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eO2/BiVO4 interface in optimized
Fe–Ce oxide coatings for solar fuels photoanodes†

A. Shinde,‡a G. Li,‡b L. Zhou,‡a D. Guevarra,a S. K. Suram,a F. M. Toma,bc Q. Yan,de

J. A. Haber,*a J. B. Neaton*bdef and J. M. Gregoire*a

Solar fuel generators entail a high degree of materials integration, and efficient photoelectrocatalysis of the

constituent reactions hinges upon the establishment of highly functional interfaces. The recent application

of high throughput experimentation to interface discovery for solar fuels photoanodes has revealed several

surprising and promising mixed-metal oxide coatings for BiVO4. Using sputter deposition of composition

and thickness gradients on a uniform BiVO4 film, we systematically explore photoanodic performance as

a function of the composition and loading of Fe–Ce oxide coatings. This combinatorial materials

integration study not only enhances the performance of this new class of materials but also identifies

CeO2 as a critical ingredient that merits detailed study. A heteroepitaxial CeO2(001)/BiVO4(010) interface

is identified in which Bi and V remain fully coordinated to O such that no surface states are formed.

Ab initio calculations of the integrated materials and inspection of the electronic structure reveals

mechanisms by which CeO2 facilitates charge transport while mitigating deleterious recombination. The

results support the observations that addition of Ce to BiVO4 coatings greatly enhances

photoelectrocatalytic activity, providing an important strategy for developing a scalable solar fuels

technology.
Introduction

Solar-driven photoelectrochemical (PEC) synthesis of H2 or
C-containing fuels is a promising technology for generating
storable and sustainable transportation fuels. Water is widely
accepted as the only scalable proton and electron source for fuel
synthesis reactions, making photoelectrocatalysis of the oxygen
evolution reaction (OER) a critical component of solar fuels
technology.1 The use of semiconductor/liquid junctions for
separating photo-excited charges to drive the OER is particularly
attractive for its simplicity and potential for low cost relative to
solid state photovoltaic (PV) junctions.2 To obtain such a pho-
toanode system, an n-type metal oxide semiconductor is typi-
cally employed, as oxide-based semiconductors provide the best
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opportunity for performing the anodic OER reaction without
semiconductor degradation in the highly-oxidizing electro-
chemical environment.3 Materials requirements for efficient
OER photocatalysis include a band gap energy in the visible
range and application of surface coatings that serve a variety of
functions, including modication of the semiconductor surface
to promote catalytic acceleration of OER kinetics.2,4 Monoclinic
BiVO4 has emerged as the prevalent metal oxide semiconductor
for solar fuels photoanodes despite inherent issues with
a slightly too-large gap near 2.5 eV and insufficient stability
under operational conditions.5,6 BiVO4-based photoanodes7 still
offer great promise for enabling efficient, scalable solar fuel
generators,8,9 particularly if optimal surface coatings can be
identied. Indeed, the present work indicates that BiVO4 does
not form a very effective semiconductor–liquid junction due to
sensitivity of the electronic structure to surface defects, and we
demonstrate that judicious application of a metal oxide coating
can preserve the electronic structure to yield effective semi-
conductor–coating–liquid junctions.

Since metal oxides can be readily screened for OER electro-
catalysis,10,11 identifying coatings that serve the desired catalytic
function is somewhat straightforward but is insufficient for
predicting the performance of integrated photoanodes due to
the importance of properties that are particular to the coating/
semiconductor interface.12 For example, IrOx is a prolic OER
catalyst but is relatively ineffective at enhancing PEC perfor-
mance when applied to BiVO4.13,14 Libraries of coatings on
This journal is © The Royal Society of Chemistry 2016
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BiVO4 with 4 (ref. 14) and 13 (ref. 15) different compositions
have been prepared by pipetting metal oxide precursors and we
scaled this general strategy using inkjet (IJ) printing to deposit
hundreds of catalyst compositions on a BiVO4-coated plate.16,17

We also synthesized 3 different loadings of each catalyst
composition and in total performed a suite of electrochemical,
optical, and photoelectrochemical measurements on 1716
metal oxide coatings in the (Ni–La–Co–Ce)Ox (ref. 16) and
(Ni–Fe–Co–Ce)Ox (ref. 17) composition spaces in pH 13
electrolyte.

