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Methods

Material Syntheses. The Co;.<FeOy series with nominally x = 0.00 (0.01 from ICP-OES), 0.20, 0.30, 0.40, 0.50, and
0.70 were flame-spray synthesized."> The stoichiometric amounts of cobalt nitrate hexahydrate (Co(NOs), - 6H,0,
99.9%, Sigma-Aldrich, Germany) and iron nitrate nonahydrate (Fe(NOs), - 9H,0, >98%, Sigma-Aldrich, Germany) were
dissolved in a 3-to-1 volume solvent mixture of ultrapure water (MicroPure UV, Thermo Scientific, Germany) and acetic
acid (AcOH, >99.0%, Roth, Switzerland) to finally have a total metal concentration of 0.1 M. This precursor solution
mixture was pumped with a speed of 20 mL-min™! into the spraying nozzle with a three piston pump (C-610, Biichi,
Switzerland). The continuous precursor solution liquid stream was dispersed into small droplets with an oxygen (99.5%,
PanGas, Switzerland) gas flow rate of 35 L-min"! shortly before entering the flame. The combustion gas for igniting the
flame was a mixture of acetylene (99.6%, PanGas, Switzerland) and oxygen (99.5%, PanGas, Switzerland) with flow
rates of 13 and 17 L-min’!, respectively. The dispersion and combustion gas flow rates were set with mass flow controllers
(Bronkhorst, Netherlands). The synthesized nanoparticles were collected on four ashless filter papers (Whatman®, GE
Healthcare, United Kingdom) with two vacuum pumps (VACFOX VC 50, Rietschle Thomas, Germany). 0.5 L of pre-
cursor solution was sufficient to collect ~1 g of the so-called as-synthesized powder per electrocatalyst synthesis.

The standard reference material -cobalt oxyhydroxide (CoOOH) was synthesized following the procedure described in
the literature.>* 80 mL of a 0.05 M cobalt nitrate hexahydrate solution (Co(NO3), - 6H,0, >98% ACS reagent, Sigma-
Aldrich, Germany mixed in ultrapure water (18.2 MQ-cm (Type 1+/), PURELAB Chorus 1, Elga Veolia, United King-
dom)) was heated up to 50 °C in a triple-neck round-bottom flask. Afterwards, 50 mL of a 0.1 M sodium hydroxide
solution (NaOH, 99.99% semiconductor grade, Sigma-Aldrich, Germany and ultrapure water) was added dropwise, so
that the initial clear pink solution formed pink precipitates out of cobalt hydroxide (Co(OH),). The Co(OH), precipitates
were centrifuged and washed three times with ultrapure water. The washed precipitates were then dispersed in 40 mL
ultrapure water and heated up to 45 °C under stirring in a triple-neck reflux cooled round-bottom flask. Afterwards, 10 mL
of an 8 M NaOH solution was added dropwise followed by the addition of 4 mL of a commercial hydrogen peroxide
solution (H20», 35%, Sigma-Aldrich, Germany). The suspension was then stirred for 12 h overnight at 45 °C, which
finally resulted in brown precipitates of CoOOOH. The precipitates were centrifuged and washed three times with ultrapure
water and dried at 80 °C for 2 days. The successful synthesis was confirmed with powder X-ray diffraction (Figure S23a).

Physicochemical Characterization of As-Synthesized Materials. The final metal ratio in all as-synthesized
electrocatalysts from the Coi.«Fe Oy series was determined with inductively coupled plasma optical emission spectros-
copy (ICP-OES, 5110, Agilent, USA) using axial viewing mode. Approximately 50 mg. of the as-synthesized powder
was mixed with 1 mL of nitric acid (HNO3, 65% AnalaR NORMAPUR, VWR Chemicals, Germany) and 3 mL of hy-
drochloric acid (HCI, 37% fuming EMSURE® ACS ISO Reag. Ph Eur for analysis, Supelco Merck, Germany). This
suspension was several times shaked with a vortex mixer and heated up in a water bath until a clear solution was obtained.
After that, this solution was cooled down and ultrapure water (18.2 MQ-cm (Type I+/1), PURELAB Chorus 1, Elga
Veolia, United Kingdom) was added to have a final volume of 15 mL. 0.2 M HNOs was then added for dilution to reach
a final metal concentration in the range between 1 and 10 ppm. To assign the Co and Fe concentration, standard solution
of 1, 2, and 10 ppm were prepared by diluting commercial standard solutions (CertiPrep PLCO2-3Y Assurance® Grade
Cobalt and CertiPrep PLFE2-3Y Assurance® Grade Iron for AA and ICP in 5% HNOs, Spex, USA) with ultrapure water.
The total mass and mole fraction of oxygen were determined based on the remaining mass, which was not assigned to
cobalt and iron. The Co and Fe signal of the used electrolyte (0.1 M KOH) was determined by diluting it by a factor of
10 with the blank solution (0.2 M HNOs). The measured Co and Fe concentrations of this diluted solution were similar
as for the blank itself as determined by using standard solution of 0.2, 1, 2, and 5 ppm. Therefore, the Co and Fe concen-
trations were below the detection limit (DL), which was determined for each element by using the following equation:
DL (ppm) = (35)-(Ci-Co) / (Ii-Ip) with o as standard deviation of 10 blank measurements (intensity), C; as concentration
of lowest standard (0.2 ppm), Cy as concentration of blank (0 ppm), I; as intensity of lowest standard and Iy as intensity
of blank. The peak at 230.786 nm was used to determine the Co concentration and at 259.940 nm for Fe in all measure-
ments. The calibration fits was quadratic and was forced to go through the blank intensity (0 ppm).

The crystalline structures of the as-synthesized powders were analyzed on Si-zero-background holders with powder X-
ray diffraction (XRD, SmartLab, Rigaku, Japan) in Bragg-Brentano mode using a Kp-filtered rotating copper anode at
40 kV and 160 mA. No K filter was used so that a slight peak splitting is observable in all XRD patterns at higher 20
angles. The pattern of the following ICSD collection codes were plotted as references: 136039 (fcc-Co),> 9865 (rs-Co0),5
266257 (r5-Cog 7Fe930),7 33181 (sp-CoFe;04),3 98551 (sp-FeC0,04),” and 36256 (sp-Co304).'°

The transmission electron microscopy (TEM) images, the annular dark-field scanning TEM (ADF-STEM) images and
the energy-dispersive X-ray spectroscopy (EDX) maps were recorded for Cog.soFeo.400y with a cold field emission gun
(FEG) at 200 kV as electron beam source (JEM-ARM200F NEOARM, JEOL, Japan). The EDX maps were recorded by
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two SDD detectors covering 1.7 sr. The sample preparation included two steps. First, the TEM grid (continuous ultrathin
carbon film coated lacey carbon (400 mesh) supported copper grid, Sigma-Aldrich, Germany) was dipped with the carbon
side into the as-synthesized Cog.cFeo.400y powder followed by a carbon-sputtering step (MEDO10, BalTec, Switzerland)
on the Cog.s0Feo.400y powder covered grid side to increase the stability of the nanoparticles under the electron beam.

The N, adsorption isotherms (Autosorb-1, Quantachrome Instruments, USA) were analyzed with the Brunauer-Emmett-
Teller (BET) equation to determine the specific surface area (SSA) for all as-synthesized electrocatalysts of the Coi<FexOy
series. The weighed-in mass of the powder before the outgassing step was used for the gravimetric normalization. The
outgassing was performed at 85 °C for 1.5 h. The measurements were repeated three times for all the electrocatalysts,
except for Cog70Feo 300y and CogsoFeos00y, which were measured only once. The average particle size d in nm was
calculated with the help of the following equation:'! d = 6000 / (SSAggr - o), where SSAggr is in m>-g™! and p is the
estimated density in g-cm™. The estimated density was linearly interpolated for the different materials using the density
of 6.44 g-cm™ for rs-CoO (x = 0) and of 5.17 g-cm™ for sp-Fe;O;4 (x = 1).!2 The surface area-to-bulk volume ratio can be
calculated by (4 - - 12)/ (4/3 - - r3) =3 /r = 6/ d. Therefore, the ratio of the surface area-to-bulk volume ratio can be
calculated by (6 / dy) / (6 / d2) = d, / di. Spherical particle shapes were assumed in these calculations.

