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ABSTRACT: The oxygen evolution reaction (OER) is critical for the
efficient electrochemical conversion of earth-abundant molecules and &
materials into more useful energy carriers, fuels, and value-added
commodities. However, the sluggish kinetics of the OER leads to high
overpotentials needed to catalyze the reaction, despite significant @' @ Py
efforts to rationally design highly active OER catalysts. To date, most
OER catalyst discovery has relied on human-driven approaches that
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have led to an understanding of only a small proportion of all possible

materials. In recent years, the advent of high-throughput virtual screening and machine learning has significantly increased the space
that has been explored, but methods for experimentally validating the OER activities at scale are still limited and challenging. In this
work, we report a fluorescence-based high-throughput screening method for OER catalysts. We detailed a simple, custom-built cell
with a fluorescent detector that changed colors upon O, contact to screen the La, Sty ,Fe,Co,;_,O; composition space. Using kinetic
measurements of the fluorescence evolution as a function of the O, evolved, apparent OER rates for the entire composition space
were extracted, which revealed that x = 0.20 & 0.0S5 appears to be the most active within the chemical space. Density functional
theory calculations revealed a decrease in the computed OER overpotential on both Co and Fe sites of La, ;Sr, sFe,Co;_,O5 (001)
with increasing Co doping, where x = 0.25 was found to be the most active, hence validating the observed trend and demonstrating
the validity of the setup for screening the entire composition space simultaneously.

KEYWORDS: oxygen evolution, high-throughput, fluorescence, perovskites, epitaxial, computation

B INTRODUCTION

Production of hydrogen-based energy carriers is critical to
facilitate the decarbonization of the energy supply chain and
transition away from nonrenewable energy sources. The
electrocatalysis of the oxygen evolution reaction (OER) is
central to the conversion of molecules and materials in
equilibrium at ambient conditions into carbon-neutral or free
energy carriers or fuels, such as the electrochemical splitting of
H,O to H, and the electro-conversion of CO, into
hydrocarbon-based fuels." However, state-of-the-art OER
catalysts require high overpotentials to enable current densities
needed for practical applications,z‘3 which severely limits the
efficiency of these electrochemical devices. For example, the
reaction overpotential from the OER in alkaline electrolyzers
constitutes over 60% of the losses at current densities of ~1 A
em 2" Significant efforts have already been invested in
studying classic OER catalysts to increase their activity further
such as studying the OER mechanism and rates on different
sites of single-crystal RuO,>° and IrO,” surfaces. For example,
the CUS sites of RuO, are more active for OER than bridge
sites,” but the rate-determining step for the (100) and (11)
facets are the removal of —OO from the CUS sites while for
the (101) facets, OER rates are limited by the conversion of O
to OOH species.6 On the other hand, for most facets of IrO,,

© XXXX American Chemical Society

7 ACS Publications

8776

the OER rate is limited by —O to —OOH conversion.”
Similarly, the understanding of (Fe,Co,Ni)-based oxides in
alkaline conditions has advanced significantly,”~"* leading to
the development of material descriptors such as the e, band
occupancy” and oxygen 2p-band center'” to guide the rational
design of OER catalysts. For example, Grimaud et al. have
reported the synthesis of PryBa;sCoO;, which has nearly the
optimal oxygen 2p-band center to maximize the OER activity
while remaining stable.'* Colin et al."> have further shown that
the oxygen 2p-band center of surface oxygens universally scales
with the reactivity of the surface, regardless of whether the
material is a face-centered cubic metal, rutile-structured oxide,
or perovskite-structured oxide, corroborating some previous
work by Xu and Kitchin that has suggested such a
relationship.16 Furthermore, Kuznetsov et al. have shown
that the addition of highly acidic cations such as Bi®*" increases
the OER activity and stability of SrCoO;_, due to the
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inductive effect.'” Similar concepts have also been applied to
Co'® and Ni-based'”'”~*" layered double hydroxides, where
incorporation of Fe** ions can increase the OER activity by
two orders of magnitude. The current hypothesis for the
significantly increased activity is that Fe is the active site in
these materials, and the local electronic coupling of a surface
Fe site with the metal hydroxide host™* and/or adjacent surface
Fe sites'' leads to significantly higher OER activity. Building
even further, Yuan et al>® have reported Ni-based metal
hydroxide organic frameworks (MHOFs) with three times the
tunability of their pure hydroxide analogues. While the surface
of these MHOFs transforms to oxyhydroxides under OER
conditions,”* their wide tunability still holds promise as a
generalizable platform for further optimizing the electronic
structure of OER catalysts. Unfortunately, despite the
significant efforts to understand and optimize OER catalysts,
the most active heterogeneous catalysts for OER are still at
least an order of magnitude less active on a per active site basis
than the oxygen-evolving complex found in photosystem II,*
highlighting opportunities for further catalytic activity enhance-
ment. Recent work by Scott et al.”> have shown that OER can
occur on Ru and RuO, as low as 1.3 V vs. the reversible
hydrogen electrode (Vgyg) and with a Tafel slope of only 25
mV dec™!, both of which can be readily captured through
microkinetic modeling when the potential dependence of
reaction intermediate coverage is considered.”® As such, further
experiments and computations will be necessary to unlock new
chemistries that show high OER activities at 1.3 Vyyy or lower.