The statistical analysis of these large datasets demonstrates
that PEC performance is not strongly correlated with either
catalytic or optical properties of the metal oxide coatings,
demonstrating that while optical transmission of coatings is
important for front-side-illuminated photoanodes, the primary
role of a metal oxide coating on BiVO4 is mitigation of non-
catalytic recombination. High throughput screening revealed
several surprising high-performance photoanodes in which
specic ternary, quaternary, and quinary metal oxide composi-
tions appear to form excellent interfaces with BiVO4. The most
common feature of these optimal metal oxide coatings is a Ce
concentration between 40% and 90% of the metal species. In
particular, (Fe–Ce)Ox coatings with 40–60% Ce were found to
provide the best PEC performance with the fewest number of
elements in the coating.

FeOOH coatings have been demonstrated to greatly enhance
PEC properties of BiVO4 in near-neutral pH electrolytes,13,18,19

and while the Fe-based coating in the high throughput study
did exhibit improved PEC performance in pH 13, the addition of
Ce to form a mixed-metal oxide coating greatly enhanced
performance. The PEC performance of (Fe–Ce)Ox/BiVO4 pho-
toanodes increased with decreased Fe–Ce loading, although the
range of loading available for exploration and the control of the
coating morphology was practically limited by the IJ deposition
technique. To further explore the PEC performance as a func-
tion of composition, we employ combinatorial physical vapor
deposition (PVD) in the present work, which is a scalable
coating technique that provides systematic exploration of the
parameter space with a muchmore conformal coating than that
provided by the previously-reported combinatorial techniques.

The results conrm the enhancement in BiVO4 PEC perfor-
mance with these coatings and additionally reveal that coatings
with up to 90% Ce are near-optimal. The more-uniform
morphology of the PVD coatings and the use of continuous,
gradual gradients in coating composition and loading clearly
demonstrate the efficacy of thin, Ce-rich coatings, creating
further intrigue regarding how CeO2 interfaces with BiVO4.
While operational interfaces are notoriously difficult tomodel,20

important insights into the control of surface electronic struc-
ture are provided with computational modelling of hetero-
epitaxial CeO2/BiVO4 interfaces. We nd that CeO2 coatings can
prevent the formation of mid-gap trap states and provide hole
transport to catalytic sites, all while maintaining the desirable
optical transparency of photoanode coatings. Since BiVO4

contains electronically active defect states that lead to signi-
cant photo-carrier recombination losses,21 our results suggest
that the inclusion of CeO2 in mixed-metal oxide or multi-layer22
This journal is © The Royal Society of Chemistry 2016
coatings will help address a primary performance-limiting issue
with this important solar fuels material.

Experimental and computational
Experimental

A uniform, spin-coated, BiVO4 light absorber thin lm was
deposited onto the uorine doped tin oxide (FTO) coated side of
10 cm � 10 cm glass plates (TEC-15 Sigma Aldrich) following
a literature protocol.5,23 Solutions of bismuth(III) nitrate penta-
hydrate (Sigma Aldrich,$98%) in acetylacetone (Sigma Aldrich,
$99%) and vanadium(IV)-oxy acetylacetonate in acetylacetone
were prepared, mixed, spin-coated onto FTO coated glass plates,
and annealed as previously described.16 Phase-pure monoclinic
BiVO4 was veried by X-ray Diffraction (XRD) analysis.

The Fe–Ce oxide libraries were fabricated using reactive RF
magnetron co-sputtering of Fe (99.95%, ACI Alloy Inc.) and Ce
(99.95%, ACI Alloy Inc.) metal targets at room temperature onto
the BiVO4-coated plates, and to measure lm composition and
thickness, duplicate Fe–Ce libraries were deposited onto 10 cm-
diameter Si wafers with a thermal oxide diffusion barrier. All
depositions proceeded in a combinatorial sputtering system
(Kurt J. Lesker, CMS24) with 10�5 Pa base pressure and
a deposition atmosphere composed of inert sputtering gas Ar
(0.64 Pa) and reactive gas O2 (0.16 Pa). The composition and
thickness gradients in each co-sputtered library were attained
by positioning the deposition sources in a non-confocal geom-
etry.24 Prior to each deposition, the Fe and Ce targets were pre-
cleaned at Ar pressure of 0.80 Pa for 20 min to eliminate
possible target contamination. The power applied to the Ce
target was 70 W for all depositions, and both the power applied
to the Fe target and the deposition time were varied to attain the
desired composition and thickness as follows: 150 W, 35 min
for library A; 70 W, 30 min for library B; and 33 W, 13 min for
library C.