The X-ray absorption spectroscopy (XAS) experiments at the Co K-edge (7709 eV) and Fe K-edge (7112 eV) using hard
X-rays were undertaken at the SuperXAS beamline of the Swiss Light Source (SLS, PSI, Switzerland). This beamline is
capable to measure in quick extended X-ray absorption fine structure (QEXAFS) mode, which allows the acquisition of
120 spectra per min.!3 For these measurements, the polychromatic photon beam at the beamline, produced by a 2.9 T
superbend magnet source, got collimated with a Si-coated mirror at 2.9 mrad, monochromatized with a liquid N, cooled
channel-cut Si(111) crystal oscillating with a 1 Hz frequency, and focused on a spot size of 0.2 mm x 1 mm with a Rh-
coated toroidal mirror. All Co and Fe K-edge XAS spectra were recorded in transmission mode using three 15 cm long
ionization chambers filled with 1 bar of N». The sample position was always between the first and second ionization
chamber, while the reference foil for energy calibration was placed between the second and third ionization chamber. A
Co or Fe metal foil (99.9%, GoodFellow, United Kingdom) was used as the reference to calibrate the sample spectra at
the Co and Fe K-edge, respectively, by assigning the first peak of the first derivative of the reference foil spectra to the
appropriate absorption energy (Figure S23b). The energy calibrated spectra were then normalized and averaged with the
ProQEXAFS software.'* The samples were glucose-diluted pellets (D-(+)-Glucose, >99.5% GC, Sigma-Aldrich, Ger-
many) of the as-synthesized powder from the Co;«FexOy series or out of standard reference material powder. The pellets
had a diameter of 1.3 cm and a total mass of approximately 100 mg with a mass ratio of approximately 1-to-9 between
the sample powder and glucose. The pellets were finally wrapped in a Kapton® tape. The standard reference materials
were composed either out of self-made B-cobalt(Ill) oxyhydroxide (CoOOH) or out of as-purchased cobalt(Il) oxide
(Co0, >99.99%, Sigma-Aldrich, Germany), cobalt(II) iron(Ill) oxide (CoFe;O4, 98%, abcr, Switzerland), cobalt(II,I1I)
oxide (Co304, 99.9985% Puratronic®, Thermoscientific - Alfa Aesar, Germany), iron(I) oxide (FeO, 99.7%, Sigma-Al-
drich, Germany), iron(ILIII) oxide (Fe304, 99.999%, Sigma-Aldrich, Germany), and a-iron(III) oxide (Fe>O3,>99.995%,
Sigma-Aldrich, Germany). The measurement time for all pellets was 2 min (240 spectra). The Co oxidation state was
determined by a linear interpolation between the two standard measurements of CoO and Co304 for the energy of half-
normalized edge step from the X-ray absorption near-edge spectroscopy (XANES) measurements. The FT-EXAFS spec-
tra were fitted over a k-range of 3 to 11.5 A"! for the Co K-edge and over a range of 3 to 11.3 A"! for the Fe K-edge with
a k*-weighting using Artemis from the Demeter software package.'® The model for the best fits were computed from CIF-
files out of the ICSD database with the collection code 136039 (fcc-Co),> 9865 (rs-Co0),° 33181 (sp-CoFe»04),% 624573
(sp-Co304),'¢ 22285 (B—CoOOH),"” 631736 (Fe),'® and 633038 (FeO).!® The CIF-file of CoFe,04 was modified before
being used in a fit so that the A- and B-sites can be independently fitted for both edges. In the original file does Co occupy
21% of the A-sites (Fe 79%) and 39% of the B-sites (Fe 61%) lattice positions resulting in a chemical formula of
Coo.21Feq.79(Coo39Fe0.61)204, which is typical for such a material. Thus, the CIF-file was modified to have finally two
different versions. In the first version called CoFe>O4 did Co occupy only the A-sites and Fe only the B-site, and in the
second version called FeCo,04 did Co occupy only the B-sites and Fe only the A-sites. To be able to fit the coordination
number of the different structure models, an amplitude reduction factor S> must be assumed. This S2 value was determined
for each sample by fitting the first coordination shell of the corresponding reference foil, while keeping the coordination
number fixed at the theoretical value. Only the first scattering path was needed to fit the first shell of the Co reference foil
FT-EXAFS, while the first two scattering path were needed to fit the first shell of the Fe reference foil FT-EXAFS. To
determine the relative ratio of different phases in the as-synthesized powder FT-EXAFS, a so-called phase composition
fraction pg: parameter was fitted, while keeping the coordination number ratio for a given model structure constant as
defined by the theoretical value. Thus, the fitted coordination number Ny is the product of the theoretical coordination
number Ny, and the fitted phase composition fraction ps. The magnitude of the &*-weighted FT-EXAFS is shown in all
cases without phase correction as indicated with the x-axis label of R + AR.
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The Co (778 €V) and Fe (707 eV) Li-edge XAS spectra were measured using soft X-rays at the X-Treme?® and PHOENIX
beamlines at SLS, PSI. All Co and Fe Ls-edge XAS spectra were recorded in total-electron-yield (TEY) mode, at room
temperature, in ultra-high-vacuum at X-Treme (107! mbar) and in high vacuum at PHOENIX (10~ mbar). The scan rate
was 80 eV per 3 min (26.67 ¢V-min’") and the energy step size was approximately 0.025 eV. Each shown spectrum is an
average of three measurements. A relative energy calibration was performed to align the spectra measured during different
beamtimes and beamlines. The position of the o, B, v, and & peaks of a Co?" containing material was used to align the Co
Ls-edge spectra and the position of the § and y peaks of the standard material Fe,O3 was used to align the Fe L;-edge
spectra. The samples were either as-synthesized or as-purchased standard material powder, which were pressed on carbon
tape and then mounted on a copper sample holder. The standard materials were the same as used for the Co and Fe K-edge
XAS experiments and thus, either as-synthesized (CoOOH) or as-purchased (C00,>'2> C0304,2?%%" FeO,?>8 Fe;04,22°
CoFex04°%3? (only for Fe), and Fex0322282%) standard powders. The spectrum of the as-purchased CoO and FeO standard
material showed the presence of an oxidized layer at the surface. Two argon-ion sputtering steps were needed to remove
this superficial oxidized passivation layer. The first sputtering was performed for 1 h with an argon-ion energy of 1 keV
and a sputter current of /s, = 2.2 pA. This sputtered sample was then exposed to air for 1 min before the Co and Fe Ls-edge
TEY-XAS measurement, since the sputtering was not performed inside the preparation chamber of the beamline. The
second sputtering step was performed on the same sample for 10 min with an argon-ion energy of 1 keV and a sample
current of /s, = 12 pA inside the preparation chamber of the X-Treme beamline. Thus, the sample was measured directly
after the second sputtering step without being exposed to any oxidizing agent in the meanwhile. All spectra were divided
by the Iy signal of an Au grid, which was positioned between the sample and the X-ray source. These Iy corrected data
was then baseline corrected and normalized. The Co L3-edge spectra were normalized by dividing the averaged maximum
[ and & peak intensity. The Fe Ls;-edge spectra were normalized by dividing the averaged maximum [3 and y peak intensity.
The surface Co oxidation state for as-purchased CoO, 1x Ar-ion sputtered CoO and as-synthesized Co;<FexOy series
between +2 and +2.67 was estimated by linearly interpolating the normalized maximum & peak intensity (Inorm,max,s) be-
tween the Co?" (2x Ar-ion sputtered CoO) and Co*¢7* (Co;04) standard spectra. The surface oxidation states between
+2.67 and +3 were estimated by linearly interpolating Inom,max.s between the Co*¢7* (Co304) and Co** (CoOOH) standard
spectra. The mole fraction weighted average surface metal oxidation state was calculated by the sum of the molar faction
weighted individual surface oxidation states (sOS) with (1-x) - sSOS¢, + x - 3 and assuming sOSg. = 3 for all materials.
The fraction of surface Co, which is +2 and octahedrally (On) coordinated by oxygen atoms (B in AB,O4) with a high-
spin (hs) state, was determined by using the normalized maximum o peak intensity in the Co Ls-edge, which is propor-
tional to the fraction of the hs Co?"-ions in Oy-sites. Other factions such as low-spin (Is) Co?" in Oy-sites,*>** Co?* which
is tetrahedrally (T4) coordinated by oxygen atoms (e.g. wurtzite-like-CoO and C0304)?'12327:353¢ or Co** in Oy- (e.g. Co304
and CoOOH)?*?*?” or Tg-sites® have no significant o peak intensity. Therefore, the Co®" in Op-sites fraction for the
Coi«FeOy series were determined by linearly interpolating the normalized maximum o peak intensity of the standard
CoO (sp. 2x) Ls-edge spectra, which was assumed to have a hs Co*" in Oy-sites fraction of 100%, and of the standard
CoOOH L;-edge spectra, which was assumed to have a hs Co?" in Oy-sites fraction of 0%. The Co?" in Ty-sites fraction
was calculated by 3 — sOSc, — Co?" in Oy-sites fraction, which requires the reasonable assumption for spinel's that Co?*
can only occupy Oy- or Ty-sites. The Co®" fraction was calculated by sOSc, — 2. The literature values from XRD refine-
ments for the fractions of Co;04 were determined by assuming that no Co?" will occupy Oy-sites, whereas for FeC0,04
and CoFe;Os a Fe oxidation state of 3+ was assumed. A 10% systematic error for the surface Co oxidation state and Co?*
sites fraction assignment is assumed.

Electrochemical Characterization. A three-clectrode setup equipped with a rotating disk electrode (RDE), an im-
pedance spectroscopy (IS) capable multichannel potentiostat (VMP-300, BioLogic Science Instruments, France), a mod-
ulated speed rotator (MSR, Pine Research Instrumentation, USA) and a homemade cell out of a halved Nalgene fluori-
nated ethylene propylene (FEP) bottle (500 mL, Nalge Nunc International, USA) covered with a Teflon cap was used to
determine the electrocatalytic activity for OER of the as-synthesized Co;.<FexOy series.?” Synthetic air (syn air, 5.6 purity,
PanGas AG, Switzerland) saturated daily freshly prepared 0.1 M potassium hydroxide solution (KOH, 99.99%, Sigma
Aldrich, Germany and ultrapure water (18.2 MQ-cm (Type I+/T), PURELAB Chorus 1, Elga Veolia, United Kingdom))
was used as electrolyte and filling solution for the mercury/mercury oxide (Hg/HgO, RE-61AP, ALS, Japan) reference
electrode (RE) in each RDE measurement. The potentials in all RDE studies are given with respect to the reversible
hydrogen electrode (RHE) scale indicated with the unit Vrye. Thus, the RE was calibrated against a polycrystalline plat-
inum disk insert (Pty, 5.0 mm OD (0.196 cm?), Pine Research Instrumentation, USA) in the hydrogen (5.0, PanGas,
Switzerland) saturated electrolyte?3%4° (Figure S23c). All RDE studies were performed with a RDE speed rate of 900 rpm,
at room temperature and with a freshly flame-annealed gold mesh (Gold WOVEN Mesh/Gauze, Advent Research Mate-
rials Ltd, United Kingdom) as counter electrode (CE). 2 x 5 uL of an electrocatalyst containing ink suspension with a
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concentration of 2.0 geaLik, was drop casted on freshly polished (0.3 pm and 0.05 pm MicroPolish alumina solution
used on different MicroCloths, Buehler, USA) glassy carbon disk insert (GC, SIGRADUR G, 5.0 mm OD (0.2 cm?),
HTW GmbH, Germany) to prepare the working electrode (WE). Approximately 5 mg. of the investigated as-synthesized
electrocatalyst from the Co.<Fe Oy series was ultrasonically (Ultrasonic Cleaner, VWR, USA) mixed for 30 min in a
solution mixture of 2 mL 2-Propanol (IPA, 99.9% (HPLC Plus), Sigma Aldrich, Germany), 0.5 mL ultrapure water and
10 uL of Na*-exchanged Nafion (NaOH, 99.99% and Nafion® perfluorinated resin solution, 5 wt.% in lower aliphatic
alcohols and water, contains 15-20% water, Sigma Aldrich, Germany) to prepare the ink.! After the drop casting, the
WESs were dried in the air with a final loading of 0.1 mgcat-cmgeom_

