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ABSTRACT: An efficient photoanode is a prerequisite for a viable solar fuels technology. f"““i-;‘%
The challenges to realizing an efficient photoanode include the integration of a [*8= =
semiconductor light absorber and a metal oxide electrocatalyst to optimize corrosion
protection, light trapping, hole transport, and photocarrier recombination sites. To
efficiently explore metal oxide coatings, we employ a high-throughput methodology wherein
a uniform BiVO, film is coated with 858 unique metal oxide coatings covering a range of
metal oxide loadings and the full (Ni—Fe—Co—Ce)O, pseudoquaternary composition
space. Photoelectrochemical characterization of the photoanodes reveals that specific
combinations of metal oxide composition and loading provide up to a 13-fold increase in the
maximum photoelectrochemical power generation for oxygen evolution in pH 13
electrolyte. Through mining of the high-throughput data we identify composition regions
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that form improved interfaces with BiVO,. Of particular note, integrated photoanodes with

catalyst compositions in the range Fe(q4—96)Ce(o6-04)O; exhibit high interface quality and excellent photoelectrochemical power
conversion. Scaled-up inkjet-printed electrodes and photoanodic electrodeposition of this composition on BiVO, confirms the
discovery and the synthesis-independent interface improvement of (Fe—Ce)O, coatings on BiVO,,.

KEYWORDS: solar fuels, materials integration, high-throughput experimentation, photoanode, oxygen evolution reaction

1. INTRODUCTION

Conversion of solar energy to hydrogen via photoelectrochem-
ical (PEC) water splitting offers a path toward storable and
sustainable transportation fuels. The use of semiconductor/
liquid junctions is particularly attractive for its simplicity and
potential for low cost." To achieve unassisted water splitting
with high efliciency, a dual junction configuration is needed, in
part to accommodate the large overpotential of the oxygen
evolution reaction (OER).'™ For such an architecture, BiVO,
has recently received significant attention as the photoanode
light absorber in a dualjunction device,"”” as it possesses a
bandgap near 2.5 eV and a valence band potential significantly
more positive than the thermodynamic potential for OER.*’
However, the bare surface of BiVO, possesses high
concentrations of electronically active defect states that
diminish its photoelectrocatalytic activity for the OER."
Furthermore, the material suffers from chemical and photo-
chemical instability under aqueous OER conditions.'"”"”
Indeed, while strong alkaline conditions are usually preferred
to reduce ohmic losses and prevent hydroxyl ion depletion
during OER catalysis, they pose significant challenges for
materials stability under operating conditions. Integration of
alkaline stable oxygen evolution catalysts onto the surface of
BiVO, can address these shortcomings.

-4 ACS Publications  © 2016 American Chemical Society

We have recently described high-throughput methodologies
and performance metrics for evaluation of catalyst/semi-
conductor assemblies as photoelectrodes, which demonstrated
that specific compositions and loadings of mixed-metal oxide
catalyst coatings can significantly improve the performance of
BiVO,-based photoanodes.'® Herein, we extend this approach
by integrating (Ni—Fe—Co—Ce)O, OER catalysts onto a thin
film BiVO, light absorber and evaluating the resultant library of
photoanode assemblies. This search reveals a new (Fe—Ce)O,
catalyst composition and loading, which in scaled-up electrodes
under standard AML.5 test conditions outperforms the (La—
Co—Ce)O, composition previously discovered through high-
throughput methods using the same BiVO, substrate."”
Moreover, the performance of this metal oxide coating is
verified using photoanodic-electrochemical deposition (PED)
as an alternate preparative method. Combinatorial variation of
the catalyst composition and loading yields a wide range of
photoanode properties, with composition trends notably
different from those reported for the (Ni—La—Co—Ce)O,
catalyst library on BiVO,, providing additional insight into
beneficial interfacial interactions.

Received: June S, 2016
Accepted: August 23, 2016
Published: August 23, 2016

DOI: 10.1021/acsami.6b06714
ACS Appl. Mater. Interfaces 2016, 8, 23696—23705


www.acsami.org
http://dx.doi.org/10.1021/acsami.6b06714

ACS Applied Materials & Interfaces

Research Article

The impact of integrating catalysts and semiconductors is
multifaceted,'”"> with properties emerging from specific,
difficult-to-predict materials interactions, which may change
under operating conditions, as highlighted by recent work on
adaptive junctions.'°™"* Generally applicable predictive models
are not yet available, requiring discoveries to proceed via
synthesis and measurement of new material combinations.
Considerable effort has been devoted to interfacing oxygen
evolution catalysts with BiVO, under near-neutral condi-
tions.”"”~** With Co—Pi and FeOOH coatings, improved
photoelectrochemical performance has been attributed to
suppression of electron—hole recombination at the inter-
face.*”>** With respect to the PEC performance of integrated
photoanodes, the specific character of the coating/semi-
conductor interface may be equally or more important than
the electrocatalytic activity of the coating, as illustrated by the
poor overall performance of IrQ, integrated with BiVO,.”>*’
Choi and co-workers have also demonstrated that a dual
coating of FeOOH, which improves interface quality, and
NiOOH, which increases catalytic activity and affects
Helmholtz layer formation, greatly enhances the performance
of BiVO, photoelectrodes.™

Although most studies of BiVO,/catalyst assemblies are
performed under near-neutral conditions, operation under
strongly acidic or basic conditions beneficially minimizes
polarization losses and enables production of pure O, and H,
product streams from water splitting devices.””** However, the
stability of BiVO, is poor under alkaline conditions, and longer
operational lifetime can be obtained under near-neutral pH
conditions.” In the present study we utilize a pH 13 electrolyte
to balance material stability and system efficiency in a full water
splitting device. Coating BiVO, with catalyst films can improve
stability under alkaline conditions, as demonstrated with atomic
layer deposited (ALD) CoQ,,*® ALD TiO, films with sputtered
Ni catalyst,'” and a conformal coating of ZnFe,O, on a
nanoporous BiVO, photoanode.’”

