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1. Abstract

Bimetallic iron-nickel oxide/hydroxide (FeNiO(H)x) nanocatalysts have emerged as non-precious
metal candidates for alkaline oxygen evolution reaction (OER) electrocatalysis. However, there
are still significant open questions regarding the role of electrocatalyst synthesis route, and the
resulting electrocatalyst morphology and nanoscale structure, in determining the operando atomic
scale structure when subjected to the Faradaic OER voltage environment. Herein, we report on
two nanoparticle FeNiO(H)x electrocatalysts and their differing chemical structure using operando
x-ray absorption spectroscopy (XAS) studies at relevant OER conditions. The two bimetallic
nanoparticle electrocatalysts were synthesized using aqueous (NP-aq) vs. oil-based (NP-oil)
synthesis routes but resulted in compositionally similar surface chemistry as-synthesized.
Operando XAS results suggest Ni oxidizes from the initial +2 oxidation state to +3/+4 state
reminiscent of the transformation of a-Ni(OH): to y-NiOOH; the oxidation state change is voltage
dependent and occurs in both NP-aq and NP-oil nanoparticles. There does not appear to be an
oxidation state change for Fe, but Fe coordination environment does change with voltage. The NP-
aq nanoparticles resulted in Fe coordination transitions between Fe** Ty, observed in as-
synthesized and 0.8 — 0.9 V vs. Ag/AgCl conditions, and Fe*" On, observed at 0 V vs. Ag/AgCl,
while the NP-oil nanoparticles resulted in a largely stable Fe** Oy coordination with more subtle
changes in coordination environment. The voltage dependence of this Fe coordination transition
is nanoparticle-dependent, with NP-aq nanoparticles transitioning dramatically at 0.7 V vs.
Ag/AgCl, but NP-oil nanoparticles transitioning slowly starting at 0.1 V vs. Ag/AgCl.
Additionally, a shortening of both the Fe-O and Ni-O bond distances occurs for both nanoparticle
materials, but the magnitude of change is different for NP-aq versus NP-oil, suggesting the

nanoparticle structures result in unique changes under applied potential. EXAFS analysis showed
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distinct chemical environments for the Fe species of NP-aq vs. NP-oil, metallic Fe and Ni character
in NP-aq, and Ni largely in a hydroxide phase for both nanoparticles. NP-aq results in improved
activity and stability during OER, as compared to NP-oil, suggesting that the Fe*" On — T4
transition, metallic core, and a predominant Fe-incorporated Ni(OH), phase in the shell are
important for OER performance. This study highlights that both the electrochemical environment
and the as-synthesized morphology of nanoparticle electrocatalysts are important in determining

the operational chemical structures and structure-performance relationships.

Keywords: Alkaline oxygen evolution reaction; iron-nickel oxide; nanoparticle; electrocatalyst;

operando x-ray absorption spectroscopy
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2. Introduction

Transition metal based oxides and hydroxides have been extensively studied as oxygen evolution
reaction (OER) catalysts in the last decade as they have been shown to considerably improve the
sluggish OER kinetics in alkaline systems.!* Among them, the iron-nickel bimetallic
oxide/hydroxide materials have been of particular interest as they are predicted theoretically>® and
demonstrated experimentally’® to result in low OER overpotentials and enhanced kinetics. With
the confirmation that the iron component is necessary for FeNiO(H)x OER activity,” *'° we seek
to understand the role(s) that nanoparticle synthesis and the presence of iron species play in OER
enhancement of nickel oxide and hydroxide electrocatalysts through atomic scale structural
characterization. Synchrotron-based x-ray absorption spectroscopy (XAS) has developed a current
picture of as-synthesized FeNiO(H)x films, where Fe species appear to incorporate into a-Ni(OH)s,
substituting for Ni within the hydroxide crystal structure and occupying an octahedral coordination
environment.!! The structure of synthesized nanoparticle catalysts is more diverse, ranging from

cubic Fe-substituted NiO'?'* and nickel ferrite spinel (NiFe,O4)'> !> to NiFe layered double

16-17 19-20

hydroxides, amorphous nanoscale Fe-doped LaNiOs,'® Fe-doped Ni(OH), physical

mixtures of Ni(OH), and FeOOH,?! FeNiOx nanofiber structures,?? hollow nanoparticles and

2324 2526

nanotubes, and core-shell FeNiOx structures, among others. Our prior work*® ?* on two
synthesis routes (low-temperature aqueous phase and high temperature organic phase) to obtain
FeNiOy nanoparticles suggested similar disordered Ni(OH),-like structure with iron incorporation,
and similar oxide/hydroxide surface chemistry, but differences in morphology. Connections
between as-synthesized and operando chemical structure of these FeNiOx electrocatalysts remain

limited, with operando studies primarily focused on films. In the present study, we focus on

analyzing similarities and differences in operando atomic structure between the two nanoparticle
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catalysts, with the goal of understanding how as-synthesized structure and synthesis route can

affect the iron and nickel chemistry during the OER.

Operando XAS studies of (Fe)Ni(OH); films have revealed that metal-oxygen bond length
compression occurs in both the Fe-O and Ni-O atomic pairs under applied voltages within the OER

Faradaic regime,'! %’

with mirrored compressions of the metal-metal atomic pairs in the second
coordination shell. Friebel et al.'! also reported a decrease in the coordination number for Fe in
Fe2sNi7sOOH from 6.5 to 5.4 under applied voltage, while the predicted coordination number for
Ni in the same electrocatalyst film changes more subtly from 6.5 to 6.1. Both metals were modeled
to be in octahedral coordination environments, with the lowest theoretically-predicted OER
overpotential to be the same for either an Fe on-top site of Fe-doped y-NiOOH or a Fe-Fe bridge
site of Ni-doped y-FeOOH.!! The shape and absorption energy of the pre-edge feature in the Fe
K-edge XAS spectra reported by Friebel et al.!! show little change as a function of applied voltage,
suggesting that the majority of the Fe species in (Fe)Ni(OH): films does in fact remain in a similar
coordination environment throughout the voltage window tested. However, Friebel et al.!!
suggested that a small fraction (~10%) of the Fe species may exist in tetrahedral coordination

under OER conditions. The uncertainty of this result (i.e., the unknown fraction of possible Fe Ty

species) hints at some of the complexity of the (Fe)Ni(OH), film catalysts.

It has also been suggested that Fe can also incorporate into edge or defect sites of Ni(OH).-type
materials,?® and that the resulting Fe-doped NiOOH structures are in fact responsible for enhanced
OER activity, rather than bulk Fe-substituted Ni(OH)». These structures are likely to contain under-
coordinated octahedral Fe*" species, or even tetrahedral coordination sites, as was recently
suggested by Song et al.,” for surface-associated y-FeOOH on y-NiOOH. Confounding results

SlZ, 17

have also been reported, where operando XA or quasi-operando (i.e., freeze quenched)
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XAS*%3! studies have revealed little to no change in the Fe and/or Ni K-edge spectra. Further
complications arise from interpreting the studies of both Gorlin et al.**3! and Abbott et al.'

11,27

because FeNiOx nanoparticulate materials were investigated rather than films or micrometer-

scale particles.!” However, both studies suffer from experimental limitations that confound any

13" used a

possible conclusion about nanoparticle vs. film morphology. The work of Gorlin et a
“quasi in situ” XAS approach, where catalysts were freeze quenched post-electrochemistry and
stored in liquid N> for XAS analysis; this approach is actually a post-mortem characterization
method and means that the catalysts were not under applied potential during XAS measurement
and therefore were not true operando studies. Abbott et al.!? conducted true operando XAS
experiments, but only evaluated up to a voltage of 1.65 V vs. RHE; our results in the present study
suggest that significant structural change occurs above this voltage and suggest that the study by
Abbott et al.'> did not evaluate high enough voltages to observe the structural changes that we
report herein. As a result, erroneous conclusions may be made about nanoparticle vs. film
morphologies based on these two papers. Few operando XAS studies beyond that of Friebel et
al.!! have reported detailed regions of the Fe pre-edge feature of Fe K-edge spectra, even though
Fe coordination environment, oxidation state, and orbital mixing can be assessed both qualitatively

and quantitatively via Fe K-edge pre-edge analysis.**>’

Thus, open questions remain around the role(s) of electrocatalyst morphology, nanoscale structure,
electrocatalyst synthesis route, and the route of Fe incorporation in determining the operando
atomic scale structure that exists in FeENiO(H)x electrocatalysts when subjected to the Faradaic
OER voltage environment. These questions include if and how electrocatalyst morphology and
synthesis route impact operando chemical structure and OER performance. Further, there remains

an open debate around the active site structure(s) for FeNiO(H)x-type OER electrocatalysts, where
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both detailed operando XAS studies and theoretical efforts must advance simultaneously and
iteratively to fully describe the dynamic electronic and chemical structures of both Fe and Ni in
these complex materials. The debate around active structure includes how the Fe electronic
structure changes under OER voltages and whether the Ni species shifts to a higher oxidation state
in all FeNiO(H)x morphologies (i.e., both films and nanoparticles). Unfortunately, both the Gorlin
et al.>! and Abbott et al.!> XAS studies on nanoparticles do not allow conclusions on nanoparticles
vs. films due to the experimental limitations described above. This debate thus needs to be
resolved, particularly for nanoparticulate FeNiO(H)x materials, to understand the details of
FeNiO(H)x active site structure and the role(s) of synthesis route and as-synthesized structure on
OER performance metrics. In particular, the Fe atomic scale coordination environment needs to
be better understood, and Fe and Ni atomic scale chemistries must be probed more in detail for

nanostructured materials.

