) single-crystalline substrates (MTI 
Corp) by pulsed laser deposition (PLD) using a KrF excimer laser (λ = 248 nm) operated at a 
repetition rate of 20 Hz and a fluence of 1.8 J/cm2 at the target, to ensure stoichiometric target-to-
film elemental transfer. The ceramic target is prepared by pressing commercial BiVO4 powder 
(Alfa Aesar, 99.9%, ~200 Mesh) into pellets and sintering them at 710 °C for 10 hours. A 50-nm-
thick indium tin oxide (ITO) layer is epitaxially deposited over the YSZ substrates at 600 °C under 
a base pressure of 6 × 10-7 Torr as a conductive buffer layer. Subsequently, the BiVO4 layer is 
grown at 675 °C in an oxygen atmosphere under a pressure of 2 × 10-2 Torr.  
 The BiVO4(010) thin film with a Bi-rich surface was prepared by immersing as-prepared 
BiVO4 in a 15 mL 0.1 M NaOH (Sigma-Aldrich, 97%) solution for 1 min. The samples were then 
rinsed with deionized water (Barnstead GenPure Pro UV, resistivity >18 MΩ cm) and blow dried 
with air. 

 
Photoelectrochemical deposition of FeOOH on BiVO4. The photoelectrochemical deposition 
of FeOOH was adapted from a previous paper and adjusted for this study.5 The potentiostat, 
electrochemical set up, and light source used here are identical to those described in the 
photoelectrochemical characterization section with the addition of neutral density filters to the 
light source to adjust the light intensity on the BiVO4 working electrode surface to 4 mWcm-2. The 
plating solution was prepared by purging 60 mL of deionized water with N2 for 1 hour to remove 
dissolved O2 then adding 10 mM FeSO4·7H2O (Aldrich, 99%). The pH of the solution was 4.9. 
The FeOOH was deposited under illumination at a constant current of 10 μA/cm2 for 50 s, 
corresponding to 0.5 mC/cm2 of charge passed. During illumination photogenerated holes in the 
valance band of BiVO4 are used to oxidize soluble Fe2+ to insoluble Fe3+ in a pH 4.9 solution, 
causing it to deposit as FeOOH onto the BiVO4 surface. The electrical bias applied to maintain a 
current density of 10 μA/cm2 creates an additional band bending at the BiVO4 photoelectrode 
surface and facilitates the photoelectrochemical deposition of FeOOH. The electrodes were then 
rinsed with deionized water and blow dried. The applied current and charge passed were optimized 
for this study such that significant enhancement of water oxidation was seen after FeOOH 
deposition, but the FeOOH layer was thin enough that the surface Bi:V ratio of the underlying 
BiVO4 layer can still be quantified by XPS. 

 
Characterization. The morphology of the electrodes was examined by SEM (LEO 1530 
microscope, Gemini) at an accelerating voltage of 2 kV. The crystallinity and orientation were 
confirmed using XRD (D8 Advance X-ray diffractometer, Bruker) using nickel-filtered copper 
Kα-radiation with λ = 1.5418 Å. The optical absorbance of the electrodes was measured using a 
Cary 5000 ultraviolet–visible–near infrared spectrophotometer (Agilent) with an integrating 
sphere to simultaneously collect reflectance and transmittance from the electrodes. Transmission 
electron microscopy (TEM) images of BiVO4/FeOOH samples were collected with a field 
emission transmission electron microscope (FEI Tecnai TF 30) operated at 300 kV. For the 
preparation of TEM samples, BiVO4-FeOOH powders were obtained by scratching the films and 
the resulting powders were dispersed into ethanol. Then, the colloidal solution was drop-casted on 
a TEM grid (400 mesh copper grid supported with Lacey carbon, Electron Microscopy Sciences). 
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The Bi:V ratios of BiVO4 and BiVO4/FeOOH samples were measured by XPS (K-Alpha X-ray 
photoelectron spectrometer, Thermo Scientific) using monochromatized Al Kα X-ray (1486.6 eV) 
as the excitation source. The Bi 4f and V 2p core level spectra were obtained with a pass energy 
of 20 eV, and atomic percentages were calculated by integrating the peak areas using Avantage 
software (Thermo Scientific v.5.9919). 

 
Photoelectrochemical characterization. All photoelectrochemical measurements were 
performed using an SP-200 potentiostat (Bio-Logic). An undivided 3-electrode cell was used with 
BiVO4 as the working electrode, Pt as the counter electrode, and Ag/AgCl (4 M KCl) as the 
reference electrode. All potentials were converted to potential versus the reversible hydrogen 
electrode (RHE) using the following equation (where NHE is normal hydrogen electrode).  
 

E(vs RHE)  =  E(vs Ag/AgCl) + EAg/AgCl(RE) + 0.0591 V × pH 
(EAg/AgCl(RE) = 0.1976 V vs NHE at 25 °C)            (1) 
 
Simulated solar light was generated using an LCS-100 solar simulator (Oriel Instruments) 

equipped with a 100 W Xe arc lamp (Newport) and an AM 1.5 G filter. An infrared filter (Newport) 
and a focusing lens were placed between the light source and the electrode, and the intensity of 
light was calibrated to 1 sun (100 mW/cm2) at the back side of the BiVO4 electrode using a 
National Renewable Energy Laboratory-certified GaAs reference cell (photovoltaic measurement). 
Photoelectrochemical J-V measurements were performed in a 0.5 M H3BO3 (Sigma-Aldrich, 
99.5%) buffer solution in deionized water adjusted to pH 9.3 with KOH (Sigma-Aldrich, 85%). 
For sulfite oxidation measurements, 0.4 M Na2SO3 (Sigma-Aldrich, ≥ 98%) was added to the 0.5 
M borate buffer, and the final pH was 9.3. Photocurrent onset is reported as the open circuit 
potential in the given electrolyte under AM 1.5 G illumination where the photocurrent density is 
zero. 