Identifying beneficial BiVO,/catalyst interactions by inves-
tigating a range of catalyst compositions could significantly
improve PEC performance and afford new insight into operable
interfacial mechanisms. Motivated by high-throughput methods
employed for energy materials and device discovery and
optimization,”* " including catalysts and protective coatings
on BiVO4,25’41 we pursued the integration of promising new
Ce-rich pseudoquaternary oxide OER catalysts™~* with
BiVO, using improved automated PEC characterization and
advanced data processing to identify multifunctional catalyst/
semiconductor interfaces."”

In our combinatorial study of 858 inkjet-printed (IJP) metal
oxide coatings on thin film BiVO,, we identify compositions
that create BiVO,-based photoanodes whose performance
under alkaline conditions (pH 13) is much higher than
anticipated from the optical and dark electrocatalytic properties
of the metal oxides. The unexpectedly high photoanode
performance is indicative of beneficial interfacial processes.
Our earlier study of (Ni—La—Co—Ce)O, catalyst libraries
inkjet-printed on BiVO, revealed the following: (1) The
optimal catalyst composition when integrated with BiVO, was
shifted toward the (La+Ce)—rich compositions relative to the
optimal electrocatalysts deposited onto fluorine-doped tin oxide
(FTO). (2) The most active catalyst coatings were high-order
compositions with 3 or 4 metal elements. (3) The photoanode
performance was not strongly dependent upon catalyst loading,
with the intermediate loading investigated yielding the highest

performing photoanodes. In contrast, our current study of
(Ni—Fe—Co—Ce)O, reveals the following: (1) The optimal
catalyst compositions when integrated with BiVO, are
substantially different than those of the optimal electrocatalysts
on FTO. (2) The optimal catalyst composition varies with
catalyst loading. (3) The lowest loading achievable using the
inkjet printing method produces the highest activity, indicating
that additional improvements in activity may result from further
optimization of composition and loading. (4) While interesting
trends are observed in the high-order composition spaces, the
optimal photoelectrochemical power conversion is obtained on
the (Fe—Ce)O, pseudobinary line and shifts toward Fe-rich
compositions with decreasing loading.

Motivated by these observations from the high-throughput
experiments, we performed additional experiments using
traditional techniques, starting with a scaled-up photoanode
with the optimal IJP Fe,;Ce, O, catalyst. The performance of
this scaled-up Fe;sCeysO, composition and loading exceeds
that of the previously investigated Lay,Co,,Ce4O,. Given the
improvements in photoanode performance with decreased
catalyst loading, we additionally employed a PED technique to
prepare a Fe; ;Ce, 5O, catalyst composition, demonstrating that
catalyst coatings on the order of 1 nm are sufficient to improve
the performance of BiVO,-based photoanodes.”’

2. EXPERIMENTAL SECTION

2.1. Photoanode Library Design and Synthesis. The design
and synthesis of libraries of photoanode assemblies, as well as the
instrumentation, experimental methods, and analysis techni%ues for
evaluating the libraries has been reported in detail previously." In this
work, we utilized these methods to investigate the (Ni—Fe—Co—
Ce)O, OER catalyst composition space as coatings on BiVO,,. In brief,
a uniform BiVO, film was spin-coated onto a 100 cm® FTO-coated
glass substrate (TEC 15, Sigma—Aldrich).13’35’46 Discrete composition
libraries of mixed-metal oxide coatings containing Ni, Fe, Co, and Ce
were inkjet printed at 10 atom % composition steps onto the BiVO,
film, as shown in Figure 1. The libraries were calcined in air at 350 °C

Figure 1. Photograph of the 10 cm X 10 cm FTO/glass plate with the
(Ni—Fe—Co—Ce)O,, catalyst library on BiVO,. The regions of the
library containing catalyst loadings L1, L2, L2, (duplicate of the L2
loading library), and L3 are marked, with each of these regions
containing the same 286 catalyst compositions.

to produce mixed-metal oxides with undetermined oxygen stoichiom-
etry; thus, the samples are labeled using the intended cation
composition. Our previous work has shown that the elemental oxide
phases prepared by the inkjet printing and calcination method are
NiO, Fe,0;, Co;0,, and CeO, and that mixed-metal oxide coatings
may contain nanostructured phase mixtures, in particular mixtures of
CeO, with (Ni,Fe,Co)O rock-salt alloys that exhibit atomically sharp
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grain boundaries. While interactions between mixed-metal oxides and
BiVO, may lead to variation in the phase behavior and morphology
from these previous variations, these properties are not characterized
in the present work as the photoanode library samples are not
amenable to nanocharacterization.’

Using 10 atom % intervals, the (Ni—Fe—Co—Ce)O, composition
space contains 286 unique compositions, and the photoanode library
shown in Figure 1 includes three different loadings for each
composition: 0.75, 1.9, and 3.6 nmol mm~2, labeled L1, L2 (and
L24 for a duplicate copy of loading L2), and L3, respectively. This
range of loadings corresponds to a nominal thickness range of 5—20
nm, but as detailed in previous work, each mixed-metal oxide coating is
discontinuous and coarse on the 1 pm scale, producing substantial
variations in coating thickness. The combined composition—thickness
library contained 858 unique coatings on BiVO, that along with the
286 duplicate L24 samples comprise the “photoanode library” screened
for photoelectrocatalysis of the oxygen evolution reaction. To prevent
convolution of spatial and temporal variations with composition, the
286 compositions were randomly distributed within each block of
loadings.

