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ABSTRACT.

Water electrolysis is of interest as a sustainable way to produce clean hydrogen and oxygen
fuel and help mitigate the rising problems of climate change while meeting global energy demands.
High efficiency, stable, and earth abundant bifunctional catalysts are needed to enable more
effective electrochemical cells for the hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER). Here, we investigate the synthesis, composition, performance, and mechanism of
multimetal catalysts serving dual functionality in both OER and HER of water electrolysis.
Through a laser synthesis method, we synthesized heterogenous catalysts of nanocrystalline
multimetallic alloy pockets embedded within an amorphous oxide matrix. We evaluated the
performance and composition of a range of mixed transition metal oxide materials for both OER
and HER, ultimately synthesizing a Cro.01F€0.27C00.34N10.380x/Cy catalyst that has a stable, high-
rate, and competitive overall water splitting performance of 1.76 V at 100 mA c¢m™ in an alkaline
medium. Using density functional theory to gain insight as the active site and mechanism, we
propose that the inclusion of a minor amount of Cr increases degeneracy of energetic states which
lowers the cost of forming the O 2 p-d bond and H 1 s-d bond due to the hybridization of's, p, and
d orbitals from Cr. Using a two-electrode water electrolysis cell with a constant potential of 1.636
V to mimic the setup for fuel production, we found the catalyst to be stable at 14-15 mA c¢cm for
40 hours. This laser synthesis method allowing for facile and rapid synthesis of complex
multimetal systems demonstrates how doping a Fe, Co, and Ni heterogenous
amorphous/nanocrystalline structure with small amounts of Cr is important for bifunctional
catalytic behavior, particularly for increasing HER functionality in advancing our understanding

for future electrocatalytic design.
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INTRODUCTION

Due to increasing global energy demands, the depletion of non-renewable fossil fuels, and
the negative impacts of climate change, it is imperative to quickly find clean and renewable energy
sources for the future.! The electrolytic splitting of water to produce hydrogen and oxygen fuel
provides a clean and renewable energy resource and has drawn significant attention for research
and application interest.>* Common examples of monofunctional hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) catalysts are Pt and Ru/Ir based catalysts that have,
respectively, overpotentials of ~30-50 mV and 250 mV at 10 mA c¢m in alkaline media.>® As the
theoretical minimum voltage difference to drive the overall electrolysis of water is 1.23 V.7 the
practical cell voltage using the aforementioned monofunctional catalysts would be ~1.53 V at 10
mA c¢cm in the absence of any loss of efficiency. Improvements in catalyst stability, reaction rates,
efficiency of cell designs, and reduction in cost (e.g. replacement of precious metals) are urgently
needed.?? . If a single, non-precious, bifunctional catalyst could be used for both HER and OER
in alkaline electrolyte without poisoning each other due to ion dissolution, then a more cost-
effective, efficient single chamber, two electrode electrolytic cell could be used instead.!%-12

Recently, research efforts have focused on developing earth-abundant mixed
transition metal catalysts for water splitting, both because such metals are more sustainable but
also because they have modulated d-orbitals resultant from the multimetal catalyst structure!3-!
that leads to better HER and OER catalytic performance. Density functional theory (DFT)
investigations of the performance of multimetal catalysts for water splitting have also shown, for
example, that NIOOH materials doped with Cr, Mn, Fe, Co, Cu, or Zn can influence the binding
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energies of hydrogen and oxygen adsorption due to orbital hybridization.!®!® Experimentally,
multimetal catalysts with transition metal combinations including Co, Ni, or Fe have been found
to have application for overall water splitting with improved stability in HER and OER; however,
many of these catalysts are still not competitive for overall water splitting at higher current
densities, with most only studies reporting values at 10 mA cm? with practical cell voltages of
falling in the range of 1.42 to 2.1V (Table S1).!617:20-25 Tg advance our understanding of how
these synergistic properties in multimetal materials affect water splitting catalytic behavior, we
utilize a laser induced thermal voxel (LITV) method for synthesizing and patterning a wide range
of nanocrystalline transition multimetal catalysts from fluid precursors.2%! In this method, a laser
is focused onto the interface between a substrate and precursor solution containing an optical
absorber; the photothermal response at the focus heats a microscale volume of solution to
temperatures reaching over 1000 °C which induces solvothermal reactions and decomposition to
yield nanomaterial composites. This LITV method offers the advantage of being able to easily
vary the synthesis parameters such as precursor chemicals and composition, solvent, and laser
power to affect the chemical and structural properties in the resulting mixed-metal catalyst.?6-2831
Recently, we demonstrated the utility of this method for facile one-step synthesis and patterning
of OER catalysts composed of Fe, Co, and Ni oxides.?6?8

Here we demonstrate the LITV-synthesis of multimetal catalysts with varying
compositions of Fe, Co, Ni, and a fourth transition metal dopant (Ti, V, Cr, Mn, Co, Zn, Mo, or
W) for overall water splitting applications. Cr doping led to the best stable, bifunctional catalyst,
with the composition Cro.o1Feo.27C00.34Ni0.330x/Cy having HER and OER overpotentials at 100 mA

cm? of 214+11 mV and 318+4 mV respectively, bringing the practical cell voltage of the

theoretical electrolytic cell to 1.76+£0.01 V. We used Kohn Sham DFT to demonstrate how in Cr-



doped Fe, Co, and Ni multimetal oxide systems, adding a minor amount of Cr can increase the H
binding affinity of the catalyst, effectively functionalizing the material for HER. Structural
characterization of the Cro.01Fe027C00.34Nio380x/Cy catalyst shows a complex heterogenous
nanoscale structure composed of metallic nanoparticles within an amorphous oxide matrix.
Annealing reduced catalytic performance, suggesting that the structural interface between the
amorphous oxide and metallic crystalline nanostructures is critical to lowering HER
overpotentials. Using a two-electrode, single chamber water electrolysis cell with a constant
potential of 1.636 V to mimic the setup for fuel production, the dual catalyst system for overall
water splitting exhibited stability at 14-15 mA cm™ for 40 hours. This work demonstrates that
LITV is a powerful method for screening and studying bifunctional catalytic material with
complex structures for overall water electrolysis and provides insight as to the mechanistic
principles governing multimetal catalysis design and structure-activity relationships. Through this
study, we advance our understanding for future design of cost-effective, high-rate, stable, water

electrolysis multimetal catalysts for renewable energy applications.