In this work, we compare two different FeNiO(H)x nanocatalysts that were synthesized via either
aqueous-phase solution synthesis or organic-phase solution synthesis. Our previous work has
characterized these nanoparticle electrocatalysts for OER performance and in detail with ex situ
characterization techniques.?® 2> 3% The two synthesis routes produce a nominal Fe>oNigo ratio in
a bimetallic alloy core-bimetallic oxide shell nanoparticle (aqueous phase synthesis, from here on
referred to as NP-aq) and a NiOx core-NiOx/FeOx shell nanoparticle (organic solution synthesis,
from here on referred to as NP-oil). The organic-phase approach produces nanoparticles with a
highly uniform size and shape and a well-defined core-shell morphology. In contrast, the aqueous-
phase approach yields a nanoparticle morphology with significantly less uniform size and core-
shell structure, where both nanoparticle materials resulted in a disordered oxide/hydroxide phase,

with iron-incorporated nickel hydroxide at the as-synthesized surface. With a similar as-
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synthesized oxide/hydroxide surface chemistry having a disordered o-Ni(OH);-associated

20.25 we used these two nanoparticle OER electrocatalysts to compare and contrast Fe and

phase,
Ni atomic scale structure as a function of applied voltage with operando XAS. Even though XAS
is a bulk characterization technique, we assume that the changes observed under operando
conditions reflect the chemistry of electrochemically accessible species. We probe both the x-ray
absorption near edge structure (XANES) and the extended x-ray absorption fine structure
(EXAFS) regions of the Fe K-edge and the Ni K-edge and perform an analysis of the pre-edge
regions for both absorption edges. In addition, we model the EXAFS regions of both edges based
on a y-FeOOH base crystal structure!! to understand how the coordination environment changes
as a function of voltage. Overall, we observe significant changes in both Fe and Ni atomic-scale
structure as a function of both nanoparticle type and voltage conditions, suggesting that both the
electrochemical environment and the as-synthesized morphology of these nanoparticle

electrocatalysts are important in determining the operational chemical structure of the OER

catalyst.
3. Experimental Section
3.1 Materials

Chemicals were obtained as ACS grade commercial products and used without further purification
unless specified. Iron(Il) sulfate heptahydrate (FeSO4.7H20), nickel(II) chloride hexahydrate
(NiCl2.6H20), amino tris (methylene phosphonic acid) (ATMP), polyvinylpyrrolidone (PVP4o00),
sodium borohydride (NaBH4), potassium hydroxide (KOH), methanol, ethanol, toluene, nickel(II)
acetylacetonate (Ni(acac),), octadecene (ODE), oleylamine (OLAM), trioctylphosphine (TOP),
methoxy-polyethylene glycol 5,000 acetic acid (PEG-COOH), iron pentacarbonyl (Fe(CO)s),

nitric acid (70% HNO3), perfluorinated Nafion™ solution, and sulfuric acid (95-97% H2SOx) were
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purchased from commercial vendors. Ultrapure water (18.2 MQ, Millipore, Bedford, MA, USA )
was obtained from a Milli-Q Integral system. Hydrophilic conductive carbon paper was obtained
from Fuel Cell Earth, gold wire was obtained from Sigma Aldrich, and Kapton® tape and film was

obtained from American Durafilm.
3.2 NP-aq Nanoparticle Synthesis

Fe — Ni nanoparticles were synthesized at room temperature () and under atmospheric pressure
conditions. All the solutions were prepared by using ultrapure deionized water as the solvent. As
a first step, solutions of 29.79 g.L ' ATMP and 4.982 g.L"! of FeSO4.7H>0 were mixed at a molar
ratio of 0.05: 1, while the ATMP compound stabilized the iron cations. Next, the PVP4g000 (molar
ratio of Ni: PVP4oo00 = 1: 0.005) and NiCl2.6H>O solutions were prepared for a final theoretical
composition of FexoNigo. The experimental composition was confirmed by inductively coupled
plasma mass spectrometry to be Fe17Nis3. Both solutions were then transferred to a 250 mL three-
neck borosilicate flask and mixed under argon gas for 15 minutes at 100 rpm on an orbital shaker.
Argon bubbling of the iron-nickel solution is performed to prevent the unwanted oxidation of the
Fe and N1 precursors and to control oxidation during nanoparticle formation. At approximately 13
minutes of argon bubbling, NaBH4 (molar ratio of metal: BH4™ = (1: 2.2)) aqueous solution was
prepared to minimize the reaction time of NaBH4 with water before adding to the iron-nickel
precursor solution. The aqueous solution of NaBH4 was then added into the metal precursor
solution in the three-neck flask dropwise via a syringe at a rate of approximately 30 pl.s™ under
continuous mixing. Borohydride ions (BH4") reduce the stabilized Fe*" and Ni** ions into Fe’ and
Ni’, respectively, forming nanoparticles during the reduction reaction. The solution in the three-
neck flask was then mixed under vacuum for 15 minutes on an orbital shaker at 100 rpm. After 15

minutes of mixing, the solution in the three-neck flask was transferred to a 50 mL test tube and

Page 9 of 57



centrifuged for approximately 3 minutes. Supernatant from the centrifuged test tube was then
decanted. The nanoparticles remaining in the test tube were mixed with 20 mL of 100% methanol
in a vortex shaker for about 30 seconds. The test tube containing the solution was again centrifuged
for about 3 minutes, and the supernatant was decanted. The nanoparticles were then mixed with

20 mL of methanol and resuspended.
3.3 NP-oil Nanoparticle Synthesis

The Ni — Fe core—shell nanoparticles were synthesized using our previously-established method
by a two-step procedure involving the synthesis of a Ni core followed by coating of the Ni core
with an Fe shell.?® Briefly, Ni(acac)z (51.5 mg, 0.2 mmol), 4 mL of ODE, and 1 mL of OLAM
were added to a 3-neck, round bottom flask equipped with a temperature probe, attached to a water-
cooled condenser under Ar gas flow. This reaction mixture was degassed for 10 min prior to the
addition of 1 mL of TOP. Under the protection of Ar, the reaction mixture was heated directly to
220°C and held for an additional 30 min to allow the formation of Ni cores. After the reaction,
excess reactants were removed by mixing with toluene/ethanol (1:10 volume ratio) and centrifuged
at 8,000 rcf for 5 min. The nanoparticle pellet was dispersed in 3 mL of toluene. For the Fe coating
procedure, 1.5 mL of the above Ni nanoparticles (~5 mg) dispersed in toluene was dried under a
stream of N> in a 3-neck, round-bottom flask, and subsequently dispersed in 200 pL. of OLAM and
5 mL of ODE via sonication. The reaction mixture was degassed using Ar then ramped and
stabilized at 110°C. At this point, Fe(CO)s (20 pL, 0.15 mM?) was injected into the reaction
mixture using a 100 pL gas tight syringe. The temperature was then ramped to 200°C at a rate of
2.5 °C.min"!' and held at 200°C for an additional 60 min. The excess reactants were removed by
mixing with toluene/ethanol (1:15 volume ratio of the pure solvents) and centrifuged at 8000 rcf

for 5 min and then washing by toluene/ethanol (2:1 volume ratio) and collected by centrifuging at
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2000 rcf for 5 min. The nanoparticles were dispersed in 2 mL of toluene and transferred to an
aqueous solution by a surface ligand exchange process using 10 mL of 1 mg.mL"! PEG-COOH in
CHCI; for 8 h. The product was purified in 30 mL of 100% hexane and centrifuging at 9,000 rcf
for 10 min. The pellet was further purified by ethanol and centrifuged at 14,000 rcf for 60 min,
then washed by 18 MQ H>O twice, and finally collected by centrifuging at 14,000 rcf for 30 min

and dispersed in ethanol for further use.
3.4 Electrochemical Measurements

Step-chronoamperometry (SCA) was performed in the operando electrochemical cell at 7 using a
potentiostat/galvanostat (PINE WaveNow 50) equipped with AfterMath software in a
conventional three electrode system, where conductive carbon paper with a gold wire for electrical
connection was used as the working electrode, while a graphite rod (Pine Research) and Ag/AgCl
(3 M NaCl, BASi) were used as the counter and reference electrodes, respectively. The backside
of the carbon paper electrode was pressed against the Kapton® film to eliminate the interference
of electrolyte during the measurement. The potential was ramped in ascending order from 0.0 V
t0 0.9 V vs. Ag/AgCl and then back down in descending order from the peak potential of 0.9 V to
0.0 V vs. Ag/AgCl at a potential step of 0.1 V. Catalyst inks were prepared for both the samples
by combining the nanoparticles with a cationic ionomer (Nafion™) at a mass ratio of 5:1 catalyst
to ionomer in methanol. The catalyst mass was determined by ICP-MS characterization of the Ni
and Fe content, and the catalyst ink concentrations were normalized to 2 mg.mL!. The ink was
then sonicated for 45 minutes in a cold-water bath to ensure a homogeneous mixture of the
nanoparticle and the ionomer. The ink was then drop casted on the surface of the carbon paper