A duplicate composition-loading library of metal oxides was
deposited directly onto a 100 cm® FTO-coated glass substrate to
create the “catalyst library,” which was used to measure the optical and
OER electrocatalytic properties of the metal oxides in the absence of
the BiVO, light absorber.

2.2. Photoelectrochemical Characterization. The optical and
electrocatalytic properties of the catalyst library on FTO-glass were
characterized at an OER overpotential of 350 mV in pH 13 electrolyte
(0.1 M NaOH (aqueous) with 0.5 M Na,SO, (aqueous) as supporting
electrolyte), using methods similar to those previously reported.**
The same custom scanning drop photoelectrochemical cell (SDC) was
used to measure the photoelectrochemical response of the photoanode
library by measurement of toggled-illumination cyclic voltammograms
(CVs) for each photoanode assembly.'**® Given the 2 mm pitch
between samples (1 mm of uncoated BiVO, on all sides of each 1 mm
X 1 mm coating), independent PEC measurements were obtained by
limiting the electrolyte contact diameter to be less than 3 mm and
additionally employing a 1 mm diameter illumination footprint to
confine the illumination to within the printed area of the respective
sample. Over the spectral range of 390—600 nm (the portion of the
spectrometer range with appreciable absorption from the BiVO, film),
the broadband light source used has an irradiance approximately four
times greater than that of 1 sun AM 1.5G.

3. RESULTS AND DISCUSSION

3.1. Performance of Integrated Photoanodes. The
anodic sweep of each toggled-illumination CV was used to
evaluate the photoelectrochemical performance of each
assembly in the photoanode library, as illustrated in Figure
2a. The photocurrent density Uphm(V)) was calculated as the
difference between the illuminated and dark current density
signals from the anodic sweep. As illustrated in Figure 2b, two
primary photoanode performance metrics were extracted from
the Johoo(V) curve: (1) the photocurrent density at the
Nernstian potential for the OER (Jo /u,0) and (2) the

maximum photoelectrochemical power conversion (P,), as
described previously."

The photocurrent density curves from the best (Ni—Fe—
Co—Ce)O,-coated photoanode assemblies are compared to
uncoated BiVO, in Figure 2c. The photocurrent density at the
Nernstian potential of the applicable redox reaction is a
common performance metric for photoelectrodes.”” For each
photoanode, we denote the photocurrent density at 1.23 V vs
RHE (the Nernstian potential of the O,/H,0O couple) as
Jo,/n,0r and use this value as one figure of merit (FOM) to

construct composition maps of photoanode performance. Two
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Figure 2. (a) Anodic sweep of the CV acquired on L1 sample
FesCeyoO, with illuminated (1.34 s) and dark (0.67 s) intervals
highlighted in red and blue, respectively. (b) Disregarding the current
transients upon illumination toggling, the photocurrent density is fit to
a third-order polynomial (red line), providing the ]phom(V) signal from
which performance metrics are calculated. The short circuit current
density (Jo/m,0) is labeled, together with the maximum power point

(red circle), which corresponds to an electrochemical power
generation of P, (shaded green area). (c) Representative photo-
current density signals from 4 of the best photoanodes are shown
along with the photocurrent density signal from bare BiVO,. The
maximum power point is circled for each photoanode.

different representations of the composition map of ], /o are

shown for the L1 samples in Figure 3. Figure 3a shows the
entire pseudoquaternary composition space using three
connected sets of four pseudoternary triangles. The four large
triangles are the four faces of the (Ni—Fe—Co—Ce)O,
composition tetrahedron shown in Figure 3b, with each
composition containing at most 3 metals. Considering these
to be the outer shell of the tetrahedron, the inner shells are
shown in Figure 3c,d, where each composition in these shells
contains at least 10 and 20% of each metal, respectively. By
unfolding the three shells of the tetrahedron, the flattened
composition map of Figure 3a depicts the Jo /i,0 as a color

scale for each of 286 compositions with L1 loading. The prime
and double-prime element labels at the vertices of the inner
composition triangles are defined in the figure caption and in
Table S1.

The compositions in the (Ni—Fe—Co—Ce)O, composition
space that yield the best photoanodes are between Fe;4Ce, 4O,
and Fe,Ce(40, with loading L1, as seen in Figure 3a. Local
maxima are also found on the (Ni—Ce)O, and (Co—Ce)O,
pseudobinary lines, with the three Ce-containing pseudobinary
composition spaces producing higher Jo /i,0 values than the

constituent single-metal oxides. The local maxima on the
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Figure 3. Composition map of Jo ju,0 for L1 samples. (a) The full

pseudoquaternary composition space is shown as the flattened set of
pseudoternary faces with the 3 sets of 4 faces containing the
compositions from the 3 concentric shells of the tetrahedron
composition plot. These 3 shells of compositions are shown in b—d,
respectively, using the common false color scale. The end-member
compositions of the 3 shells are labeled M, M’, and M” (where M =
Ni, Fe, Co, or Ce), respectively. Fe’ corresponds to
Ce Fey,Niy,Coy,0,; Fe” corresponds to Cey,Feq,Nij,Coy,0,.
The definition of each composition label is provided in Table SI.

pseudobinary lines extend into the pseudoternary spaces, with
the best pseudoternary compositions obtained by adding Ni to
(Fe—Ce)O, compositions. The local maxima of ] /11,0 extends

into the quaternary space around composition Ce’
(Niy;Fey1Co,Ceq;0,). The optimal performance in catalyst
composition space depends significantly upon the catalyst
loading, as seen in the composition maps of J /i o for all three

catalyst loadings (see Figure S2). These observed trends are
distinct from those previously reported for the (Ni—La—Co—
Ce)O, catalyst libraries on BiVO,, in which the optimal
composition regions were the same at all three catalyst loadings
and the best 3- and 4-metal catalysts far outperformed any 1- or
2-metal catalyst."?