Two different electrochemical protocols were used to determine the OER activity and stability of the Co<Fe.Oy series.
The OER activity protocol included 25 cyclic voltammograms (CV) between 1.0 and 1.7 Vrur measured with a scan rate
of 10 mV-s’!, followed by 15 chronoamperometric (CA) measurements between 1.3 and 1.7 Vrur while holding each
potential for 30 s. Three IS measurements with an amplitude of 10 mV at 1.2 Vryg and a frequency range of 1 MHz to
1 Hz, before the CV and after the CA steps, and at 1.4 Vryg at the end of the protocol were performed to correct for the
ohmic drop. Finally, the mass-normalized averaged steady-state current (J) in the linear range of three independent CA
measurements were then plotted against the IR-free potential (Er-tec) in the Tafel plot, except for Cop.70Feo300y and
Coo.50Feo.500y, which were measured only once. The OER stability behavior of the electrocatalysts were investigated with
potentiostatic stability measurements. The protocol started with a IS measurement at 1.2 Vrue using an amplitude of
10 mV and a frequency range of 1 MHz to 1 Hz, and two CV cycles between 1.0 and 1.6 Vrur with a scan rate of
50 mV-s!. After that, CA experiments at 1.0 (lower potential value) and 1.6 Vrug (upper potential value) were performed
by staying at each potential for 10 s. These two CA experiments were repeated 505 times and were interrupted five times
after each 101™ cycle by three CV cycles in the same potential range with a scan rate of 50 mV-s™'. The protocol ended
with the same IS measurement as at the beginning. Finally, the mass-normalized averaged steady-state current at 1.6 Vrug
(J@1.6 Vrug) for each potential CA cycle of four independent measurements were then plotted against the cycling num-
ber, except for CogsoFeos0Oy, which was measured only once. The absolute current density change in A'g;1t
(AJ@1.6 VRHE) was achieved by subtracting all data points with the current density of the first cycle. The relative current

density change in % (AJ@1.6 Vrue) was achieved by dividing all data points with the current density of the first cycle.
To investigate the influence of the O, bubble formation at the WE during the stability protocol, so-called differential
potentiostatic measurements were performed. This type of protocol is a combination of galvanostatic and potentiostatic
measurements. In the original potentiostatic stability measurement is the lower (1.0 Vrug) and upper (1.6 Vrug) potential
value in the CA measurements constant for all electrocatalysts. In contrast, the differential potentiostatic stability meas-
urements can have a different upper potential value for each of the electrocatalysts. However, the difference in the lower
and upper potential value remains constant in all cycles also in this new protocol. The goal of a differential potentiostatic
stability measurements is, that the initial current density, and with that the initial O, bubbles formation, should be for all
electrocatalysts more or less identical. Thus, the initially more OER active electrocatalysts such as CogsoFeo.200y,
Coo.s0Fe0.400y and Coo s0Feo.500y had a higher potential value of 1.6 Vrug (thus, there is no difference in the two protocols
for these materials), while the initially less OER active electrocatalysts such as Cog.g9(Feo.01)Oy and Cog30Feo.700y had a
upper potential value of 1.608 Vrue during all potential cycles. These differential potentiostatic stability measurements
for Coo.99(Feo.01)Oy and Cog30Feo.700y were only performed one times.

To estimate the Co-mass normalized cumulated net charge (Que) from pseudocapacitive processes, the 1% and 25" CV
cycle of Coo.o9(Feo.01)Oy, CoosoFeo 200y, CoosoFensoOy and CoosoFer 700y was shifted on the y-axis (J + AJ) so that at
1.05 Vrue the modulus of the current densities for the positive and negative going potential scan (afterwards) are equal.
The value of 1.05 Vrue was selected because only double-layer capacitive processes are expected at this potential value
for all four materials and that the current density at this potential value is marginally affected by imperfections in the
ohmic drop correction. Then, the current densities for the positive (J+) and negative going potential scan afterwards (J)
were individually interpolated to reach two vectors with the same x-values (potential scale). After that, the net current
density (Jnet) for these common x-values between 1.05 and 1.5 Vrug was calculated by Jnet = J+ — |J|. Therefore, Jne has
ideally only contributions from pseudocapacitive processes as the double-layer capacitive processes contribute in the
same extent to J; and |J_|, which is cancelled out in Jue. Then, Jne was divided by the scan rate of 10 mV-s™! and integrated
over the potential range between 1.05 and 1.5 Vrug to calculate the Co-mass normalized cumulated net charge (Qnet). The
non-capacitive faradaic current density for OER was not subtracted in this analysis so that the Jnet and Qne; values above
~1.45 Vryg has to be considered with caution.

Operando / Ex Situ XAS and Ex Situ XRD. The sample for the operando Co and Fe K-edge XAS experiments was
an as-prepared electrode out of Cog ¢oFeo.400y. This as-prepared electrode was composed out of a conductive carbon coated
Kapton® foil (Kapton® 200RS100, DuPont, USA), where a small part in the middle with a geometrical area of
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0.126 cméeom was sprayed-coated with an Cog ¢oFeo400y containing ink suspension using an airbrush-pistol (Sogolee HP-
200 Double Action with a 0.2 mm nozzle diameter, Taiwan Airbrushes & Equipments, Taiwan). To further improve the
conductivity of the carbon coated Kapton® foil, an approximately 100 nm thick Au layer was sputtered around the area
of the electrocatalyst prior to the spray-coating preparation step.** The Cog ¢oFe 400y containing ink suspension, used for
the spray-coating step, was a 22.5-to-1 volume mixture of ultrapure water and Na*-exchanged Nafion (NaOH, 99.99%
semiconductor grade and Nafion® perfluorinated resin solution, 5 wt.% in lower aliphatic alcohols and water, contains
15-20% water, Sigma Aldrich, Germany)*' with a CogsoFeo 40y concentration of 68 mge,mL;L, . The final mass on the
electrode was approximately 0.36 mgca (2.9 mgcat-cméom) quantified with a microbalance (XPE206DR, Mettler Toledo,
Switzerland).*’ The operando Co and Fe K-edge XAS experiments were performed in an in-house developed PEEK flow
cell.*> A 0.1 M potassium hydroxide solution (KOH, 99.99%, Sigma Aldrich, Germany and ultrapure water (18.2 MQ-cm
(Type I+/T), PURELAB Chorus 1, Elga Veolia, United Kingdom)), black pearl (2000 carbon black, Cabot Corporation,
USA) spray-coated (Au-sputtered and carbon coated) Kapton® foil and an Ag/AgCl electrode (low-leakage 3 M NaCl
filled, Harvard Apparatus, USA) was used for the electrochemical experiments in the flow cell as electrolyte, as counter
(CE) and as reference electrode (RE), respectively. The electrolyte was pumped with a withdraw syringe pump (Legato®
210, KD Scientific, USA) with a flow rate of 0.4 mL-min"' through the flow cell. The CE was prepared with the same
method as the sample electrode and was pre-wetted with ultrapure water before use. The RE was calibrated before and
after the operando experiment against a 0.1 M KOH filled mercury/mercury oxide RE (Hg/HgO, RE-61AP, ALS, Japan),
which in turn was calibrated against a RHE. First, the as-prepared sample electrode was measured in the flow cell, then
the electrolyte was pumped into the cell and the open circuit voltage (OCV) spectra was measured. Then the chronoam-
perometric (CA) measurement was started. The spectra under potential control were recorded always 1 min after reaching
an electrochemical steady-state of the new applied potential. Operando spectra were recorded at 1.000, 1.100, 1.200,
1.300, 1.400, 1.450, 1.500, 1.525, and 1.550 Vgrue in the so-called positive scan. Afterwards, the potential was again
decreased and spectra at 1.200 and 1.000 Vrue were measured in the so-called negative scan. These potentials are not
ohmic drop corrected. After that, 10 cyclic voltammograms (CV) between 1.000 and 1.600 Vrue were recorded. Finally,
an electrochemical impedance spectroscopy (EIS) was measured at 1.200 Ve to correct for the high-frequency resistance
(HFR), which includes the resistance of the liquid electrolyte layer, but not the resistance in the electrocatalyst layer. The
highly conductive Au layer of the sample electrode was as well in contact with the electrolyte, which will close a circuit
path with a lower resistance in comparison when the electrocatalysts layer would be included (Figure S23d). The Co and
Fe K-edge XAS measurement time for all the electrodes was 1 min (120 spectra) and no edge jump loss was detected
during the operando experiment at both edges revealing a stable electrode and a reliable measurement (Figure S23f).*
The crystalline structures of the as-prepared and ex situ after the operando XAS measurement (after OER) electrodes of
Coo.s0Fe0.400y were determined by XRD in transmission mode. The bare Au-sputtered electrode was measured to assign
the additional peaks in the transmission spectra from crystalline Au (ICSD collection code 52700).* All transmission
XRD patterns were background corrected. A typical XRD pattern measured in transmission has a significant decrease in
intensity towards higher angles so that most of the peaks vanishes after a 20 of 50°. Moreover, the noise in the background
is decreasing as well towards higher 20 values.