RESULTS AND DISCUSSION

To utilize the LITV synthesis method for catalyst production, we focused a 532 nm
continuous wave laser through an objective lens into a precursor salt solution to create a high
temperature (>1000 °C) solvothermal micro-reactor, dubbed a thermal voxel (Figure 1a, Figure
$1).263! Thermal decomposition of the precursor solution within the thermal voxel generated
nanoparticles in-situ which were sintered to the substrate in a film as the laser was scanned.?6-27-3¢
Generally, our precursors used in this work were 1 M solutions of mixed metal salt precursors

dissolved in ethylene glycol, wherein the ratio of the specific salts was tuned to create different



multimetal catalyst compositions. For example, an equimolar precursor solution of Fe, Ni, Co, and
Cr precursor would be 0.25 M Fe(NO3)3, 0.25 M Ni(NO3)2, 0.25 M Co(NO3)2, and 0.25 M
Cr(NOs)s in ethylene glycol. Ethylene glycol was used as the solvent to enhance the porosity of
the material and increase surface area as seen by scanning electron microscopy (SEM) (Figure
S2).2627 For any given precursor, we used the LITV method to synthesize a 1 x 1 mm? catalyst
square on a fluorine-doped tin oxide (FTO) glass substrate for catalytic testing. The surface area
of the catalyst square was estimated using optical profilometry (Figure 1b). Since there is often
not a one-to-one correlation between the input molar ratio of the metal ions in the precursor
solution to the output ratio of elements in the catalyst,?® energy-dispersive X-ray spectroscopy
(EDS) was used to determine the approximate elemental composition of the catalysts (Figure 1c,
Equation 1 in the Methods). More details about the optical setup, laser scanning parameters, and

solution compositions are described in the Methods and Figure S1.
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Figure 1. Laser induced thermal voxel (LITV) synthesis of overall water splitting catalysts.
(a) Schematic of the LITV synthesis method; a continuous wave laser (532 nm) is focused through
an objective lens onto the surface of a fluorine doped tin oxide (FTO) glass substrate covered with
a 60-80 pL droplet of fluid precursor of transition metal salts dissolved in ethylene glycol.
Absorption of the laser produces a steep, localized thermal gradient, i.e. “thermal voxel” to
thermally decompose precursors and pattern a solid material for catalysis. Precursors used were 1
M transition metal hydrate salts in ethylene glycol solvent. All transition metal salts utilized are
described in the Methods section. (b) Profilometry image of an exemplary multimetal catalyst,
patterned in a 1x1 mm square, with thickness according the color scale. Scale bar is 250 pm. (c)
Top left: scanning electron micrograph (SEM) of a selected area of the of the catalyst in (b). All
others: energy dispersive X-ray spectroscopy (EDS) maps show a mixed material containing O,
Cr, Fe, Co, and Ni. Scale bar is 100 um.



To test a prepared catalyst, we used a 3-probe testing setup with 1 M KOH electrolyte
solution, an Ag/AgCl reference electrode, a graphite or Pt counter electrode, and our synthesized
catalyst as the working electrode. For each catalyst, we measured electrochemical active surface
area (ECSA) with cyclic voltammetry (CV) at a minimum of 60 cycles, then conducted electric
impedance spectroscopy (EIS), followed by 4 cycles of linear sweep voltammetry (LSV) for HER
and OER to confirm the activation of the catalyst for overpotential and Tafel slope measurements.
Catalysts’ overpotentials were compared at current densities of 100 mA cm™ both to demonstrate
the high-rate water electrolysis performance and also because there was interference of Ni
oxidation in the polarization curve at 10 mA c¢cm (Figure S3). We compared the performance of
our catalysts to common monofunctional hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) catalysts that are Pt and Ru/Ir based respectively that have overpotentials
of ~300 and >275 mV at 100 mA cm in alkaline medium for a AV to ~1.81 V provided no loss
of efficiency.>® A summary of the precursor compositions, corresponding elemental output
fractions in the catalyst in atomic % (at %, Equation 1 in the Methods), and electrocatalytic
performances are detailed in Table S2-SS5 for all catalysts.

We first analyzed the catalytic performance of our “base” composition,
Feo.53C00.26Ni0200x/Cy, which was synthesized from a precursor solution containing 0.33 M
Fe(NO3)3, 0.33 M Co(NO3)2, and 0.33 M Ni(NOs3); in ethylene glycol; this composition was used
because our previous LITV work optimized this composition for OER.?® This catalyst exhibited
overpotential performances measured at 100 mA c¢m for HER and OER of 250 mV and 316 mV
respectively, yielding AV of 1.80 V, similar to precious metal standards at high current density.>®

As the Fe, Co, and Ni “base” catalyst had already been optimized for OER through previous



published work,?® we wondered whether adding a fourth transition metal we could improve the
catalyst for HER while maintaining OER performance to create an effective catalyst for overall
water splitting.!*!6:!7 We hypothesized that the addition of the fourth transition metal may alter the
amorphous/nanocrystalline structure and d-orbital configurations so as to affect binding affinity
and the orbital overlap of the intermediates leading to better overall water splitting potential and
stability, particularly to help target better HER overpotentials.?®-??

To study the synergistic effect of adding a fourth transition metal, we synthesized catalysts
containing the FeCoNiOx/Cy “base combination” with the addition of one other transition metal
(e.g. Ti, V, Mn, Cr, Cu, Zn, Mo, or W) wherein equimolar elemental input ratios were used (Figure
22).2% In Table S2, a summary of the results shows that the addition of the elements Ti, V, Cu, Zn,
or W to the “base combination” yield AV > 2.0 V at 100 mA cm™ which is outside the realm of
competitive efficiency for overall water splitting catalysts.>® Adding Cr, Mn, or Mo led to lower
HER overpotentials with overall water splitting AV < 2.0 V at 100 mA c¢cm™2. The AV for
CrFeCoNiO,/Cy, MnFeCoNiOy/Cy, and MoFeCoNiOx/Cy samples were 1.82 V, 1.80 V, and 1.85
V respectively. The HER and OER performances for these combinations were notable to us, as
previously studied crystalline binary and ternary multimetal catalyst materials with Cr were only
found to be functional for OER while Mo and W containing catalysts had more functionality for
HER 32735 Using EIS to measure the charge transfer resistance, we observed that the FeCoNiOy/Cy,
CrFeCoNiO,/Cy, and MnFeCoNiO,/Cy had the smallest resistances and TiFeCoNiOx/Cy and
WFeCoNiOyx/Cy had the largest resistances (Figure S4).