An even more important FOM for photoanode assemblies is
their ability to convert photon energy to electrochemical
energy. Assuming 100% Faradaic efficiency, the electrochemical
power generation (or power saved"’ compared to an ideal
electrocatalyst operating at the Nernstian potential) is given by
the product of the bias potential (with respect to the OER
Nernstian potential) and the corresponding photocurrent,
which is readily calculated from the data shown in Figure 2.
For a photoanode, its maximum electrochemical power
generation (P,,) is the single most meaningful scalar
performance metric, as illustrated in Figure 2b.

The map of P, is shown in Figure 4 as a function of
composition and catalyst loading, revealing similar trends as
those observed for Jo /i,0. At the highest coverage (L3), the

best P, performance is obtained with 60—90 metal atom %
Ce, with the peak performances at the compositions
Niy Fe,Ceo 70, Fe(.1-02)C00.1-0.2)Ce(0.5-0.7)O and
Niy ;Cog1Fe(.1-02)Ce(0,6-07)O, With decreasing catalyst cover-
age, these compositions retain approximately the same P,
performance. However, the P,  increases for the
Fe(06-04)Ce(0.4-06)O, pseudobinary compositions and the
neighboring Ni-containing compositions such that at LI
loading these are the most active compositions in the entire
library. Photoanodes in the 99th percentile of P, (above 0.64
mW cm™?) are found only at L1 loadings close to the
Fe(o6-04)Ce(0.4-06)Ox pseudobinary compositions. The global
maximum of 0.76 mW cm ™ is obtained with the Fe,Ce,,O,-

P .. (mWcm?)

01 03 05 07

Figure 4. Composition maps of P, for all three catalyst loadings,
plotted with a common color scale using the flattened pseudoternary
triangle scheme of Figure 3a.

L1 sample and is approximately 13.6 times larger than the 0.056
mW cm™ provided by bare BiVO, (measured on this library
plate in a region without catalyst coating).

The P, of bare BiVO, is in the 10th percentile of the
photoanode library, meaning that approximately one tenth of
the metal oxide coatings are deleterious to the PEC
performance of BiVO,. Mixed-metal oxide coatings typically
do not significantly improve photoanode performance. In the
present study, only 46 of 828 photoanode samples measured
(less than 5.4%) exhibit P,  values in excess of 0.5 mW cm™2
demonstrating that producing high-performance photoanodes
requires specific catalyst compositions and loadings.

3.2. High-Throughput Screen of Photoanode Stabil-
ity. Evaluation of PEC stability is particularly challenging for
photoanodes as the target end-use involves pairing with a
photocathode to determine the operational point in the
Johoto(V) curve, which will then vary due to the diurnal cycle.
Ideally, the photoanode would be operated near its maximum
power point, and to evaluate initial stability of the integrated
photoanodes, we perform toggled-illumination chronoamper-
ometry (CA) measurements at 0.8 V vs RHE (—0.43 V vs
OER), which is near the potential of the maximum power point
(Eyp) for the top-performing photoanodes in Figure 4. The
photocurrent at P, is sensitive to many degradation
mechanisms because it is sensitive to changes in any of the
common performance metrics: Eqc, Jo,/n,0, and fill factor. The

86 compositions at the L2 loading producing the largest values
of Jphoto at 0.8 V vs RHE in the toggled-illumination CV scans
were selected for stability evaluation from the original set of
256 compositions. CA measurements were performed on the
duplicate L2 loading samples (L2,) at 0.8 V vs RHE and the
initial photocurrent densities shown in Figure Sa were
determined after 4 s of toggled illumination, which allowed
the settling of any initial, sharp transient currents. The final
Johoto Values, after 180 s of toggled illumination and CA
measurement, are shown in Figure Sb. The highest-performing
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Figure S. Composition maps of Jihe, at 0.8 V vs RHE (—0.43 V vs
0,/H,0) for catalyst library L2 (a) at t = 4 s toggled-illumination CA
and (b) at t = 180 s toggled-illumination CA at 0.8 V vs RHE (—0.43
V vs 0,/H,0).

photoanode compositions initially lie near the (Fe—Ce)O,
pseudobinary line and extend into the pseudoternary spaces
with addition of Ni or Co. After the 3 min illuminated stability
test, the highest performing compositions remain near the
(Fe—Ce)O, pseudobinary line, but ], has been lowered by
up to S0% in some cases. Several compositions in the (Ni—Fe—
Ce)O, pseudoternary composition space with 20 atom % Ni
appear to be relatively more stable over this duration, indicating
that incorporation of Ni into the (Fe—Ce)O, coatings is
detrimental to initial PEC performance but enhances PEC
stability.