As a wide material space remains unexplored for catalysis,
large data sets, such as the Open Catalysis Project’®”’ and
machine learning methods for predicting material proper-
ties,”*” have been developed for aiding the virtual screening of
such a space. For example, Ulissi et al. have developed a
machine learning model for predicting surface Pourbaix
diagrams, which are critical for understandin§ surface
absorbates and coverages at potentials of interest.” Ulissi et
al. have also used machine learning to explore the active site
and reactivity of different Ni—Ga alloy facets for CO,
reduction, explaining previously published experimental results
showing the reduction of CO, to value-added products like
CH,, C,H,, and C,Hj at low overpotentials on Ni,CGay.31
Furthermore, Calusen et al. have reported the use of machine
learning for discovering highly active ORR high entropy alloys
catalysts in the Ag—Ir—Pd—Pt—Ru composition space,
predicting AgPd alloys to have about 3X higher activity than
that of Pt.>* Recently, Lunger et al. have utilized machine
learning to report per site level understanding of transition
metal oxides for the OER and identified promising new
candidates for highly active OER catalysts.”> They report using
crystal graph convolution neural networks™ to extend the
previously established O 2p-band center scaling of surface
oxygens to apply to specific oxygens within the crystal structure
and were able to correlate per site electronic/phononic
properties with each other and the binding energies of OER
intermediates. Out of the properties discussed, the 2p-band
center and Bader charge of adsorbed oxygen had the strongest
influence on binding energies, but how these properties can be
controlled for future design of highly active OER catalysts is
not discussed.

New methods are needed for discovering oxides with unique
oxygen sites that are highly active for the OER, which could be
achieved through metal substitution to create ternary or more
complex oxides (e.g., high entropy oxides). The multi-
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component nature of these complex oxides necessitates the
development of high-throughput experimental methods that
can evaluate their catalytic activity with high fidelity and at
scale, which to this day have been significantly overshadowed
in number by virtual screening methods. Reddington et al.”*
were the first to report a high-throughput experimental method
for screening electrocatalysts, which used a pH-sensitive
quinone dye within the electrolyte that would fluoresce
based on the methanol oxidation activity of a compositional
array. Since then, other fluorescence-based setups have also
been developed for OER,**° oxygen reduction,’” and
methanol oxidation reactions.”*” In addition to optical
methods, other high—throughgut screening methods include
scanning flow/droplet cells"”*' that can sequentially test
electrocatalysts that have been deposited on a conductive
substrate, as well as a cell from Nuvant Systems that is able to
test multiple electrodes simultaneously in separate potentiostat
channels.*” However, previous reports of these high-
throughput setups have used discrete compositions within a
given chemical space, which can limit the insight gained as a
majority of the activity—composition relationships will require
interpolation, potentially omitting many compositions that
may break typical scaling relations. We therefore aimed to
develop a high-throughput OER catalyst screening setup that
can measure the activity of an entire composition space
simultaneously, which we believe could be achieved by using
oxygen-sensitive fluorescence as a method for quantifying the
amount of oxygen generated on a working electrode with
composition gradients. Development of such a system would
greatly accelerate the speed at which entirely unexplored
continuous composition spaces can be screened for OER
activity.

In this work, we detail a custom-built high-throughput setup
for screening entire composition spaces of OER electro-
catalysts using fluorescence to measure the amount of
generated oxygen and epitaxial composition gradient films to
represent entire composition spaces. Using the setup, the OER
activity of the continuous composition space
Lag ¢Sty 4Fe,Co;_,O; (001) x € [0, 0.88] grown using
combinatorial pulsed-laser deposition (PLD) was screened,
which was chosen based on previous work showing that the
end compositions fall on the opposing sides of the OER
activity volcano with different rate-limiting steps (RLS).” For
example, the typical RLS of OER on Co-active perovskites is
the formation of peroxide ions from the deprotonation of
oxyhydroxide groups (Co™*—OOH™ + OH™ — Co("*V*—
0,”" + H,0 + e7), while the typical RLS of OER on Fe-active
perovskites is the formation of oxyhydroxide species
(Fe(™D*_0%* + OH™ — Fe™"—0O0H™ + 7). We would
therefore intuitively expect some intermediate composition to
show OER activity higher than that of either end composition.
As combinatorial PLD gave fine control of the composition as
a function of space while ensuring the epitaxial growth of a
homogeneous film,*”** these composition gradient films could
create surface oxygen sites not available for oxides with discrete
oxide compositions’>** and allow for a direct correlation of
OER activity with composition changes. The setup was
measured to have a minimum O, detection limit of ~2 nmol
and was able to discern differences in the OER activity across
the film composition gradient. The fluorescence intensities
over single composition films were quantitative to the amount
of O, generated and were used to transform the fluorescence
intensities observed over the film to apparent OER rates.

https://doi.org/10.1021/acscatal.5c00702
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Taken together, the results reported here show that the setup
can accurately capture the differences in the OER activity
across a continuous composition gradient, allowing for the
screening of an entire composition space within a single
measurement. Within the space tested, we found that oxide
compositions near Lag¢SrgFe(,-2)Co(1_4-04)O; are among
the most active, as the compositions ranging from x = 0.15—
0.25 showed comparable OER activity with a continuous
change in activity measured across the entire range. The
approximate optimal composition range for the OER within
the tested Lay4Sry,Fe,Co;_,O; space was confirmed with
density functional theory (DFT) calculations, which showed
that increasing Co substitution on the Lay sSr, ;Fe,Co,_,O; B-
site terminated (001) surface decreases the required over-
potential for the OER computed on both Fe and Co sites. At
around and below x = 0.35, Fe becomes more active for OER
than Co sites, highlighting that when designing new OER
catalysts in the future, it is important to consider that the active
site for OER can change with substitution, even when the
active species is a minority in the structure.