X-ray uorescence (XRF) spectroscopy was employed to map
the Fe and Ce content of the libraries deposited on Si; further
details of which can be found in the ESI.† The morphologies of
the selected high performance compositions were studied using
SEM performed on a FEI Nova NanoSEM 450 and AFM per-
formed on a Bruker Dimension Icon operating in ScanAsyst
mode with Bruker ScanAsyst-Air probes. The AFM images were
analyzed using NanoScope Analyst soware (version 1.40).

Photoelectrochemical experiments were performed in
aqueous 0.1 M sodium hydroxide with 0.5 M sodium sulfate as
a supporting electrolyte (pH 13) using a xenon arc lamp and
scanning drop electrochemical cell (SDC), as described previ-
ously.16 The illumination irradiance exceeds that of AM 1.5,
particularly in the ultraviolet range, and the spectrum is
provided in the ESI.† Toggled-illumination cyclic voltammetry
(CV) measurements were performed on the Fe–Ce libraries with
a potential sweep from 1.23 to 0.585 V and back to 1.23 V vs.
RHE (0 to �0.645 V and back to 0 V vs. the O2/H2O Nernstian
potential) at a scan rate of 0.02 V s�1. Illumination was toggled
at 0.5 Hz (1.34 s on, 0.67 s off) during the CV. The SDC was
rastered along each 10 cm � 10 cm library plate with CV
measurements acquired on a 5 mm square grid, and avoiding
J. Mater. Chem. A, 2016, 4, 14356–14363 | 14357
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visually-apparent non-uniformities on the perimeter of the plate
resulted in 300–340 samples per library plate. Automated CV
data analysis was performed as described previously,16 in which
current transients upon illumination toggling were disregarded
and the remaining illuminated and dark current signals of the
anodic sweep of each CV were used to construct the photocur-
rent density (J) – potential (V) signal. Under the assumption of
100% faradaic efficiency for the OER, the electrochemical power
generation (or power saved25 compared to an electrocatalyst
operating at the Nernstian potential) was calculated as the
product of the reverse bias potential (1.23 V vs. RHE – V) and the
corresponding photocurrent.
Computational

Spin-polarized density functional theory (DFT) calculations
were performed on BiVO4, CeO2, and heterostructures of these
oxides using VASP.26,27 The lattice parameters of bulk BiVO4 and
CeO2 crystals, in monoclinic (C2/c) and uorite (Fm�3m) room-
temperature phases, respectively, were optimized with DFT
within the generalized gradient approximation (GGA) of Per-
dew, Ernzehof, and Burke (PBE).28,29 On-site Ce f-electron
exchange and correlation effects were further treated with
a Hubbard U correction,30,31 applied in a rotationally-invariant,
basis-set-independent formalism.32,33 The DFT-PBE and DFT-
PBE+U calculations used a plane-wave basis and projector
augmented-wave (PAW) potentials,34,35 requiring a plane-wave
cutoff of 520 eV. All the structures were fully relaxed until the
forces on each atom were less than 0.01 eV Å�1. A Hubbard U of
5 eV, used in prior DFT-PBE+U work on Ce,36 was adopted for
structural optimizations.

Electronic structure calculations of BiVO4, CeO2, and their
heterostructures were performed using k-meshes of 3 � 2 � 5, 4
� 4 � 4, and 3 � 3 � 1, respectively. For calculating the pro-
jected density of states (PDOS) and band structure, a large
Hubbard U of 12 eV was used for the Ce f states to establish
agreement between the calculated and experimental CeO2 band
gap values. In the supercell calculations of heterostructures,
dipole corrections37,38 were used to remove spurious effects of
the periodic boundary conditions.
Fig. 1 The Pmax values from Fe–Ce coatings in PVD library A mapped
using the library positions (a) and the catalyst composition and
loading (b).
Results and discussion
Combinatorial materials integration