The samples for the ex situ 'after OER' Co and Fe L;-edge TEY-XAS experiments were drop-casted electrocatalyst cov-
ered glassy carbon (GC) disk inserts and therefore identical with the samples used for the electrochemical characterization
in the RDE setup. Briefly, the electrocatalysts containing ink suspension composed out of an ultrapure water, 2-propanol
and Na'-exchanged Nafion mixture was drop casted on a GC for the 'as-prepared' sample with a final loading of
0.1 mgmcm'g%om. The 'after OER' GC was prepared in the same way but was then electrochemically treated with the same
OER activity protocol in the same RDE setup as previously used to electrochemically characterize the electrocatalysts
(refer to the Electrochemical characterization). After the OER activity protocol, the CA part was repeated so that the last
applied potential was 1.7 Vrug. Finally, the 'after OER' GC's were dipped into ultrapure water to remove the KOH and
was then dried in the air. The 'as-prepared' and 'after OER' GC's were both stored at 0.1 mbar in a desiccator directly after
preparation for few days until they were glued onto carbon tape on a copper sample holder, shortly before the sample
were loaded into the beamline endstation. The surface oxidation states (Co and metal mole fraction weighted average) as
well as the Co?" in Oy-sites, Co®>" in Tg-sites and Co®" fractions were determined as described for the as-synthesized
materials. The assignment of the different sources for the irreversible surface Co oxidation was done by subtracting the
'as-synthesized' or 'as-prepared' Co?* Oy- and Tg-sites fractions from the corresponding 'after OER' fractions. A 10% sys-
tematic error for the surface Co oxidation state and fractions assignment is assumed and the presence of negative values
(lower Co?" in Oy-site fraction than CoOOH, which was assumed to be 0%) are within this error range. All Fe L;-edge
TEY-XAS spectra measured with the 'as-prepared' and 'after OER' samples were corrected for the F K-edge background
corrected originating from Na*-exchanged Nafion. This background was determined by measuring a GC electrode, where
an electrocatalysts-free ink (only ultrapure water and Na*-exchanged Nafion) was drop casted (Figure S23e).
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Supporting Information Figures
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Figure S1. TEM images and EDX maps recorded in ADF-STEM mode of flame-spray synthesized Cog ¢oFeo 4900y and SSAggr of Coy.Fe,Oy series. Top
row, TEM images of agglomerated nanoparticles recorded with different magnifications representative for the particles at the lower size range between
5 and 30 nm. Middle row, EDX maps from ADF-STEM of the same agglomerated nanoparticles as in the top row revealing a homogeneous distribution
of O, Fe, and Co atoms. Bottom row, Specific surface area (SSAggr) using BET methodology (left axis and bar chart) and corresponding (calculated)
approximate average particle size (right axis and square dots). The vertical lines indicate the error bar of three independent averaged measurements.

The surface area-to-bulk volume ratio increases from Cog.o9(Feo.01)Oy to Cogz0Feo700y by a factor of maximum ~1.8 (35 nm /20 nm).
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Figure S2. ADF-STEM images of flame-spray synthesized Cog ¢Fe0.400y. The same agglomerated nanoparticles as shown in Figure S1 before and after

the EDX mapping revealing the stability of the agglomerated nanoparticles with the used conditions during the recording.
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Figure S3. EDX spectrum of flame-spray synthesized Cog soFeo.400y. Integrated EDX spectrum over the whole ADF-STEM scanning range of the EDX

map in Figure S1 revealing the presence of other elements beside of the expected O, Fe and Co signal.
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Figure S4. EDX spectrum of the TEM grid background. Integrated EDX spectrum over the whole ADF-STEM scanning range of the background (TEM
grid without a sample) revealing that the unassigned peaks in Figure S3 are coming all from the background. C, O, and Cu is coming from the grid. O,

F, and Si probably from grease. Au, Cr, and small amounts of Fe and Co from the instrument.

Before

Figure S5. ADF-STEM background images and corresponding EDX maps of the TEM grid background. ADF-STEM images before and after the EDX
mapping of the background (TEM grid without a sample) revealing only small carbon accumulation during the map recording in the 'after' image.

Corresponding EDX maps of all elements found and shown in the background spectrum in Figure S4.
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Figure S6. As-synthesized bulk: Co*" but gradual rock-salt (rs) to spinel (sp) structure change within Co;.Fe,Oy series. (a) and (b) As-synthesized
powder XRD of the Co;Fe,Oy series (x by ICP-OES) measured in Bragg-Brentano mode. The dashed or dash-dotted vertical lines were added for
several reference patterns to guide the eyes of the reader. (c) XANES of Co K-edge spectra. Inset (c) Bulk Co oxidation state trend as a function of the
Fe-content. (d) Magnitude of k*-weighted Fourier transformed- (FT) EXAFS from Co K-edge spectra (k-range from 2.7 to 12 A™'). Inset (d) Phase
composition fractions (pg) for as-synthesized materials with x = 0.01, 0.20, 0.40, and 0.70 extracted from FT-EXAFS best fits in Figure S8 with fitting
errors as vertical lines. (¢) Same data as shown in (d) but overlaid and magnified. XANES, FT-EXAFS, and pg of the corresponding Fe K-edge are in
Figure S7. Refer to Methods for ICSD collection code of the reference materials shown in XRD patterns and of the standards used in hard XAS (XANES,
FT EXAFS, and fitting process). The best fitting values are listed in the Tables S2-S5. The color code of the Co;..Fe,Oy series as defined in (a) is valid

in all figures.
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Figure S7. As-synthesized Fe-K edge XAS: Fe*" but gradual rock-salt (rs) to spinel (sp) structure change within Co,<Fe,Oy series. (a) XANES of Fe
K-edge spectra of the Co;Fe,Oy series. Inset (a) Magnified XANES around half-normalized intensity. (b) Magnitude of £*-weighted FT-EXAFS from
Fe K-edge spectra (k-range from 2.7 to 11.4 A™). (c) and (d) Same data as shown in (b) but overlaid or overlaid and magnified. (¢) Phase composition
fractions (pgs) for as-synthesized materials with x = 0.20, 0.40, and 0.70 extracted from FT-EXAFS best fits in Figure S9 with fitting errors as vertical
lines. Refer to Methods for ICSD collection code of the standards used in hard XAS (XANES, FT EXAFS, and fitting process) and to Tables S6-S8 for

the fitting values. The color code of the Co,.Fe,Oy series as defined in (a) is valid in all figures.
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Figure S8. As-synthesized Co K-edge FT-EXAFS best fits: Gradual rock-salt (rs) to spinel (sp) structure change within Co,.Fe,O, series. (a)-(d)
Magnitude and real parts of &*-weighted FT-EXAFS best fits at Co K-edge for Co,<Fe Oy series with x = 0.01, 0.20, 0.40, and 0.70 (k-range from 3 to
11.5 A", Refer to Methods for ICSD collection code of the standards used in the fitting and to Tables S2-S5 for the fitting values.
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Figure S9. As-synthesized Fe K-edge FT-EXAFS best fits: Gradual rock-salt (rs) to spinel (sp) structure change within Co,..Fe,Oy series. (a)-(c) Mag-

nitude and real parts of K*-weighted FT-EXAFS best fits at Fe K-edge for Co,,Fe,Oy series with x = 0.20, 0.40, and 0.70 (k-range from 3 to 11.3 A™").
Refer to Methods for ICSD collection code of the fitting models and to Tables S6-S8 for the fitting values.
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Figure S10. OER performance: Volcano-shaped activity, but with beneficial enhanced surface modifications within Co,Fe Oy series. (a) Tafel plot of

RDE CA measurements with linear fit (dotted line). The horizontal and vertical lines indicate the error bar of three independent averaged measurements.

Inset (a) U-shaped OER potentials at 1 A-g’!

cat

(left axis in black) and volcano-shaped OER current densities at 1.55 Vgyg (right axis in red) as a function

of the Fe-content. (b) Same plot as (a) but the OER current is normalized by the Co-mass (from ICP-OES) and not by the total mass of the electrocatalyst.

(c) Positive (orange) and negative going potential scan afterwards (red) of the 25" (last) CV cycle measured with 10 mV-s™ prior to CA's. (d) 5" (orange

dash-dotted line), 10", 15®, 20", and 25" (red dash-dotted line) CV cycle measured with 10 mV-s™ prior to CA's. All electrochemical experiments were

performed in 0.1 M KOH (saturated with syn air) at room temperature.
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Figure S11. Bulk during OER process: Minor changes at the Co K-edge of CogFeo.400y. (a) and (b) Operando XANES of all measured potentials in
the positive and negative going potential scan afterwards once over the whole energy range and once magnified in the range of the half-normalized
intensity. Inset (a) and (b) Operando Co oxidation state for all measured potentials. (¢c) Operando magnitudes of FT-EXAFS at 1.00 and 1.55 Vgyg (not
IR-free) magnified overlaid. (d) Operando Co oxidation state change (left axis) and energy shift (right axis) at half-normalized intensity
(~7718-7719 eV) of nanoparticles above 10 nm (>10 nm) from this study and from literature (4** (0.1 M KOH), B’ (0.1 M KOH) and C* (0.1 M KP;
at pH 7)), and sub-10 nm (<10 nm) from literature (D* (0.1 M KOH)). The energy shift for 1.55 V in B was linearly interpolated between 1.40 and
1.60 V. The energy shift for 1.60 V in C was linearly interpolated between 1.55 and 1.62 V. (e) and (f) Overlaid and magnified overlaid operando
magnitudes of FT-EXAFS for all measured potentials in the positive and negative going potential scan afterwards. The corresponding operando Fe
K-edge XANES and FT-EXAFS magnitudes are shown in Figure S12. The color code for the different potentials as defined in (e) and the symbols as

defined in (a) is valid in all figures.
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Figure S12. Bulk during OER process: No changes at the Fe K-edge and XRD of Cog ¢oFeg.400y. (a) and (b) Operando XANES of all measured potentials

in the positive and negative going potential scan afterwards once over the whole energy range and once magnified in the range of the half-normalized

intensity. Inset (a) and (b) Energy shift at half-normalized intensity relative to the spectra measured at 1.00 Vgyg (not IR-free) for all measured potentials.