B EXPERIMENTAL DESIGN AND METHODS

In situ Fluorescence Imaging System. The in situ
fluorescence imaging system (Figure la) was constructed
within a black hardboard optical enclosure that provides two
purposes. First, the enclosure is a safety measure against
intense UV or near-UV illumination during experimentation, in
addition to appropriate protective safety goggles. Second, the
enclosure (along with the optical board) serves as a mechanical
framework in which different components of the setup are
mechanically secured. Fixing the optical components and
spectroelectrochemical cell through the enclosure and the
optical table simplifies recreating imaging conditions for
consistent measurements. Illumination for fluorescence came
from a 405 nm light-emitting diode (LED) mounted on
standard optical posts (Thorlabs), where the LED output
power was controlled to 1.7 W of continuous illumination
during measurements. Wavelength and power of the LED were
chosen to match the excitation characteristics of the
commercial O, detection binary fluorescent paint (ISSP).
Fluorescence images were collected using a CMOS color
camera (Thorlabs) fitted with a machine vision zoom lens
(Thorlabs), which was mechanically secured in place on the
optical enclosure created using a black hardboard. A fixed focal
length of 20 mm with an aperture of f/4 was used for all
measurements, where the camera focus was manually
controlled and fixed on the fluorescent dye-painted stainless
steel mesh. A 495 nm long pass filter (Thorlabs) placed before
the zoom lens was used to block the LED illumination for
better contrast of the fluorescence signal. Standard half-inch
optical posts and postholders were used to secure the LED in a
fixed position relative to the spectroelectrochemical cell.

Spectroelectrochemical Cell. A home-built spectroelec-
trochemical cell (Figure 1b) was constructed by assembling
top and bottom PTFE plates for the outer shell, a PTFE cover,
stainless steel plates for mechanical stability, and fluorosilicone
gaskets that serve as both a sealant and spacer. Components
were assembled in a sandwich-like configuration (Figure 1c) in
the order of bottom stainless steel plate, PTFE plate,
fluorosilicone gasket #1, working electrode, fluorosilicone
gasket #2, stainless steel mesh containing a binary fluorescence
dye (hereafter referred to as the fluorescent detector, detailed
preparation procedure can be found in SI), Ni mesh counter
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Figure 1. CAD representations of the setup and video processing
method presented in the manuscript. (a) CAD design of the
fluorescence imaging spectroelectrochemical setup with the CMOS
camera, LED, and spectroelectrochemical cell secured in position. (b)
CAD design of the spectroelectrochemical cell showing the square
window at the top and holes for holding electrodes and gas tubes. (c)
Cross section of the spectroelectrochemical cell showing the
configuration of key components within the cell. (d) Schematic
diagram demonstrating how the fluorescence OER setup is able to
detect oxygen evolution using fluorescence. (e) Examples of working
electrodes that the cell can accommodate. The top example consists
of an array of catalysts deposited on an FTO substrate, while the
bottom example consists of a composition gradient thin film
electrode. (f) Outline of the workflow to process the videos that
are collected during the OER to convert them from RGB space to
fluorescence intensity following eq 1.

electrode (Precision Eforming, 30 X 30 mesh, Product
number: MNS8), PTFE top and cover, and a top stainless
steel plate (Figure S1 shows an exploded diagram of the cell
design). The Ni mesh counter electrode is rated to have a 90%
transparency, minimizing interference with the detection of the
fluorescence signal with the CMOS camera. The counter
electrode is parallel to the working electrode to ensure a
uniform Ohmic drop between the entire working electrode and
the counter electrode. Nuts and bolts were used to ensure
alignment and secure the components. The PTFE top and
cover contain square windows for in situ imaging of the
working electrode placed parallel to the window within the cell.
Three holes in the PTFE cover were sized to match Ag/AgCl
mini-reference electrodes (Pine Research).

The binary fluorescence paint contains a green reference
color and a red probe color that can be used to track the O,
generated from the OER. Under 405 nm illumination in the
absence of O, both the green reference and red probe
fluoresce in their nominal color. The presence of O, selectively
quenches only the fluorescence intensity of the red probe,
making the fluorescence appear greener. The difference
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Figure 2. (a) Schematic diagram showing the arrangement of the Lag ¢Sty 4Fe,Co,_,O; (001) composition gradient film grown on a Nb-doped
SrTiO; (001) substrate. (b) XRD patterns taken at equal intervals across the film with increasing Co-content on higher spectra. Reference spectra
of Lag ¢Sr,,,C00; (LSCO) and La, ¢Sty ;FeO; (LSFO) grown on SrTiO; (001) are included at the top and bottom, respectively. (c) AFM image of
the LageSro4Fe,Co;_,O3;/Nb:STO (001) composition gradient film. d. WDS at equal intervals across the film showing the nearly linear

composition change as a function of position.

between the green and red signals was then used as an indirect
measure of the O, generation. The fluorescent detector was
placed ~1 mm above and parallel to the working electrode.
Using the color change of the fluorescent paint in the presence
of O,, we could extract the O, generated from the working
electrode could be extracted. As the intensity of the red probe
signal can be increasingly quenched at higher concentrations of
O,, the regions of the fluorescent detector that sit above
regions of the electrode that are more active for the OER will
therefore appear greener than regions of the fluorescent
detector that sit above regions of the electrode that are less
active for the OER, as illustrated in Figure 1d. The ability of
the fluorescent detector to indirectly measure the OER activity
from the local O, concentration above the working electrode
enables the high-throughput nature of the setup. This cell
design can accommodate and examine the OER activity of a
working electrode (Figure 1le) consisting of discrete
compositions deposited in an array-like fashion or with
continuous composition gradients. Tests using a 3 X 3 array
of Co,Fe,Ni, O, of varying sizes deposited on a fluorine-doped
SnO, electrode showed that the fluorescence intensities are
localized above the OER active regions and are not
significantly affected by the lateral diffusion of O, bubbles
under the conditions that they are tested (details can be found
in Supplementary Note 1).