Motivated by the recent discovery that inkjet-printed FexCe1�xOz

coatings form excellent interfaces with thin lm BiVO4,17 a library
of such coatings was prepared by PVD using reactive co-sputter-
ing with no heating other than that from the sputtering ambient.
The study of IJ libraries identied x ¼ 0.3 to 0.7 with metal
loading (L) between 0.75 and 3.8 nmol mm�2 as excellent coat-
ings for BiVO4, and the PVD library was prepared to cover much
of this composition and loading range on a single 10 � 10 cm
plate. We note that due to the non-planar morphology of the
coatings and uncharacterized density and oxygen stoichiometry
of the coatingmaterials, we characterize the amount of coating as
themolar loading ofmetal speciesmeasured by XRF and describe
specic assumptions when a coating thickness is estimated.
14358 | J. Mater. Chem. A, 2016, 4, 14356–14363
The continuous PVD, x–L gradient library was characterized
by acquiring toggled-illumination CVs on a regular grid of
positions noted in Fig. 1. The primary performance metric
extracted from each CV was the electrochemical power genera-
tion (Pmax), which is the product of the reverse bias potential
and the corresponding photocurrent, also referred to as the
power saved25 compared to an electrocatalyst operating at the
Nernstian potential. In Fig. 1, Pmax is mapped over both the
library position space (a) and the x–L space (b), revealing
a systematic trend with respect to composition and loading.

The thin-lm BiVO4 for the previous IJ study and the present
PVD study were prepared in the same batch synthesis and are
thus nominally identical, enabling the direct comparison of
optimal coatings from these different libraries. The best pho-
toanode in the library is found at x ¼ 0.26, L¼ 0.96 nmol mm�2

and has a Pmax of approximately 1 mW cm�2, substantially
larger than the 0.76 mW cm�2 obtained in the IJ library with x¼
0.6, L ¼ 0.75 nmol mm�2. Fig. 2 shows the anodic sweep from
toggled-illumination CVs acquired on bare BiVO4 and photo-
anodes with the optimal IJ and PVD coatings. The photoactivity
of the IJ and PVD coatings appear qualitatively similar with
notable differences including the enhanced photocurrent of the
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Toggled-illumination anodic voltage sweep (0.02 V s�1) for the
Fe–Ce coating with highest Pmax in PVD library A in the present work,
the IJ library from previous work, and bare BiVO4.

Fig. 3 The composition-loading map of Pmax for 3 Fe–Ce coating
libraries. The Pmax for each sample was scaled by the maximum value
for the respective library to mitigate the influence from library-specific
BiVO4 quality.

Fig. 4 Morphology of the Fe0.26Ce0.74Oz, 0.89 nmol mm�2 coating on
BiVO4 from AFM (a) and SEM (b) imaging, along with an AFM image of
bare BiVO4 (c). The 500 nm scale bar applies to all images.
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PVD sample, especially at low potential. Near 0.6 V vs. RHE, the
photocurrent of the PVD sample is approximately twice that of
the IJ sample, and concomitantly it appears that the illuminated
open circuit potential of the PVD sample is much better and
likely below 0.5 V vs. RHE. The PVD coating also appears to
lower the current transient upon illumination when compared
to the IJ coating, indicating improved charge carrier extraction.
These CVs were performed between the Nernstian potential for
the OER (1.23 V vs. RHE) and the approximate open circuit
potential of bare BiVO4, demonstrating the excellent improve-
ment provided by the PVD FexCe1�xOz coating and motivating
more detailed PEC characterization in future work.

The IJ coatings have a coarse morphology and are discontin-
uous (non-conformal), so the improved performance from
a more-conformal PVD coating with optimized loading was
somewhat expected. The more surprising result provided by
Fig. 1 is that the maximum Pmax appears at more Ce-rich coatings
with lower loading. For loadings of approximately 1 nmol mm�2,
the composition x ¼ 0.3 exhibits a 2-fold improvement in Pmax

compared to x ¼ 0.5. To further explore thin, Ce-rich coatings, 2
additional libraries were synthesized. The 3 libraries are referred
to as A, B, and C in order of decreasing metal loading, where
library A is the library shown in Fig. 1. The BiVO4 lms prepared
for libraries B and C were synthesized in separate experiments
from each other and from that of Library A and additionally
experienced slightly different thermal histories, resulting in
different baseline photoactivities of the BiVO4 and hampering
comparison of absolute Pmax values among the 3 libraries. Cali-
brations of the native BiVO4 photoactivity could not be performed
due to the complete coating of the BiVO4 during the PVD depo-
sition. The maps of Pmax for libraries A, B, and C are shown in
Fig. S1,† and to visualize the full x–Lmap from the 3 libraries, we
scale each library's Pmax values by the maximum value observed
within that library. Fig. 3 contains the scaled-Pmax data for all 3
libraries, which shows that there are overlapping x–L regions
between libraries A and B and between libraries B and C. The
scaled Pmax is in reasonable agreement in these regions, indi-
cating that this gure sufficiently represents the relative x–L
variation in PEC performance across all 3 libraries.