(surface area of 1cm?) 50 pL at a time, allowing each aliquot dry in air for 15 minutes at rz. This
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process was repeated 10 times until the final mass loading on the electrode surface was ~1 mg.cm”

2

The electrochemical measurements were performed in 1 M KOH electrolyte (pH = 14) which were
purified to remove trace iron impurities based on a procedure developed by Trotochaud et al.” Prior
to KOH purification, all the glassware and polypropylene centrifuge tubes were cleaned with 10
% sulfuric acid (H2SO4) solution and rinsed with de-ionized H>O. Then, 2 g of nickel nitrate
hexahydrate (Ni(NO3)2:6H>0) was dissolved with 4 mL of 18.2 MQ DI H>O in a tube, and 20 ml
of 1 M KOH was added together and mixed to obtain nickel hydroxide (Ni(OH).) as a precipitate.
The mixture was then shaken using a vortex shaker for approximately 1 minute and centrifuged
for 15 minutes at 7,800 rpm. The supernatant was emptied from the tube, and three more cycles of
washing Ni(OH) precipitate with 20 mL H>O and 2 mL of 1 M KOH were employed with each
wash cycle followed by re-dispersion, centrifugation, and supernatant decantation successively.
After the 3" cycle was completed, 50 mL of 1 M KOH electrolyte to be purified was added into
the tube, and the pellet was dispersed via sonication and vortexed for 10 minutes ensuring complete
dispersion. The mixture was then allowed to rest for 3 hours for iron impurity removal, after which
the solution was centrifuged, and the purified 1 M KOH supernatant was decanted into an H>SOj4-

cleaned tube.
3.5 X-ray Absorption Spectroscopy Data Collection and Analysis

X-ray absorption spectroscopy (XAS) was performed on the catalysts at beamline 9-3 of the
Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National Accelerator Laboratory.
The dry samples and standards were prepared by drop-casting 50 pL of a 1 mg.mL"! suspension
of the sample/standard in methanol on the sticky side of Kapton® tape. This was air-dried before

sealing the sample with another piece of Kapton® tape over the top. The in-situ electrodes were
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prepared by drop-casting 1 mL of the nanoparticle ink on a 1 x 1 cm? area on hydrophilic carbon
paper. The ink concentration was standardized to 1 mg.mL™! (mass of Ni and Fe) and prepared
with a 1:5 Nafion to catalyst mass ratio in 100% methanol. An operando electrocatalysis cell
specifically designed for XAS experiments was used to characterize the Fe — Ni nanoparticles.
The CAD illustrations and pictures of the in-situ cell are shown in Figure S1. The in-situ cell was
designed using FreeCAD software and fabricated using a 3D printer using acrylonitrile butadiene
styrene (ABS). Polyimide Kapton® film (75 um thickness) was used as the window material. The
working electrodes containing the catalysts were loaded into the in-situ cell at a 45° angle to the
incident x-ray beam. Fluorescence XAS data was collected while running electrochemical
experiments simultaneously, thus were true operando measurements. The measurements were
conducted at the K-edge of Fe (7,112 eV) and K-edge of Ni (8,333 eV), respectively. Continuous-
scanning XAS with a passivated implanted planar silicon (PIPS) diode was used to collect
fluorescence XAS data at a 90° angle relative to the incident x-ray beam. Fe and Ni foil references
were scanned simultaneously for energy calibration. Data analysis was done using the Demeter

software package.*
3.6 XAS Data Analysis and Modeling

Extended x-ray absorption fine structure (EXAFS) modeling was accomplished using Artemis
from the Demeter software package,*® where Eo values of 7,112 eV for Fe K-edge and 8,333 eV
for Ni K-edge were used. Continuous Cauchy wavelet transforms (CCWT) were calculated using
the CCWT function in the Larch software package.*! All CCWT calculations were performed with

a k-range of 0-12 A”! and an R-range of 0-6 A.

EXAFS models were optimized in R-space using k', &%, and &> weightings, with all models

obeying the Nyquist criterion. y-FeOOH was used as the base structure to build the model upon.'!
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Phase functions were also generated from Fe and Ni metal structures to accommodate for the
metallic scattering paths. For the Fe K-edge analysis, Fe was the absorber atom whereas for the Ni
K-edge, all the Fe atoms of y-FeOOH were replaced by Ni atoms in the FEFF input file to generate
an appropriate structure. An amplitude reduction factor, So?, of 0.85 was used for both Fe and Ni
K-edges as a reasonable estimate for our system. Prior studies on FeNiO(H)x materials have also
used an amplitude reduction factor of 0.85.>! S¢? values in relevant literature range from 0.70 —
0.85.11:27:31 Thus, while the absolute values of the coordination number values may differ, as we
report below, the trends observed with applied potential align with prior studies. The following
Fourier transform parameters were utilized for the fitting process: kmin = 3.0 A, kmax = 12 A1, dk
=1, rmin = 1 A, rmax = 3.2 A, and dr =0. Phase correction was not done, and (k) was kept at 0.
Simultaneous fits were carried out for dry, 0 V anodic, 0.9 V, and 0 V cathodic samples for NP-
aq and NP-oil at both the Fe and Ni K-edges. 4Ey was set to be the same for all, whereas
coordination number (CN), 4R, and & factors were left as guess parameters. Simultaneous fitting
was applied to obtain the results shown in Tables S1 — S4, Figure S10, and the figures presented
later in this paper. For the results shown in the SI, (Tables S5 — S11 and Figure S13 — S20), each
spectrum was individually fitted. 4E¢ was also left as a guess parameter along with CN, 4R, and

o factors.

Pre-edge peaks of the normalized XANES spectra were analyzed using MATLAB codes based on

work done by Boubnov et al.>

Edge positions of the reference foils for Fe and Ni were set at 7,112
eV and 8,333 eV, respectively. Background subtraction was carefully done around the pre-edge
region to isolate the pre-edge peak. The background-subtracted pre-edge regions were then fitted

using multiple sets of pseudo-Voight peaks ranging from 1 to 5. The peak integration values

reported in this paper were chosen based on the quality of fit, preliminary knowledge of the
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expected number of electronic transitions as well as the peak width and a Gaussian fraction

consistent with the instrumental resolution.
4. Results and Discussion
4.1 Operando OER Electrochemical Conditions