Data Collection and Fluorescence Processesing
Procedure. Electrochemical and fluorescence intensity data
were both collected simultaneously in the electrochemical
fluorescence setup and used to gather the OER activity as a
function of film dimension or composition. The cell was
positioned such that the fluorescent detector above the entire
working electrode was captured simultaneously and homoge-
neously illuminated by the 405 nm LED. Prior to each test, the
electrolyte was sparged with argon (Ar) for at least 20 min to
remove any dissolved O,. In addition, the cell was placed into a
nearly sealed, transparent high-density polyethylene bag,
constantly refreshed with Ar for at least 20 min before and
during the measurement. These two steps ensured that any
fluorescence observed was attributed to the O, generated from
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the working electrode and not from dissolved O, in the
electrolyte and background O, from the atmosphere. Figure S2
shows the fluorescence evolution as a function of time from the
fluorescent detector in the absence of the OER, confirming
that there was minimal detection of the O, from the
background or other sources. The working electrode was
held at constant potentials between 1.2 and 1.8 Vyy, where
the electrochemical current and a continuous video (at 10
frames per second) of the fluorescence response were
collected. As the thin film sample was electrically contacted
by the same conductive substrate, the entire composition
gradient was subjected to the same applied potential, allowing
for the comparison of the OER activity of the entire
composition space simultaneously. The videos were started §
s before the electrochemical testing to collect background
frames of the fluorescence. The videos were converted from
raw video into fluorescence intensities following the procedure
outlined in Figure 1f. First, the videos were separated into
individual frames, and a single frame corresponding to the
arithmetic average of the frames within a 1 s window of video
was calculated to reduce noise (i.e., every 10 frames starting
from frame SO were averaged). To convert the RGB color
space images to meaningful fluorescence images and
intensities, the intensities of the red and green signals of
each averaged image were extracted, while the intensity of the
blue signal was effectively discarded. Figure S3 shows
representative images of the extracted red, green, and blue
signals. As expected, based on the supposed emission of the
fluorescent dye, intensities of the red and green signals were
observed, while the intensities of the blue signal were low. The
fluorescence intensity of each pixel was then calculated
following equation [1],

fluorescence = —(green — red), + (green — red)to (1)
where fluorescence refers to the fluorescence intensity, and green
and red refer to the intensity of the green reference and red
probe signals, respectively, of averaged images taken at the
time ¢t indicated by the subscripts. ¢, refers to the time of the
background image acquisition, while ¢ refers to the image
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capture time such that t' > f,. The negative and positive signs
preceding the t' and ¢, terms are so that the resulting
fluorescence positively correlates with increased O, detection.

Continuous Composition Gradient Film Synthesis.
Combinatorial pulsed-laser deposition was used to deposit the
Lay 51y 4Fe, Co,_,O3 composition gradient films on 5 X 10 mm
0.5 wt % Nb-doped SrTiO; (Nb:STO) (001) and (111)
substrates, where the composition gradient is parallel to the 10
mm dimension. The deposition conditions were controlled to
ensure epitaxial growth on the substrates and maximize the
homogeneity and flatness of the film so that any observed
changes in the OER activity across the film could be primarily
ascribed to changes in the intrinsic OER activity of different
compositions.*® For perovskite-structured oxides, the (001)
facet tends to be more stable than the (111) facet;*” as such,
the (001) films were the main focus of this work. However, the
Supporting Information contains data on tests with (111)
faceted films.

B RESULTS AND DISCUSSION

Characterization of Composition Gradient Working
Electrodes. The successful epitaxial deposition of the
La¢Srg4Fe,Co,_,O; composition gradient on the Nb:STO
substrate (001) (a = 3.905 A) (Figure 2a) was confirmed by X-
ray diffraction (XRD). Since a monochromator was not used
for these measurements, the SrTiO; (001), (002), and (003)
reflections due to K, radiation were observed around 26 = 23,
46, and 73°, respectively, with each accompanied by reflections
due to Kj radiation at slightly lower 26 values (around 20°,
42°, and 65°, respectively). Adjacent to the K, peaks, peaks
corresponding to the Lay¢Sry ,Fe,Co,_,O; can be observed to
the right or left, depending on whether the composition is Co-
rich or Fe-rich, respectively. For example, a peak around 48°
grew in intensity with more Co substitution, matching well
with the (002) reflection of Lay¢Sry4C00Os5, as indicated by the
Lay 651y 4CoO; reference spectrum (Figure 2b, top spectrum).
Conversely, the intensity of the peak around 46° also increased
with higher Fe substitution, in agreement with the
Lag4Srg4FeO; reference spectrum (Figure 2b, bottom
spectrum). Homogeneous and flat film surfaces were revealed
by atomic force microscopy (AFM) (Figure 2c), where the
average roughness was measured to be 6.7 nm. Moreover,
wavelength dispersive X-ray spectroscopy revealed that the
mole fraction of Co:Fe decreased linearly across the film
length, where the midpoint showed a near 1:1 ratio of Co:Fe
(Figure 2d). Constrained linear fits of the compositions as a
function of the position across the film such that at x = 0, the
Co fraction was unity were used to estimate the composition of
the film. A constrained fit was used since using the best fit
linear line would result in unphysical compositions (i.e.,
negative Fe substitution, such as Lag¢SrysFe_g375C01037503)
near the end of the films (as shown in Figure S4). The relative
Co (x¢,) and Fe (xz,) mole fractions as a function of distance
across the film d were fit to be

xc, = 1 — (0.88 + 0.05)d

xz, = (0.88 + 0.05)d

where the uncertainties were extracted from the 95%
confidence bounds of the fits (Figure S9). Based on the
characterization, a homogeneous, epitaxial film with a nearly
linear composition gradient similar to a single-crystal material
was successfully grown. We can therefore attribute any
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observed differences in the OER activity almost entirely to
changes in the composition as the reaction was confined to just
the surface. Similar depositions were also carried for (111)
orientation films; the characterization of these films can be
found in Figure SS5.