The full x–Lmap shows that the locally optimal sample from
library A (x¼ 0.26, L¼ 0.96 nmol mm�2, see Fig. 2) is among the
This journal is © The Royal Society of Chemistry 2016
globally best samples among the 3 libraries and that near-
optimal coatings are obtained over a fairly wide x–L region near
x¼ 0.26 with loadings from 0.2 to 1.5 nmol mm�2. Several near-
edge samples from library C also suggest that equivalent
performance may be obtained at more thin, Fe-rich coatings,
although additional experiments are needed to more
completely evaluate coatings in this range of x and L.

To characterize the morphology of the catalyst coatings,
atomic force microscopy (AFM) and scanning electron micros-
copy (SEM) imaging were performed on a spot from Library B
that had not been exposed to electrolyte. The x ¼ 0.26, L ¼ 0.89
nmol mm�2 sample lies approximately at the center of the
optimal region in Fig. 3, and the AFM and SEM data is shown in
Fig. 4 along with an AFM image of bare BiVO4 from a separate
synthesis. While the BiVO4 in Fig. 4c appears to have a different
characteristic particle size than that of Fig. 4a and b, the most
pertinent difference is the appearance of a ne morphology
from the Fe0.26Ce0.74Oz coating. The coating appears to be quite
conformal with characteristic particle size of approximately
13 nm. Using the bulk Fe2O3 and CeO2 densities, the nominal
thickness of this sample is 19 nm, implying that the observed
particle feature size in Fig. 4a and b is approximately 70% of the
J. Mater. Chem. A, 2016, 4, 14356–14363 | 14359
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coating thickness. Initial investigation of other samples in
library B indicate that the morphology of Fig. 4a and b is
representative of the Fe–Ce coatings in this library. The top-tier
coatings are observed down to a loading of 0.2 nmol mm�2,
corresponding to a nominal thickness of less than 5 nm,
motivating exploration of ultra-thin, conformal FexCe1�xOz

coatings provided by techniques such as atomic layer deposi-
tion. Indeed, our initial investigations indicate that photo-
electrochemical deposition of such coatings yields excellent
photoanode performance.17 Conformal coatings or other
protection schemes are also required to eliminate BiVO4

corrosion and enable long-term photoelectrochemical stability
since the instability of BiVO4 has been well established (see
Fig. S2†).6

While FeOOH coatings have been demonstrated to form
excellent interfaces with BiVO4,13,18,19 the Ce-rich coatings
identied in both the IJ and PVD exhibit better PEC perfor-
mance (only measured in pH 13 to date). As noted in our
previous study on IJ-deposited coatings, which included anal-
ysis of the optical transparency of each coating, the high
performance of the thin, Ce-rich catalysts is not due solely to the
high optical transparency of these coatings.16,17 Trotochaud
et al.39 noted through detailed photoanode modelling that the
optimal thickness for Ni, Fe, and Co-based metal oxides is
below 5 nm due to the high optical absorption of these metal
oxides under operating conditions. The higher optimal thick-
ness of the Ce-rich coatings is commensurate with the excellent
optical transparency of these coatings, and the diminished
performance for loadings exceeding 1.4 nmol mm�2 in Fig. 3 is
most likely due to hole transport limitations rather than para-
sitic optical absorption. Also, direct electrolyte-BiVO4 contact
may be important for desirable band energetics at the semi-
conductor–liquid junction, although the similar performance
with vastly different morphologies from the IJ and PVD depo-
sition methods indicates that a specic morphology is not
required for the benecial interfacial effects.

A more detailed investigation into the role of Ce is motivated
by the excellent performance with up to 90% Ce observed in
Fig. 3 and our recent observation that coatings with 70–90% Ce
form excellent interfaces with BiVO4 in the La–Co–Ce system. IJ-
deposited, Ce-rich mixed-metal oxides have been shown to
contain CeO2 nanoparticles that serve as effective co-catalysts
for the dark electrocatalysts of the OER,40 but since PEC
performance is not correlated with dark OER electrocatalysis
performance in our IJ studies,16,17 the primary role of Ce appears
to be formation of a desirable interface with BiVO4.
Fig. 5 Relaxed structures of (a) CeO2, and (b) its (001) surface, and of
(c) BiVO4 and (d) its (010) surface. The Ce, Bi, and V atoms are yellow,
purple, and red, respectively, with smaller red spheres representing O
atoms. The surface structures in (b) and (d) are drawn with the same
scale for comparison and the similar 2-D unit cells are noted in black
outline.
Computational interface characterization