From the data in Figure 2a and Table S2, we identified the catalysts with the most

promising performance (CrFeCoNiOx/Cy, MnFeCoNiOx/Cy, and MoFeCoNiOx/Cy). To explore

how the synergy of the elements in these three compositions affect overall water splitting, we



studied how varying the input precursor ratios (and thus output elemental ratios) in these catalysts
affect the catalytic performance (Table S3-S5). In Table S3, we observed that while some
catalysts with Mn, Fe, Co, and Ni variations were able to lower HER overpotential, most of the
OER overpotentials increased and became comparatively worse to the ternary FeCoNiOx/Cy
control catalyst. No catalysts incorporating Mn, Fe, Co, and Ni were able to have a competitive
AV below 1.80 V at 100 mA cm™. In Table S4, we found that catalysts with Mo, Fe, Co, and Ni
in varying ratios we were able to lower the HER overpotential while keeping the OER
overpotential similar to the FeCoNiOx/Cy control catalyst to have an overall water splitting
performance of AV 1.77 V. However, during cycling stability tests (Figure S5), it was observed
that the best Mo-containing multimetal catalyst, Moo.03Feo37C00.33Ni0270x/Cy, Was not stable
during OER (Figure S5a-d). XRD spectra revealed the appearance of MoO- after catalyst testing,

suggesting that the Mo sites become permanently oxidized (Figure S5e).36-38
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Figure 2. HER and OER performance of LITV synthesized catalysts for overall water
splitting. (a) The HER and OER overpotentials of catalysts containing a range of transition metal
compositions, prepared using precursor solutions containing an equimolar ratio of each element.
Current density was 100 mA cm. FeCoNiO,/Cy was used as the "base” to which a fourth transition
metal was added. An asterisk (*) marks an unstable catalyst. Each catalyst’s performance and
elemental output composition are described in more detail in Table S2. (b) The HER and OER
overpotential of catalysts with increasing Cr content measured at a current density of 100 mA cm’
2, The best bifunctional catalyst had overpotentials of 214+11 mV and 318+4 mV for HER and
OER, respectively (catalyst 1). Catalyst 1’s output composition was Cro.o1Feo.27C00.34Nio3380x/Cy
as determined by EDS (Table S5); the input elemental ratio was Cro.1FeiCoiNii. Each catalysts’
elemental input ratios, output fractions (atomic %), and electrochemical performance are described
in detail in Tables S2-S5. (¢) HER polarization curve of catalyst 1. The overpotential is 210 mV
at -100 mA c¢cm. (d) OER polarization curve of catalyst 1. The overpotential is 322 mV at 100
mA cm?. All overpotential measurements and potential curves are taken from the fourth cycle of
LSV after 60x cycles of ECSA and 3 cycles of LSV to ensure activation of the catalyst.

The catalysts with Cr, Fe, Co, and Ni input variations were able to yield both competitive

HER and OER overpotentials while remaining stable during both sides of the water splitting
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reaction. In Figure 2b and Table S5, we observed that in catalysts with Cr, Fe, Co, and Ni, having
very small amounts of Cr in relation to Fe, Co, and Ni (1-3 at. % Cr) led to the best catalytic
performances due to the lowering of HER overpotential compared to the FeCoNiOx/Cy control.
EIS and ECSA measurements were analyzed to better understand the electrochemical properties
of these catalysts (Figure S6 and Table S5). The best Cr-containing bifunctional catalysts, and the
best of all those tested in this work, was made with an input precursor composition of Cro.o1FeCoNi
(catalyst 1, Figure Sé6a, output composition was Cro.01Feo.27C0034Nio330x/Cy as determined by
EDS). Catalyst 1 had overpotentials measured at 100 mA cm™ for HER and OER of 214+11 mV
and 31844 mV respectively, AV of 1.76 V at 100 mA cm, a high ECSA value of 3943 mF cm?,
and a small EIS charge transfer resistance (Figure 2¢, Figure S6b, Table SS). The turnover
frequency (TOF) of catalyst 1 is estimated at 0.0216 s' for OER and 0.0206 s!' for HER
(Equations 2-4 in the Methods). Electrochemical analysis showed that with small amounts of Cr,
the overpotentials and Tafel slope became lower compared to the FeCoNiOx/Cy control and thus,
more efficient (Figure S6b). ECSA shows a corresponding trend in that the catalysts with minor
amounts of Cr compared to the Fe, Co, and Ni elements had higher ECSA values compared to
those without Cr or those with a higher amount of Cr (Table S5, Figure S6c).

Catalyst 1 has a composition of Cro01Fe027C0034Nio330x/Cy as determined by EDS
(Table SS5). For comparison, a compositional depth profile was conducted with X-ray
photoelectron spectroscopy (XPS) (Figure S7). The catalyst 1 composition determined by the
XPS depth profile is Cro.02Fe0.34C00.42Ni0.220x/Cy on the surface and Cro.03Feo.45C0035Nio.170x/Cy
in the bulk. When comparing the compositions determined by XPS to EDS, we observe some
differences in the elemental measurement, although for both analyses Cr is the minority metal

constituent while Fe, Co, and Ni are in more comparable amounts. Both EDS and XPS have
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significant associated error in the measurement (approximately £5% and +10%, respectively),
along with different focal spot sizes and depth penetrations.**** In addition, as to be shown below,
the samples themselves also have a heterogeneous structure, which are all factors that contribute
to the differences in elemental analysis results.

To better characterize catalyst 1’s structure and crystalline properties, we conducted
analyses with high-resolution transmission electron microscopy (HRTEM), scanning transmission
electron microscopy- energy dispersive X-ray spectroscopy (STEM-EDS), and X-ray diffraction
(XRD) techniques. In Figure 3, STEM and HRTEM show that catalyst 1’s heterogeneous
structure consists of crystalline nanoparticles in the range of 5-21 nm diameter before and after
HER-OER testing (Figure S8a) surrounded by an amorphous matrix. A STEM-EDS line scan
before catalyst testing shows localization of the Co and Ni within the nanoparticles and a
localization of O and Cr outside the nanoparticles (Figure S8b). We have learned in our previous
published analysis of Fe, Co, and Ni-containing catalysts that this type of heterogenous structure
is important for targeting lower OER overpotentials, and increasing crystallinity of the amorphous
matrix or increasing the amount of metallic Fe can negatively affect OER.?® Due to the
heterogeneous nature, a range of lattice spacing measurements were recorded mostly falling within
the 0.20-0.25 nm range. The 0.25 nm lattice measurement shown within the HRTEM inset in
Figure 3 falls within normal lattice spacing range for FCC FeCoNi alloys*' and FCC CrFeCoNi
alloys*? for the (111) plane both before and after HER-OER catalytic testing. As observed in the
XRD pattern, the 20 shifts resemble the FCC CrFeCoNi alloy*? more closely (Figure S8¢). The