Spectroelectrochemical Measurements of
Lag ¢Sro.sFe,Co;_,O3/Nb:SrTiO; (001). The
Lag ¢Sto4Fe,Co,_,05/Nb:SrTiO; (001) films were measured
in the spectroelectrochemical cell to probe how the OER
activity changed with the composition. Cyclic voltammetry
(CV) was first conducted, which showed an onset potential for
OER around 1.55 Vpyg (Figure S6), which is in agreement
with Co and/or Fe-based perovskites as reported previ-
ously.”"*'” When held at constant potentials, the oxidation
current densities measured at 1.2, 1.3, and 1.4 Vyyyp were found
to decay sharply with time and reach similar steady-state
values. In contrast, increasing the applied voltage to 1.5 Vyyg
or higher led to much greater current densities than those at
lower voltages, indicating the onset of the OER. The OER
oxidation current density of the film (Figure 3b) at 1.5 Vg
and above was found to increase exponentially with increasing
applied voltage, with a Tafel slope of ~140 mV dec™".

~ 2 b

“"5310—1 1.8 Veue 18F " " R

s T7 Vene 17} 140mVdec ']

§ 102 1.6 Vae > 16t .

s 1.5 Vrue g 157 o

8 107 g 14y

= & 1.3

o

g 10™ L L T2t L L ]

o 0 5 - 10 15 10% 10° 102 107"
Time (min) Current Density (mA cmgeo_)

Figure 3. Electrochemistry of the Lag¢Sr;,Fe,Co, ,O;/Nb:STO
(001) films. (a) Chronoamperometry of the films from 1.2 to 1.8
Vyue for 1S min at each potential. (b) Tafel plot of the OER activity
of the films using the current measured after 10 min at each potential.
A linear line was fit for the data points measured at 1.5 Vyyg or higher
to estimate the Tafel slope of the film.

The fluorescence measurements of the
Lag ¢Sro4Fe,Co;_,0;/Nb:STO (001) film revealed a clear
composition-dependent OER activity. Figure 4 shows the
fluorescence intensity evolution (with a viridis color map
applied) of the film after 1, 5, and 10 min at selected potentials.
No clear fluorescence was observed from 1.1 through 1.6 Vi,
while the onset of OER current densities in the electrochemical
measurements commenced at 1.5 Vpyg. At applied potentials
of 1.7 Vgyg or higher, a clear fluorescence increase above the
background was observed on the Co-rich side of the
LaySry4Fe, Co,_,O; space. When the potential was further
raised to 1.8 Vg, the same fluorescence remains concentrated
on the Co-rich side of the film (bottom row in Figure 4),
agreeing with the fluorescence results observed at 1.7 Vyy and
suggesting that the OER activity is higher for Co-rich
compositions in the Lay¢Sr,,Fe,Co;_,O; composition space.
Furthermore, as can be seen by the S min column in Figure 4
(middle column), the fluorescence appears to be more intense
at 1.8 Vg than at 1.7 Vyyg, which is consistent with the
higher current measured at the higher potential.

We postulate that the O, detected by the fluorescent
detector is not dissolved in the electrolyte but rather O,
bubbles, which is supported by the following arguments. First,
at 1.6 Vyyg, no fluorescence intensity above the background
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Fluorescence response
Lag ¢Sry 4sFe,Co,,04/Nb:STO (001)

1 min
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Co «

Figure 4. Fluorescence intensities detected over
Lay ¢Sty 4Fe,Co,_,03/Nb:STO (001) at 1, S, and 10 min at different
applied potentials, where the left edge corresponds to LagSry4CoO5
and the right edge is La, ¢Sr, ,FeO;. A viridis color map was applied to
each image.

was observed, yet the amount of O, based on the total charge
passed surpassed the solubility limit of the electrolyte volume
about 80 s after the potential was applied (Figure S7a).

Furthermore, at 1.7 Vyyg, increased fluorescence above the
background became pronounced when the amount of
generated oxygen, based on the measured charge, was about
an order of magnitude higher than the solubility limit of O, in
the electrolyte volume between the working electrode and
fluorescent detector (assuming 100% Faradaic efficiency
toward OER). That is, fluorescence of generated O, came
after the potential was applied for 4 min, which is about 6x the
time needed to saturate the electrolyte volume between the
working electrode and fluorescent detector (Figure S7b),
assuming full dissolution of generated O,. These estimations
assume a uniform production of oxygen over the composition
gradient. However, the observed fluorescence strongly suggests
a higher local concentration of O, above the Co-rich side,
which would saturate the local electrolyte volume on the Co-
rich side even faster than our estimations assuming uniform
generation of O,, further strengthening our hypothesis.
Therefore, the fluorescent detector can detect O, bubbles
generated at high overpotentials, but it appears not to be
sensitive to dissolved O, in the electrolytes generated at low
potentials. Details about these calculations can be found in the
Supporting Information.