(c) and (d) Operando magnitudes of FT-EXAFS at 1.00 and 1.55 Vgyg (not IR-free) overlaid and magnified overlaid. (e) Overlaid operando magnitudes

of FT-EXAFS for all measured potentials in the positive and negative going potential scan afterwards. The color code for the different potentials as

defined in (e) and the symbols as defined in (a) is valid in all figures. (f) XRD of Cog ¢Fe0.400y as-synthesized power, as-prepared electrode for operando
XAS and ex situ after operando XAS measurement (after OER). The XRD patter of the bare Au-sputtered and carbon coated Kapton® electrode is added

to identify the additional diffraction peaks of the as-prepared and after OER electrode from Au. The electrodes were measured in transmission leading

to larger noise at low 20 and a decreasing intensity towards higher 20. The missing peak at 43° in the as-prepared and after OER XRD pattern is

explained by the low intensity at this high 20 value. Refer to Methods for ICSD collection code of the standards.
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Figure S13. As-synthesized surface: From Co*¢"* to Co*" within Co,<Fe,Oy series. (a) Co Li-edge TEY-XAS spectra of standard materials including
LiCoO,. Inset (a) Magnified (a) around the maximum of the § peak for the Co®" standards (CoOOH and LiCo0,) revealing a similar peak position on
the energy scale and thus, a similar oxidation state since the § peak will shift towards higher energy, when the oxidation state is higher than +3.2455!
(b) Co L;-edge TEY-XAS spectra of the complete as-synthesized Co,.Fe Oy series. (¢) The fraction of Co, which is +2 and octahedrally (Oy) coordinated
by oxygen atoms (B in AB,0,), of Co, which is +2 and tetrahedrally (T,) coordinated by oxygen atoms (A in AB,O,), and of Co®" (sum of the three
types is 100%) in the complete as-synthesized Co,.Fe Oy series. The Co?" in Oy-sites fraction for the standard materials are shown as horizontal line.
The Co fractions for all types in the as-synthesized Co,Fe,Oy series determined from the Co L;-edge are in good agreement with literature values
determined with XRD refinement for Co;O4 (assuming a Co®" in Oy-sites fraction of 0%), FeCo0,04, and CoFe,0O4 (assuming for both to have only
Fe™).%? (d) Cumulative Co?*" in Ty-sites (bottom area), Co?* in Oy-sites (middle area), and Co®* fractions (top area) relative to all Co-atoms in the
complete as-synthesized Co; <Fe,O, series. (¢) Co mole fraction weighted Co®* in Oy-sites, Co®" in Ty-sites, and Co®* fractions (sum of all is 1-x) as a
function of the Fe-content. (f) Cumulated Co mole fraction weighted Co®" in Ty-sites (bottom area), Co*" in Oy-sites (middle area), and Co*" fractions

(top area) (sum of all is 1-x) as a function of the Fe-content. Refer to Methods for the procedure to assign the Co fractions.

S19



a Fe L;-edge +2 o $ 5 —— = b Fe L;-edge 5
Standards G |-~ i e N As-synthesized © @
= ¥ = 4 = i = /\
= gﬁ P 21,7 = [xin Coq,Fe0, £
S | —'Fe0' (Ar 1x) NS S5 | —20% 2
'E —'FeO' T T 'E —30% T T
© 709.025 709.175 © 40% 709.15 709.3
= | —-— Fe0, = o
2 Energy / eV 2| — Energy / eV
£ | -~ CoFe,0, ay = 50% gy
c c
8 /! 8
£ NG £
N1/
3 N 3
N 7 N
© /)7 © Standards:
£ o Iy IS
I ! I
) [ )
z 2 z
/ J
<7
e /

706 768 71I0 71I2 706 768 71I0 71I2
Energy / eV Energy / eV

c Fe L,-edge d Fe L,-edge
As-synthesized WM‘MMW As-synthesized
Cop g9(Fe0,01)0y vy \k’fw\ Coy go(Feg 01)O.
[

SN
w /M" N“"”M
M Wy

»
v by
™ h\\
M \

y

Intensity / arb. unit
Intensity / arb. unit

680 700 720 740 760 706 708 710 712

Energy / eV Energy / eV
3.0
I\\\ .___.,,_.————_'_
~ -
2.5

Co & Fe L;-edge
_| Standards

g
o

Average Metal Oxidation State / arb. unit o

0 20 40 60
xin Co,,Fe, 0,/ %

Figure S14. As-synthesized surface: Fe*" within Co, ,Fe,O, series. (a) and (b) Fe L;-edge TEY-XAS spectra of standard materials and of the complete
(except x = 0.01) Co;Fe,O, series. As-purchased 'FeO' showed an oxidized surface layer and had to be sputtered 2x with argon-ions to achieve a Fe**
standard spectra. Inset (a) Magnified (a) around the maximum of the y peak revealing a similar peak position on the energy scale for the Fe* standards
(CoFe,04 and Fe,05) and thus, a similar oxidation state e.g. in contrast to Fe;O,4. The difference in the L;-edge peak shape for the Fe’* standards is
coming from the different population of Op-sites and Tg-sites within these materials. In a-Fe,Os are all Fe-atoms in Oy-sites, while in CoFe,0, are 40%
of all Fe-atoms occupying the A-sites (T) of the spinel and 60% the B-sites (Oy).® This difference leads then to a growth of the 'Ty' peak in the CoFe, O,
spectra, which lies between the two 'Oy peaks (B and v) as similarly seen in Fe;04.2 Inset (b) Magnified (b) around the maximum of the y peak in the
Coy«Fe,Oy series. (c) and (d) Iy corrected but not baseline corrected Fe L;-edge TEY-XAS spectra of Cogg9(Feo01)Oy over the whole scanning range and
magnified revealing a barely detectable surface Fe signal. (e) Mole fraction weighted average surface metal oxidation state (OS) calculated with
(1-x) - OS¢, + x - 3 as function of the Fe-content in the complete as-synthesized Co,.Fe Oy series. The mole fraction weighted average surface metal

OS is in the complete series around +2.67, which is typical for a spinel-type composition.
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Figure S15. Surface after OER process: Irreversible surface Co oxidation within Co,.Fe,Oy series. (a)-(c) Co L;-edge TEY-XAS spectra of as-synthe-

sized powder, 'as-prepared’, and ex situ 'after OER' for Cog.go(Feg.01)Oy, Cog.60F€0.4900y, and Cog3oFep700y. (d) Co Li-edge TEY-XAS spectra of 'as-pre-
pared' sample for Cog ge(Feo.01)Oy, Coo.c0Fe0.400y, and Cog30Feq700y. (€) Ex situ Co Ls-edge TEY-XAS spectra of 'after OER' sample for Cog.o9(Feg.01)Oy,

Coyg.60Fe.400y, and Cog 30Feq 700y. (f) Surface Co oxidation state trend in the 'as-synthesized', 'as-prepared’, and 'after OER' Co,Fe,O, series. Inset (f)

Trend in the surface Co oxidation state change 'after OER' revealing the independence of using either the 'as-synthesized' or 'as-prepared' spectra as

baseline. The corresponding Fe L;-edge spectra are shown in Figures S16 and S17. Refer to Methods for the procedure to assign the surface Co oxidation

states.
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Figure S16. Surface after OER process: Minor irreversible surface Fe oxidation within Co;..Fe,Oy series. (a) and (b) Fe Ls-edge TEY-XAS spectra of
as-synthesized powder, 'as-prepared' electrode, and ex situ 'after OER' for CoggoFeo400y and Cog3oFeo700y. (c) Fe Ls;-edge TEY-XAS spectra of
‘as-prepared’ Cog eoFeo.4900y and Cogz0Feq 700y. (d) Ex situ Fe L;-edge TEY-XAS spectra of 'after OER' for Cog ¢Feo.4900y and Cog30Feg 700y. (€) Energy
position of the y Fe L;-edge peak maximum of 'as-synthesized', 'as-prepared’, and 'after OER' sample for Co,..Fe,Oy series to assign a surface Fe

oxidation state trend.
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Figure S17. Surface after OER process: Increasing signal intensity at the Fe L;-edge in Cog.99(Fe.01)Oy. (a) Fe L3-edge TEY-XAS spectra of 'as-prepared'
electrode and ex situ 'after OER' sample for Cog.g9(Feo.01)Oy. (b) Relative surface Fe-to-Co ratio change in the different samples calculated by using the
averaged intensity per edge (baseline corrected but not normalized), which were used e.g. to normalize the spectra. The surface Fe-to-Co ratio is almost
unchanged in Coy soFeg.400y and Cog3oFeg 700y, but is significantly increasing in Cog.go(Feo.01)Oy relative from a negligible surface Fe signal in the as-syn-
thesized power (Figure S14c,d), to a clear but noisy peak in the 'as-prepared' sample and finally, to a noise-free signal 'after OER'. The absolute surface
Fe-to-Co ratio in the 'after OER' sample of Coggo(Feo.01)Oy is still significantly less than for the higher Fe-content samples, but experienced within the
sample series (‘as-synthesized', 'as-prepared' and 'after OER') of Coyo9(Feo.01)Oy the biggest increase relative to the other two materials (x = 0.40 and
0.70). The ICP-OES showed that the 0.1 M KOH was not the source of Fe and not responsible for the significant increase in the relative Fe-to-Co ratio
in Coggo(Feg01)Oy 'after OER'. It is more likely that the Fe-source is the bulk of the Coggo(Feo01)Oy nanoparticles. Thus, Fe is moving from the bulk to
the surface and gets there accumulated by forming probably a separate phase of Fe,O; during sample preparation (probably due to the sonication) and
more enhanced during the OER process itself.” Overall, this proves that also irreversible changes are possible on the surface of Coggo(Feg01)Oy and at
the Fe L;-edge. Moreover, soft XAS in TEY can also deliver information about the relative ratios of different elements and their changes during

processes on the electrocatalyst surface.
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Figure S18. Enhanced irreversible surface Co oxidation within Co,..Fe,Oy series by pseudocapacitive processes. (a) and (b) Co-mass (from ICP-OES)

normalized cumulated net charge (Q,.) from pseudocapacitive processes calculated for the 1% and 25" CV cycle between 1.05 and 1.5 Vigge. Inset (a)

and (b) Cumulated Q, values at 1.325, 1.400, and 1.475 Vg for the 1** and 250 CV cycle as a function of the Fe-content. (c) and (d) Co-mass (from

ICP-OES) normalized 1% and 25" CV cycle, respectively. The CVs were shifted on the y-axis so that the modulus of the current density for the positive

(orange) and negative going potential scan afterwards (red) are equal at 1.05 Vryge. The horizontal dashed grey line indicates 0 A- g'clo. The net current

density (Jye), which is used to determine Q,(, represents the difference in the modulus of the current density between the positive (orange) and negative

going potential scan afterwards (red) as calculated between 1.05 to 1.5 Vgyg as indicated with the vertical grey lines. The non-capacitive faradaic current

density was not subtracted to determine Jy or Qye SO that the values above ~1.45 Vg has to be considered with caution. However, the data clearly

indicated an enhanced irreversible surface Co oxidation towards the higher Fe-content materials in the Co,Fe,O, series, (partially) excluding

Coo30Fe9700y due to the shift of the redox couple peak into OER potential range, and explains the observed trend in the ex situ 'after OER' Co L;-edge