 
AP-XPS Studies. The chemical states of Fe, Bi, and V on the surfaces of the s-BiVO4/FeOOH 
and Bi-BiVO4/FeOOH photoelectrodes in dark, with water, and with water and light were 
examined by collecting Fe 2p, V 2p, and Bi 4f core level photoelectron spectra using an ambient-
pressure X-ray photoelectron spectroscopy instrument (AP-XPS) equipped with a differentially 
pumped hemispherical analyzer (SPECS PHOIBOS NAP 150) and a monochromatic Al Kα X-ray 
source (1486.6 eV). The base pressure is kept lower than 1 × 10-8 mbar. The measurement with 
water was carried out by dosing water, which is degassed by at least three consecutive freeze-
pump-thaw cycles until no bubble evolves, into the XPS chamber at a pressure of 1.5 mbar. For 
the measurement with light, an ultraviolet lamp (Thorlab M365LP1 LED source, 365 nm) was 
installed on the XPS chamber window, and the light is focused on the sample by a convex lens. 
XPS results were calibrated by setting the binding energy of the Bi 4f7/2 peak to 159.0 eV6 and 
analyzed using CasaXPS software. While the C 1s peak (284.8 eV) from adventitious carbon 
contamination has been commonly used to calibrate the binding energies, due to the various and 
uncertain chemical nature of adventitious carbon (e.g., the ratio between C-C carbon and C-O 
carbon), the C 1s peak can be broad and may shift between samples, making it an unreliable 
reference. In this study, we take advantage of the presence of Bi3+ in our sample. The Bi 4f orbitals 
are drawn close to the atomic core and buried deeply in the electronic shell composed of 5d, 6s, 
and 6p orbitals.7 As a result, they are less affected by their chemical environment and typically 
produce sharp XPS spectral lines. Indeed, according to binding energy values available from the 
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NIST database, a variety of bismuth oxides, including BiVO4, Bi2O3, and NaBiO3, all have the Bi 
4f7/2 binding energy close to 159.0 eV.6 In the case of multi-peak fitting for each Fe 2p spectrum, 
we introduced a set of rigorous constraints on the fitting parameters. These constraints encompass 
peak area, peak distance, and peak width, all of which serve to minimize fitting errors. Specifically, 
the ratio of peak areas between 2p1/2 and 2p3/2 was constrained to maintain a 1:2 proportion. 
Additionally, we enforced equal values for the full width at half maximum (FWHM) of 2p1/2 and 
2p3/2, not only within each doublet but also across all experimental conditions. Furthermore, the 
peak distance between 2p1/2 and 2p3/2 within each doublet was consistently constrained to be 
uniform across all experimental conditions. We note that the constraint parameters align well with 
the reported values in the literature.8,9 
 
Computational Methods  

 
Our first-principles calculations were based on Kohn–Sham DFT and used the PBE 

functional,10 as implemented in the Quantum ESPRESSO (v.7.0)11,12code. We used norm-
conserving pseudopotentials13,14 with a 90 Ry energy cutoff, and a uniform k-point grid with 0.01 
Å–1 spacing for bulk cells and the same spacing, but only in the direction parallel to the interface, 
for slabs. Atomic forces were converged within 1 meV∙Å–1 for bulk configurations (see below for 
the criterion used for slabs).  All calculations were spin-polarized and included a Hubbard term 
(U)15 correction to the d electrons of the transition metals (vanadium and iron). For vanadium sites 
in BiVO4, we adopted U = 2.7 eV and validated against hybrid functional calculations in our 
previous work4,16 on the BiVO4(010) surface. For irons sites in FeOOH, we used U = 3.5 eV to 
best match the structural, electronic, and magnetic properties obtained in experiments. Specifically, 
our calculated lattice parameters of  γ-FeOOH (a=3.919 Å, b=12.602 Å and c=3.131 Å) are within 
2% of the experimental measurements17,18. We obtained a band gap of 1.8 eV that is close to the 
experimentally measured band gap 2.06 eV,17  and an anti-ferromagnetically (AFM) ordered 
ground state, consistent with experiments17,19 and previous computational studies.20,21 

 
Atomistic models of BiVO4 and FeOOH surfaces. To build atomistic slab models of dry BiVO4 
interfaced with FeOOH, we used the stoichiometric and Bi-rich BiVO4(010) surface structures 
adopted in our previous work.4 We then generated hydrated BiVO4 surface structures by extracting 
representative snapshots from First-Principles Molecular Dynamics (FPMD) simulations of 
BiVO4 interfaced with liquid water after equilibration. Liquid water was represented with 64 water 
molecules. FPMD simulations were carried out at finite temperature (330 K) using the Qbox code 
(versions 1.75.0 and 1.74.2), employing the SCAN functional22 and norm-conserving 
pseudopotentials13,14 with a kinetic-energy cutoff of 80 Ry. Details of these simulations will be 
reported elsewhere. The hydrated stoichiometric (010) model used in this work consists of both 
molecularly adsorbed and dissociatively adsorbed water on the BiVO4 surface, with molecular 
adsorbates being more abundant, given their relative energetic stability, in agreement with 
previous theoretical studies.23–25 The Bi-rich model is built starting from a stoichiometric one, 
following a procedure that mimics experimental conditions. In experiments4 the Bi-rich BiVO4 
surface is obtained by treating a sample with a stoichiometric surface with a 0.1 M NaOH solution, 
which strips away the top-most vanadium layer. The resulting Bi-rich surface obtained in a 
strongly basic solution is most likely hydroxylated. Hence, to computationally model the Bi-rich 
surface, we considered a stoichiometric slab terminated by four Bi(OH)3 groups. 
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Finally, since all of our electronic structure calculations were carried out at the PBE+U 
level of theory, we further relaxed (i.e., we further optimized the atomistic configurations of) the 
snapshots extracted from FPMD simulations at the PBE+U level of theory with the Quantum 
ESPRESSO code; atomic forces were converged within 100 meV∙Å–1. For stoichiometric BiVO4 
slabs, a monolayer of molecularly adsorbed water as well as dissociatively adsorbed water were 
kept on the surface, and the remaining water molecules present in FPMD simulations were 
removed. For Bi-rich BiVO4 slabs, the surface was terminated by four Bi(OH)3 groups and all the 
water molecules present in FPMD simulations were removed.  

In the case of  γ-FeOOH, we used a layered crystal structure17 along the [010] 
crystallographic direction, and the (010) surface could be directly obtained without any further 
treatment. In addition, the (010) surface is naturally terminated by OH groups, and thus no further 
hydroxylation was considered. For surface calculations in contact with vacuum, we used a 2x2x3 
supercell (the 2x in the in-plane direction is necessary to describe the AFM ordering) and included 
40 Å of vacuum; we checked the convergence of the band alignment with respect to slab and 
vacuum thickness. The slab was relaxed with forces converged within 100 meV∙Å–1. 

 
Atomistic models of FeOOH-BiVO4 heterostructures. In our model heterostructures, we 
included 6 atomic layers of BiVO4 and 10 atomic layers of FeOOH. All the interfaces were formed 
between BiVO4(010) and FeOOH(010) surfaces and all the heterostructures were relaxed with 
forces converged within 100 meV∙Å–1. For the stoichiometric case without hydration, we used the 
p2pint code26 to generate four FeOOH-BiVO4 heterostructures with different Fe-O-Bi bond angles 
and bond distances by rotating the FeOOH(010) surface with respect to the BiVO4(010) surface 
around the [010] axis by different angles, and by translating the two BiVO4 and FeOOH(010) 
surfaces relative to each other. We used the in-plane lattice parameters of the BiVO4 slab to 
construct the heterostructures: in experiments, BiVO4 serves as the substrate for FeOOH growth, 
and thus BiVO4 is not strained, while FeOOH is expected to be. For the Bi-rich case without 
hydration, we generated one heterostructure with the same procedure outlined above. For the 
hydrated stoichiometric and Bi-rich heterostructures, we adopted the same in-plane lattice 
parameters as in the non-hydrated cases, and we substituted the dry Bi-rich BiVO4(010) surface 
with the corresponding hydrated BiVO4(010) surface model. 
 