Fluorescence intensity mapping across the films provides
direct insight into the composition dependence of the OER
activity in the La,¢Sry,Fe,Co;_,O; (001) composition space.
Therefore, the intensity of each column of pixels was averaged
as a function of the applied potential and time to generate a
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Figure S. Fluorescence intensity of Lay¢Srg4Fe,Co;_,03/Nb:STO (001) as a function of time and applied potential. (a) Heat map showing the
fluorescence evolution across the film when held at 1.70 Vg for 1S min. (b) Flattened visualization showing the evolution of the peak position at
approximate x = 0.1S as a function of time. (c) Fluorescence spectra taken after being held at various potentials from 1.2 to 1.8 Vgyg for 10 min.
(d) Fluorescence spectra taken after being held at various potentials from 1.2 to 1.8 Vyy for S min. (e) (Lack of) fluorescence taken after being

held at potentials from 1.2 to 1.8 Vyyg for 1 min.
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Figure 6. Apparent O, evolution rates from the fluorescence intensity data. (a) Extracted amounts of apparent O, generated at 1.7 Vg as a
function of time for representative compositions within the La, St Fe,Co,_,O; (001) gradient with linear fits from 3 to 8 min (shaded region).
The apparent O, generated was extracted by converting the fluorescence intensity to O, generated using the fluorescence intensity as a function of

O, generated for the single composition of La ¢Sy 4CoO; film. (b) Apparent O, evolution rate Ry at various potentials as a function of x in of

Lay 651 4Fe,Co,_,0;. The inset table shows the apparent total current obtained from integrating Ry according to the equation compared to the

directly measured current from the potentiostat.

single intensity corresponding to that composition slice. As the
width of the film is about 700 pixels, each column of pixels
corresponds to an approximate composition increment of Ax =
1.3 X 107>, Figure 5a shows a representative contour map of
fluorescence intensities measured across the film as a function
of time when 1.7 Vpyg was applied. Aligning with the raw
fluorescence images at 1.7 Vyyy, fluorescence intensity around
x = 0.15 emerges after 4 min, which continued to grow with
longer times. Lower potentials displayed negligible changes in
fluorescence intensity as a function of time (Figure S8).
Flattening the contour map (Figure Sb) confirms that a peak
centered near x = 0.15 emerged after about 4 min, continued
to grow for the subsequent 6 min, and reached steady state
(e.g., reaching 150 fluorescence intensity units at x = 0.15) for
the remaining S min. Figure S9 shows the fluorescence
intensity collected on the film at the end of each
chronoamperometry measurement (15 min). In contrast, the
fluorescence intensities in the composition range from x = 0.40
to 0.70 continued to increase throughout the entire 15 min. A
negligible change in the fluorescence intensity was observed for
compositions with x > 0.70, suggesting that the OER activity
of these compositions was not high enough to trigger a
fluorescence response.

When the potential was further increased to 1.8 Vpyg,
fluorescence grew faster and to higher intensities, while the
composition-dependent fluorescence contour was in agree-
ment with that observed at 1.7 V. For example, fluorescence
was observed after 1 min at 1.8 Vyyy in contrast to 4 min at 1.7
Vyug (Figure S10), with a peak centered around x = 0.11. The
peak of fluorescence originally centered at x = 0.11 was found
to shift to x = 0.15 after 4 min, which remained for the rest of
the experiment and agrees with the peak location observed at
1.7 Vyyg. In addition, the maximum intensity observed at 1.8
Viye across the entire 15 min is about 20 fluorescence
intensity units higher than that at 1.7 Vyy; (Figure S10), in
agreement with the higher OER current observed at the higher
potential. The same experiments were carried out by using
(111) oriented films of the same composition space. The
(111) film showed higher OER currents compared to the
(001) film at the same applied potential, indicating higher
OER activity of the (111) facet (Figure S11). A peak centered
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around x = 0.22 was observed for the (111) oriented film at
both 1.7 and 1.8 Vyyy (Figure S12a,b, respectively), which is
about 5% higher Fe substitution compared to the (001) film.
Interestingly, a smaller peak around x = 0.75 was observed,
potentially suggesting a secondary region of moderate OER
activity for the (111) facet. If confirmed to be true, the
secondary peak around x = 0.75 would suggest a region that
does not conform to typical scaling relations, further
demonstrating the utility of the setup in identifying unknown
regions of interest worth studying.

Extracting Apparent OER Rates. The fluorescence
intensity of the composition gradient film as a function of
potential and time was converted to the amount of O, evolved
using the fluorescence kinetics data collected on Lay 451y 4,CoO;
single composition films (see Figure S13). For potentials below
1.7 Vg an absence of O, evolution was observed, as expected
based on the fluorescence data collected at these potentials. At
1.7 Viyg, the amount of apparent O, evolution increased for
certain compositions but remained relatively constant for other
compositions within the composition space (Figure 6a). A
linear line was fit near the onset of the O, detection for each
composition and applied potential to estimate the apparent
OER rate (Ry,), which are summarized in Figure 6b for 1.2,

1.6, 1.7, and 1.8 Vyygp. At both 1.7 and 1.8 Vyyg, a peak
centered around x = 0.15—0.20 was observed, where the
extracted Ro, for 1.8 Vyyp are generally larger than the
extracted Ro, for 1.7 Vpyg, consistent with 1.8 Viyg also

displaying higher OER currents than 1.7 Viyg in the
electrochemical data.