XRD pattern does not change significantly after catalytic testing of HER and OER (Figure S8c).
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Figure 3. Structural characterization of catalyst 1 before and after HER-OER catalytic
testing. (a) STEM with HRTEM inset before HER-OER catalytic testing. HRTEM shows an
average lattice spacing of 0.25 nm within the nanoparticle, which is encased in an amorphous
matrix. Nanoparticle diameters range from approximately 5 to 21 nm with most nanoparticles
falling in the range of 8-11 nm. Scale bar for STEM is 20 nm. HRTEM inset scale bar is 5 nm. (b)
EDS maps showing the distribution of elements in catalyst 1 before testing, O (blue), Ni (yellow),
Cr (pink), Fe (orange), and Co (green). Nanoparticle diameter distribution and element distribution
analysis shown in Figure S8a and S8b respectively. Scale bars in STEM-EDS images are 20 nm.
(¢) STEM with HRTEM inset after HER-OER catalytic testing. HRTEM shows an average lattice
spacing of 0.25 nm within the nanoparticle, which is encased in an amorphous matrix. Nanoparticle
diameters range from approximately 5 to 21 nm with most nanoparticles falling in the range of 9-
11 nm (Figure S8a). Scale bar for STEM is 20 nm. HRTEM inset scale bar is 5 nm. (d) EDS maps
showing the distribution of elements in catalyst 1 after catalytic testing, O (blue), Ni (yellow), Cr
(pink), Fe (orange), and Co (green). Both before and after catalytic testing, the STEM-EDS shows
nanoparticles that are enriched in Co and Ni. The amorphous matrix is enriched in Cr and O. Fe is
distributed both inside and outside the nanoparticles. Scale bars in STEM-EDS images are 20 nm.
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To better understand the role of the amorphous matrix and crystalline nanoparticles in
catalyst 1, we annealed catalyst 1 samples for 24 hours at various temperatures in atmospheric
conditions with the hypothesis that annealing would lead to crystallization of the amorphous oxides
and potentially increase nanoparticle size. XRD of the annealed 400 °C sample compared to the
non-annealed sample (Figure S9a) showed the appearance of crystalline metal oxide signatures
(both spinel Fe* and Co oxides*, and SnO»* from the FTO glass substrate) along with the FCC
metal.*'*> We used whole pattern fitting with 3™ polynomial background modelling to try to
determine the composition of the spinel oxide peaks; however, due to the significant overlap of
these signals as they are in the same phase as well as the strain caused by multiple species existing
in the structure, the model was not able to make an accurate prediction as shown by the high R/E
value of 1.79 of the pattern fitting (Figure S9b). We found that annealing catalyst 1 has minor
impact on OER overpotential, but a significant impact on increasing HER overpotential (Figure
S9¢). With the exception of the sample annealed at 100°C, the other annealed samples have
averages and standard deviations that fall within the ECSA values of the non-annealed samples
(Figure S9d) , so we believe that the surface morphology and oxidation states of the sites
themselves are not changing drastically for these samples. However, the Tafel slopes for both HER
and OER of all of the annealed samples are comparatively higher (Figure S9e), and thus having
worse performance, than their non-annealed counterparts. This suggests an intrinsic catalytic
activity change. In our previous published OER work, we found that annealing a Fe, Co, and Ni-
containing catalyst yielded segregated phases of metallic iron, crystalline iron oxide, and FeCoNi
FCC alloy nanoparticles, as well as increased OER overpotential;?® in contrast, here, addition of
Cr appears to prevent segregation of metallic iron in catalyst 1 which could be the cause for the

stable OER overpotential upon thermal annealing. Overall, we draw the conclusion that increasing
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the crystallinity of the amorphous oxide structure and interfering with the amorphous and
crystalline nanoparticle interface in the heterogenous catalysts between the annealed samples
worsens the HER catalytic performance compared to the non-annealed samples.>?

To study the chemical properties such as chemical bonds and oxidation states present in
catalyst 1, we conducted Fourier transform infrared spectroscopy (FTIR) and XPS analyses. In
catalyst 1’s FTIR spectrum (Figure S10), we observe C-O stretching, M-OH stretching, NO3"
stretching, and O-H stretching at 1078 cm™!, 1344 cm™!, 1566 cm!, and 3249 cm™! respectively.*+46-
3% Some metal oxide stretching might be occurring, however the poor signal to noise ratio of the
spectrum leads a lack in definition in the wavenumber range of 500-1000 cm™!. XPS analysis was
used to supplement these observations and probe the chemical states of the elements on the surface
of the catalyst before (Figure S11) and after (Figure S12) HER-OER catalytic testing of catalyst
1. Overall, the analysis shows evidence of metal oxide, metal hydroxide, and metal alloy species
before catalyst testing. High resolution oxygen peaks before and after catalytic testing can be fitted
with surface hydroxyl/non-stoichiometric oxygen and lattice oxygen at 530 eV and 528 eV,
respectively. This is due to the mixing of metal oxide and hydroxides creating a non-stoichiometric
structure and potential intermediates formed during OER.?%3°->7 XPS shows surface carbon
signatures likely originating from the ethylene glycol solvent used in the precursor solution similar
to our previous depth profile study (Figure S7) and previous OER work.?® For both catalysts before
and after catalytic testing, the Cr 2p, Fe 2p, Co 2p, and Ni 2p core spectra are split into 2p12 and
2p3n2 orbital peaks due to spin-orbital coupling.>>=>7 Similar to our previous work with ternary OER
catalysts,”® Fe and Co 2p core spectra showed evidence for 3+, 2+, and 0 oxidation states
suggesting the presence of spinel oxides of Co304 and Fe;O4 along with metallic alloy species on

the surface.>>*! The Co 2pi2 signal before testing has a dominant species of 2+ and then shifts to
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a dominant species of 3+ after catalytic testing indicating the oxidation of a Co?" active site. XPS
spectra from both before and after catalytic testing showed a Ni 2p core spectra with 2+ and 0
oxidation states.”>%! Even though the Ni*>* oxidation state is dominant before and after catalytic
testing, the metallic alloy species significantly diminishes post-testing suggesting the oxidation of
Ni’ to Ni?* during catalytic testing. Due to the small amount of Cr in catalyst 1, the signal to noise
ratio in the core spectra is low; however, there is some evidence suggesting Cr is in the 3+ and 6+
oxidation states before testing and predominantly the 3+ oxidation state after testing.’®>” There has
been literature evidence that Fe3"2*, Cr¢*3* Co?*, Ni?" can be catalytic sites or help facilitate OER

and HER intermediate absorption,!13-3%:5
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Figure 4. Trends in binding energies and overpotentials for (Cr,Fe,Co,Ni)OOH catalysts. (a)
Scaling relationships between AE(O*) and AE(OH*) for f-(Fe,Co,Ni)OOH, S-(Cr,Fe,Co,Ni)OOH,
and /-(Fe,Co,Ni)OOH, illustrating the moderate influence of local composition and the dominant
contribution from crystal structure to the slope y of the scaling relationship. (b) Volmer—Heyrovsky
reaction intermediates as a function of the applied electrode potential ®@. The rate-limiting step is
computationally predicted to be the desorption of H" from OH* to form O*. (¢) Dependence of the
energy difference AE(O*) — AE(OH*) and of the overpotentials #uer and 7oer on the (majority-
spin) d-band center, showing that placing one Cr below an active Ni site improves electrocatalytic
performance while substituting Cr at other neighboring sites decreases HER and OER activities.