Guided by these observations, we turn to rst-principles calcu-
lations to elucidate the benets of interfacing CeO2 with BiVO4.
At the surface of a metal oxide photoelectrode such as BiVO4,
defects such as oxygen vacancies are expected;41 these defects,
along with the presence of dangling bonds associated with
under-coordinated surface atoms, can introduce (non-electro-
chemical) recombination pathways, reducing photo-
electrochemical activity. In what follows, we rst identify
14360 | J. Mater. Chem. A, 2016, 4, 14356–14363
a defect-free CeO2/BiVO4 interface. We then use DFT to compute
its electronic structure, and compare it to that of a BiVO4

surface with an oxygen vacancy.
The DFT-PBE and DFT-PBE+U calculations of bulk structures

are summarized in Fig. 5 and result in lattice parameters for
BiVO4 (a ¼ 7.31 Å, b ¼ 11.74 Å, c ¼ 5.17 Å, and b ¼ 134.99�) and
CeO2 (a ¼ 5.50 Å) that are in excellent agreement with experi-
mental values42,43 and previous studies.36,44

Inspection of these BiVO4 and CeO2 crystalline phases
reveals approximate lattice matching of select low-index faces.
The in-plane unit cell of uorite CeO2(001) (a ¼ b ¼ 5.50 Å and
a ¼ 90.00�), shown in Fig. 5b, is similar to that of monoclinic
BiVO4(010) (a ¼ b ¼ 5.17 Å and a ¼ 89.99�), shown in Fig. 5d. In
the CeO2(001) unit cell, the two Ce atoms are in the same plane
and the two surface O atoms are located at the bridge sites. In
the BiVO4(010) unit cell, the Bi and V atoms are also in the same
plane, but the bridge O atoms are slightly closer to the V atom.
This analysis indicates the possibility of a heteroepitaxial
CeO2(001)/BiVO4(010) interface with lattice mismatch of
approximately 6% and with O atoms in positions at the inter-
face that may be substantially different from that of the 2 bulk
structures. An important step in the study of the CeO2(001)/
BiVO4(010) interface is to ascertain the existence of an ener-
getically-favorable O conguration between Ce and Bi–V planes.

The model cell shown in Fig. 6a is created by matching the
(001) CeO2 lattice planes to that of BiVO4(010). By placing this
compressed CeO2(001) monolayer atop BiVO4(010), an interface
is formed with metal–O coordination numbers that match the
bulk structures, circumventing the formation of surface defects.
To assess the energetic viability of this interface, model cells are
created with 1, 2, 3, and 4 monolayers of CeO2(001) atop the 8-
monolayer BiVO4(010) slab. The two sides of this hetero-
structure are separated by a vacuum layer of 20 Å in the
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 The model cell and the PDOS for each monolayer for (a) CeO2/
BiVO4 and (b) BiVO4 with a surface O vacancy, where the bottom 4
layers of each cell are fixed to bulk BiVO4 lattice parameters. The
shaded gray in each plot is the PDOS signal for bulk BiVO4. The VBM
without considering trap states is set as 0 eV and the energy corre-
sponding to themaximumoccupied state is shown as a vertical dashed
line in both figures.
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calculation supercell with periodic boundary conditions. The
bottom four monolayers of BiVO4(010) are xed to the bulk
structure and the remaining 4 BiVO4 and 1–4 CeO2 monolayers,
along with the positions of their O atoms, were allowed to vary.
Fig. 6a shows the fully-relaxed supercell containing two mono-
layers. The formation energy associated with this arrangement
is determined from its total energy (Ehetero) and the total ener-
gies of separate fully-relaxed cells as computed with DFT-
PBE+U, namely the freestanding 8-monolayer BiVO4 substrate
(Esub) and the freestanding CeO2(001) layer(s) without the het-
eroepitaxy in-plane constraints (Elayer). The use of in-plane
constraints in the heterostructure model leads to a higher
system energy than that of a fully relaxed system, and thus the
formation energy

Eform ¼ Ehetero � Esub � Elayer (1)

provides a conservative lower bound. The Eform values for the
heterostructures with 1 to 4 monolayers of CeO2 are �1.39,
�1.00, �0.47, and 0.98 eV, respectively, indicating a strong
driving force for the formation of the CeO2(001)/BiVO4(010)
interface and that the energetic preference for formation of
thicker CeO2 layers hinges upon lattice relaxations that are not
considered in these models.