For this operando study, XAS spectra were obtained for an anodic SCA voltage step series and for
a cathodic SCA voltage step series, where during the entire anodic voltage ramp and cathodic
voltage ramp, the applied voltage was never allowed to return to open circuit voltage (OCV). The
anodic and cathodic ramps were performed sequentially on the same sample for both NP-aq and
NP-oil nanoparticle catalysts. For each SCA experiment, the applied voltage was held for as long
as was needed for each scan sequence (90 seconds/scan % 9 scans per voltage step), and the voltage
was increased stepwise by 0.1 V from 0.0 V to 0.9 V vs. Ag/AgCl, then decreased stepwise back
down to 0.0 V vs. Ag/AgCl. Operando XAS spectra were collected at the Fe K-edge and the Ni
K-edge for both NP-aq and NP-oil nanoparticle materials as a function of applied voltage in a
custom 3-D printed spectro-electrochemistry cell, see Figure S1. Both nanoparticle samples, NP-
aq and NP-oil, were previously characterized in detail by dry, ex-situ methods and these results
are reported elsewhere.?”?* In addition, extensive electrochemical characterization was previously
performed to assess the electrocatalytic activity of these two nanoparticle materials for the OER,
with results also reported previously.?* 2> 383% In these prior works, we have extensively studied
the surface chemistry, particle morphology, particle composition, and electrocatalyst performance,
and the reader will find results that include x-ray photoelectron spectroscopy (XPS), x-ray
diffraction (XRD), transmission electron microscopy (TEM), and energy dispersive x-ray
spectroscopy (EDS). We report a summary of TEM results in Figure S2 refer the reader to these

previous papers, and we report a set of comparative cyclic voltammograms (Figure 1; Figure S3)
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to assess electrocatalytic OER performance. The results shown in Figure 1 are similar to those
reported and are comparable to best-performing FeNiO(H)x electrocatalysts reported in recent
literature.'? *? In Figure 1, a comparison of the two nanoparticle electrocatalysts shows that, after
the 1% cyclic voltammetry (CV) cycle, the NP-aq sample results in larger measured current
densities in the OER Faradaic region, as compared to the NP-oil sample. However, the onset of
OER activity is similar for both nanoparticle catalysts. Further, both electrocatalysts result in
improved OER activity and eventual stabilized performance with cycling. Based on the previous

structural analysis, Figure S4 depicts the possible paths of the EXAFS modeling (metallic versus

oxide/hydroxide).
180 4
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Figure 1. Electrocatalytic performance of NP-aq and NP-oil shown for the (a) first, tenth,
twentieth, and thirtieth cycles at full voltage scan range and (b) the first and twentieth cycles for
the voltage range around the nickel redox feature and onset of OER current. CVs were performed

in 1 M purified KOH.
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An analysis of the CV dataset shows that both nanoparticle electrocatalysts resulted in nearly
identical overpotentials at 10 mV/cm?, where the NP-aq catalyst resulted in 262 mV overpotential
while the NP-oil catalyst resulted in 271 mV overpotential. However, based on the difference in
observed slopes of the current response, it is possible that the overpotentials of the two catalysts
would vary to a much larger extent at higher current densities that are more relevant to electrolysis.
In addition, a Tafel analysis (Figure S5A) showed that the NP-aq catalyst resulted in lower Tafel
slopes at low overpotential region (i.e., 119 mV.dec™! for NP-aq and 146 mV.dec™! for NP-oil); the
trend was similar at higher overpotentials. Despite challenges in using CV data for Tafel analysis,*
the comparison here suggests that the NP-aq catalyst has improved activity, as compared to the
NP-oil catalyst. Chronopotentiometric data were analyzed to quantify the catalyst voltage
degradation rate (Figure S5B), and results show that NP-aq has a lower degradation rate of 1.36
mV.hr!, compared to NP-oil at 7.26 mV.hr'!. We note that the CV data for both nanoparticle
electrocatalysts were obtained on carbon paper electrodes in a standard laboratory three-electrode
cell prior to testing in the operando spectroscopy cell. The differences in Tafel slope determined

20, 25

in this study, as compared to our prior studies, are due to the difference in current collector

(i.e., carbon paper vs. glassy carbon or gold electrode).

4.2 Fe K-edge and Ni K-edge operando XANES

The XANES and pre-edge regions of NP-aq and NP-oil nanoparticles during both the anodic and
cathodic ramps at the Fe K-edge are shown in Figure 2. Data for the dry NP-aq and NP-oil samples
are shown in Figure S6. For the NP-aq nanoparticle catalyst (Figure 2A, B), the Fe K-edge XANES
spectra from 0.0 V to 0.7 V vs. Ag/AgClI (1.02 — 1.72 V vs. RHE) are static while a slight peak

shift to higher absorption energy is observed at 0.8 V vs. Ag/AgCl (1.82 V vs. RHE) (Figure 2A).
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In addition, the pre-edge region of the Fe K-edge at 0.8 V also changed (Figure 2A, inset). The

peak shift to higher absorption energy is reversed (Figure 2B), and the pre-edge distortion also

reverses after 0.6 V vs. Ag/AgCl is reached, during the cathodic ramp. There is a clear distinction

between the position of the 0.9 V, 0.8 V, and 0.7 V vs. Ag/AgCl spectra and the rest of the spectra

during the cathodic ramp. The same SCA experiments were performed on the NP-oil nanoparticle

sample; however, the potential hold series caused a more subtle shift in the edge and pre-edge, as

seen in Figure 2C, D. These results suggest that structural changes to both the Fe and Ni species

of these electrocatalysts do not occur until the applied voltage is well into the Faradaic regime of

the OER (i.e., above 1.7 V vs. RHE).
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Figure 2. XANES spectra obtained at the Fe K-edge in purified 1.0 M KOH (pH 14.0) for NP-aq
catalyst: (A) anodic ramp from 0 V to 0.9 V vs. Ag/AgCl (3 M NaCl), (B) cathodic ramp from 0.9
V to 0.0 V vs. Ag/AgCl; and for NP-oil catalyst: (C) anodic ramp, (D) cathodic ramp under the
same electrochemical conditions as the NP-aq sample. The insets of each graph show a zoomed-

in view of the pre-edge and white line regions.

The distinct doublet structure seen in the pre-edge of the Fe K-edge® for NP-aq suggests a
coordination environment similar to that of y-FeOOH or Fe,Os, where iron is in a +3 octahedral
(On) state on iron-nickel hydroxide films.!! At the highest voltage, the doublet feature of the NP-
aq disappeared to give rise to a single broad peak. In addition, the intensity of the pre-edge peak
feature increases slightly. The increase in pre-edge peak intensity suggests a change in
coordination state, as coordination environments with centrosymmetric geometry (e.g., On) have
lower pre-edge intensity as a result of the weaker quadrupole transition®® 1s — 3d contribution to
the pre-edge feature;* non-centrosymmetric coordination environments of the metal tend to result
in higher intensity pre-edge features. In the case of Fe, the s — p transition energy increases as the
effective nuclear charge on the metal increases.*? In addition, mixing between Fe 3d and 4p orbitals
is thought to lead to enhanced dipole transitions (i.e., s — p),>® which have higher intensity pre-
edge features’ and which can contribute to the pre-edge peaks (e.g., in Chen et al.,** dipole
transitions contribute to the second pre-edge peak). In other words, a reduction in the coordination

33-37,45

number of the Fe species as well as increased metal p character in the Fe d-band,** 3% %€ non-

35-36

centrosymmetric coordination,*® and decreased Fe — O covalency resulted in an increase in the

32-33,35-36

pre-edge peak intensity, and is thus what we conclude occurs for the Fe species in the NP-

aq at higher applied voltages. The increase in the pre-edge peak intensity also suggests the lack of
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Fe** formed under OER voltages, as the Fe*' — O* bond is expected to have greater covalency
(and thus cause a decrease in Fe pre-edge peak intensity) than the Fe** — O™ pair.*® This qualitative
assessment is further confirmed below through pre-edge analysis and EXAFS fitting. Interestingly,
the spectra for the NP-oil at the pre-edge of the Fe K-edge did not show a doublet feature, nor did
the spectra change significantly as a function of voltage, suggesting a dominated, fairly-stable Fe**

non-centrosymmetric coordination environment,*® likely existing in a distorted octahedral state.>?

The Ni K-edge XANES and pre-edge regions of NP-aq and NP-oil during both the anodic
and cathodic ramps are shown in Figure 3. For both samples, the Ni absorption edge and pre-edge
features shift towards higher absorption energy as the applied voltage increases into the OER
Faradaic regime. For the NP-aq, the spectral shape remains static during the anodic ramp from 0.0
to 0.7 V vs. Ag/AgCl (1.02 — 1.72 V vs. RHE), begins to shift towards higher energy starting at
0.8 V (1.82 V vs. RHE), moves slightly further at 0.9 V (1.92 V vs. RHE), then remains in that
state during the cathodic ramp before returning to its original shape at 0.6 V vs. Ag/AgCl, as seen
in Figure 3A, B. The Ni K-edge for the NP-oil shows similar behavior, as seen in Figure 3C, D,
but the magnitude of the shift in the absorption edge to higher absorption energy is less than that
of the NP-aq. Similar to the results for the Fe K-edge, significant structural change does not occur
until well into the Faradaic regime of the OER. These results generally align with prior literature
reports of operando Ni K-edge spectroscopy studies,'! 2724748 except for that of Abbott et al.;'?
however, they evaluated a limited applied potential range of 1.2 V —1.65 V vs. RHE, and perhaps
the applied potential was not high enough to cause a shift in the Ni K-edge absorption energy. We

1.2 is one of the

cannot rule out the role of the catalyst morphology, where the study of Abbott et a
few to probe FeNiO(H)x nanoparticles by operando XAS, in comparison to those that have studied

FeNiO(H)x films. In comparison, the results shown in the present study were performed on
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nanoparticles but at a larger voltage range of 1.02 — 1.92 V vs. RHE (NB: conversion from
Ag/AgCl reference electrode to RHE = 0.059*pH + Esug (0.197 V) + Eagagct). Given the changes
that are observed in both the Ni K-edge and the Fe K-edge, the role of catalyst morphology remains

to be further explored.
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Figure 3. XANES spectra obtained at the Ni K-edge in purified 1.0 M KOH (pH 14.0) for NP-aq

catalyst: (A) anodic ramp from 0 V to 0.9 V vs. Ag/AgClI (3 M NaCl), (B) cathodic ramp from 0.9

Vto 0.0 V vs. Ag/AgCl; and for NP-oil catalyst: (C) anodic ramp, (D) cathodic ramp under the
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same electrochemical conditions as the NP-aq sample. The insets of each graph show a zoomed-

in view of the pre-edge and white line regions.