Calculation of band alignments. We computed the band alignments between BiVO4 and 
FeOOH using two different methodologies, which in all cases gave consistent results: (i) 
electrostatic potential (EP) alignment27,28 and (ii) calculation of the local density of states (LDOS). 
29,30 We applied method (i) to obtain the band alignments both before and after contact and method 
(ii) to obtain the band alignments after contact.  To obtain the band alignments before contact with 
method (i), we calculate the energy (εslab) of the CBM and VBM of each slab model relative to 
vacuum, according to the following equations: 
 

𝜀𝜀slab
CBM = 𝜀𝜀bulk

CBM + ∆Vslab
vac = 𝜀𝜀bulk

CBMabs −V�bulk + V�slab − Vslab
vac                                (2) 

𝜀𝜀slab
VBM = 𝜀𝜀bulk

VBM + ∆Vbulk
vac = 𝜀𝜀bulk

VBMabs − V�bulk + V�slab −Vslab
vac                               (3) 

In eqs. 2-3, 𝜀𝜀bulk
CBM and 𝜀𝜀bulk

VBM are the band edge positions computed with respect to the average 
electrostatic potential of the bulk semiconductor in a periodic supercell, calculated as 
(𝜀𝜀bulk

VBM/CBMabs − V�bulk ), and  𝜀𝜀bulk
VBM/CBMabs  is the absolute value of the energy of the CBM and VBM 
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computed for the bulk phase; V�bulk  is the average electrostatic potential of the bulk phase, where 
we used the pristine bulk structure of BiVO4 and FeOOH for our calculations; ∆Vbulk

vac  is the 
electrostatic potential of the material relative to vacuum and can be obtained in each slab model in 
contact with vacuum as: V�slab − Vslab

vac . Here V�slab is the averaged electrostatic potential in the slab 
model, computed in the bulk region, and Vslab

vac  is the vacuum level in that slab model, where in our 
calculations we included a dipole correction if dipole moments were present on the surface.  
 To obtain V�slab, we first calculated a planar average of the potential (V) perpendicular to 
the slab surface using eq. 4 below and then applied a windowing average to obtain V�slab using eq. 
5. 

 

𝑉𝑉�(𝑧𝑧) = 1
𝐴𝐴𝑥𝑥𝑥𝑥

∫ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑉𝑉(𝑥𝑥, 𝑦𝑦, 𝑧𝑧)                                                                  (4) 

V�slab = 1
2𝑙𝑙 ∫ 𝑑𝑑𝑑𝑑𝑙𝑙

−𝑙𝑙 𝑉𝑉�(𝑧𝑧)                                                                                (5) 

In eqs. 4-5, 𝑉𝑉(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) is the electrostatic potential arising from atomic nuclei and valence electrons; 
𝐴𝐴𝑥𝑥𝑥𝑥 is the area of the plane parallel to the surface in our slab model, and 𝑙𝑙 is the spacing we chose 
along the axis perpendicular to the surface to obtain the average, which is taken within the bulk-
like region of the slab. 

The band edge positions of FeOOH (100) shown in Figure 5b were obtained by using the 
differences between the band edges of the (010) and (100) facets of FeOOH, as reported in a 
previous study.31  

The band alignment of the two oxides after contact is obtained by lining up the average 
electrostatic potential of the two materials in the heterostructure. The conduction and valence band 
offsets between the two materials (CBO and VBO, respectively) were calculated using the 
following equations: 

CBO = 𝜀𝜀bulk-BVO
CBM  − 𝜀𝜀bulk-FeOOH

CBM  + ∆𝑉𝑉hetero                                            (6) 

VBO = 𝜀𝜀bulk-BVO
VBM  − 𝜀𝜀bulk-FeOOH

VBM + ∆𝑉𝑉hetero                                             (7) 

In eqs. 6 and 7, 𝜀𝜀bulk-BVO
CBM/VBM are the respective quantities entering eq.2, and the calculations for bulk 

FeOOH were conducted for the atomic structure (and lattice constant) corresponding to the bulk-
like region of FeOOH in the heterostructure, so as to include strain and possible structural 
distortion effects caused by the interface. ∆𝑉𝑉hetero is the average electrostatic potential difference 
between BiVO4 and FeOOH regions in the heterostructure computed in their corresponding bulk-
like regions in the heterostructure using eqs.4 and 5. 

The method based on LDOS calculations (method (ii) above) evaluates the band offset 
between the two materials using the following equations: 

 

CBO = 𝜀𝜀BVO
CBM − 𝜀𝜀FeOOH

CBM                                                                  (8) 

VBO = 𝜀𝜀BVO
VBM − 𝜀𝜀FeOOH

VBM                                                                  (9) 

In eqs. 8-9, 𝐸𝐸CBM/VBM are the CBM (VBM) in the bulk-like BiVO4 and FeOOH regions in the 
heterostructure.  
 The LDOS in the direction z perpendicular to the interface is defined as: 
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𝐷𝐷(𝜀𝜀, 𝑧𝑧) = 2∑ |< 𝑧𝑧|𝜓𝜓𝑛𝑛 > |2𝛿𝛿(𝜀𝜀 − 𝜀𝜀𝑛𝑛)𝑛𝑛                                                 (10) 

In eq. 10, |< 𝑧𝑧|𝜓𝜓𝑛𝑛 > |2 is the square modulus of the single particle wavefunction 𝜓𝜓𝑛𝑛 integrated in 
the xy plane parallel to the interface, and the factor of 2 accounts for spin degeneracy; 𝜀𝜀𝑛𝑛 is the 
Kohn-Sham eigenvalue corresponding to the wavefunction 𝜓𝜓𝑛𝑛 . We used the abinitioToolKit 
code,32 which implements eq. 10 to obtain the band alignment after contact. 

We found that for the hydrated stoichiometric BiVO4/FeOOH heterostructure, LDOS 
calculations yielded inaccurate results (that is values of the band edges showing oscillations over 
z that were too large to obtain accurate results). Therefore, we applied only method (i). In all other 
cases we applied methods (i) and (ii) and obtained consistent results. 
 