16



To elucidate the influence of local structure on the catalytic activity of multimetal
oxyhydroxides, we use modelling from first principles based on structural models described in
Figure S13. To this end, we calculated the adsorption energies of the (Volmer—Heyrovsky)
reaction intermediates based on previous published work experimentally demonstrating the
formation of oxyhydroxide intermediates during OER for LITV catalysts.”® We predicted the
dependence of the overpotential on the filling of the d-orbitals at the surface, however the
combinatorial complexity of multimetal materials introduces uncertainty in modeling the atomistic
configurations of the most active sites. To overcome this complexity, we critically examined the
scaling relationships that connect the binding energies of the O intermediates [AE(O*)] to the
binding energies of the OH adsorbates [AE(OH*)].%? This analysis indicated that the scaling
relationships AE(O*) =y AE(OH*) + 0, which were previously obtained for Fe-, Co-, and Ni-based
catalysts,?® were still applicable to Cr-doped surfaces, albeit with a composition-dependent energy
offset 0 and a narrower distribution of binding energies. Multiple multimetal combination models
were tested for the scaling relationships and detailed in Table S6. Notably, the slope y of the
scaling relationships was found to be moderately affected by Cr doping with a slight increase from
0.71 to 0.76 (Figure 4a). This increase was indeed much smaller than the decrease from 0.71 to
0.54 that occurred when changing the structure of (Fe,Co,Ni)OOH from its catalytically active /-

phase to its less active (more oxyphilic) 4-phase.

In light of this result and the fact that the reaction OH* — O* + H' + ¢~ was predicted to
be the rate-limiting step (Figure 4b), the OER overpotential was calculated as 7oer = ® — ®oer =
[ (y— 1) AE(OH*) + dokr ]/ e — ®orr, where @ denotes the applied potential, ®orr = 1.23 V vs.

RHE (reversible hydrogen electrode) is the equilibrium OER potential, y = 0.76 is the slope of the
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scaling relationships for f-(Cr,Fe,Co,Ni)OOH, and the composition-dependent offset Jorr
captures uncertainties in modeling the local configurations of the prevalent catalytic sites.
Similarly, considering the converse rate-determining reaction O* + H* + ¢© — OH¥*, the HER
overpotential was estimated as nuer = [ (y — 1) AE(OH*) + duer] / e — Ouer, where ®Oper = 0 vs.
RHE and the offset duer characterizes the local structure of the most active sites for HER.

Once calibrated against the experimental overpotential of the Feos53C00.26Ni0.200x/Cy
catalyst (with 7oer = 300 mV, corresponding to doer = 1.21 eV, and #uer = 250 mV, corresponding
to ouer = —0.07 eV), this simple model enables us to predict the influence of Cr substitution on the
HER and OER overpotentials of f-(Cr,Fe,Co,Ni)OOH. As shown in Figure 4c, the overpotential
was predicted to decrease by ~20 meV (corresponding to a 2-fold increase in the catalytic current)
when adding one Cr cation at the bottom neighbor site [Crpelow)], While increasing by 35-40 meV
(corresponding to 4- to 5-fold decrease in catalytic activity) when one Cr cation was placed in the
vicinity of the Ni site [Cron-top)] Or two Cr cations were surrounding the Ni site [Cr(pelow) and Cron-
wp)]- The same trend was found for the majority-spin d-band center of the Ni cation (Figure 4c¢),
whereby placing Cr at the bottom position [Crpelow)] pushed up the d-band center closer to the
Fermi level by 0.12 eV. We ascribe this effect to the depletion of the antibonding orbitals between
the O or OH adsorbates and the S-(Cr,Fe,Co,Ni)OOH surface.®® In contrast, a reversal of the trend
was observed with additional Cr, corresponding to a downshift of 0.3-0.4 eV in the d-bands. These
results are summarized in Table S7. These results indicate that small amounts of Cr can
significantly influence HER/OER and suggest that the activity of multimetal electrocatalysts can
be effectively tuned via subsurface Cr substitution.

To explore whether catalyst 1 could be utilized for fuel cell application purposes as

bifunctional water splitting catalysts, we tested its selectivity for HER and OER, its stability during
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the water splitting half reactions, and its performance in a 2-probe fuel cell system. To test catalyst
1’s selectivity, we used an oxygen reduction reaction (ORR) activation experiment where we saw
the catalyst was not active for ORR (Figure S14). This means the catalyst is selective for the HER
and OER reactions and that it will not significantly reduce the oxygen it produces during OER and
convert it back to its hydroxyl reactants during ORR. We also cycled two catalyst 1 samples for
5,000 cycles of HER and OER (Figure S15a-b) to determine the catalysts’ stability. Cycle 0 is
different than the rest of the reported measurements in this work as it is before any cycling or LSV
and, thus, before the material is activated. The rest of the cycles (cycles 1,000-5,000) show
stability. From cycle 0 to cycle 5,000, activating the catalyst showed that the performance of HER
and OER both improved by 39 mV and 98 mV respectively (Figure 5a-b). The shift in oxidation
states in the Cr, Co, and Ni sites as shown by XPS before and after catalytic testing (Figure S11-
S12) could explain the shift to an activated catalyst. The AV calculated from the final (cycle 5,000)
LSV overpotentials at 100 mA ¢cm was 1.77 V, compared to the 60x ECSA-cycled and 4 LSV-
cycled catalyst 1 AV of 1.76 £ 0.01 V at 100 mA cm™. As the AV from the stability testing is
within the standard deviation of AV in the 60x ECSA cycled and 4 LSV cycled catalyst 1 testing,
we believe that the catalyst is properly activated before for all reported measurements in this work.
LSV was first performed to find the potential reading at a current density of 20 mA c¢cm™ to use for
the application experiment (Figure S15¢). Applying this constant potential, the 2-electrode system
stabilized at 14-15 mA cm™ at a constant voltage of 1.636 V applied for 40 hours with no
significant loss in current density indicating the stability of the system in Figure Sc. Steady
production of Oz and H> products are seen in video in Video S1. During the two electrode, single
chamber experiment, holding the current density at 100 mA/cm?, catalyst 1 is stable for 5 hours