Multiple in-situ XAS studies have shown Fe and Ni primarily exist in +3 and +2 oxidation states,
respectively, in a bimetallic FeNiO(H)x system.**>! Similar results have been observed here for
both as-synthesized NP-aq and NP-oil despite a difference in synthesis approaches.?*>> The weak
pre-edge features seen for both NP-aq and NP-oil at the Ni-K edge agree with a 1s — 3d electronic
transition that is most commonly associated with octahedral geometry.’?33 However, the case can
be made for Ni being in a distorted octahedral geometry.’® McBreen et al. suggested that in the
case of pure octahedral coordination, no pre-edge peak should be observed, and as such, the weak
pre-edge feature is the result of distortion in the coordination geometry.>* It appears that the Ni
species in the NP-o0il may be in a more distorted octahedral geometry than the Ni species in the
NP-aq, due to the more intense pre-edge peak height. In the Ni K-edge, both NP-oil and NP-aq
showed an increase in the oxidation state of Ni at higher potentials. The Ni species, which are
present in the +2 oxidation state in the as-synthesized nanoparticles, transform to a +3/+4 state in
the OER Faradaic region, mirroring the transformation of a-Ni(OH): to y-NiOOH in previous work

on thin films.'>#7-30.33

4.3 Pre-edge Analysis of Fe K-edge and Ni K-edge XANES Spectra

Analysis of the pre-edge centroid, following the approach of Boubnov et al.,*?

was performed for
both the Fe K-edge and the Ni K-edge of experimental spectra obtained for both nanoparticle
samples and compared to reference materials. Data for the four Fe reference materials (i.e., Fe*
Tq: Staurolite; Fe* On: Olivine; Fe*" Ty: Sanidine; Fe** On: Aegirine; shown as encircled black
squares in Figure 4A) were obtained based on the work and MATLAB codes created by Boubnov

1.32

et al.”~ Centroid results for the Fe K-pre-edge (Figure 4A) suggest that the Fe species in the NP-
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oil, as the catalyst is taken from the dry environment to the electrochemical environment at 0.0 V
vs. Ag/AgCl, and then stepped up to 0.9 V vs. Ag/AgCl and back down to 0.0 V vs. Ag/AgCl,
largely remains in a +3 octahedral state. Despite not observing the characteristic two-peak low-
intensity feature for Fe*" On, the Fe species in the NP-oil appears to be quite similar in coordination
environment to the Fe** Oy reference material, aegirine. In contrast, the peak intensity of the pre-
edge centroid varies with the applied environment for the NP-aq, where the Fe species appears to
shift in coordination environment between distorted O, and nearly 74. The dry, as-synthesized NP-
aq contained a FeNi alloy metallic core surrounded by a FeNiOx shell,”® where at ambient
temperature, the alloy would be expected to be primarily in a bee phase.>>*° This metal component
of the as-synthesized NP-aq likely influences the centroid energy and integrated peak intensity
calculations of the pre-edge features. In comparison, once the NP-aq are under applied voltage, the
Fe species shift toward octahedral coordination, suggesting a larger portion of the Fe atoms in the
nanoparticles are likely oxidized Fe**. Interestingly, at 0.9 V vs. Ag/AgCl, the Fe species appear

to shift toward Fe** Ty, suggesting the possible formation of tetrahedral Fe species during OER.

It has recently been suggested that iron species of a FeNiO(H)x electrocatalyst may transition
between octahedral and tetrahedral coordination when an OER Faradaic voltage is applied,?® and
that this transition in coordination environment is critical to the active site structure of a highly
active OER electrocatalyst. Few other operando XAS studies on FeNiO(H)x electrocatalysts report
or discuss Fe K-pre-edge data, due possibly to a lack of spectral resolution of the subtle features
of the pre-edge and/or due to a lack of knowledge or understanding of how to quantitatively
interpret the pre-edge features. For example, in the detailed and thorough work of Friebel et al.,!!
the authors graphically reported the details of the Fe and Ni K-pre-edges, but the spectral resolution

obtained during operando XAS experiments was not sufficient to conduct a further detailed
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analysis. Friebel et al.!' do report a decrease in the coordination number for the Fe species under
applied OER voltages, which the authors conclude may indicate that a similar O, — Tgq shift in
coordination geometry occurred in their FeNiO(H)x films. Further studies that can resolve pre-
edge features during operando XAS experiments are thus warranted to understand whether this
transition in coordination geometry is observed in other FeNiO(H)x, and if so, whether this
transition is indeed correlated to more highly active OER electrocatalysts. In the present study, we
can conclude that the On — Tq4 shift is observed for the more active and stable NP-aq
electrocatalyst, suggesting a possible correlation between NP synthesis route, NP structure, and

OER performance metrics.
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Figure 4. (A) Fe K-edge comparison of the calculated centroid energy positions of the pre-edge.
(B) Ni K-edge comparison of the calculated centroid energy positions of the pre-edge.
Abbreviations are as follows: Octahedral (Oy); tetrahedral (74); Anodic SCA series (anod);
Cathodic SCA series (cath); NiOx-FeNiOx nanoparticles (NP-aq, open squares); FeNiOx alloy

nanoparticles (NP-oil, open circles).

The results for the Ni pre-edge analysis (Figure 4B) show that NP-oil result in similar integrated
peak intensities to the Ni reference materials as well as for the different dry and electrochemical
environments, but the calculated centroid energy is larger than that of the references. In contrast,
an analysis of the NP-aq shows that, similar to the Fe pre-edge, the change in environmental
conditions causes larger changes in integrated peak intensity, as compared to the NP-oil. These
results could suggest Ni coordination shifts with applied potential and unique chemical
environments because of the nanoscale structure of the nanoparticles, as compared to bulk phase
reference materials. Both NP-aq and NP-oil result in an increase in the Ni pre-edge centroid peak
position at 0.9 V vs. Ag/AgCl, suggesting that for both catalysts, the Ni oxidation state increases

under OER voltages.
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4.4 Linear Combination Fitting of XANES Data

To quantify the results obtained with the XANES data during SCA, linear combination fitting
(LCF) was performed on the samples. Traditional LCF analysis was performed with several
standard reference materials for both the Fe K-edge and the Ni K-edge (see Figure S7); however,
the analysis erroneously suggests an increase in metallic Fe and Ni contributions at higher voltages.
This result, while incorrect, points to likely differences in the atomic-scale structure of Fe and Ni
in both the NP-aq and the NP-oil, as compared to the bulk reference materials, where it is not
possible to conduct a simple LCF analysis because the underlying structures of the nanomaterials
are distinct from the bulk materials. As a result, we then conducted a simplified “phase analysis”
of the spectra for NP-aq and NP-oil, where we used LCF to track the relative change in “phase” or

structure as a function of applied voltage; results for the Fe K-edge are shown in Figure 5.

The spectrum at the initial voltage (0.0 V vs. Ag/AgCl) is considered as the initial phase, and the
spectrum of the final voltage (0.9 V vs. Ag/AgCl) is assigned as the final phase. The NP-aq sample
during the anodic ramp (Figure 5A) from 0 V to 0.5 V remains unaffected and is similar to that of
the initial stage of the electrochemical experiment. A large change occurs between 0.7 V and 0.8
V, where the primary component of the sample resembles that of the final state. During the
cathodic ramp (Figure 5B), the majority of the structural change in the NP-aq appears to occur
between 0.7 V and 0.6 V, and the remaining small component of the final phase remains as a
contribution to the overall structure until the voltage reaches 0.1 V. The results in Figure SA, B
indicate that once the Fe species in the NP-aq are exposed to the high voltages of 0.8 — 0.9 V, the
shift in structure back to the original “phase” requires a longer time and/or a lower cathodic ramp
voltage, than that required for the structural shift that occurs during the anodic ramp. In the case

of the NP-oil, the voltage dependency of structural shifts is drastically different. At a low voltage
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0f 0.1 V during the anodic ramp (Figure 5C), the sample shifts to almost 40% of the final Fe phase,
with a subsequent steady shift toward the final phase, but a higher voltage of 0.9 V is required to
completely shift the structure. In contrast, during the cathodic ramp, the NP-oil appear to revert to
100% of the initial phase by 0.5 V, with the shift from final to initial phase starting at 0.8 V.
Overall, these results comparing NP-aq and NP-oil and the voltage-dependency of structural shifts
suggest that the two nanoparticle catalysts have distinct voltage-structure behavior that is unique

and likely connected to the as-synthesized structures of the two nanoparticle materials.
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Figure 5. LCF results at the Fe K edge for: (A) NP-aq anodic ramp, (B) NP-aq cathodic ramp, (C)

NP-oil anodic ramp, and (D) NP-oil cathodic ramp.