The extracted R values were integrated as a function of

substitution and converted to currents (assuming 100%
Faradaic efficiency toward 4e” transfer OER) as a function
of the x-substitution level to check for reasonable agreement
between the calculated apparent currents and measured
currents at 10 min (Figure 6b, inset). In general, the calculated
currents are about half the measured currents, with the
calculated currents being 9 and 16 pA at 1.7 and 1.8 Vg,
respectively, while the measured currents are 18 and 41 pA at
1.7 and 1.8 Vpyg, respectively. Lower calculated currents
compared to measured currents are physically realistic,
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Figure 7. Energetics of the OER on selected compositions within the LaysSrysFe,Co;_,O; (001) chemical space. (a) Reaction energetics for the
OER plotted at the lowest potential required for the reaction to be downhill on the Co sites (top) and Fe sites (bottom). (b) Computed
overpotentials of OER as a function of Co:Fe ratio on the Co and Fe sites. (c) Lowest computed overpotential for OER on the
Lay ¢Sty sFe,Co,_,O; (001) surface overlaid with the apparent OER current extracted from the fluorescence measurements.

suggesting that the setup is measuring the O, generated from
the film, and not measuring other sources of O,, nor O, that
does not exist. Our current setup therefore has an O, detection
efficiency slightly below 50%. The fact that only about half of
the generated O, is detected by the system also explains why
no significant fluorescence intensity was detected at 1.5 and 1.6
Viyp, despite the OER activity that can be measured
electrochemically. Most likely, the rate of the OER at 1.5
and 1.6 Vg was too low for the generated O, to reach the
critical concentration needed for the fluorescent detector to
detect it. A collection efficiency of 50% is comparable to that of
the rotating-ring disk electrode," ™" a technique commonly
used to detect the oxygen reduction and evolution reactions
but without any spatial resolution. While other techniques with
spatial resolution, such as scanning electrochemical micros-
copy, can boast high collection efficiencies, a ~ 10 um
diameter probe needs to be within 60 ym of the electrode
surface to reach a collection efficiency of ~50%.”" Character-
izing the activity of the working electrode with such a small tip
will, therefore, take considerable time. Our fluorescence-based
method enables fast, spatially resolved detection of O, with
collection efficiencies comparable to space-blind techniques.
Nonetheless, further improvements to the setup would include
devising a fluorescent detector that is more sensitive to oxygen
so that lower potentials can be applied, allowing for more
information to be collected from a single experimental set.
Computation and Identifying the Most Active
Composition within Lag¢Sry,Fe,Co,_,0; (001). The
observed composition dependence of the OER activity as a
function of composition within the LSCFO (001) space was
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validated using density functional theory (DFT) computation,
which showed good qualitative agreement with the experi-
ments. To simplify the computation, the A-site composition
was set to be (La, Sr) = (0.5, 0.5), which may have an effect on
the absolute values computed but should not change the
overall trends observed. Substitution intervals of x = 0.25 from
[0,1] were used, and the overpotential of OER was calculated
from the reaction energetics (Figure 7a). The computation
revealed that the material stability of the composition space is
not strongly dependent on the B-site ordering (Figure S1S).
However, the OER activity is a strong function of the B-site
ordering within the structure (Figures S16—S19), where the
overpotential for the same substitution can differ by over 1 eV
(summarized in Figure S20). For example, at x = 0.25 on the
Fe site, if the Fe atoms are arranged diagonally from each
other, then the overpotential was calculated to be ~3.2 eV,
while the overpotential is only ~1.72 eV when the Fe atoms
are columnar. All the binding energies of the calculated
adsorbates follow scaling relations, indicating that the
calculated energetics can accurately capture trends (Figure
S21).

Looking at only the lowest calculated overpotential for all
tested configurations, the Co-site becomes less active (i.e.,
higher overpotential) with increased Fe substitution, while the
Fe sites increase in activity with less Fe substitution (Figure
7b). Interestingly, a crossover point around x = 0.35 was
observed where the Fe sites become more active than the Co
sites for OER, which aligns with previous studies suggesting
that Fe is the active site in Co,Fe;_,OH, catalysts.1
Overlaying the lower calculated overpotential between the
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Co and Fe sites as a function of composition displayed a
qualitative trend similar to the apparent OER activity measured
from the fluorescence measurements (Figure 7c). A slight
decrease in the OER overpotential was observed going from x
=0 to x = 025 (from 1.75 to 1.72 Vgyg, respectively).
However, further Fe substitution led to a monotonic decrease
in the OER activity, with the pure Fe perovskite showing a
large overpotential of 3.00 Vg, agreeing with the lack of
fluorescence observed on the Fe-rich side of the film.

The measured apparent OER currents from the fluorescence
measurements in conjunction with the computation therefore
show that compositions near Lay Sty 4Fe(,-02)C0(1 0803 (%
+ 0.0S) (001) are among the most active within the
Lay ¢St 4Fe,Co,_,O; (001) chemical space. Previous results
from Wang et al. studying the same chemical space, but as
powders of discrete compositions® also found that a maximum
in OER activity occurs around x = 0.20 and that the Fe-rich
side generally shows lower activity compared to the Co-rich
side, in agreement our findings (compared in Figure S22).
While the exposed facets of the particles were not
characterized, since the (001) facet of similar perovskites
tends to be the most energetically favorable,”” the particles are
representative enough to further validate the observed
fluorescence trends. Of si§niﬁcance is the contrast with the
work from Burke et al.'® that shows the maximum OER
activity of Co;_.Fe,O/H, catalysts around x = 0.5, rendering
similar oxidation states for Co and Fe in
Lag ¢Stg 4Fe(,202)Co(1_-08)03 (x % 0.05). The qualitative
trend agrees with our study, where the OER activity displays
an initial increase with Fe substitution, followed by a decrease
once a critical substitution level is reached.