 
Results and Discussion 

 
Synthesis and characterization. The crystal structure of monoclinic scheelite BiVO4 can be 
reported as an I-centered cell or a C-centered cell and the (hkl) indices of BiVO4 used in this study 
are with respect to the C-centered monoclinic cell (C 2/c)4,33. The epitaxial BiVO4(010) films used 
in this study were prepared by pulsed laser deposition following the procedure published 
previously4,34. Yttrium-stabilized cubic zirconia (YSZ) was used as the substrate after coating the 
surface with a thin epitaxial layer of indium tin oxide (ITO) to make the substrate electrically 
conductive. The Bi:V ratios of the as-deposited BiVO4(010) determined by X-ray photoelectron 
spectroscopy (XPS) and low energy ion scattering spectroscopy (LEIS)4 were 47:53 and 43:57, 
respectively. While the surface is slightly V-rich, the surface Bi:V ratio of the as-deposited 
BiVO4(010) film is very close to 1:1. Thus, we will refer to this sample as stoichiometric BiVO4 
(s-BiVO4 in short) in this study. In our previous study, we reported a simple base-treatment method 
that can remove V only from the outermost layer with negligible change in the underlying bulk 
BiVO4 layer.4 After the base treatment, the surface Bi:V ratio determined by LEIS is 79:21.4 Owing 
to its sampling depth limited to the sample’s first atomic layer, LEIS has a unique capability to 
quantify the atomic ratio of only the outermost layer of the sample.35,36 The Bi:V ratio determined 
by X-ray photoelectron spectroscopy (XPS), which has deeper probing depth than LEIS was 
53:47.4 The fact that the Bi:V ratio determined by XPS is still very close to 1:1 indicates that the 
V etching by the base-treatment is limited only to the outermost layer without affecting the Bi:V 
ratio in the underlying bulk layer. This base-treated sample is denoted as Bi-rich BiVO4 (Bi-BiVO4 
in short) in this study. The fact that these two samples differ only in the metal composition in the 
outermost layer while having all other features the same (e.g., crystallinity, absorbance, surface 
roughness) was carefully confirmed and reported in our previous study.4 

Onto these two different BiVO4(010) photoelectrodes (s-BiVO4 and Bi-BiVO4), an 
FeOOH OEC layer was photoelectrochemically deposited, producing s-BiVO4/FeOOH and Bi-
BiVO4/FeOOH photoelectrodes having different BiVO4/FeOOH interfacial structures; the former 
has an FeOOH layer deposited on the stoichiometric BiVO4 surface, and the latter has an FeOOH 
layer deposited on the Bi-rich BiVO4 surface. FeOOH was used as an OEC because among earth-
abundant transition metal oxyhydroxide-based OECs composed of a single metal, FeOOH is the 
most efficient, stable, and inexpensive OEC.37 (The use of mixed metal oxyhydroxides was 
avoided to simplify computational modeling.) Also, FeOOH has been demonstrated to interface 
well with BiVO4 to enhance photocurrent for OER.5,38  
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The anodic electrodeposition mechanisms of FeOOH39 and the use of photogenerated holes 
in BiVO4 for the photoelectrochemical anodic deposition of FeOOH are explained in detail 
elsewhere.5,38,40,41 The charges passed to deposit an FeOOH layer on the stoichiometric and Bi-
rich BiVO4 photoelectrodes were regulated to be the same. As the goal of this study is not to 
optimize the thickness of the FeOOH to maximize the OER performance of the resulting 
BiVO4/FeOOH film but to investigate the impact of the BiVO4 surface composition on the 
BiVO4/FeOOH interfacial structure and the overall OER performance of the resulting 
BiVO4/FeOOH photoelectrodes, the thickness of the FeOOH was regulated to be thin enough to 
allow for the investigation of the underlying BiVO4 surface by XPS. Having a thin FeOOH layer 
also ensures a greater contribution from the first atomic FeOOH layer (the layer in direct contact 
with BiVO4) to the composition and property of the entire FeOOH layer.  

The XRD patterns of the s-BiVO4/FeOOH and Bi-BiVO4/FeOOH electrodes before and 
after FeOOH deposition show no difference (Figure 1a-c), suggesting that the FeOOH is 
extremely thin and/or amorphous. Also, the absorbance of s-BiVO4/FeOOH and Bi-
BiVO4/FeOOH before and after FeOOH deposition shows no difference, indicating that the 
FeOOH layer is extremely thin and that the photons absorbed by the s-BiVO4/FeOOH and Bi-
BiVO4/FeOOH photoelectrodes during photocurrent measurement will be the same (Figure 1d). 
The TEM images of the s-BiVO4/FeOOH and Bi-BiVO4/FeOOH electrodes show that the BiVO4 
surfaces are uniformly covered by FeOOH and the thickness of the FeOOH layer on both 
electrodes is ~ 5 nm (Figure 1e-f). As the FeOOH layer is thin and uniform, no noticeable 
difference on the surface morphology or roughness was observed in their scanning electron 
microscopy (SEM) images (Figure S1). These results confirm that any difference obtained by 
these two photoelectrodes for photoelectrochemical water oxidation will solely be due to the 
difference in the BiVO4/FeOOH interfacial structure.  
 
 

 
 

Figure 1. (a) XRD patterns of s-BiVO4/FeOOH (red) and Bi-BiVO4/FeOOH (green) electrodes 
(JCPDS 14-0688) with (0k0) peaks confirming the epitaxial (010) nature of the BiVO4 film. XRD 
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pattern of the ITO/YSZ substrate is shown in black. No FeOOH peaks were observed. 
Magnification of (0k0) diffraction peaks of (b) s-BiVO4 and (c) Bi-BiVO4 before and after FeOOH 
deposition showing no differences. (d) UV-vis spectra of s-BiVO4 and Bi-BiVO4 before and after 
FeOOH deposition showing no differences. Representative TEM images of (e) s-BiVO4/FeOOH 
and (f) Bi-BiVO4/FeOOH showing a conformally coated, ~5 nm thick FeOOH layer on BiVO4.  

 
 

Photoelectrochemical properties. The J-V plots obtained with s-BiVO4, Bi-BiVO4, s-
BiVO4/FeOOH and Bi-BiVO4/FeOOH for photoelectrochemical water oxidation in 0.5 M borate 
buffer (pH 9.3) under AM 1.5G, 100 mW/cm2 illumination are shown in Figure 2a. When FeOOH 
is absent, the OER performances of s-BiVO4 and Bi-BiVO4 photoelectrodes are equally poor with 
Bi-BiVO4 showing only a slightly better performance. For example, no photocurrent appeared 
below 0.7 V vs RHE and the photocurrent densities at 1.2 V vs. RHE are below 0.5 mA/cm2 for 
both samples.  

In our previous study, we showed that the Bi-BiVO4 photoelectrode has more favorable 
interfacial energetics (e.g., band edges and the Fermi level closer to vacuum) to create more band 
bending at any given applied potential and can separate more electron-hole pairs and send more 
holes to the surface.4 This was confirmed by a strikingly higher photocurrent density generated by 
Bi-BiVO4 for sulfite oxidation.4 (Owing to the fast sulfite oxidation kinetics, sulfite oxidation can 
convert all surface reaching holes to anodic photocurrent without losing them to surface 
recombination.)42 However, the same difference is not shown for water oxidation because the 
water oxidation kinetics on the bare BiVO4 surfaces (whether stoichiometric or Bi-rich) are very 
slow and the majority of the surface reaching holes are lost to surface recombination before being 
used to generate photocurrent for OER.  