To explore possible modes of degradation, a 30 min
chopped-illumination CA experiment at 0.8 V vs RHE was
performed on the Fey4Ce;,O,-L1 sample. The photocurrent
signal as well as X-ray fluorescence characterization data are
shown in Figure S8, revealing that the high-throughput CV and
30 min of CA resulted in losses of approximately 20% of the Bi
and 50% of the V from the as-prepared photoanode. Due to the
low loading of Ce and Fe, fluorescence signals overlapping with
the Ce signal and the presence of Fe impurities in the glass
substrate, these elements are not readily quantifiable; however,
no loss of Ce or Fe is evident, in agreement with the established
stability of CeO, and Fe,O; under the electrochemical
conditions. The loss of Bi and V suggests the primary
degradation mechanism is (photo)corrosion of BiVO, with
preferential loss of V, which is enabled by the direct electrolyte
contact afforded by the discontinuous catalyst coating and in
agreement with recent studies of BiVO, corrosion. > While
these results motivate further exploration of conformal (Ni—
Fe—Ce)O, protective coatings, we turn to additional analysis of
the metal oxide libraries to identify the interfaces that yield the
best PEC performance.

3.3. Data-Driven Identification of Optimal Interfaces.
Coating compositions that exhibit beneficial interactions with
the light absorber can be identified through analysis of the
combinatorial screening data. The formation of an optimal
interface leads to PEC performance exceeding that expected
given the independent properties of the light absorber and the
metal oxide coating. Such emergent properties from catalyst/
light absorber combinations are of particular interest for
achieving peak performance in scaled and integrated systems, as
well as for identifying interfacial properties that give rise to
unexpected behavior and establishing rational approaches to
interface engineering. By combining the PEC properties
measured on the photoanode library with the optical and

electrocatalytic properties of the catalyst library, we establish a
model for evaluating the relative photoelectrochemical
performance enhancement due to the catalyst/light absorber
interface.

The OER catalytic current density (J.,,) was mapped over the
catalyst library at a moderate OER overpotential of 7 = 0.35V,
an electrochemical potential that serves as a proxy for the
(unknown) operational surface potential of the BiVO,.
Electrochromic transition metal oxide films become darker in
alkaline electrolytes under OER operational conditions, due to
oxidation of the catalyst,"** motivating the use of in situ optical
characterization to measure optical transmission and catalytic
activity simultaneously after 25 s of polarization. The optical
transmission efficiency (@, see Experimental Section) was
calculated as the fraction of the transmitted photons over 390—
600 nm (the primary BiVO, absorption range), as previously
described in greater detail.”

We previously reported the OER catalytic activity in pH 14
electrolyte, " revealing similar activity in the Nij,5Co0g,5Ce 5O,
and Niy¢Fe,,0, composition regions. In pH 13 electrolyte, as
used in the present study, the best electrocatalytic activity is
found in the (Ni—Fe—Co)O,, pseudoternary composition space
and is more Ni-rich with Nij,Cog Fe,,0, being the optimal
catalyst (see Figure SS). None of these composition regions
exhibit particularly high P, values in the photoanode library.
For all three loadings of the (Ni—Fe—Co—Ce)O, composi-
tions, Figure 6 shows ], relative to oy, with the color of the
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Figure 6. Each of the 858 library samples is plotted according to the
optical transmission efficiency (@re,) and catalytic activity (J.)
measured on the FTO/glass-supported library. Each sample is colored
by the P,,,, measured on the BiVO, photoanode library. Each sample
with high P, ., (green to red colors) is surrounded by samples with
much lower P, demonstrating the lack of a systematic relationship
among aT,cat) ]cav and Pmax'

data points corresponding to the P, value from the
photoanode library sample with the equivalent metal oxide
coating. One may expect the performance of the integrated
photoanodes (P,,,,) to vary systematically with ar,, and ],
the operational optical transparency and catalytic activity of the
catalyst coating. However, low-P,,,, data points are intermixed
with high-P, .. data points in Figure 6; thus, oy, and ], of the
dark electrocatalyst cannot alone robustly predict the behavior
of integrated photoanodes. Indeed, these high-throughput
results demonstrate that the complex composition-dependent
interactions of the catalyst with the BiVO, light absorber
strongly affect the photoanode performance.
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By applying a simple model for comparing P,,, to ar ., and
Jeao the extent to which catalyst compositions over- or
underperform expectations can be quantified. Following the
model used in previous work,"”*® we estimate a maximum
relevant catalytic current density (J, = 3 mA cm™2), which is
approximately equal to the maximum ], o photocurrent

density in Figure 3 and is approximately the maximum
photocurrent that can be produced by the BiVO, film with
the illumination source used to characterize the photoanode
library. Any catalyst able to support a current density in excess
of the J, capable of being generated by the BiVO, light
absorber is treated as having the same “activity” in our simple
predictive model. The combined optical—catalytic efficiency
(Acw €q 1) is calculated as the product of the optical
transmission efficiency and catalytic current efficiency:

aC,cat = aT,cat(minUcatl ]max]/]max)

(1)

The quantity ac ., serves as a dimensionless predictor of the
relative performance of each integrated photoanode based on
properties of the metal oxide coating. The composition maps of
Jeav OT,cav and ac o, are shown in Figures S5—S8 for all three
catalyst loadings and for the L1 samples in Figure 7a—c. More

Oy cars n=0.35V

I'~log,; (P,./0%c)

max_~"C

-1.0 -05 0.0 05 1.0

Figure 7. Composition maps of (a) optical transmission efficiency
(@rea), (b) catalytic current density (J..), and (c) the ensuing
combined figure of merit (@¢,,) for the L1 catalyst samples from the
FTO/glass-supported library. The parameter I" compares photoanode
performance (P,,,) to that predicted by ac ., and the corresponding
composition map is shown in d.

sophisticated models would be required to predict absolute J—E
characteristics of photoanodes,™ but eq 1 facilitates quantifying
the relative predicted performance, which is sufficient for the
present study.