Implication of High-Throughput Catalyst Screening
Techniques. The change in the active site from Co to Fe with
lower Fe substitution indicates that the reactivity of a
composition cannot simply be thought of as a linear
interpolation between similar compositions. As the activity of
the Fe site in LagSrg4Fe),5C00750; was found to surpass the
activity of Co in Laj4Sry,CoO; despite La,¢Sry,FeO; being
inactive for the OER, our results show that the local chemical
environment near an active site can profoundly influence the
reactivity of the atoms. Previous studies have suggested that Fe
sites in CoFe-based catalysts are responsible for the enhanced
activity over pure Co catalysts."® However, the compositional
dependence of the identity of the active site and underlying
mechanism for the high activity of Fe only when mixed with
Co has not been elucidated. In addition, our results reaffirm
the hypothesis that the same bulk compositions could
potentially have drastically different OER activities due to
local ordering of the atoms within the crystal structure, a
relatively unexplored handle for tuning catalysis.”> Under-
standing the relationship between local ordering and activity
could unlock unprecedented methods for engineering highly
active catalysts. As such, we believe that the development of
high-throughput catalyst screening techniques is not only
critical for identifying compositions with high activity but will
also motivate future fundamental studies to uncover new
insights governing catalysis and catalyst design. The develop-
ment of high-throughput screening tools will be crucial to
determine interesting compositions within the vast unexplored
chemical space for these fundamental studies.

The setup detailed here therefore holds great promise as a
potential avenue worth optimizing for the future screening of
composition spaces. Combining high spatial and time
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resolution with a continuous compositional gradient library
can allow for greatly accelerated screening of entire
composition spaces for reactions beyond OER by modifying
the setup. For example, using the same pH-sensitive
fluorescence dye as Reddington et al.>* could allow for the
screening of methanol oxidation catalysts. Similarly, methanol-
sensitive organic fluorophores could be used to screen catalysts
for the reduction of CO, to methanol. In addition to
electrocatalysis, the setup we report could also be adapted
for screening reactions initiated by other stimuli, such as
photocatalysis, thermocatalysis, and enzymatic catalysis by
changing the stimulus source and fluorescent probe. Second,
other modules could also be included to collect information
about the composition space beyond catalytic activity. For
example, the cell could be coupled with automated Raman or
infrared spectroscopy mapping to study the structural
evolution of the catalyst while screening their activity. Having
a large database of coupled structural-activity information
would be invaluable for machine learning/artificial intelligence
(ML/AI) models to discover (potentially high-dimensional)
descriptors of catalysts that are difficult for humans to parse.

Improvements to the setup will be required to realize such
future applications.. For example, it is critical to decrease the
detection limit. We were able to detect O, only 1.7 Vyyg or
higher, well beyond the onset of the OER. Optimizing the
equipment, such as developing more sensitive fluorescent
probes or photodetectors, could help. Another potential
avenue worth exploring is directly dissolving a fluorescent
dye into the electrolyte solution, which would forego the need
for the dissolved O, to detach from the working electrode
surface and travel to the fluorescent detector. However,
convection currents of the electrolyte due to bubbles or
natural diffusion of the dye in the electrolyte could present
other problems that will need to be carefully controlled. Also,
the current setup was able to use fluorescence to collect only
potentiostatic electrochemical information about the sample,
as the fluorescence response was not fast enough. However, in
some cases, transient information may be more useful for
evaluating catalytic activity. Decreasing the detection limit
would potentially help for transient measurements to be
collected, further increasing the information that can be
gathered from this setup.

B CONCLUSIONS

We report the design and implementation of a simple
spectroelectrochemical cell for the screening of the OER
catalysts using in situ fluorescence detection. Combining the
cell with combinatorial PLD, we were able to screen an entire
continuous composition space simultaneously, forgoing the
need to use linear interpolation to predict the activity of
compositions that are not tested in a typical discrete
composition array. Using Lag4Sry,Fe,Co,_,O;/Nb:STO
(001) as a model system to demonstrate the capabilities of
the setup, a clear compositional-dependent fluorescence
evolution within the continuous space was observed. Coupling
single composition Lay¢Sry4CoO;3/Nb:STO (001) films that
acted as reference samples with the electrochemical measure-
ments, the kinetics of the fluorescence signal were measured to
quantitatively correlate the fluorescence intensity with the
amount of O, evolved. In turn, this allowed us to transform the
measured fluorescence intensities across the entire composi-
tion space into apparent O, evolution rates, where we found
that the highest OER activity within the space is when 20% Fe
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is substituted for Co. DFT calculations confirmed the trend
observed from the fluorescence response. The computation
also revealed that the overpotential for the OER within this
space is highly dependent on the B-site ordering and that at x =
0.25, the Fe sites can actually be more active than Co sites for
the OER. The change in the active site as a function of Fe
substitution demonstrates that when screening new materials
for the OER activity, simply linear interpolating of end
compositions is not sufficient, demonstrating the need for
further advancement of high-throughput screening methods.
As more robust ML/AI models aimed at materials discovery
are developed, it is crucial that high-throughput screening tools
are ready not only for supplying data to train the models but
also to validate model predictions. This study outlines the high
resolution, accuracy, and ease of use of an in situ fluorescence-
based setup for OER catalyst screening, laying the foundation
for the development of a future high-throughput yet accurate,
quantitative assessment method of catalyst discovery for OER
and beyond.
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