 
 

 
 

Figure 2. (a) J-V plots for OER of s-BiVO4, Bi-BiVO4, s-BiVO4/FeOOH and Bi-BiVO4/FeOOH 
photoelectrodes; each curve is obtained by averaging the J-V plots of five individual samples. The 
error bars represent standard deviations of the average current densities at selected potentials. The 
J-V plots were recorded in 0.5 M borate buffer (pH 9.3) under AM 1.5G, 100 mW/cm2 illumination. 
Repeated J-V measurements of (b) s-BiVO4/FeOOH and (c) Bi-BiVO4/FeOOH photoelectrodes 
under the same conditions.  
 
 

When a 5 nm thick FeOOH layer is present, a remarkable increase in photocurrent was 
observed for both samples. Another critical feature to note is that the performance difference 
between s-BiVO4/FeOOH and Bi-BiVO4/FeOOH is far greater than that of s-BiVO4 and Bi-BiVO4. 
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As s-BiVO4/FeOOH and Bi-BiVO4/FeOOH are composed of the same photoelectrode and the 
same OEC, the observed OER performance difference is unarguably due to the difference in the 
BiVO4/FeOOH interface, and this result demonstrates the immense impact of the photoelectrode's 
outermost composition at the photoelectrode/OEC interface on the interfacial hole transfer. For 
example, the onset of Bi-BiVO4/FeOOH is (0.52 ± 0.02 V vs RHE) while the onset of s-
BiVO4/FeOOH is (0.66 ± 0.02 V vs RHE) with a difference of 0.14 V. The photocurrent density 
at 0.7 V vs. RHE is 0.38 ± 0.07 mA/cm2 for Bi-BiVO4/FeOOH, and it is only 0.02 ± 0.01 mA/cm2 
for s-BiVO4/FeOOH. The observed performance difference decreases as a more positive potential 
(> 1.0 V vs RHE) is applied, which creates more band bending and aids electron-hole separation. 
We note that the performance in the low-bias region is the most important for 
photoelectrochemical application where the goal is to utilize solar energy to minimize the external 
voltage input needed to drive reactions.  

In our previous study comparing s-BiVO4 and Bi-BiVO4 for sulfite oxidation, we 
discovered that the surface composition of s-BiVO4 changes when the J-V measurement was 
repeated due to V leaching during the J-V measurement, which caused the Bi:V ratio to keep 
increasing.4 As the surface Bi:V ratio increased, the photocurrent kept increasing until the Bi:V 
ratio became similar to that of Bi-BiVO4 (it converged at the 7th J-V measurement), which was 
stable in the given electrolyte. In contrast, the surface Bi:V ratio of the Bi-BiVO4 sample and its 
J-V plots did not change much during the repeated measurements because it already contained a 
Bi-rich surface that was stable in the given electrolyte. Thus, we also repeated the J-V 
measurement of the s-BiVO4/FeOOH and Bi-BiVO4/FeOOH photoelectrodes for OER to examine 
whether the Bi:V ratios or their OER performances change during repeated J-V measurements. 
We predicted that the surface Bi:V ratio of the s-BiVO4/FeOOH and therefore its OER 
performance should not change because unlike bare s-BiVO4, the surface of s-BiVO4 is interfaced 
with FeOOH, which should prevent facile V leaching. Indeed, Figure 2b shows that the 
photocurrent density of s-BiVO4/FeOOH increases only slightly during the first two J-V 
measurements and converges after the 3rd J-V measurement. This slight increase in the 
photocurrent density is most likely due to regions where the s-BiVO4 surface is not completely 
covered by FeOOH, allowing V to leach out until the equilibrium Bi:V surface ratio in the given 
pH is established. The fact that the photocurrent increase is not significant and the photocurrent 
converges within 3 cycles suggests that the pinhole area is limited. The results obtained from 
repeated J-V measurements of Bi-BiVO4/FeOOH are shown in Figure 2c. The J-V plot of Bi-
BiVO4/FeOOH does not change much during repeated measurements, and it remains significantly 
superior to the converged J-V plot of s-BiVO4/FeOOH. After the convergence of the J-V plots, s-
BiVO4/FeOOH still has a slightly V-rich interface (Bi:V ratio of 49:51) while Bi-BiVO4/FeOOH 
still has a Bi-rich interface (Bi:V ratio of 53:47) according to the XPS results. (The LEIS 
measurement is no longer possible due to the presence of FeOOH.) These results show that the 
surface compositions of BiVO4 at the BiVO4/FeOOH interface, which is stabilized by the presence 
of FeOOH, are more stable and can have a longer-lasting impact than the surface compositions of 
the bare BiVO4 surfaces where all V at the outermost layer can be readily leached out in basic 
media.  
 
AP-XPS study. The differences in the BiVO4/FeOOH junction in s-BiVO4/FeOOH and Bi-
BiVO4/FeOOH photoelectrodes were probed by comparing the Fe 2p XPS spectra measured in the 
dark and under illumination with water. The FeOOH on BiVO4 was prepared by photodeposition 
where photogenerated holes in BiVO4 are used to oxidize soluble Fe2+ to insoluble Fe3+ in a pH 
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4.9 solution, and the resulting insoluble Fe3+ is precipitated out as FeOOH on BiVO4. As the same 
number of holes was consumed on s-BiVO4 and Bi-BiVO4 to produce Fe3+ (i.e., constant current 
deposition) and only insoluble Fe3+ can be deposited as FeOOH, the FeOOH layer was deposited 
with the same thickness on s-BiVO4 and Bi-BiVO4 as shown in Figure 1 e-f. However, when the 
photodeposition is completed and the BiVO4/FeOOH samples rest under the open circuit condition, 
the Fermi levels of BiVO4 and FeOOH in the resting state equilibrate by transferring electrons 
from the phase with a higher Fermi level to the phase with a lower Fermi level. If electrons 
transferred from BiVO4 to FeOOH during this process localize on Fe3+ at the interface, Fe2+ would 
form. Therefore, the Fe2+:Fe3+ ratio in the FeOOH layer under the open circuit condition in the 
dark allows us to deduce the charge transfer that had to occur between the BiVO4 and FeOOH to 
establish an equilibrium at the interface.  

 

 
 

Figure 3. Fe 2p XPS Spectra of (top) s-BiVO4/FeOOH and (bottom) Bi-BiVO4/FeOOH: (a) in 
dark and (b) under illumination with water. The experimentally obtained peaks (black dotted lines) 
are deconvoluted to Fe2+ (blue), Fe3+ (red), and satellite (olive green) peaks (solid lines for 2p3/2 
and dashed lines for 2p1/2). The sum of the fitted peaks is shown as a gray line. The Fe2+:Fe3+ ratio 
for each case is shown in the figure. 