(Figure S16). However, we noticed that this instability was not due to the deactivation of the active
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sites, but instead due to the rapid bubble formation that caused damage to the catalyst itself, as we
saw pieces of the catalyst delaminate from the substrate. This is an engineering challenge we would

need to address in future work.
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Figure 5. Overall water splitting stability of catalyst 1. (a) HER polarization curves for the
initial LSV measurement (black) before cycling and the final LSV measurement after 5,000 cycles
(red). The overpotential of the initial and final polarization curves are 404 mV and 263 mV at 100
mA cm? compared to the 210 mV of the non-stability tested catalyst (Figure 2¢). (b) OER
polarization curves for the initial LSV measurement (black) before cycling and the final LSV
measurement after 5,000 cycles (red). The overpotential of the initial and final polarization curves
are 370 mV and 272 mV at 100 mA c¢m™ compared to the 322 mV of the non-stability tested
catalyst (Figure 2d). Both LSV plots show that catalyst 1 is activated for performance by cycling
and the performance gets better from the initial to the final polarization curves. The final overall
AV at 100 mA ¢cm2 is 1.77 V using the HER and OER overpotentials, which is similar to the 1.76
+ 0.01 V during the non-stability catalyst testing (Table S5). Due to the AV of both the stability
and the non-stability testing catalyst falling within the standard deviation, and that non-stability
testing also starts with cycling for ECSA (~60 cycles) before three runs of LSV testing before
recording the overpotential, AV, and Tafel slope measurements, we believe that the catalyst is
activated within that testing frame. We also see that from 1,000 to 5,000 cycles for both HER and
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OER that the CV plots are similar to each other, also corroborating the activation and stability
(Figure S15a-b) (¢) Chronoamperometry in a 2-electrode system at 1.636 V with both cathode
and anode as catalyst 1 demonstrated stability at 14-15 mA cm for 40 hours. The constant
potential was chosen based on the initial LSV of the 2-probe system from 1-2 V where the current
density was measured to be 20 mA cm™ (Figure S15¢). Inset shows the electrode set up from (d).
The large picture (d) shows the chronoamperometry set-up. H> and O» production is seen during
water electrolysis (Video S1). All scale bars are 10 mm.

CONCLUSIONS

In this paper, we have demonstrated the ability of the LITV method for synthesizing a
broad range of mixed metal catalysts for bifunctional HER and OER water splitting applications.
The complex heterogenous structure of the best quaternary metal catalysts resulting from the LITV
synthesis, Cro.01Feo.27C00.34Ni0380x/Cy, contained nanocrystalline particles with high localization
of Fe, Co, and Ni surrounded by an amorphous Fe and Cr oxide matrix. By doping a Fe, Co, and
Ni catalyst with a small amount of Cr, the HER and OER performance was significantly increased
due to better binding affinities according to DFT PDOS computations. The interface between the
amorphous and crystalline phases was determined to be important by the annealing experiments,
wherein as Fe and Co oxides became more crystalline with increased annealing temperatures, HER
performance worsened. Our best bifunctional catalyst was shown to be stable at 14-15 mA cm™
for at least 40 hours in an electrolysis fuel cell setup demonstrating its potential application. In
conclusion, LITV synthesis has proven to be a facile method for creating complex, heterogenous,
and bifunctional HER and OER catalysts and affecting their chemical and structural variables to
enable a systemic understanding of catalytic mechanisms and optimized performance. The next
steps may include scaling up synthesis processes for these complex, non-precious multimetal

catalysts and increasing the efficiency of the electrolytic fuel cell itself.

METHODS
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Materials

All chemicals are commercially available and used as received. Iron (III) nitrate
nonahydrate (98.0%, Alfa Aesar), chromium (III) nitrate nonahydrate (98.5%, Alfa Aesar), nickel
(IT) nitrate hexahydrate (98%, Alfa Aesar), cobalt (II) nitrate hexahydrate (98%, Fisher Scientific),
phosphotungstic acid (83.51%,Chem-Impex Int’l Inc.), ammonium molybdate (para) tetrahydrate
(99%, Alfa Aesar), vanadium (IV) sulfate oxide hydrate (99.9%, Alfa Aesar), titanium (IV)
oxysulfate-sulfuric acid hydrate (synthesis grade, Aldrich), copper (II) nitrate trihydrate (99%,
Acros Organics), manganese (II) nitrate tetrahydrate (98%, Alfa Aesar), zinc nitrate hexahydrate
(99%, Sigma-Aldrich), potassium hydroxide pellets (EMD). All metal and metal oxide precursor
solutions were prepared by dissolving the precursor salts in ethylene glycol (99.8%, Alfa Aesar)
at 1 M concentrations. Ternary and quaternary ratio precursor solutions were made by mixing
different volumes of the 1 M solutions. Samples were deposited on fluorine doped tin oxide glass
substrate (FTO, TEC 15) 10 mm x 10 mm x 1.1 mm, R: 15 ohm/sq (MSE Supplies). Electrodes
used for linear and cyclic voltammetry were a graphite auxiliary electrode (BASI) or a Pt auxiliary
electrode (BASI) as the counter electrode and an Ag/AgCl reference electrode (BASI).
Electrochemical testing was carried out in a 5-15 mL cell vial (BASI) with a Teflon cell top
(BASI).

Direct laser writing optical setup

All depositions employed a Coherent Verdi G-series continuous wave laser operating at
532 nm. An output power of 2 W was directed through mirrors, a galvo scanner, and lenses to
focus on the substrate with the fluid precursor for deposition. Lenses were used to collimate and
expand the beam to fill the back of the microscope objective. The laser focus was translated using

a galvo scanner (Nutfield open frame head XLR8-10 mm clear aperture), which allowed
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oscillation of the laser spot as it entered a microscope objective (High-Power Microspot Focusing
air 50x Thorlabs objective with correction collar, 495-570 nm, with 0.60 NA) situated on an
inverted microscope (ASI automated RAMM/ modular infinity microscope system with motorized
stage). Laser powers reported in the following material deposition section were measured after the
objective and was 850 mW for all catalysts in this paper. A full schematic of the optical set up is

described in Figure S1.