The experimentally measured performance for each photo-
anode library sample can be compared to this calculated
combined optical—catalytic efficiency from the corresponding

23701

catalyst library sample to identify which catalyst compositions
perform well-above or well-below this expectation. We make
this comparison using the quantities

I'= 10g10(Pmax/aC,cat) (2)

()

The parameter I' (eq 3) provides a log-scale quantification of
the ratio of experimental photoanode performance to the
predicted performance with a median shift so that values near 0
correspond to integrated performance comparable to that
expected. The compositional maps of I' are shown in Figure 7d
for the L1 loading and in Figure S7 for all three catalyst
loadings. In Figure 7d many compositions, highlighted with the
tan circles, in the (Ni—Fe—Co)O, space have one-tenth the
anticipated performance (corresponding to I" values approach-
ing —1), which is indicative of deleterious effects upon
integration onto BiVO,. The compositions circled in red
perform more than 10 times better than expected and lie
primarily along the (Fe—Ce)O, and (Co—Ce)O, pseudobinary
lines.

It is worth noting that the I" values for CeO, and FeO, are
approximately 0 and 0.7, respectively, indicating that the pure
CeO, coating behaves as expected and that FeO, exhibits
beneficial interactions with BiVO,, as previously observed.”
The T values for all 2-metal (Fe—Ce)O, compositions are 1—
1.5, indicating that the combination of both Fe and Ce into the
metal oxide coating further improves the interface to BiVO,.
Indeed, these (Fe—Ce)O, compositions are neither the most
transparent nor the most active electrocatalysts but exhibit the
best photoanode performance upon integration with BiVO,.

The mixing of Ce and Fe oxides is markedly different from
previously employed strategies for photoanode optimization.
While the majority of the studies of catalyst/BiVO, assemblies
are performed at near-neutral conditions, for example, Choi et
al.** employed a bilayer coating in which NiO, was added to
FeOOH-coated BiVO, to enhance catalytic activity, there exist
few reports of catalyst integration for alkaline conditions. For
this application, bilayer coatings of an atomic layer deposited
thin TiO, film followed by a sputtered Ni layer increased the
stability of bismuth vanadate at pH 13 up to 4 h.'> However,
the onset potential was affected due to the interference of the
protection layer with the BiVO,/electrolyte junction energetics.
Thinner catalyst CoO, layers provide an improved onset
potential in pH 13 without increasing the long-term stability of
this light absorber.*® The addition of CeO, to FeO, might be
counterintuitive, given the relatively poor catalytic activity of
CeO,. This is reflected in I values that motivate future study of
the (Fe—Ce)O,/BiVO, interface and validation of the high-
throughput discovery using traditional PEC techniques and
alternative coating-synthesis techniques.

3.4. Validation Using Traditional Techniques. To
validate the high-throughput results, we resynthesized the
Fe,CeysO,-L1 sample by inkjet printing with a scaled-up area
of approximately 1 cm* (compared to the 0.01 cm* sample size
in the library). The cm? scale electrode is appropriate for
characterization using a traditional PEC cell coupled to a
calibrated AM 1.5G light source. CVs were acquired using the 1
cm? electrodes with and without illumination for catalyst-coated
and bare BiVO, photoanodes in 0.1 M NaOH (pH 13)
electrolyte, a standard technique for evaluating BiVO,-based
photoanodes under alkaline conditions.'”*® The results are
shown in Figure 8a and are compared to those of the uncoated

I' =T — median(I")
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Figure 8. (a) Anodic sweep from 16 CV measurements in pH 13
electrolyte, using a traditional cell and AM 1.5G 1 sun light source.
The illuminated (labeled) and dark (labeled) current density are
shown for bare BiVO, and for the scaled-up IJP Fe;;Ce,O,-L1, PED
Fey5Ce(s0,, and IJP La;,Coy,Ces0,-L2 samples; the samples were
measured without (solid lines) and then with the addition of 0.1 M
sulfite (Na,SO;) (dashed lines) to the 0.1 M NaOH electrolyte. (b)
Stability of the short circuit photocurrent density (1.23 V vs RHE) of
bare BiVO, and scaled-up IJP Fe,3Ce;sO,-L1, IJP La;,Co;,Ce O,
L2, and PED FeCe( O, are measured in 0.1 M NaOH under AM
1.5G 1 sun illumination.

BiVO, film and the scaled-up, previously reported photoanode
containing the optimal coating from a (Ni—La—Co—Ce)O,
library."* These photocurrent—potential curves confirm that the
FeysCeysO,-L1 coating substantially improves the PEC
performance. The integrated photoanode provides a photo-
current of 0.78 mA cm ™’ and an onset potential of
approximately 0.43 V vs RHE, rivalling the best values reported
in pH 13°° and may be further improved by optimizing
deposition conditions.

To further evaluate the efficacy of the Fe;;Ce,sO,Ll
coating, we compare the performance to previously reported
coatings for BiVO,-based photoanodes operating at pH 13. By
considering the enhancement in photocurrent with respect to
bare BiVO, at the OER Nernstian potential (1.23 V vs RHE),
the influence of the coating is readily quantified independent of
the base performance of the BiVO, light absorber, which varies
substantially among the relevant works. The 14-fold enhance-
ment demonstrated in Figure 8b is larger than both the 7-fold
enhancement obtained with ALD CoO,, coatings and the 3-fold
enhancement obtained with conformal ZnFe,O, coatings.