 
 
The position of the Fe 2p XPS peaks are sensitive to the oxidation states of Fe and therefore 

the Fe2+: Fe3+ ratio in the FeOOH layer can be quantified by peak fitting. Also, as the FeOOH in 
these samples is extremely thin, the XPS probing depth can reach the BiVO4 surface, meaning that 
the Fe2+: Fe3+ ratio obtained by XPS represents the averaged Fe2+: Fe3+ ratio throughout the entire 
FeOOH layer with a significant contribution from the interfacial Fe2+: Fe3+ ratio. Figure 3a shows 
the peak fitting of Fe 2p XPS spectra obtained under the open circuit condition in the dark, which 
shows a difference in the Fe2+:Fe3+ ratio of the FeOOH layer on the two different BiVO4 surfaces. 
The Fe2+:Fe3+ ratio in FeOOH of s-BiVO4/FeOOH is 51:49 while that of Bi-BiVO4/FeOOH is 
57:43. These results suggest that the Bi-BiVO4 surface is more reducing and more electrons are 
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transferred from Bi-BiVO4 to FeOOH than from s-BiVO4 to FeOOH when establishing the 
interfacial equilibrium. In fact, our previous study showed experimentally and computationally 
that the Bi-BiVO4 surface has a work function closer to vacuum than the s-BiVO4 surface, although 
the bulk BiVO4 regions in these two samples are the same.4 Thus, when these two BiVO4 
electrodes interface with the same FeOOH, it is expected that more electrons are transferred from 
Bi-BiVO4 to the FeOOH layer than from s-BiVO4 to the FeOOH layer. The schematic band 
alignments inferred from the previous study4 and the Fe XPS results obtained in the dark are shown 
in Figure 4a-b; the higher Fermi level of Bi-BiVO4 transferring more electrons to FeOOH to 
establish an equilibrium results in more band banding and a higher Fe2+:Fe3+ ratio in the FeOOH 
layer. 
 

 
 

 

Figure 4. Schematic diagrams showing the interfacial band alignment of s-BiVO4/FeOOH and Bi-
BiVO4/FeOOH (a) under the open circuit condition in the dark before equilibrium, (b) under the 
open circuit condition in the dark after equilibrium, and (c) under illumination with water under 
the open circuit condition.  
 
 

Next, we introduced UV illumination (365 nm, LED light) and water (i.e., 1.5 mbar of 
water vapor) to these samples under the open circuit condition and obtained the Fe 2p spectra using 
AP-XPS. No considerable change in the Fe2+:Fe3+ ratio was observed for the s-BiVO4/FeOOH 
sample (Figure 3b). In contrast, the Fe2+:Fe3+ ratio in FeOOH of Bi-BiVO4/FeOOH decreased 
notably from 57:43 to 44:56 (Figure 3b). When the photoelectrodes are illuminated, electron-hole 
pairs are generated in the BiVO4 layer by photon absorption. (The photon absorption by FeOOH 
is negligible as shown in Figure 1d). If all electron-hole pairs generated in the BiVO4 layer rapidly 
recombine in BiVO4, or both electrons and holes are injected to FeOOH to recombine in FeOOH, 
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no change in the Fe2+:Fe3+ ratio in FeOOH would result. However, if only one type of 
photogenerated charge carriers (electrons or holes) are primarily injected to the FeOOH layer and 
localized on Fe2+ or Fe3+ before they eventually recombine, the Fe2+:Fe3+ ratio in FeOOH during 
the in-situ AP-XPS measurement would change. The fact that the Fe2+:Fe3+ ratio in FeOOH of s-
BiVO4/FeOOH does not change during illumination means that the band alignment  at the 
BiVO4/FeOOH interface does not promote selective electron or hole transfer from s-BiVO4 to 
FeOOH under illumination (Figure 4c). In contrast, the fact that the Fe3+ amount in FeOOH of Bi-
BiVO4/FeOOH increases during illumination means that the band alignment at the Bi-
BiVO4/FeOOH interface selectively promotes hole transfer from Bi-BiVO4 to the FeOOH under 
illumination (Figure 4c). We note that n-type BiVO4/FeOOH serves as a photoanode where holes 
are transferred to FeOOH to be used for OER. Thus, the Bi-BiVO4/FeOOH sample with the 
interfacial band alignment that can selectively promote hole transfer from Bi-BiVO4 to FeOOH 
can suffer less from electron-hole recombination than s-BiVO4/FeOOH during PEC operation. 
This means Bi-BiVO4/FeOOH will have an earlier photocurrent onset for OER and generate more 
photocurrent for OER at any given potential than s-BiVO4/FeOOH until a significantly positive 
bias is applied to separate all electron-hole pairs in BiVO4. This agrees well with J-V plots of s-
BiVO4/FeOOH and Bi-BiVO4/FeOOH for OER shown in Figure 2a. 

The schematic band alignments at the s-BiVO4/FeOOH and Bi-BiVO4/FeOOH interfaces 
shown in Figure 4 are based on our macroscopic consideration of the work functions of s-BiVO4 
and Bi-BiVO4

4
 and Fe XPS results of the s-BiVO4/FeOOH and Bi-BiVO4/FeOOH. Next, we 

performed computational investigations using atomistic slab models of BiVO4 and FeOOH to 
elucidate how the surface composition of BiVO4 affects the structure and bonding at the 
BiVO4/FeOOH interfaces at an atomic level and how they impact the band alignment, which will 
allow us to understand a microscopic-level origin of the observed differences in interfacial charge 
transfer and photocurrent generation.  