LCF was also conducted on the Ni K-edge for NP-aq and NP-oil. During the anodic ramp (Figure
6A), the NP-aq nanoparticle structure begins to shift with a minor final structural component
present at much lower potentials. However, even at 0.8 V, the sample is still about 20% of the
initial phase. During the cathodic ramp (Figure 6B), the Ni species in the NP-aq sample completely
reverts to the initial phase at 0.6 V, unlike that of the Fe species as seen in Figure 5B. In the case
of NP-oil, the trend in Ni K-edge (Figure 6C) is much more abrupt as the sample is 100% in its

initial phase until the transition between 0.7 V and 0.9 V, while the cathodic ramp (Figure 6D)
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shows the sample reverting to initial state by 0.5 V. For both nanoparticle samples, there are

striking differences not only between the two nanoparticle materials, but between the voltage-

structure behavior of the Fe versus the Ni species in the same sample.
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Figure 6. LCF results at N1 K-edge for: (A) NP-aq anodic ramp, (B) NP-aq cathodic ramp, (C)

NP-oil anodic ramp, and (D) NP-oil cathodic ramp.

4.5 Analysis of Fe and Ni Oxidation State

Several studies have analyzed the absorption energy position of the Fe K-edge and the Ni K-edge

to evaluate the expected oxidation state of both species in FeNiO(H)x electrocatalyst materials. Cai
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et al. report an estimated 22% Fe(IV) at 1.5 V vs. RHE.!® Gonzalez-Flores et al.?’ also analyzed
the shift in Fe K-edge position with applied potential and found a 0.4 eV increase in edge energy
above applied potentials of 1.8 V vs. RHE. Although this shift is small and may be due to changes
in K-edge shape as a result of changes in the Fe(Ill) coordination environment, the authors also
suggest that the formation of Fe(IV) is possible (~8% of Fe atoms predicted to be Fe(IV)).?” We
have analyzed the edge energy at 0.5 of the normalized edge intensity, as well as plotted data from
across the literature. Data are plotted in Figure 7A-C for the Fe K-edge based on a set of
experimentally measured reference materials (i.e., FeO, Fe;O3;, and Fe3Os) and the linear
correlation determined based on these known phase oxidation states for Fe (Figure S8A). The
literature comparison in Figure 7A demonstrates that while there is a general correlation between
K-edge energy and oxidation state, the quantitative values for the edge position vary among
literature reports, and an absolute quantification of the oxidation state based on edge energy is
perhaps an over extension of the spectral analysis. However, it is informative to compare within a
sample set or within an experimental and reference materials suite to draw qualitative conclusions
about oxidation state, as observed in Figure 7B, C. For both NP-aq and NP-oil, the edge position
was shifted to slightly higher energy, as compared to the Fe** reference Fe,O3, suggesting possible
minor contribution of Fe*" species, but edge positions can also shift due to changes in structural

environment that are not a result of a nominal change in oxidation state.

A similar analysis was performed for the Ni K-edge for a range of literature values, along with the
NP-aq and NP-oil nanoparticle spectral data and associated reference materials (Figure S8B), as
shown in Figure 7D-F. The data from reported literature suggest similar to those for Fe, that there
is a range of edge energies associated with the +3/+4 oxidation state that is thought to exist under

applied voltages in the OER Faradaic regime. This group of data is generally distinct in edge
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energy from references known to be in the +2 oxidation state. However, within the group under
applied voltage, it is again difficult to quantify precise differences or to know whether these
differences are a result of different fractions of the Ni species existing in the +3/+4 oxidation state
or whether there are other factors, such as catalyst morphology affecting the results. In the analysis
of NP-aq and NP-oil, we do observe a distinct difference in edge energy at higher applied voltages
of 0.8 V and 0.9 V, suggesting a higher oxidation state closer to +4 and separated from the data
grouping from intermediate applied potentials. The data set obtained at intermediate applied
potentials is also distinct from the dry and wet NP-aq and NP-oil that were not under applied
potential, suggesting real changes to the Ni species when the catalyst is moved from a dry/wet
environment to under applied potential, and subsequently to higher applied potentials. These
results further support that this approach can be used within a sample set to compare relative

differences, while an absolute quantification of oxidation state is not possible.
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Figure 7. (A) Fe K-edge oxidation numbers from literature,'!> 3% 3% 57-60 (B) NP-aq spectra, (C)

NP-oil spectra, (D) Ni K-edge oxidation numbers from literature,!!- 3! 6-6! (E) NP-aq spectra, and

(F) NP-oil spectra. Note: reference material comparisons were also measured by the authors.
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4.6 Operando EXAFS Analysis

An analysis EXAFS of spectra at the Fe K-edge for both NP-aq and NP-oil electrocatalysts
provides structural insight into the transitions occurring in the catalysts during the
chronoamperometry experiment. The best fits of the EXAFS data on the Fourier-transformed (FT)
spectra of the key voltages are shown in Figure 8, and the resulting wavelet transforms are shown
in Figure S9. All of the EXAFS fitting parameters related to Figure 8 are presented in Tables S1 —
S4 and the corresponding fits are shown in Figure S10. Full sets of EXAFS FT spectra are shown
in Figure S11 — S12, with fits shown in Figure S13 — S20 and tabulated fitting parameters reported
in Tables S5 — S11. The first peak in the FT, cursorily assigned to a metal-oxygen scattering path,
of the spectra for the NP-aq Fe K-edge during the anodic ramp (Figure 8A and Figure S11A)
converts from a broad peak at the initial voltage of 0.0 V vs. Ag/AgCl to a peak with a distinct
shoulder above 0.7 V vs. Ag/AgCl, with a distinct smaller peak feature at ~1.9 A. All spectra also
show a peak feature at just above 1.0 A. This broad peak feature that is observed during both the
anodic ramp and the cathodic ramp (with subtle peak splitting apparent at the 0.1 V cathodic step)
suggests the presence of two unique Fe — O species. Qualitative analysis of the EXAFS spectra for
the NP-aq catalyst also suggests a compression of the Fe — O bond distance when the voltage is
stepped from 0.7 V to 0.8 V vs. Ag/AgCl on the anodic voltage ramp. The second peak in the FT,
assigned to metal-metal (Fe — M) bond distances, is also shortened during the anodic ramp, as can
be seen in the peak shift to smaller radial distance (i.e., for the peak located between 2 and 3 A).
In the case of the cathodic ramp (Figure S11B), the NP-aq start a transformation between 0.7 V
and 0.6 V vs. Ag/AgCl, assumed to be the reversible transition back to the initial phase, with the

elongation of the metal-metal bond length and the broadening of the metal-oxygen bond.
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During the anodic ramp for NP-oil Fe K-edge (Figure 8B and Figure S11C), a decrease in metal-
oxygen and metal-metal bond lengths can be observed. However, for the NP-oil, the decrease in
bond lengths does not occur until the voltage step from 0.8 V t0 0.9 V vs. Ag/AgCl. In both anodic
and cathodic ramps for NP-oil (Figure S11C, D), the metal-oxygen peak shape remains largely
unchanged, and the metal-metal peak shifts back to its original position after 0.6 V vs. Ag/AgCl.
The Fe — M peak region in the NP-oil contains a single peak until 0.8 V vs. Ag/AgCl, where two
peaks are clearly observed. These two peaks are suggestive of Fe species existing in multiple
coordination environments, similar spectrally to that of a maghemite structure (i.e., Fe205),%* as

well as substituted into a-Ni(OH)s.
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Figure 8. Experimental EXAFS spectra at the Fe K-edge and Ni K-edge for NP-aq and NP-oil
nanoparticles are shown as solid lines. The real component is shown in darker color, and the
imaginary component is shown in lighter color for each sample. Fits are shown in dashed lines for
(A) NP-aq Fe K-edge, (B) NP-oil Fe K-edge, (C) NP-aq Ni K-edge, and (D) NP-oil Ni K-edge.
All experiments were performed in purified 1.0 M KOH (pH 14), and all voltages are reported as

measured vs. Ag/AgCl (3 M NaCl) reference electrode.
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The splitting of the Fe — O peak has been reported in other FeNiO(H)x materials (e.g., NiFe2O4
ferrite materials'> %) and iron oxides,®” 4% but not in sister FeMOx materials (e.g., CoFe2O4,"
CoFe(OH):%), suggesting that the nanoparticle synthesis and subsequent electrochemical
environment cause two unique Fe — O species in FeNiOx-type materials, in particular.
Interestingly, studies on FeNi layered double hydroxides, including electrodeposited FeNi
hydroxide films, do not result in a particularly broad Fe — O peak feature or a doublet splitting of
the Fe — O peak, ' %27 suggesting that the as-synthesized structure and possibly even the synthesis
route can affect the operando catalytic structure of these similar FeNiO(H)x materials. Since the
majority of operando XAS studies thus far on FeNiO(H)x materials have primarily focused on
electrodeposited FeNi hydroxide films, there remains a significant knowledge gap as to how and
if other related FeNiO(H)x electrocatalyst morphologies have similar or different atomic-scale

operando structures.