TEY-XAS spectra. Refer to Methods for more information regarding the analysis approach.
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Figure S19. OER stability performance: Decreasing stability but less significant within Co,<Fe,Oy series. (a)-(c) Stability measurements shown as

;Lt, as relative OER current density changes in % and as OER current density in A- g;jt all taken at 1.6 Vgug

absolute OER current density changes in A-g
(not IR-free). (d)-(f) Differential potentiostatic stability measurements shown as absolute OER current density changes in A- g;‘, as relative OER current
density changes in % and as OER current density in A~g;1it taken at 1.6 Vryg (not IR-free) for the initially more OER active electrocatalysts (x = 0.20,
0.40, and 0.50) and at 1.608 Vryg (not IR-free) for the initially less OER active electrocatalysts (x = 0.01 and 0.70). The vertical lines indicate the error
bar of four independent averaged measurements. The differential potentiostatic stability measurements at 1.608 Vgyr (not IR-free) for x = 0.01 and 0.70
were only performed once. All electrochemical experiments were performed in 0.1 M KOH (saturated with syn air) at room temperature. The color

code of the Co;.4Fe,Oy series as defined in (c) is valid in (a) and (b), and as defined in (f) is valid in figure (d) and (e).
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Figure S20. After OER vs as-prepared vs as-synthesized surface: Irreversible oxidation of Co®” in Oy-sites within Co;<Fe Oy series. (a)-(c) Co*™ in
Oy-sites (B in AB,0,), Co?" in Ty-sites (A in AB,O,), and Co>* fractions relative to all Co-atoms in the as-synthesized, as-prepared and after OER
CoyFe Oy series. The negative fraction of Co*" in Oy-sites after OER for x = 0.01 lies in the assumed error range of 10%. (d) Total irreversible change
of the surface Co oxidation state 'after OER' relative to 'as-prepared' assigned to the two different Co®* sources of Ty-sites (bottom area) and Oy-sites
(top area) on left axis (in black) vs OER current normalized per mass of Co at 1.55 Vryg on right axis (in red) as a function of the Fe-content. The
vertical lines for the OER current densities indicate the error bar of three independent averaged measurements. All electrochemical experiments were
performed in 0.1 M KOH (saturated with syn air) at room temperature. (¢) The 'as-synthesized' (same as Figure S14e), 'as-prepared’, and ex situ
'after OER' mole fraction weighted average surface metal oxidation state (OS) calculated with (1-x) - OS¢, + x - 3 as function of the Fe-content in the

complete Co,..Fe,Oy series. Refer to Methods for the procedure to assign the surface Co oxidation state and fraction changes.
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Figure S21. Surface after OER process: Increase of Co®* and decrease of Co*" fractions. (a) Ex situ Co Ls;-edge TEY-XAS spectra at of the Co;<Fe Oy
series after OER. (b) Co*" in Oy-sites (B in AB,0,), Co*" in Ty-sites (A in AB,0,), and Co®* fractions relative to all Co-atoms (sum of the three types is
100%) in the Co,Fe,Oy series after OER. The Co*" in Oy-sites fraction of the standard materials are shown as horizontal line. The negative fraction of
Co*" in Oy-sites after OER for x = 0.01 lies in the assumed error range of 10%. (c) Cumulative Co?" in Ty-sites (bottom area), Co?" in Oy-sites (middle
area), and Co®" fractions (top area) relative to all Co-atoms in the Co;<Fe Oy series after OER. (d) Co mole fraction weighted Co?" in Oy-sites, Co®" in
Ty-sites, and Co®* fractions (sum of all is 1-x) in the Co;Fe,Oy series after OER. (¢) Cumulated Co mole fraction weighted Co*" in Ty-sites (bottom
area), Co®" in Oy-sites (middle area), and Co®" fractions (top area) (sum of all is 1-x) in the Co,Fe,Oy series after OER. Refer to Methods for the

procedure to assign the Co fractions.
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Figure S22. As-prepared surface: Minimal oxidation relative to as-synthesized Co,Fe,Oy series. (a) Co Ls;-edge TEY-XAS of the as-prepared

CoyFe Oy series. (b) Co*" in Oy-sites (B in AB,0s), Co* in Ty-sites (A in AB,Oy), and Co’* fractions relative to all Co-atoms (sum of the three types

is 100%) in the as-prepared Co,Fe,Oy series. The Co?* in Oy-sites fraction of the standard materials are shown as horizontal line. (c) Cumulative Co**

in Tg-sites (bottom area), Co*" in Oy-sites (middle area), and Co®" fractions (top area) relative to all Co-atoms in the as-prepared Co;.Fe,Oy series. (d)

Co mole fraction weighted Co" in Oy-sites, Co*" in Ty-sites, and Co®* fractions (sum of all is 1-x) in the as-prepared Co,<Fe Oy series. (¢) Cumulated

Co mole fraction weighted Co*" in Tg-sites (bottom area), Co*" in Oy-sites (middle area), and Co’" fractions (top area) (sum of all is 1-x) in the as-pre-

pared Co;.Fe,Oy series. Refer to Methods for the procedure to assign the Co fractions.
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Figure S23. Detailed information about Methods: Varia. (a) Powder XRD of as-synthesized CoOOH standard material measured in Bragg-Brentano
mode. The dash-dotted vertical lines were added for the reference pattern to guide the eyes of the reader. Refer to Methods for ICSD collection code of
the reference pattern. (b) Aligned reference foil XANES at Co K-edge. Inset (b) Magnified (b) around the half-normalized intensity revealing the well
aligned reference foil spectra representative for all shown spectra in this study. (¢) Hg/HgO reference electrode calibration against the RHE in hydrogen
(H,) saturated 0.1 M KOH electrolyte solution. The overlap between the experimental and theoretical diffusion limited hydrogen oxidation reaction
(HOR) current density (J;,,) indicates a satisfying hydrogen saturation in the electrolyte solution.>¥% Insets (c) Top: Magnified (c) around zero
current density to precisely determine the potential offset of around -0.9265 Vryg vs ngiigo. Bottom: CV of polycrystalline platinum disk insert in nitrogen
(N,) saturated 0.1 M KOH prior to reference electrode calibration to prove an initial clean surface. (d) CV measured with 10 mV-s™ after the operando
hard XAS experiments inside the flow cell using 0.1 M KOH. The cathodic and anodic redox peak at 1.1 and 1.25 Vgye (not IR but high frequency
resistance (HFR) corrected) respectively, are coming from the Au of the working electrode. (e) Step-wise description of F K-edge correction originating
from Nafion in all measured 'as-prepared' and 'after OER' Fe L;-edge spectra. (f) Relative change of the Co and Fe K-edge jump in the operando hard

XAS experiments of Cog eFeg40Oy revealing no material losses during the measurements.
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Supporting Information Notes

Note S1. The term 'operando' is used in this study according to the definition by Bert M. Weckhuysen®* and Miguel A.
Baiiares et al.>>® They defined that spectroscopic studies of catalysts are called operando when they are performed under
real reaction conditions and when the structure and activity/selectivity of the catalyst is measured simultaneously. In this
study, electrocatalysis is interpreted as a special case, where spectroscopic measurements are always operando during
non-capacitive faradaic processes such as OER, since the recording of the OER current density acts as an on-line activity
measurement.

Note S2. The presence of both, cobalt and iron, are required to maximize the OER activity and stability for these mate-
rials. However, some studies claim that iron is the active site in those mixed oxides and cobalt forms only the conductive
host,* while results from other studies are questioning this due to the missing OER activity of iron-sites in other conduc-
tive cobalt-free materials such as carbon black®® or metal-organic frameworks (MOFs).%!"®* There is more consensus in
the literature regarding the non-beneficial effect of iron towards the higher Fe-content oxides. These materials suffer from
the insulating property of iron oxides, which is responsible for the decrease of OER activity, when the Fe-content becomes
too high.*

Note S3. The surface-sensitivity of Co and Fe Ls;-edge TEY-XAS is specified with the probing depths of ~1-3 nm from

467 The probing depths / electron escape depths (A.) are experimentally determined by detecting the signal

literature.
intensity change as a function of the sample thickness. The change is mathematically described with 1 —exp(-#/Ac),
where ¢ is the sample layer thickness and A is the probing depth / electron escape depth.®*7* Overall, the TEY signal is
the sum of the individual contributions from all atom layers, but with an exponential decreasing contribution the deeper
the atom layer lies normal to the surface. The probing depth / electron escape depth describes the thickness of the sample
normal to the surface, which is responsible for 63% (0.63 =1 —exp(-1) for t =A¢) of the TEY signal. The smaller the
probing depth / electron escape depth is, the higher is the contribution of the 1% atom layer to the TEY signal and the more
surface-sensitive is the measurement. The (cumulated) TEY signal fraction per atom layer is shown in the Note S3 Figure

for the two extreme cases of A. =1 and 3 nm as experimentally expected for uniform flat samples at the Co and Fe

L;-edge.54¢7
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Note S3 Figure. Total-electron-yield signal fraction versus depth. (a) and (b) The estimated (cumulated) TEY signal fraction as a function of the sample
depth for the two extreme cases with probing depths / electron escape depths (L) of 1 and 3 nm as experimentally expected for uniform flat samples at
the Co and Fe L;-edge.®**” Inset (a) and (b) Same data as shown in (a) and (b) but magnified between 0 and 3 nm, which is necessary to reach the 63%
cumulated TEY signal fraction for . = 3 nm (Inset (b)). Contrarily, the cumulated TEY signal fraction is already 95% at 3 nm for A. = 1 nm (Inset (a))

and has therefore a more surface-sensitive TEY signal. Each column has a width of 0.1 nm and represents roughly a single atom layer.