To analyze the effects of the CeO2 overlayers on the electronic
properties of BiVO4, we examine the DFT-PBE+U PDOS of each
monolayer of the CeO2(001)/BiVO4(010) heterostructure, as
shown in Fig. 6a, and compare with the corresponding PDOS for
bulk BiVO4. The PDOS of each BiVO4 layer near the CeO2

interface is nearly identical to that of bulk BiVO4, demon-
strating that the CeO2 overlayers do not result in the formation
of surface states or trap states in the BiVO4. The valence band
PDOS of the CeO2 layer remains somewhat similar to that of
bulk BiVO4 with a slight shi to more negative energies. This
observation suggests that with the addition of band bending
due to equilibration of the metal oxide Fermi level with the OER
This journal is © The Royal Society of Chemistry 2016
Nernstian potential, photo-generated holes in BiVO4 would
experience a slight energy barrier along their energetically
down-hill path to the interface with the liquid electrolyte.

To conrm that the CeO2 coating provides a net benet to
the electronic structure of the BiVO4 surface, we consider the
PDOS for both uncoated and defective layers. The bottom BiVO4

layer in Fig. 6a contains a vacuum interface, and in this
O-terminated BiVO4(010) surface the O coordination of Bi is
6-fold, which is lower than the 8-fold coordination in the bulk.
Consequently, the PDOS of this layer deviates from bulk-like
behavior, revealing the formation of surface states, especially in
the valence band. The integrity of the VO4 motif of bulk BiVO4 is
maintained at this vacuum interface, and since no mid-gap
states are formed, no substantial detriments to PEC perfor-
mance would be expected in this vacuum termination. While
the BiVO4 layer at the vacuum interface in Fig. 6a is constrained
to the bulk lattice parameters, we show in Fig. S3† that similar
results are obtained with a fully-relaxed vacuum/BiVO4

interface.
For comparison, we model a defective, uncoated BiVO4

interface by introducing an O vacancy at the BiVO4(010) surface.
We note that this surface is appropriate for model studies as it is
the lowest-energy surface of monoclinic BiVO4 (ref. 45) and each
surface O has the same coordination to Bi and V. In our
calculations, a single O vacancy was introduced in a 2 � 2
supercell with 8 monolayers of BiVO4, which corresponds to
a 12.5% O deciency on the O-terminated surface. The O
vacancy initially causes a single V to be 3-fold coordinated by O
in the model cell. As shown in Fig. 6b, subsequent relaxation of
the supercell results in the V atom shiing by 0.4 Å out of the
surface Bi–V plane to form a bond with an O atom in the
underlying layer. The PDOS in Fig. 6b reveals that the O defect
results in the formation of spin-polarized trap states that are
occupied. The density of the mid-gap states is larger in the
second layer than in the top layer due to the intra-layer V–O
bond, and these near-surface states can trap photo-exited holes
and cause Fermi level pinning.46 Comparing Fig. 6a and
b reveals the important role the CeO2 coating plays in
preserving O stoichiometry and in particular the integrity of the
VO4 structural units, mitigating recombination pathways at the
BiVO4 surface.

To further understand the electronic structure of our model
heteroepitaxial interface, we create a supercell without vacuum/
BiVO4 interfaces by applying 2-monolayer CeO2 terminations on
both ends of an 8-layer BiVO4 slab. The 2 central BiVO4 mono-
layers are constrained to bulk BiVO4 lattice parameters, allow-
ing the remainder of the structure to be fully relaxed. The
resulting cell is shown along with its band structure and
element-projected DOS in Fig. 7. In the band structure of
Fig. 7b, the eigenenergies at each k point are colored by the
contribution from the BiVO4 or CeO2 layers, providing addi-
tional insight into the electronic structure at the interface.
While the eigenstates in the valence band each have different
fractional contributions from the BiVO4 and CeO2 layers, the
valence band structure is largely the same between the light
absorber material and the metal oxide coating, which is desir-
able for efficient hole transport and results from the strong O 2p
J. Mater. Chem. A, 2016, 4, 14356–14363 | 14361
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Fig. 7 (a) The CeO2(001)/BiVO4(010)/CeO2(001) model system used
to calculate the (b) in-plane band structure and (c) element-specific
DOS of the heteroepitaxial system. The points in the band diagram
correspond to the eigenenergies at the k points, and the blue and red
dot sizes indicate the fractional contribution to the state fraction from
BiVO4 and CeO2, respectively. The DOS diagram shows that O
provides the most contribution to the valence band and that V and Ce
provide the most contributions to the conduction band in the
respective layers of the system. The VBM is set to 0 eV.
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character in the valence band of both materials. The Ce-based
conduction band in the overlayers is at much higher energy
than the BiVO4 conduction band.