While those previously reported photoanodes exhibited slightly

higher absolute current densities, the relative enhancement
factor exhibited by (Fe—Ce)O, demonstrates its capacity to
yield top-performing photoanodes when integrated with
optimized BiVO,.

The shape of the CV under AM 1.5 illumination (Figure 8a)
is similar to the photocurrent density curves from the high-
throughput chopped-illumination CVs (Figure 2c). The greater
value of the Jo /0 in the high-throughput experiments (2.74

mA cm™?) relative to this traditional measurement (0.78 mA
cm™?) is consistent with the greater BiVO,-absorbable photon
flux in the library measurement than in the AM 1.5 spectrum.

To further investigate the photocatalytic performance of
Fe;CeysO,-L1 on BiVO,, the PEC oxidation of 0.1 M sulfite
(N2,SO3, a sacrificial hole-acceptor exhibiting facile oxidation
kinetics) in pH 13 electrolyte was compared to the OER
experiments. Under illumination, the difference in Eqc between
the sulfite-containing and sulfite-free experiments is small for
the IJP catalyst-coated samples. Notably, this comparison
provides information on the charge extraction efliciency of the
catalyst and reveals a surprisingly similar photocurrent at anodic
potentials. Indeed, despite the presence of reduced surface
recombination rate at more cathodic potentials, the catalytic
activity and the BiVO,/catalyst interface generated by this
composition is close to ideal. For BiVO,, a light absorber with a
fairly deep valence band and photogenerated holes are
understood to be sufficiently energetic to perform the OER
without an optimized electrocatalyst. However, BiVO, suffers
substantially from high surface recombination rates, which can
be alleviated through appropriate interface engineering. The
high-throughput chopped-illumination CVs (see Figure 2a)
provide additional evidence that the best catalyst/BiVO,
assemblies exhibit reduced recombination rates compared to
bare BiVO,. The current transients upon illumination toggling,
which are indicative of capacitive charging of surface states, are
very low compared to bare BiVO, surfaces.

This characterization of the scaled-up photoanode provides a
robust validation of the high-throughput result. The PEC
stability of the Fe;;Ce(sO,-L1 photoanode was investigated
using an illuminated CA experiment at 1.23 V vs RHE under
AM 1.5 illumination for 2000 s. The stability results for the
scaled-up IJP catalyst-coated-BiVO, and bare BiVO, photo-
anodes are shown in Figure 8b. The photocurrent density of
the Fey;CesO,-L1 photoanode exceeds that of bare BiVO, by
a factor of approximately 1S after 15 s, in agreement with the
CVs acquired under illumination (Figure 8a), and increases to a
value 60 times greater at 500 s. Despite the significantly
increased photocurrent density of the coated BiVO, compared
to the uncoated BiVO, film after 30 min, further improvements
in stability will be required to approach practical photoanode
lifetimes.

3.5. Photoelectrodeposited Coatings. Photoelectrode-
position (PED) is an attractive deposition method for
photoanode coatings that is complementary to IJP in that
thermal calcination is not required and thinner, more conformal
coatings can be synthesized.'””" To ascertain if the thin
Fe(sCeysO, coatings performed well using this alternative
deposition method, PED was carried out in an undivided cell
under simulated AM1.5G 1 sun illumination in an equimolar
solution of S0 mM Fe(III) and SO mM Ce(III) precursors as
the electrolyte, using a Ag/AgCl reference electrode, a Pt mesh
as counter electrode, and BiVO,/FTO-glass as working
electrode. XPS measurements (see Figure S8) of replicate
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samples confirm that the deposited catalyst has a stoichiometry
of approximately Fe;;Ce,sO,.

As seen in Figure 8a, the overall J—E performance of the
PED Fe,Ce 5O, catalyst was similar to that of the IJP catalysts
but with higher J,. and more anodic onset potential. The higher
saturation photocurrent density is suggestive of increased light
transparency for the PED catalyst, in agreement with a lower,
controlled loading obtained with this technique,”” whereas the
better fill factor of the PED sample highlights the presence of
higher series resistance in the IJP sample. This finding is in
agreement with a thinner layer obtained by PED, which
provides a less resistive Ce-containing coating. However, the
more anodic onset potential may be due to different energetics
between the different semiconductor/catalyst interfaces of the
IJP and PED samples. This interface plays a fundamental role in
the separation and collection of photogenerated charge carriers
and ultimately affects surface recombination.'” Specifically, the
PED Fe;;Ce;sO, sample shows more pronounced surface
recombination, as the CV curve clearly exhibits a shallower
slope close to the onset potential and an inflection point with
improved charge extraction at increasingly anodic potentials.
Although one can conclude that the IJP catalyst more efficiently
passivates BiVO, surface states, with a consequent improve-
ment in the onset potential and steeper onset of photocurrent,
the source of the surface recombination of the nonoptimized
catalyst deposited by the PED method may arise from multiple
sources. Indeed, nonideal catalytic activity is also revealed by
the comparison of the Fey;CeysO, PED coating, with and
without sacrificial reagent; without the sacrificial reagent, the
anodic sweep of the PED sample shows more anodic onset
potential and lower photocurrent than in the presence of
sacrificial reagent.