The Fe — O bond distance fitted from the EXAFS for the as-synthesized dry sample for NP-aq was
found to be 2.00 A (Table S1 and Figure 9). The Fe — O bond distance identified in the as-
synthesized dry sample aligns with the average reported Fe(III) — O distance of 2.02 A (from two
separate bond lengths of 1.95 and 2.09 A) reported for a-FeOOH>*¢7-%8 and an Fe(III) — O distance
of 1.99 —2.00 A reported for y-FeOOH,>* %7 supporting the selection of y-FeOOH as the structural
model for EXAFS data analysis. The bond distances remain within 0.1 A for all three scattering
paths at both 0.0 V at the start of the anodic ramp and 0.0 V at the completion of the cathodic ramp
but show a slight compression of the Fe — O bond distance to 1.91 A at 0.8 V—0.9 V vs. Ag/AgCl
(1.82 V—1.92 V vs. RHE). In comparison, Friebel et al.!! studied electrodeposited FeNi hydroxide
films and reported an Fe — O bond distance of 2.01 - 2.05 A at low voltages, but a compression of

the Fe — O bond distance to 1.89 A at 1.62 V vs. RHE. Similarly, Gonzalez-Flores et al.?” found
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an initial Fe — O distance of 2.05 A and a compressed Fe — O atomic pair of 1.92 A at 1.55 V vs.

RHE.

While perhaps not obvious from the EXAFS spectra in Figures 8 and S10, the best fit model for
the Fe — My peaks in the NP-aq was consistent with two distinct metal — metal scattering paths at
2.54 A and 3.11 A, respectively, at 0.0 V vs. Ag/AgCl. These two Fe — My atomic pair distances
shift to 2.50 A and 2.86 A after the anodic ramp to 0.9 V vs. Ag/AgCl but revert to 2.54 A and
3.12 A after the cathodic ramp to 0.0 V. The smaller Fe — M; atomic pair distance of 2.54 A at 0.0
V is consistent with a metal — metal bond length for Fe — Fe,?” while Fe — M» at 0.0 V aligns with
other Fe-incorporated Ni(OH), materials such as those reported by Friebel et al.,'! suggesting that
the Fe species represented by this atom pair is likely in a chemical environment where it is
substituted for Ni in 0-Ni(OH),. The compression of Fe — M» at 0.9 V vs. Ag/AgCl to 2.86 A is
similar to that observed for Fe — Ni (2.85 A) and Ni — Ni (2.86 A) shortened bonds reported by
Gonzalez-Flores et al.?” at 1.55 V vs. RHE, as well as Fe — Ni (2.84 A) and Ni-Ni (2.82 A) atomic
pairs at 1.62 V vs. RHE reported by Friebel et al.!! This result for Fe — M5 at 0.9 V suggests again
that this Fe species is substituted for Ni in the y-NiOOH phase that forms under applied potential.'!
The results for Fe — M; indicate that the metallic component of the NP-aq*® formed during our

synthesis process is retained during electrochemical treatment.

NP-oil at the Fe K-edge was fitted using four scattering paths (Fe — O, Fe — M1, Fe — M, and Fe —
M3). We note that both NP-aq and NP-oil were modeled using one, two, or three Fe-My scattering
paths, and the result was that NP-aq was best fit with only two Fe-Mx paths, while NP-oil was best
fit with three Fe-Mx paths. A discussion of this difference follows below. The bond distances for
the sample at 0.0 V vs. Ag/AgCl before the anodic ramp and after the cathodic ramp remained

within 0.1 A for Fe — O, Fe — M, and Fe — M3, but shortened by 0.04 A for the Fe — M path (Table
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S2 and Figure 9). At 0.0 V vs. Ag/AgCl, the Fe — O atomic pair distance is estimated at 2.00 A,
with a slight compression to 1.96 A at 0.9 V. The Fe — Mz and Fe — M3 atomic pair distances are
estimated at 2.99 A and 3.12 A at 0.0 V vs. Ag/AgCl, shifting to 2.87 A and 3.06 A at 0.9 V; the
data were successfully modeled with only two Fe — My scattering paths at 0.9 V (Table S7). These
results for NP-oil suggest a different chemical environment for the Fe species, as compared to the
results for the NP-aq. The core-shell structure of NP-oil likely contributed to Fe species being in
two distinct phases at bond distances around 3 = 0.15 A. The Fe — O atomic pair distance at 0.0 V
is shorter than what might be expected for a phase where Fe is incorporated as a substitute for Ni
in a nominally a-Ni(OH); phase. In addition, the change in Fe — O at 0.9 V is less drastic for NP-
oil vs. NP-aq. Taken together, the Fe — O and Fe — M atomic pair distances of the NP-oil suggest
that a large portion of the Fe species is in a maghemite-like phase (i.e., y-Fe,03),5% 4% which has
Fe — O and Fe — Fe atomic pair distances at 1.97 A (for a single path model)®* and 2.99 A ** with

a portion of the Fe species in NP-oil likely incorporated into a-Ni(OH),.!!

Both NP-aq and NP-oil result in a decrease in the coordination number (CN) for the Fe species at
0.9 Vvs. Ag/AgCI (1.92 V vs. RHE). For the NP-aq electrocatalyst, the lower CN of 4.5 suggests
a transition to tetrahedral geometry, a conclusion which is supported by the Fe K-pre-edge
analysis. In contrast, the NP-oil electrocatalyst results in a CN of 5.3 at 0.9 V vs. Ag/AgCl, which
could suggest some portion of the Fe species transitions to a tetrahedral coordination environment,
similar to what was observed by Friebel et al.;!! however, our Fe K-pre-edge results in Figure 4
suggest the Fe species is largely in the octahedral coordination environment. This difference in the
Fe structural environment between the two NP electrocatalyst materials is possibly a key to the
differences observed in the OER activity and stability and points to differences in NP structure

obtained through two different synthesis routes. In particular, the NP-oil synthesis route is based
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on the initial formation of an NiOx core nanoparticle, with subsequent formation of a FeOx shell
that becomes a FeNiOy shell as a result of Ni migration from the core into the shell. As reported
in our prior work,?® the elevated temperature of the FeOx shell formation step (220 °C) likely
enabled Ni migration and the integration of a bimetallic oxide phase during shell formation. NP-
oil synthesis occurs more slowly and results in an oxide-oxide core-shell structure, while the NP-
aq synthesis occurs through fast nucleation and growth via a BHs-induced reduction reaction of
both Fe and Ni salt precursors. The reduction reaction approach results in a more disordered,
heterogeneous particulate morphology and a metal core-hydroxide shell.?’ Both the core and the
shell are bimetallic, containing both Fe and Ni species, and the shell has been characterized to
consist of a disordered Ni(OH)>-like chemical structure.?’ While both NP materials result in quite
similar Ni chemistry under operando conditions (described in detail below), the key differences,
i.e., the Fe Oy — Tq transition in NP-aq, the presence of Fe and Ni metallic species in NP-aq, and
the presence of a separate maghemite-like phase in NP-oil are directly correlated to the synthesis

route and the resulting OER performance metrics.
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Figure 9. Coordination number (CN) vs. bond distance (R) obtained from the EXAFS fits of: (A)

Fe K-edge for NP-aq, (B) NP-oil (B), and (C) Ni K-edge spectra for NP-aq, (D) NP-oil.