While it is unlikely that the specic CeO2(001)/BiVO4(010)
heteroepitaxial interface studied here is formed at a majority of
the BiVO4 crystal grains in our experimental electrodes, these
calculations, summarized in Fig. 5–7, show how CeO2 can
improve the surface electronics of BiVO4 photoanodes. While
so-called “protective coatings” typically refer to protection
against corrosion, our results highlight the importance of
maintaining the integrity of the VO4 units at the surface, which
motivates exploration into whether the reported FeOOH coat-
ings13,18,19 also serve this purpose. While Fig. 3 demonstrates the
importance of including Fe in the (Fe–Ce)-based coatings, Ce-
rich coatings containing La and Co also perform well,16 sug-
gesting that the role of Fe may differ from that of pure FeOOH
coatings and may involve enhancement of the coating conduc-
tivity or catalytic activity. Building model cells with either
FeOOH/BiVO4 interfaces or mixed Fe–Ce coatings does not
appear to be straightforward, particularly due to the different
structure, O-coordination and average metal oxidation state of
FeOOH compared to BiVO4. Indeed, CeO2 is a particularly
suitable coating for BiVO4 due to its oxygen stoichiometry and
approximate lattice match, which enables stabilization of the
interfacial O layer to prevent defects such as that modelled in
Fig. 6b.

As indicated by the Pourbaix diagram and observed in
previous studies of Ce-rich electrocatalysts,40 Ce4+ is indeed ex-
pected to be the stable species under OER conditions. Interest-
ingly, recent work on Ce3+ alloying onto Bi3+ sites in BiVO4

indicates that Ce3+ may improve particulate BiVO4 photocatalysis
due to the formation of a mid-gap Ce 4f state at energy slightly
14362 | J. Mater. Chem. A, 2016, 4, 14356–14363
higher than the VBM of BiVO4, which photo-excited holes can
occupy to mitigate recombination.47 Such hole-trapping
phenomena are not necessarily benecial in PEC processes since
the ultimate goal is to transport the photo-generated holes to the
catalytic surface as efficiently as possible. In our previous and
present work we have demonstrated the benecial effects of Ce-
based coatings using both IJ and PVD deposition techniques,
both of which could in principle lead to Ce3+ doping of the BiVO4

during deposition, while more detailed characterization is
required to determine the composition and structure of themetal
oxide/BiVO4 interfaces. It is also worth noting that a detailed
theoretical assessment of IrO2/WO3 photoanodes was recently
reported by Ping et al.20 in which the conformality of the coating
played a critical role in interface energetics. While our IJ and PVD
experimental results suggest that the (Fe–Ce)Ox/BiVO4 is not
highly sensitive to surface morphology, more detailed studies are
required to determine if morphology optimization can provide
additional improvement of PEC performance.
Conclusions

By using combinatorial sputter deposition, optimal metal oxide
coatings for BiVO4-based OER photoelectrocatalysis are identi-
ed in a well-dened range of composition and loading
centered at Fe0.26Ce0.74Oz and 0.9 nmol mm�2. The mixed-metal
oxide coatings are quite uniform with roughness on the 10 nm-
scale and excellent photoelectrochemical power generation is
obtained with up to 90% Ce. A newly-identied heteroepitaxial
CeO2(001)/BiVO4(010) interface provides a useful model system
for revealing the impact of Ce in improving the surface structure
and electronics of BiVO4. CeO2 facilitates the removal of surface
states and enables efficient hole extraction from BiVO4 while
mitigating recombination. These ndings identify CeO2 as
a highly benecial material for developing coatings that
enhance the photoelectrochemical properties of BiVO4, moti-
vating fundamental and engineering studies of CeO2-rich
coatings to further enhance photoelectrocatalysis of the OER for
efficient solar fuel generation.
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