 
Computational study.  We first computed the band edge positions of BiVO4(010) and 
FeOOH before contact, which were obtained in separate slabs in contact with vacuum. For BiVO4, 
we considered two surface conditions for both s-BiVO4(010) and Bi-BiVO4(010) (Figure 5a): dry 
surfaces and hydrated surfaces. For the dry surfaces of s-BiVO4 and Bi-BiVO4, we used the surface 
models from our previous study,4 whose resemblance to the surfaces of the experimental epitaxial 
samples was verified using simulated and experimental STM images. The hydrated surface of s-
BiVO4 was obtained by adding a monolayer of water molecule to the surface. The resulting 
atomistic model is shown in Figure 6a. As revealed by our First-Principle Molecular Dynamics 
simulations (FPMD) and a previous study,23 hydroxylation of the surface, which requires 
dissociative water adsorption, is not energetically favorable on the stoichiometric BiVO4 surface. 
Thus, our atomistic model of the hydrated s-BiVO4 surface (Figure 6a) mostly consists of water 
molecules adsorbed non-dissociatively (i.e., adsorbed as water molecules) on the surface Bi atoms 
with only a small portion of water adsorbed dissociatively and hydroxylating the surface Bi 
(marked with blue circles). The adsorbed water molecules are hydrogen bonded to the O atoms of 
the s-BiVO4 surface. We note that the top and bottom hydrated BiVO4 slabs in Figure 6a show 
slightly different hydrated configurations, as they are snapshots extracted from a FPMD 
simulations at finite T. The vibrational motion of the surface atoms of the hydrated surface model 
at finite T results in the fluctuation of the band edge positions, which is represented as shaded 
boxes at the CBM and VBM in Figure 5a.  
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Figure 5. The conduction band minimum (CBM) and valence band maximum (VBM) of (a) s-
BiVO4(010) and Bi-BiVO4(010) and (b) FeOOH(010) and FeOOH(100) before contact. Their 
positions with respect to the vacuum level (Evac) are shown in eV. Electronic structure calculations 
were carried out at the DFT+U level of theory. The shaded region in correspondence of the CBM 
and VBM of the hydrated BiVO4 models represents the fluctuation of the band edge positions at 
finite T and the average values of the band position is shown as an indicative figure. 

 
 

 The hydrated Bi-BiVO4 surface was obtained by fully hydroxylating all Bi atoms on the 
surface (Figure 6b), considering the experimental condition used to prepare Bi-BiVO4 by V 
leaching in a strongly basic solution. Again, the top and bottom hydrated BiVO4 slabs shown in 
Figure 6b are slightly different. We note that the range of fluctuations of the CBM and VBM 
observed in our FPMD for the hydrated Bi-BiVO4 (0.3 eV) is larger than that of the hydrated s-
BiVO4 (0.1 eV), as indicated in Figure 5a. 
 

 

 
 

Figure 6. Atomistic models of hydrated (a) s-BiVO4 and (b) Bi-BiVO4 surfaces, as obtained from 
FPMD simulations at 330 K using the SCAN functional. One representative snapshot was 
extracted from the simulations and then further optimized with the PBE+U functional at 0 K. The 
hydrated configurations are not identical on the top and bottom surfaces of s-BiVO4 and Bi-BiVO4 
slabs, as at finite T different configurations are sampled in FPMD. The blue circles at the bottom 
hydrated surface of s-BiVO4 show hydroxylated Bi resulting from occasional dissociative water 
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adsorption on s-BiVO4. Color scheme for the spheres in the figure: purple: bismuth; blue: 
vanadium; red: oxygen; white: hydrogen.  
 
 
 In the case of BiVO4(010) with a dry surface, the band edges of Bi-BiVO4 are much closer 
to the vacuum level than those of s-BiVO4, as reported previously.4 (The fact that the VBM of Bi-
BiVO4 is closer to the vacuum was experimentally confirmed,4 although the difference is not as 
significant as the difference computationally predicted based on theoretical models with limited 
slab size and atomic coordinations as discussed below.) When hydrated, the band edges of s-BiVO4 
move closer to the vacuum level while the band edges of Bi-BiVO4 move away from the vacuum 
level (Figure 5a). We note that the dry and hydrated surface models considered here are to be used 
to construct a set of representative interfaces with FeOOH (discussed below) to demonstrate the 
effect of surface composition and the nature of the interfacial bonding on the interfacial band 
alignment in a qualitative manner. They are meant to show trends on band edge positions and not 
the prediction of exact values. The limitation of our computation for precisely predicting band 
edge positions comes from the limited slab size of the surface models used in our calculations as 
well as from specific atomic coordinations and compositions (e.g., we only considered 100% Bi 
with a specific local coordination for the Bi-rich surface) used for computation that may not 
accurately represent all the configurations present in experimental samples. Importantly, the band 
edge positions of the hydrated surfaces shown in Figure 5a are not meant for a quantitative 
comparison with the band edge positions of BiVO4 photoanodes operating in aqueous media; such 
a comparison would require carrying out electronic structure calculations using atomistic models 
inclusive of bulk water, not just one hydration layer. The effect of adding bulk water (i.e., explicitly 
adding multiple, diffusing water molecules) at the interface of BiVO4 photoanodes will be 
discussed in a forthcoming paper reporting in detail on solvation effects. Here we focus instead on 
interfacial models and relative band alignments at the BiVO4/FeOOH interface. 

To model the FeOOH layer, we used the crystal structure of γ-FeOOH. This choice stems 
from the fact that although the FeOOH layer in our experimental samples is too thin or amorphous 
to be detected by XRD, the Raman spectrum of the FeOOH sample prepared by a similar method 
resembles that of γ-FeOOH.38,39 Thus, γ-FeOOH is a reasonable structural model to understand 
our experimental samples. Considering the 2D nature of the γ-FeOOH structure, we expect that γ-
FeOOH is most likely deposited with the layer parallel to the BiVO4 surface exposing the (010) 
surface (see insets in Figure 5b for the crystal orientation). Thus, the (010) surface would best 
represent the surface in contact with BiVO4, although it should be kept in mind that variations in 
orientation can exist in the real amorphous sample. In Figure 5b, we also included the band edge 
positions of the (100) facet as we find them to be farthest away from those of the (010) surface, 
making them good comparison points. For FeOOH, only dry surfaces were considered as the 
FeOOH layer naturally contains -OH groups on the surfaces, which cannot be further hydroxylated 
when water molecules are introduced. As in the case of BiVO4 surfaces, it is to be expected that 
FeOOH band edge positions might also be influenced by local solvation effects and temperature 
fluctuations when bulk water is added at finite T. 

The band alignments after contact between s-BiVO4 or Bi-BiVO4 and FeOOH are shown 
in Figure 7, where we considered two interfacial bonding models for s-BiVO4/FeOOH and Bi-
BiVO4/FeOOH. In the first model (Figure 7a,c), the (s-, Bi-)BiVO4/FeOOH interfaces are 
constructed by forming ionic bonds with bridging oxide ions (i.e., V/Bi-O-Fe) between the two 
phases. This type of interface can be obtained if water or hydroxyl groups on the hydrated BiVO4 
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surface are replaced by O-Fe bonds when FeOOH is deposited on BiVO4. Because the resulting 
interfacial models would resemble the interfaces formed by contacting the dry BiVO4 surfaces 
with FeOOH, the dry surface models of BiVO4 discussed in Figure 5a are used to construct the 
(s-, Bi-)BiVO4/FeOOH interfaces shown in Figure 7 a,c. In the second model (Figure 7b,d), the 
(s-, Bi-)BiVO4/FeOOH interfaces are made by forming hydrogen bonds between the two phases. 
This type of interface can be obtained if an FeOOH layer is deposited on BiVO4 while preserving 
the hydrated BiVO4 surface structure. In this case, as the BiVO4 surface remains hydrated, the 
hydrated BiVO4 surface models discussed in Figures 5a and 6 are used to construct the 
BiVO4/FeOOH interfaces shown in Figure 7b,d.   