Material deposition

The laser was focused through a microscope objective onto the substrate with the precursor
solution to create the laser induced thermal voxel, thereby depositing material directly from the
precursor fluid without the need of an optical initiating absorber. A droplet of the mixed precursor
solution was placed onto the FTO glass substrate, and a continuous wave 532 nm laser was focused
with a 50x, 0.60 NA objective lens onto the interface between the precursor solution and the
substrate. A laser power of 850 mW as measured after the objective was used for all catalyst
depositions. Patterns were “drawn” with the laser by both scanning the laser with the galvo mirrors
and translating the microscope stage. Specifically, catalysts were patterned by translating the
microscope stage at 15 pm s! in the x and y directions in a snaking pattern with a laser scan rate
of 500 um s and amplitude of 60 um back and forth in the y direction using the galvo mirrors. A
1 x 1 mm? area was deposited for catalyst testing, then rinsed with 20 uL of deionized water, 3x20
pL of 1 M potassium hydroxide aqueous solution, and another 20 pL of deionized water The
catalyst was then air dried before characterization.

Characterization

Profilometry: Optical profilometry was performed using a Sensofar Metrology S lynx

compact 3D optimal profiler. For profiling the catalyst, the focus would scan from below the
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substrate to above the catalyst to obtain the full profile. Surface area was calculated by using the
width, length, and average height of the catalysts as measured by the instrument.

X-ray diffraction (XRD): XRD was performed using a PANalytical Empyrean II with a
Co source, a theta-theta goniometer, parallel beam optics, point focus in reflection mode, with a
Xcelerator PASS detector and Fe B-filter operating at a step size 0of 0.03° s from 20-120° 26 using
a XYZ stage.

Scanning electron microscopy (SEM) and energy dispersity X-ray spectroscopy
(EDS): SEM images and EDS maps were taken on a FEI Nova NanoSEM 630 SEM with an
accelerating voltage of 3 keV for imaging and 15 keV for EDS. Samples for SEM analysis were
coated with a 5 nm layer of iridium metal to prevent charge build-up. EDS analysis has a sample
penetration depth of 2 pm and an error of +5%.% To calculate the output fraction atomic % (at. %)
of the transition metals using EDS analysis, the at. % sum of the transition metals in a catalyst
sample was used to divide the individual at. %. For example, in a MnFeCoNi sample the total EDS
analysis would yield the elements and at. %s of C (31.32 at. %), O (49.03 at. %), Al (0.11 at. %),
Si (0.09 at. %), Mn (2.78 at. %), Fe (12.64 at. %), Co (1.95 at. %), Ni (2.09 at. %) for a total 100
at. %. To calculate the output fraction of an individual transition metal (TM), e.g. Fe in this sample,

the equation would be:

individual TM at.% __ 12.64 at.% (Fe)
sum TM at.% 12.64 at.% (Fe)+1.95 at.% (Co)+2.09 at.% (Ni)+2.78 at.% (Mn)

= 0.65forFe (Eq. 1)

Transmission electron microscopy (TEM): Particles of the laser-deposited samples were
scratched off the FTO glass substrate surface, dispersed in ethanol, and ultrasonicated for 30 s.
The particle dispersion was then drop-cast onto a lacey carbon TEM grid with copper support.
HRTEM and STEM-EDS of the sample was performed using a FEI Talos F200X microscope at

Penn State operating at an accelerating voltage of 200 kV, offering angstrom image resolution. A
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high angle annular dark field (HAADF) detector was used for STEM image acquisition and EDS
data collection using the Super-X EDS quad detector system at an accelerating voltage of 200 kV
and current of ~0.15 nA. Standardless Cliff-Lorimer quantification was performed on the
deconvoluted EDS line intensity data using the Bruker Espirit software.

X-ray photoelectron spectroscopy (XPS): XPS measurements were performed using a
Physical Electronics PHI VersaProbe III equipped with a concentric hemispherical analyzer.
Samples were pumped to pressures of ~107'° Torr and irradiated using a monochromatic Al K a
X-ray source (15 kV, ~48 W) over a spot size of 200 um. The survey and high-resolution spectra
were recorded with pass energies of 280 and 55 eV, with step sizes of 1 and 0.2 eV, respectively.
Charge neutralizers (low energy electrons and argon ions) were used during all acquisitions. All
survey spectra were charge referenced with respect to the adventitious carbon peak at 284.8 ¢V 6465

For the depth profile, the sample was etched/sputtered using an Ar" ion beam with an
energy of 4 kV scanned over a 2 mm by 2 mm area. Sputter time intervals were 10 minutes, and
sputtering was carried out for a total of 70 minutes. These conditions correspond to an etch rate of
~20 nm/minute for SiO on Si substrate. The exact etch rate of the samples analyzed are not known
due to the absence of a reference and the roughness of the sample. However, it is assumed that the
etch rate of the analyzed samples are lower than that of Si02 based on metal oxide samples studied.
Depth profile spectra were recorded using pass energy of 112 eV with a step size of 0.2 eV.

All XPS data were analyzed with CasaXPS Version 2.3.23.PR1.0.%° All peaks except for
nickel were fitted using an Iterated Shirley background subtraction using a symmetric Lorentzian
lineshape LF (1,1,255,380,5).54%¢ Ni peaks were fitted using a default background subtraction
using the same LF lineshape as the others. Peaks were fitted using binding energy and full width

at half max (FWHM) values obtained from databases and relevant literature.>®-61:64-66 XPS data
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analysis has a penetration depth of 30 nm and an error of 10%. Uncertainties in background
subtraction and peak fittings were all calculated using a Monte Carlo approach in CasaXPS.40-¢6

Electrochemical characterization: Linear sweep voltametry (LSV), cyclic voltametry
(CV), and electrochemical impedance spectroscopy (EIS) were performed on a three electrode
configuartion using a Versa STAT 4 potentiostat. A 1 M KOH solution was used as electrolyte.
The as-deposited catalyst samples on FTO (15 Q Sq!) were directly used as the working electrode,
a graphite auxiliary electrode or a Pt RDE auxiliary electrode as the counter electrode, and a
saturated Ag/AgCl electrode as the reference electrode. When using the Pt RDE auxiliary
electrode, we found that in some instances after catalytic testing, there was a very small amount Pt
dissolution (0.27 at. %) onto one unreported catalyst. While no evidence of Pt dissolution and
lowered HER overpotentials due to Pt activity were seen on the other catalysts reported in this
manuscript, all the catalysts reported in the main text were measured with a graphite counter
electrode. All the catalysts that were tested with the Pt counter electrode in the supplemental
information are labelled, and these catalysts were either unstable or did not have efficient
performances.