Note S4. Co?" (d’) with a high-spin (hs) or a low-spin (Is) state, which is octahedrally (Oy) coordinated by oxygen atoms,
has an electronic configuration of ty,’e,” or t.%e,', respectively, for the valence electrons. The same ion, which is tetrahe-
drally (T4) coordinated by oxygen atoms, has an electronic configuration of e,*t,” for the valence electrons (no difference
between LS and HS state). Co*" (d°) with a HS or a LS state in Oy-site has an electronic configuration of ty*e,? or t2,°€,’,
respectively, for the valence electrons. The same ion with a HS or a LS state in Tg-sites has an electronic configuration of
et and eg*ty,?, respectively, for the valence electrons. These simplified configurations allow assigning the o peak in
the Co Ls-edge exclusively to the transition from 2ps); into the low energetic orbital of t,° for HS Co*" in Oy-sites based
on two reasons:
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(1) The transition into the low energetic orbital of t,* for HS Co®" in Ox-sites or of e,* for HS Co*" in Ty-sites is
shifted towards higher energy due to the higher oxidation state.
(2) In all other situations is the transition not possible as the low energetic orbital is completely filled.
Moreover, the HS state for Co?" in an oxide is very typical (O is a weak-field ligand) no matter if in Oy-sites (CoO7#76
or CoFe,04”") or in Ty-sites (Co304’®). This allows assigning the remaining Co?*, which does not contribute to the o peak,
to the Co?" in Ty-sites fraction and not to the LS Co?" in Oy-sites fraction, which would also not contribute to the o peak.

Note S5. The proposed surface composition of Co(Coi.1sxFe(.5x))20s predicts a Co304 for x =0, Co(CoosFeos)204
(=FeCo0,04) for x = 1/3, and CoFe,O4 for x =2/3. However, both metals, if present, can occupy in reality the A- and
B-sites of AB,O4 as known for CoFe;O4, where 40% of the Fe**-atoms are sitting on the A-site.®

Note S6. The phase pure flame-spray synthesis of rock-salt CoO (rs-CoO) is known to be challenging. The first try in
literature was not successful using cost-efficient nitrates as precursor by observing the spinel structure of Co3;04
(sp-Co304) as secondary phase.”” Modifications of the precursor solution helped to decrease the amount of secondary
phase, but it never vanished completely in all the trials. It was hypothesized that the broadening and decrease in the XRD
peaks of the secondary sp-Co3O4 phase of the best trial is coming either from the fact that sp-Co304 starts forming smaller
particles than rs-CoO or sp-Co304 starts covering the surface of all rs-CoO nanoparticles like a passivation layer. Anyway,
similar results were obtained using different solvent mixtures**® or using less cost-efficient acetates precursor.®' This
systematic problem of having phase impurities of sp-Co030; in rs-CoO is coming from two different aspects, the flame-
spray synthesis itself and the nature of cobalt oxides.

First of all, the scalable flame-spray synthesis (FSS) technique is capable for the industrial production of nanoparticle
metal oxides®>® and thus, this synthesis technique is attractive to produce (electro-)catalysts for large-scale applications.
Briefly, combustible metal precursors are dissolved in a solvent-mixture and gets then dispersed into small droplets fol-
lowed by injection into the flame, where the nanoparticle metal oxides are formed. These nanoparticles will be guided
with the help of vacuum pumps in a baghouse filter, where the product is collected. The metal ions and the formed
nanoparticles will experience during the synthesis heating and cooling rates above more than several 1000 K-s!, which
make the technique quite unique.'? Especially the high cooling rate, which can be considered as a quenching step, when
the particles are leaving the flame, is an important characteristic, so that the particles keeps its properties, formed at these
high-temperatures, also afterwards at room temperature (RT) and atmospheric pressure. Next to these temperature rates
is the high-temperature particle residence time (HTPRT) a crucial parameter to adjust the properties of the formed nano-
particles.>® Nevertheless, these characteristics of the technique allows only forming phase pure nanoparticles, when the
difference in the properties at this high-temperature and at RT is small enough, so that no phase changes are occurring
during the quenching, when the particles are leaving the flame. However, this seem to be exactly the problem for cobalt
oxides. The rs-CoO / sp-Co30; phase diagram reveals that the rock-salt structure is preferentially formed at high-temper-
atures and lower oxygen partial pressures, while the opposite is the case for the spinel phase.®>-%7 At atmospheric pressure
is the phase transition temperature between the spinel and rock-salt structure at around 1200 K. Therefore, the rs-CoO
structure will be preferentially formed in the flame of the FSS (>>1000 K), but then back at RT, a passivation layer of
sp-Co304 can be formed on the surface, explaining why the spinel phase can be present on the surface of a FSS rs-CoO
and why a surface-bulk discrepancy is existing already after the synthesis.

Note S7. The influence of the 0.1 M KOH electrolyte solution on the surface of the materials with x = 0.01, 0.40, and
0.70 was not investigated because Co*" containing oxides most likely form a Co(OH), layer on their top surface (1% atom
layer) in an alkaline solution. Co(OH); itself oxidizes only in an alkaline solution when an oxidation agent such as H,O,
is present, as shown here by the synthesis of the CoOOH standard from this precursor (refer to Methods).

Note S8. Irreversible structure changes such as amorphization and / or increase of the OER active surface area leading
to larger redox peaks and higher activity cannot be completely excluded, since these processes can be masked by opposite
resulting phenomena as indicated by the continuously decreasing OER current density during cycling (Figure 3d and
Figure S10c,d). Possible phenomena include: Bubbles accumulation on the electrocatalyst surface®? and the formation
of an insulating (OER inactive) Fe,O; surface layer.? The latter is most likely observed in the 'after OER' Fe Li-edge
peak relative to the 'as-prepared' or 'as-synthesized' spectra (Figure S17), where the Cog.99(Feo.01)Oy bulk is assumed as
Fe-source and not the electrolyte® (0.1 M KOH), as ICP-OES demonstrated a Fe (and Co) signal below the detection
limit (0.6 and 0.7 ppb for Fe and Co, respectively) in the electrolyte.®?

Note S9. One reason of the overall OER current density drop during CV cycling or stability protocols in RDE setups is
masking of the electrocatalyst's surface by trapped oxygen bubbles. This decrease in the OER active surface area leads to
a disproportionate “instability” in RDE relative to membrane electrode assembly (MEA) measurements, which are closer
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to an industrial scale electrolyzer.®°? The absolute stability trend is therefore only of limited significance, but the relative
trend in a material series can still yield meaningful insight. A stability trend, which is less influenced by a relative differ-
ence in bubble accumulation due to differences in the initial OER activity (and thus oxygen formation) for the individual
electrocatalysts, was obtained by performing a so-called differential potentiostatic stability protocol (refer to Methods).
The stability trend observed with this alternative type of protocol, which still neglects relative differences in bubble ac-
cumulation due to differences in morphology (particle size and porosity) for the individual electrocatalysts, confirmed
the same Fe-content dependence as already observed in the original potentiostatic protocol (Figure S19).

Note S10. The OER as a complex interface process cannot be fully descried with a single ex situ surface descriptor. An
optimal OER activity descriptor has to include several factor such as particle size, conductivity and surface state. If the
latter is characterized only ex situ, as in this study, only irreversible changes are detectable. Therefore, a complete picture
on OER requires also the understanding of reversible changes as observed for Cog.g9(Feo.01)Oy, which will help to unveil
the role of the formation or suppression of the probably highly reversible Co**-sites for a high OER activity.”*>> However,
this would require an operando surface oxidation state sensitive technique, which is technically still challenging.

Note S11. Consequently, the remaining Co?" in Oy-sites fraction in the ex situ 'after OER' Co L;-edge TEY-XAS spectra
of the material with x = 0.70 is attributed mostly likely to Co**-atoms, which are octahedrally coordinated by hydroxide
ions within the new Co-Fe-(oxyhydr)oxide surface layer (Figure S21b-e).

Note S12. Which Co?*-site, Oy, or Ty, enhances the OER activity intrinsically more cannot be answered here and would
require well-controlled model electrocatalysts to enlighten the geometrical-site-dependent OER activity question, which
has been discussed contradictorily in the literature.®%’
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Supporting Information Tables

Table S1. ICP-OES Data

Cobalt Iron Oxygen (estimated)
CoixFexOy Total mass Metal mole Total mass Metal mole Total mass Co:respgr:u;g OXy-
fraction fraction fraction fraction fraction gen more
fraction
Weo / - 1-x/- Wre / - x/- wo /- /-

Coo.70Fe03001.20 0.54

5
.37

Coo.30Fe0.7001.54 0.22 0.30 0.48 0.70 0.30 1.54

The relative standard deviation for the Co and Fe signals is estimated to be less than 5% for the absolute mass
fractions (including ICP-OES, weight, and volume measurement errors) and less than 2% for the relative mole
fractions (including only ICP-OES measurement errors). The relative standard deviations of the estimated abso-
lute mass fractions and mole fractions for oxygen are higher as they also includes the error from adsorbed water
on the weighed material and cation losses during the digestion process.

Table S2. Co K-Edge FT-EXAFS Magnitude Fitting Values of As-Synthesized Cog.99(Fe01)Oy

Half Path Theoretical Co- Phase C it Coordination Cumulated Co- Mean Square R-Factor
Scattering Path Length ordination ase ~omposition Number ordination Displacement
Fraction
(Model) Number / Number
R/A N/ - pa /- Nuvpre = Na/ - Neun / - o/ A2 R/-
Coo,-O1 0.19+0.12
94 +0. . 2+0.
(Co30s (B-site)) 194005 6 (/3 in Co10%) 1207
Cory-O1 0.10 +0.06
.96 + 0. X 4 +0. 2+1. . +0.
(C0:01 (A-site)) 1.96 +0.05 4 (173 in Cox0s) 04+0.2 52+1.8 0.008 + 0.007
Co-O
(Co0) 2.15+0.04 6 0.60+0.15 3.6+0.9 0.012
C("Cg)‘" 2.5320.04 12 0.13+0.06 15207
CoC S Co0 87+24 0.007 +0.002
0-Coy ame as Co-O,
(Co0) 3.03+0.02 12 (Co0) 72+1.7

Table S3. Co K-Edge FT-EXAFS Magnitude Fitting Values of As-Synthesized Coy soFeo200y

Half Path Theoretical Co- Phase Composition Coordination Cumulated Co- Mean Square R-Factor
Scattering Path Length ordination F P Number ordination Displacement
raction
(Model) Number - Number
R/A Na/- pr Nuvpric = New/ - Newn / - o?/ A2 R'/-
Cory-O1 0.03 £0.07
+ . 1 £0.
(CoFe;0q4 (A-site)) 1.91+0.09 4 (0.28 in CoFe;04) 0.1+0.3
Coo,-O4 0.08 £ 0.05
+ . S £0. O+£1. . +0.
(FeCoi0s (Bsite)) | 201 ¥ 006 6 (0.72 in CoFe0s) 0.5+0.3 50+13 0.011+0.009
Co-0Oy
(Co0) 2.19+0.06 6 0.73£0.11 44+0.7 0.013
C("CE)O‘ 2.53+0.05 12 0.14£0.07 17408
CoC S Co0 10.5+2.1 0.011 +0.002
0-Coy ame as Co-O
(Co0) 3.03+0.02 12 (Co0) 8.8+1.3
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Table S4. Co K-Edge FT-EXAFS Magnitude Fitting Values of As-Synthesized Cog.60Fe0.400y

tude Reduction Factor S

7 £ 0.04 & Energy Shift AEg=0+3 eV

Table S5.