EXAFS spectra at the Ni K-edge for both NP-aq and NP-oil show significant changes in the atomic
chemistry of the catalysts during the potential hold experiment as shown in Figures 8C, D and S12.
During the anodic ramp for NP-aq (Figure S12A), the spectral shape is largely maintained until
0.8 V vs. Ag/AgCl, when both the metal — oxygen and metal — metal atomic pair distances shorten.
During the cathodic ramp (Figure S12B), the NP-aq nanoparticle catalyst appears to transform

back into the initial phase. For NP-oil (Figures 9D and S12), significant variation in the spectral
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shape can be observed. At the highest voltage of 0.9 V vs. Ag/AgCl, the metal — metal path splits
into two distinct components. On the cathodic ramp (Figure S12D), the two metal-metal paths

recombine at 0.6 V, where the spectrum reverts to a spectral shape similar to its initial state.

The Ni— O bond distance fitted from the EXAFS spectra for the as-synthesized dry NP-aq sample
was found to be 2.04 A (Table S3, Figure 9, and Figure S6), and at both 0.0 V vs. Ag/AgCl
potential steps, the Ni— O bond distance remains essentially unchanged at 2.05 —2.06 A. However,
at 0.9 V vs. Ag/AgCl, the Ni — O bond distance is shortened to 1.90 A much like the shortening of
the Fe — O bond length observed for NP-aq under applied voltage. These modeling results align
with those reported by Gonzalez-Flores et al.>’ and Friebel et al.,'' who both reported that at
voltages below the onset of the OER, the Ni — O atomic pair distance is estimated at 2.05 —2.06
A, characteristic of a-Ni(OH),.”7° Further, under voltages within the Faradaic OER regime (i.e.,
1.62 V vs. RHE for Friebel et al.,!' 1.55 V vs. RHE for Gonzalez-Flores et al.,>’ and 1.6 — 1.9 V
vs. RHE for this study), a compression of the Ni — O atomic pair distance to 1.89 — 1.90 A is
consistently observed. In addition, the nickel-metal peaks (Ni — Mx) of the NP-aq for the dry
sample and the sample in the electrochemical environment at 0.0 V vs. Ag/AgCl are 2.50 — 2.51
A and 3.08 — 3.09 A, with a decrease in Ni— M, to 2.85 A at 0.9 V, while Ni — M; remains stable
at 2.51 A. The Ni — M; bond length at 2.50 A matches with the expected Ni — Ni metal atom pair

distance,?” 7!

and the presence of this atom pair distance throughout the voltage ramps suggests
that the NP-aq retain a metallic component, which we previously identified to exist in the core of
these catalysts,?® while the shell mixed FeNi hydroxide phase transitions between hydroxide (3.08
—3.09 A)% and oxyhydroxide (2.85 A) as a function of voltage. The Ni — M, atomic pair distance

for our and other Fe-incorporated Ni(OH), materials is smaller than that of pure Ni(OH)>, reported

at 3.16 A.7% The compression of the Ni-M> atomic pair distance aligns with the expected distance
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in Fe-incorporated y-NiOOH (e.g., 2.82 A reported for Fe,sNizsOOH films at 1.62 V vs. RHE by
Friebel et al.!' and 2.86 A reported for Fe4oNiggOOH films at 1.55 V vs. RHE by Gonzalez-Flores

et al.?’).

These results suggest that for Ni species in the NP-aq catalyst, the primary chemical environment
of the electrochemically-active component in the as-synthesized, low-voltage, and OER Faradaic
voltage conditions is that of the a-Ni(OH)2/y-NiOOH redox pair, with the core metal component
of the as-synthesized nanoparticles retained during anodic/cathodic ramps. In this aspect of the
chemical structure of the NP-aq catalyst, both the nanoparticles and the electrodeposited films of
Gonzalez-Flores et al.?” and Friebel et al.!! appear to have structurally similar Ni species that are
in a hydroxide phase, and this similarity is in contrast to the Fe chemical environment of the NP-
aqg, which seem to be dissimilar to the electrodeposited films. This result also shows that with
careful analysis of the operando XAS data, along with knowledge of the as-synthesized
nanoparticle morphology and structure, it is possible to use this nominally bulk characterization
technique to capture chemical changes that occur for the electrochemically active portion of the

metal species that may be at or near the surface of the electrocatalyst.

For NP-oil, under dry and 0.0 V vs. Ag/AgCl conditions, the Ni — O atom pair distance remains
consistently at 2.04 A —2.06 A, again characteristic of a-Ni(OH),. When the 0.9 V vs. Ag/AgCl
potential is applied, a shorter Ni — O distance of 1.90 A is observed, indicative of y-NiOOH. In
addition, the nickel metal-metal peak (Ni — M) between 2 and 3 A also splits into a doublet at
higher voltages, and this doublet is maintained in the cathodic ramp until 0.7 V vs. Ag/AgCI. Ni —
My atomic pair distances are estimated at 2.58 A and 3.09 A for as prepared dry nanoparticles
(Figure 9 and Table S4). At 0.0 V vs. Ag/AgCl at the beginning of the anodic voltage ramp, the

metal component disappears while Ni — M, remains at 3.09 A. At 0.9 V vs. Ag/AgCl, Ni — My
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shift to 2.88 A and 3.10 A. Finally, after the cathodic ramp to 0.0 V vs. Ag/AgCl, the second Ni —
M peak disappears, similar to that of anodic ramp at same potential. These results for the Ni— Mx
peaks suggest that the as-synthesized material contains both Ni metal and Ni(OH)> chemical
environments, shifting to a mix of hydroxide and oxyhydroxide phases under voltage, and
converting to a fully oxidized material post voltage ramp (i.e., the Ni metal component of the Ni
atoms is not retained post-electrochemical treatment). The two different Ni — My atomic pair
distances are indicative of a Fe-incorporated o-Ni(OH), phase!!> 7> and a pure Ni(OH), phase,’® 7
likely as the shell and the core, respectively, of the nanoparticle catalyst, where the shell of Fe-
incorporated a-Ni(OH): is shifting between the a-Ni(OH)>/y-NiOOH redox pair. Again, these
results indicate that operando XAS measurements can in fact be used to interpret changes in
nanoparticle materials that do have a complex bulk three-dimensional morphology, but that care
must be taken to understand the three-dimensional structure and appropriately interpret the XAS

results with knowledge of the as-synthesized structure.

5. Conclusions

In this work, we investigated the behavior of two nanoparticle electrocatalysts, synthesized via
aqueous and solvothermal solution phase approaches, during OER conditions using operando
XAS. Our results show that the chemical changes of the two nanoparticles have similarities and
differences under OER Faradaic voltages and as a result of anodic and cathodic voltage ramps.
The nanoparticles synthesized via aqueous phase solution chemistry (NP-aq) resulted in Fe species
that transitioned between Fe** Ty and Fe** Oy with applied voltage, while the solvothermally
synthesized nanoparticles (NP-oil) remained largely in a Fe*>* On coordination environment, albeit

with some level of structural disorder. An analysis of the EXAFS regions of both Fe K-edge and
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Ni K-edge showed that the NP-aq have Fe species that transition reversibly to compressed Fe — O
and Fe — My atomic pair distances. However, the Fe species in NP-oil appear to exist in multiple
phases, with three (rather than two) Fe — My scattering paths fit to the data. Both nanoparticle types
resulted in Fe — O peak shapes that were broad and included a shoulder at smaller radial distance,
suggesting multiple Fe — O scattering paths. NP-aq showed evidence of metallic Fe and Ni, which
appear to be retained under applied OER voltages; in contrast, the metallic Ni component of the
NP-oil appears to be irreversibly oxidized after voltage was applied, and there was no evidence of
metallic Fe in the NP-oil. Both nanoparticle types showed reversible Ni — O and Ni — My atomic
pair compressions at OER voltages, with Ni largely existing as hydroxide/oxyhydroxide. XANES
edge analyses suggest that a qualitative rather than a quantitative approach needs to be taken while
establishing a relationship between oxidation state and the edge energy position as the coordination
environment and the structural changes could be playing equal if not greater roles during the OER
electrocatalysis. However, the Fe K-edge pre-edge can be analyzed to understand coordination
environment and oxidation state changes. The subtle differences in atomic structure between the
two nanoparticle electrocatalysts are correlated to the synthesis route and observed differences in
OER performance. In particular, it appears that an Fe species transition from O to Tq, along with
a majority Fe-incorporated Ni(OH)x-like phase in the shell and a metallic core contribute to the
improved OER performance of the NP-aq sample, including both OER activity and stability. Given
the dearth of operando XAS studies on nanoparticle electrocatalysts that have been performed at
high enough voltages to observe such structural changes, these results point to the importance of
further studies on FeNiO(H)x nanoparticles that continue to delineate the roles of morphology and
synthesis route on operando structure, and how operando structure is correlated to performance

metrics.
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