Electrochemical impedance spectroscopy (EIS) was performed at 0 mV overpotential on
the frequency range from 0.1 Hz to 1 MHz. The electrochemically active surface area (ECSA) was
determined by measuring the capacitive current associated with double-layer charging as a
function of scan-rate in cyclic voltammetry (CV). The potential window for CV had a width of 1.0
V and the scan rates were 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV s™'. There is a minimum
of 60 cycles in the ECSA measurement. The double layer capacitance (Cq) was estimated by
plotting the Aj at the middle point of the potential window against the scan rate. The slope is twice

of the Cai, which is proportional to the ECSA. Linear sweep voltammetry (LSV) was performed
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with iR-compensation at a scan rate of 5 mV s™!, from -1 V to -1.6 V (vs. Ag/AgCl) for HER and
from 0 V to 1 V (vs. Ag/AgCl) for OER. To stabilize the electrode surface, the electrode was
cycled three times before data collection. The AV value was calculated by adding the absolute
values of the HER and OER overpotentials to the minimal theoretical voltage required for overall
water splitting (1.23 V).

For cycling performance measurements, after stabilizing the electrode surface, an initial
LSV was performed at a scan rate of 5 mV s! from -1 V to -1.6 V (vs. Ag/AgCl) for HER or from
0 VitolV (vs. Ag/AgCl) for OER. Then, the sample was subjected to 5000 cycles of cyclic
voltammetry at a scan rate of 100 mV s'. The window for CV was from 0.2 V to 0.5 V (vs.
Ag/AgCl) for the case of OER cycling, or from -1.1 V to -1.4 V (vs. Ag/AgCl) for HER cycling.
Finally, a post-cycling LSV measurement was recorded using the same parameters used for the
initial measurement.

To test the selectivity of the catalyst for HER and OER we tested for oxygen reduction
reaction (ORR). For this, a 0.1 M KOH solution was purged with N> for 30 minutes and used as
electrolyte to run CV for 20 cycles in a window between 0.2 to -0.8 V (vs Ag/AgCl) with a scan
rate of 50 mV s!. Then, the electrolyte was changed for a 0.1 M KOH solution that had been
purged with O for 30 minutes, and the cyclic voltammetry was repeated while O2 was continually
bubbled into the electrolyte. Any O reduction would have been recorded as additional peaks
present during the O> CV compared to the baseline of the N> CV.

For the testing of catalyst durability in an application setup, two catalysts made with
catalyst 1 synthesis parameters were used as the anode and cathode on a two-electrode cell
configuration. LSV with a scan rate of 5mV s'! from 1 V to 2 V was used to determine the potential

required to record a current density of 20 mA cm or 100 mA ¢m, which was found to be 1.636
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V at 20 mA cm? and 2.15 V at 100 mA cm respectively. That potential was then held constant
for 40 hours in a chronoamperometry experiment using the 2-electrode cell system or until
performance stopped to study the stability of an electrolytic cell for fuel production using water
electrolysis. A final LSV measurement is recorded after the 40-hour chronoamperometry using the
same parameters used for the initial measurement.

First-principles calculations: Self-consistent electronic-structure calculations of S-
(Fe,Co,Ni)OOH surfaces with increasing amounts of Cr were performed using dispersion-
corrected semilocal (Perdew—Burke—Ernzerhof) density-functional theory with collinear spin
polarization. The semi-empirical DFT-D2%7-8 dispersion correction was applied. Ionic cores were
described using the projector-augmented wave method implemented in the plane-wave Quantum-
ESPRESSO code.® Each structure was relaxed using a 680 eV energy cutoff and a Monkhorst—
Pack grid of 4x2x1 k-points to sample the Brillouin zone with a convergence criteria on the total
energy of 1 meV/atom. The systems were modeled in their antiferromagnetic states. The positions
of the surface and subsurface atoms were allowed to relax during geometric optimization while
the remaining atoms were fixed. The Brillouin-zone integrals were performed using the Marzari—
Vanderbilt cold smearing method, where we used a smearing width of 0.01 V.7 The projected
density of states (PDOS) was calculated using tetrahedral interpolation.

Turnover Frequency (TOF) Equations 2-4 for determining intrinsic HER and OER

electrocatalytic activity: TOF was estimated based on the assumption that all the 3d metal atoms

(Cr, Fe, Co, and Ni) are considered as the active sites. Metal concentration was obtained by the
XPS depth profile survey spectra shown in Figure S7. Total weight of the catalyst is approximately

0.1 mg, which was calculated by taking the weight of a powdered 3x3 mm sample (0.00075 g) and
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dividing by 9 (as a 3x3 mm square is approximately 9x the size of a 1x1 mm square). The area of

the catalyst is ~0.01 cm?,

Total oxygen turnovers per geometric area

TOF = Eq. 2
The number of metal active sites ( q )

Number of Metal active sites =

Z Metal loading on the electrode (g cm_z)XMetal concentration (wt.%)x6.022x1023 mol ™1 (B 3)

Metal atomic weight (g mol—1) 4
Total oxygen turnovers
. _ 1Cs™t 1mole™? 1 mol 6.022x10%3 molecules O
= |j mA cm 2|><( )x( )x( )x( 2) (Eq. 4)
1000 mA 96485.3 C 4mole~1 1 mol O,

For example, the best performing sample catalyst 1, when the overpotential is 350 mV, j is 1450
mA cm?,
Number of Total Metal active sites
= Total metals (mol cm™2) x (6.022 x 1023 mol™1) = 0.000174 x (6.022 x 1023 mol™1)
= 1.05E20 cm™2

Total oxygen turnovers

11450 mA cm=2| 1Cs™? 1mole™? ( 1 mol )
= X|——| X X
macm 1000 mA /) " \964853¢C) ~ @ mole1

6.022 x 1023 molecules 0,
X = 2.26E18 cm 257!

1 mol O,
Total oxygen turnovers per geometric area 2.26E18 cm™2s71
TOF = — - =
The number of metal active sites per geometric area 1.05E20 cm—2
=0.0216s7!
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Figures S1-S16 are found in the Supporting Information and include electrochemical data, Raman,
XRD, TEM and EDS data, as well as additional details of the Monte Carlo and DFT structures and
computations. Tables S1-S7 are found in the Supplemental Information which summarize the EDS
and electrochemical performance data of the samples, and the predicted reaction energies and
overpotentials for different phases and compositions of HER-OER catalysts. The Supporting
Information also contains a description of Video S1. The Supporting Information is available free

of charge via the Internet.
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