Half Path Theoretical Co- Phase C it Coordination Cumulated Co- Mean Square R-Factor
Scattering Path Length ordination ase ~omposition Number ordination Displacement
Fraction
(Model) Number / Number
R/A N/ - prc/ - Nuv-ps =N/ - Newn / - ot/ A? R'/-
Cory-O1 0.16 +0.08
87+0. . .6+ 0.
(CoFe0s (A-siteyy | 87%023 4 (028 in CoFe:0s) 0.6£03
Co-O1 1.96 £ 0.05 6 0.4 +0.23 26414 57427 0.006+ 0.011
(Co0)
Coo,-O1 0.42+0.17
(FeCo0s (Bsite)) | 21 0=0:06 6 (0.72 in CoFex04) 25£10
Coo,-Cooy,1 Same as Coon-O1
(FeCostn (Baitey) | 294% 007 6 (FoCorOs (Brsite)) 2510 tose
Co-Co Same as Co-O, ’
(CoO) 2.98 £0.04 12 (Co0) 5+3
CooFe Same 23 Coo0 119+6 0.010 + 0.002
op-Ferg, 0n-O1
(FeCo:04 (Busite)) | - ++006 6 (FeCo0x0: (B-site)) 25+1.0
Cory-Feoy,1 Same as Cora-O1
+ . 9+1.
(CoFe 04 (A-site)) 3442007 12 (CoFex04 (A-site)) 19+1.0
Cory-O2 Same as Core-O1
+ . 9+1. 9+ 1. . +0.
(CoFer0. (Asitey | 346%007 12 (CoFor0s (Arsite)) 19+ 1.0 19+1.0 0.006 = 0.011
Co K-Edge FT-EXAFS Magnitude Fitting Values of As-Synthesized Coy 30Feg 700y
Amplitude Reduction Factor S2 = 0.78 + 0.04 & Energy Shift AEy=1.7 1.3 eV
Half Path Theoretical Co- Phase C it Coordination Cumulated Co- Mean Square R-Factor
Scattering Path Length ordination ase ~omposition Number ordination Displacement
Fraction
(Model) Number /. Number
R/A N/ - pit Nun-pse = N/ - Newn/ - ot/ A? R'/-
Cory-O1
1.91+0.02 4 0.28 +0.10 1.1+£04
CoFe;Oy4 (A-sit
(Co eczo . (0 site)) 54410 0.005 = 0.002
N + + +
(FeCox04 (B-site)) 2.06 +0.02 6 0.72+0.10 43+0.6
Coo,-Cooy,1 Same as Coon-O1
95 £0. . 3+0.
(FeC0,04 (B-site)) 2.95+001 6 (FeC0204 (B-site)) 4306 13.1+£2.8 0.007 + 0.001
Cooy-Ferg,1 3452 0.03 6 Same as Coon-O 43106 (all M-M) : !
(FeC0,04 (B-site)) ’ ) (FeC0,04 (B-site)) - 0.016
Cory-02 Same as Cora-O1 77418 ’
(CoFe:04 (Acsite)) | 40%003 12 (CoFe:04 (A-site)) 34+12 (all M-02) 0.005 +0.002
Corg-Feoy,1 Same as Cor¢-O1
S1£0. . A4x1.
(CoForor (aitey | 3512002 12 (CoFerOn (Acsite) 34£12 Partof 00072 0001
Corg-Corg, 3624010 4 Same as Cor¢-O 11£04 all M-M ' ’
(CoFexOs4 (A-site)) i i (CoFex04 (A-site)) . .
Coo,-02 Same as Coon-O1 Part of
. 8 K . +0.
(FeC0:0s (Bosite)) | 02%003 6 (FeC0204 (B-site)) 43£06 all M-0, 0.005 + 0.002
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Table S6. Fe K-Edge FT-EXAFS Magnitude Fitting Values of As-Synthesized CoggoFeo200y

Half Path Theoretical Co- Phase C it Coordination Cumulated Co- Mean Square R-Factor
Scattering Path Length ordination aseFrfcrgzle ton Number ordination Displacement
(Model) Number Number
R/A Nur/- pr/ - Nov-pie =N/ - Newn/ - FIA R-
Fery-O1 0.17 +£0.09
91 +0. . 7+ 0.
(FeCox0s (Asitey) | 101+ 005 4 (0.4 in CoFe;05) 0.7£04
(Fpee% 1.97£0.03 6 057021 34413 57425 0.006 + 0004
Feo,-O1 0.26+0.13
(CoFex04 (B-site)) 208005 6 (0.6 in CoFe»04) 1.6+08
Feo,-Feoy,1 Same as Feon-O1
ZEIR . 6+0.
(CoFe>0q4 (B-site)) 294£0.05 6 (CoFex04 (B-site)) 16+08 0.022
f;e%e)‘ 3.03%0.02 12 Sam(eFZi)};e'O‘ 68+2.5
For—Co S ForO 12.1+£5.2 0.001 +0.002
T4~ L 00,1 ame as rerq-Oi
+ . NN
(FeC0,04 (A-site)) 343£0.04 12 (FeC020s4 (A-site)) 2=l
Feo,-Corg,i Same as Feon-O1
+ . 6+0.
(CoFex04 (B-site)) 3432004 6 (CoFe 04 (B-site)) 16+08
Feryg-02 Same as Ferg-O1
+ . d+1. d+ 1 . +0.
(FeCon0n (Asitey | 352005 12 FCoror (Asite) 21411 21411 0.006 + 0.004

Table S7. Fe K-Edge FT-EXAFS Magnitude Fitting Values of As-Synthesized Cog.goFeo.400y

plitude Reduction Factor §

Half Path Theoretical Co- Phase Composition Coordination Cumulated Co- Mean Square R-Factor
Scattering Path Length ordination P Number ordination Displacement
Fraction
(Model) Number /. Number
R/A N/ - pit Nun-pse = N/ - Newn/ - o?/ A R'/-
Fer,-Os 0.26 +0.06
1.87+0.05 4 . 1.1+0.2
(FeCo0,04 (A-site)) (0.4 in CoFex04)
Fe-O1 1.94 +0.02 6 0.35+0.14 2.1+0.8 56+1.5 0.001 + 0.004
(FeO)
Feo,-O1 0.40 +0.09
" . 2.05+0.04 6 . 24405
(CoFe;04 (B-site)) (0.6 in CoFe>04)
Feo,-Feoy,1 Same as Feor-O1
. 2.94+0.02 6 . 24+0.5
(CoFex0q4 (B-site)) (CoFex04 (B-site)) 12.1+3.4
Fe-Fe Same as Fe-O (all M-M) 0.008 + 0.001 0.011
- 1 -Ul
(FeO) 3.02+0.02 12 (FeO) 41+1.7
Fery-O2 Same as Ferd-O
46+ 0. . 20! 2+0. . + 0.
(FeCoi0s (Assite)) | 40002 12 (FeC0:0; (A-site)) 32207 3207 0.001 =+ 0.004
Ferg-Cooy,.1 Same as Fera-O1
. 3.46 +0.05 12 . 32407
(FeC020s (A-site)) (FeCo,04 (A-site)) Part of 0.008 £ 0.001
Feo,-Corg,1 Same as Feor-O1 all M-M ' ’
.50+ 0. . 4+£0.
(CoFe;04 (B-site)) 3.50£0.02 6 (CoFe;04 (B-site)) 24205

Table S8. Fe K-Edge FT-EXAFS Magnitude Fitting Values of As-Synthesized Cog3oFeo.700y

Amplitude Reduction Factor S2 = 0.66 + 0.22 & Energy Shift AEy=5.6 = 1.4 eV

Half Path Theoretical Co- Phase Composition Coordination Cumulated Co- Mean Square R-Factor
Scattering Path Length ordination Frac tig 0 Number ordination Displacement
(Model) Number ) Number
R/A N/ - P/ - Nuwpr=Nac/ - Neun / - /A2 R'/-
Fery-Oy
. 1.89 £ 0.07 4 0.40+0.10 1.6+04
FeCo0204 (A-sit
(Fe O}je : (o site)) 52+1.0 0.005 + 0.005
N + + +
(CoFesOs (Bsite)) 2.01+£0.02 6 0.60+0.10 3.6+0.6
Feoy,-Feoy,1 Same as Feon-O1
(CoFe:0s (Bsite)) | 200+ 002 6 (CoFe:0; (B-site)) 36406 13728 0,006 0.002
Feo,-Corg,1 3444 0.03 6 Same as Feon-O 36406 (all M-M) ’ ’
(CoFe,04 (B-site)) ’ ) (CoFex04 (B-site)) ) ) 0.016
Fery-02 Same as Fer¢-O1 85+1.8 ’
46 £ 0. . 91, .005 + 0.
(FeC0:04 (Ausite)) | 40+ 003 12 (FeCox04 (A-site)) 49+12 (all M-0y) 0.005 +0.005
Ferg-Cooy,1 Same as Ferq-O1 Part of
(FeCotos (haiteyy | 350002 12 (FeCorD, (Ansite) 49412 Al MM 0.006 + 0.002
Feo,-02 Same as Feon-O1 Part of
(CoFe:0s (Besite)) | 263+003 6 (CoFex0s (B-site)) 36+06 all M-0; 0.005 % 0.005
Fer-Fergi Same as Ferq-O1 Part of
(FeC0r04 (Ausite)) | :04* 009 4 (FeCox0s (A-site)) 1604 all M-M 0.006 + 0.002
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