In addition to verifying the high-throughput identification of
the Fey;CeysO, coating, the demonstration of excellent
photoelectrochemical performance using PED provides oppor-
tunities for further coating optimization. Coating deposition via
PED>>> preserves the integrity of the semiconductor by
preventing its reduction to an inactive phase and inherently
places catalysts at the locations where the photogenerated holes
are most readily available for solar water oxidation.”*>
Moreover, the solution-based nature of PED facilitates
deposition of ion-permeable (oxy)hydroxide or hydrous oxide
catalysts, yielding “adaptive” junctions that may provide larger
photovoltages for solar water oxidation.'®”'® The PED
Fe,5CeysO, coating provides little parasitic light absorption
to the thin, approximately 1 nm coating of the highly
transparent metal oxide, and the demonstrated catalytic
limitation of the PED coating motivates integration of an
additional OER cocatalyst to further optimize photoanode
performance.

As seen in Figure 8b, the PEC stability of the PED
FeysCeysO, coating was measured using an illuminated CA
experiment at 1.23 V vs RHE under AM 1.5 illumination for
2000 s. Consistent with this PED coating being thinner and
more transparent than the IJP-deposited coating, the photo-
current density is initially greater but decays more quickly with
time than do the IJP-deposited coatings. To identify the
underlying cause for degradation in photocurrent, both as-
synthesized and post-PEC testing photoanodes were charac-
terized by XPS. This analysis indicates preferential loss of V at
the surface, with an associated apparent enrichment of Bi
(Table S2). This data is consistent with recent work on the
chemical and photochemical instability of BiVO, films.”

Therefore, we surmise that the observed instability of the
coated photoanodes is caused by the dissolution of the BiVO,
film initiated at locations relatively unprotected by the
discontinuous IJP coating and potentially discontinuous PED-
deposited coating. Future investigation of the spatial
inhomogeneity of dissolution and differences as a function of
coating deposition method are anticipated to provide clues for
further enhancing stability.

4. CONCLUSIONS

Automated photoelectrochemistry was used for the high-
throughput evaluation of 858 discrete solar fuels photoanode
assemblies with a uniform BiVO, light absorber and a library of
coatings that included the entire (Ni—Fe—Co—Ce)O,
composition space and three different loadings. This
combinatorial study identified the (Fe—Ce)O, pseudobinary
as containing compositions providing unanticipated high-
performance coatings that greatly enhanced the OER photo-
electrocatalytic activity of BiVO,. This discovery was verified
using traditional characterization of a scaled-up, inkjet-printed
Fey5Cey50,/BiVO, electrode that produced a photovoltage of
0.8 V (Egc = 043 V vs RHE) under AM L.5 illumination,
which is in the top tier of thin film BiVO, photoanodes under
alkaline conditions. The efficacy of this surface oxide coating
composition was substantiated by PEC characterization of
photoanode assemblies prepared by photoanodic electro-
chemical deposition of Fey;Ce;sO, onto BiVO, with lower
loading providing increased photocurrent density Jo, /13,0. These
results point to the unanticipated beneficial role of CeO, on
mitigating the surface recombination caused by surface/
interfacial defects on BiVO,, which will be the subject of
future investigations. We anticipate that the findings presented
here could also be incorporated into the design of high
efficiency systems that utilize state-of-the-art approaches to
doping, nanostructuring, and heterostructuring of BiVO,.
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Bl ABBREVIATIONS

Agyo(4), Fractional absorption spectrum of the BiVO, thin
film

CA, Chronoamperometry

CV, Cyclic voltammetry (or cyclic voltammogram)
Eamis(4), Spectral irradiance of global air mass 1.5 (ASTM
6173-03)

Ejump(4), Spectral irradiance of the light source used in the
high-throughput measurements

Eoc, Open circuit potential for a photoanode under
illumination

E,,, Potential at the maximum power point

Jeaw Oxygen evolution reaction current density of an
electrocatalyst at 1.58 V vs RHE (0.35 V vs 0,/H,0)

Jmp Photocurrent density at the maximum power point of a
photoanode

Jo,/m,00 Photocurrent density of a photoanode measured at
the Nernstian potential for the oxygen evolution reaction
Jmaw Maximum relevant electrocatalytic current density for
the BiVO, thin film; defined for the evaluation and
prediction of catalyst performance upon integration into a
photoanode

Johoto(V), Photocurrent density calculated from the high-
throughput, toggled-illumination CVs

Nimp(4), Photon flux of the light source used in the high-
throughput measurements

P, Maximum electrochemical power generation from
]Phom(V) of a photoanode, which demarcates the maximum
power point

T(A), Fractional optical transmission spectrum of a photo-
anode or electrocatalyst

T.(1), Practional optical transmission spectrum of an
electrocatalyst sample

A,y Combined optical—electrocatalytic efficiency of an
electrocatalyst used in the evaluation and prediction of
performance upon integration into a photoanode

Ot Optical transmission efficiency of an electrocatalyst
measured in situ at 1.58 V vs RHE; calculated as the
fractional transmission of photons that are expected to be
absorbed by the light absorber, which is particular to the
specific lamp spectrum and thin film BiVO, of the present
work

Nogrs Overpotential for the OER; potential applied to a
catalyst with respect to the O,/H,0O Nernstian potential
I'", Photoanode performance compared to that predicted
from the optical and electrical performance of the isolated
catalysts; calculated as the log-ratio of the maximum
electrochemical power generation of the photoanode and
the combined optical—electrocatalytic efficiency of the
catalyst

I', Relative photoanode performance compared to that
predicted from the isolated catalysts; akin to I'" but shifted so
that the median value for the photoanode library is 0
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