 
 

 

Figure 7. Band alignment between BiVO4 and FeOOH model structures after contact and the 
corresponding atomistic structures of the interface, as obtained from PBE+U calculations (a) s-
BiVO4/FeOOH interfaced with bridging O, (b) s-BiVO4/FeOOH interfaced with hydrogen 
bonding, (c) Bi-BiVO4/FeOOH interfaced with bridging O, and (d) Bi-BiVO4/FeOOH interfaced 
with hydrogen bonding.  

 
 
The band alignment results shown in Figure 7 for each case were obtained from electronic 

structure calculations on optimized slab atomic geometries. We note that in these calculations of 
the BiVO4/FeOOH interface, the position of the Fermi level and the atomic positions are 
determined self-consistently and there is no a priori assumption on the position of the Fermi level. 
Geometry optimizations, carried out at the DFT level, ensure energetic equilibrium between the 



 18 

two materials, and hence the proper alignment of the Fermi level. The band edge alignments were  
obtained  by computing  the local density of states (LDOS) in the direction perpendicular to the 
interface.29,30 We also verified that the same qualitative band alignments are obtained by using the 
electrostatic potential line-up method,28 as explained in detail in the methods section 

In the case of the s-BiVO4/FeOOH interface with bridging oxygen ions, we considered four 
different ionic bonding configurations (e.g., different bond lengths and bond angles) (see Figure 
S3 for the detailed atomic structures) and found that they all result in a Type I band alignment 
shown in Figure 7a. In this alignment, the CBM and VBM of s-BiVO4 straddle the CBM and 
VBM of FeOOH. Such a band alignment is not favorable for efficient interfacial electron-hole 
separation because photogenerated electrons as well as photogenerated holes can be transferred 
from BiVO4 to FeOOH, leading to a recombination loss of holes in the FeOOH layer. In the case 
of the s-BiVO4/FeOOH interface with hydrogen bonds (Figure 7b), the CBM of BiVO4 is also 
higher than that of FeOOH, the VBMs of the two phases become very close to each other, meaning 
both electron transfer and hole transfer from s-BiVO4 to FeOOH are possible under the open circuit 
condition. Thus, in either case, selective hole transfer from s-BiVO4 to FeOOH in BiVO4/FeOOH 
is not possible, which is unfavorable for BiVO4/FeOOH that serves as a photoanode. These results 
explain the experimentally observed XPS results (i.e., no considerable change in the Fe2+: Fe3+ 
ratio in FeOOH under illumination) and J-V experiments (i.e., more positive photocurrent onset 
and less anodic photocurrent for OER). We show only qualitative band alignments in Figure 7 
because the exact band positions of FeOOH are extremely sensitive to small variations of the 
atomic structure (e.g., strain conditions) in FeOOH. 

In the case of the Bi-BiVO4/FeOOH interface formed with bridging oxygen ions (Figure 
7c), the calculated CBM and VBM of BiVO4 are higher than those of FeOOH. This will allow for 
only electron transfer from BiVO4 to FeOOH. Knowing experimentally that Bi-BiVO4/FeOOH 
serves as a more efficient photoanode than s-BiVO4/FeOOH, this theoretical model is not 
compatible with the experimental sample. Thus, we conclude that the experimental Bi-
BiVO4/FeOOH sample is not formed with bridging oxygen ions. In the case of the Bi-
BiVO4/FeOOH interface formed with hydrogen bonds (Figure 7d), a Type II band alignment is 
obtained. In this alignment, both the CBM and VBM of Bi-rich BiVO4 are lower than those of 
FeOOH, enabling only hole transfer from Bi-BiVO4 to FeOOH. This interfacial model can explain 
the experimentally observed XPS results (i.e., more Fe3+ formation in FeOOH under illumination 
due to facile hole transfer from BiVO4) and J-V plots (i.e., more negative photocurrent onset and 
greater OER photocurrent) of the Bi-BiVO4/FeOOH photoelectrode. When we computed 
formation energies of s-BiVO4/FeOOH and Bi-BiVO4/FeOOH interfaced with bridging oxygen 
ions and with hydrogen bonds, we found that the hydrogen bonded interfaces are more stable for 
both s-BiVO4/FeOOH and Bi-BiVO4/FeOOH (calculation details in the SI). Overall, our combined 
results suggest that when Bi-BiVO4/FeOOH is assembled by photoelectrochemically depositing 
FeOOH on Bi-BiVO4 in aqueous media, an FeOOH layer is added on the hydrated BiVO4 surface 
forming hydrogen bonds and this interfacial bonding nature plays an important role in allowing 
for selective hole transfer from Bi-BiVO4 to FeOOH, enabling a more efficient photon-to-
photocurrent conversion for OER. 
 

 
Conclusions 

 
 In summary, we have assembled s-BiVO4(010)/FeOOH and Bi-BiVO4(010)/FeOOH 
photoanodes with the only difference being the interfacial Bi:V ratio to investigate the impact of 
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the interfacial composition and structure on interfacial charge transfer. While the two photoanodes 
contain the same semiconductor and OEC, they show remarkably different photoelectrochemical 
performances for OER. The AP-XPS results obtained under illumination in the presence of water 
under the open circuit condition indicate that selective hole transfer from s-BiVO4 to FeOOH does 
not occur at the s-BiVO4/FeOOH interface. In contrast, hole transfer from Bi-BiVO4 to FeOOH is 
promoted at the Bi-BiVO4/FeOOH interface. The strikingly different OER photocurrent and AP-
XPS results indicate that the surface composition of BiVO4 considerably affects the band 
alignments at the BiVO4/FeOOH interfaces. The computational studies revealed that the band 
alignments at the s-BiVO4/FeOOH interface are such that electrons as well as holes can be 
transferred from s-BiVO4 to FeOOH regardless of the bonding type between s-BiVO4 and FeOOH, 
which explains why the anodic photocurrent onset of the s-BiVO4/FeOOH photoanode for OER 
appears at a more positive potential. On the other hand, when the Bi-BiVO4 surface forms an 
interface with FeOOH through hydrogen bonds, a Type II band alignment is achieved, allowing 
for selective hole transfer from Bi-BiVO4 to FeOOH. These results explain why the Bi-
BiVO4/FeOOH photoanode suffers less from interfacial recombination and generates higher 
photocurrent for OER than the s-BiVO4/FeOOH photoanode at any given potential. This study 
demonstrates for the first time the impact of the photoelectrode composition in the outermost layer 
and the bonding type between photoelectrode and catalyst on the interfacial band alignments. Our 
results also show that even for the same photoelectrode/catalyst pair, it is possible to deliberately 
tune the interfacial composition and structure to enhance desired interfacial charge transfer.   
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