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Sub 10 nm cobalt ferrite CosFes ,O4 (x = 1.75) nanoparticles and cobalt-rich wustite (Co,/zFeq 30
nanoparticles (x = 2) were synthesized in a solvothermal approach and characterized by powder X-ray
diffraction (PXRD), selected area electron diffraction (SAED), transmission electron microscopy (TEM) as
well as energy dispersive X-ray spectroscopy (EDX), IR, Raman, and >’Fe-Mdssbauer spectroscopy. Their
electrocatalytic activity in the oxygen evolution reaction (OER) was evaluated and the active state
formation was tracked by operando X-ray absorption spectroscopy (XAS). Our studies demonstrate that
the cobalt-rich wustite (Co,/sFe_,3)O nanoparticles underwent a phase-transformation into the spinels

CoyFesz_4O4 (x = 2) under the applied OER conditions. The overpotential 1o at 10 mA cm™?, serving as
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Accepted 15th October 2021 a benchmark for the OER activity of the cobalt ferrite nanoparticles in alkaline media, was lower than

that of magnetite FesO4 even with low cobalt concentrations, reaching a minimum of 350 mV for
Co,.25Feq 7504 with a Tafel slope of 50 mV dect. Finally, we identified that the catalytic activity is linked
to the nanoparticle size as well as to the degree of Co redox activity and change in coordination during OER.
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Introduction

The electrochemical water splitting reaction has been known
for more than 200 years. This process offers easy access to the
industrially important gases hydrogen and oxygen and is also
becoming an important part of the modern energy economy." In
contrast to the hydrogen evolution reaction (HER), the four-
electron-transfer oxygen evolution reaction (OER) is kinetically
hindered on most electrode surfaces, resulting in high over-
potentials (theoretical potential = 1.23 V). Cobalt seems to be an
important ingredient for the synthesis of highly active electro-
catalysts for the oxygen evolution reaction (OER) in alkaline
media and a variety of cobalt materials, i.e. layered double
hydroxides,>* sulfides,* phosphides,>® phosphates,” borides,*°
and spinel-type Co;04,"** showed promising catalytic activities
with low overpotentials. Moreover, surface modification of Co-
based electrocatalysts by introducing either metals or organic
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groups or placing them on porous carbon-based materials has
been demonstrated to substantially increase their OER
activity.”*® Unfortunately, the wide use of cobalt is not
unproblematic due its toxic nature and the increasing global
demand caused by the industrial production of batteries. The
amount of cobalt in electrocatalysts should therefore be
reduced as much as possible and replaced by non-toxic and
earth abundant metals such as iron."”

Spinel-type mixed-metal oxides A"B,"™O, are particularly
interesting as OER catalysts because the cationic sub-lattice is
very tolerant to the substitution of other bivalent and trivalent
cations, hence allowing a wide variation of the chemical
composition and a fine-tuning of the catalytic properties. More-
over, they are very resistant to the harsh OER conditions as was
recently shown for single CoFe,O, nanoparticles with sub 5 nm
size, which withstood OER conditions without changes in the
morphology or crystal structure even at very high current densi-
ties in the range of several kA m~2.**** Spinel nanoparticles are
accessible by a variety of synthetic routes, including hydro-
thermal,®  co-precipitation,” sol-gel,” and solid-state
approaches.” In solvothermal approaches, metal complexes are
thermally decomposed in high-boiling solvents in the absence or
presence of surfactants, so-called capping agents. This process
not only allows the size- and morphology-controlled synthesis of
spinel nanoparticles with precise control of the particle size down
to 2-3 nm with narrow size distributions, but also gives access to
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hydrophobic*** and hydrophilic nanoparticles depending on the
solvent and surfactant.>**

Metal acetylacetonates M(acac), are commercially available
precursors for the synthesis of spinel-type nanoparticles with
various compositions, including monometallic M;0, (M = Fe,*
Co,” Mn™), heterobimetallic MFe,O, (M = Mg, Mn, Co, Ni, Cu,
Zn)*** and even multimetallic materials such as Mng sZn, 5-
Fe,0,.** Moreover, thermal decomposition of various amounts
of such precursors allowed for the synthesis of material series
with systematically varied compositions as was demonstrated
for the synthesis of a series of Co,Fe;_,O, nanoparticles, with x
ranging from 0.5 to 2.** This is important since the degree of
inversion in cobalt ferrite spinels Co,Fe; ,O, is known to
increase with the iron content.*® We recently reported on the
OER activity of ternary spinels Co,Ni; ,Fe,0, (0 = x = 1)** and
CoV,_,Fe,O, nanoparticles (0 = x =< 2),*” which showed much
lower overpotentials and Tafel slopes compared to the binary
spinels NiFe,0, and CoFe,0,, respectively. Apart from the
chemical composition, the electrocatalytic activity of spinel
nanoparticles also largely depends on their size and surface
termination. Spherical, cubic, and octahedral CoFe,O, nano-
particles as well as hexagonal plates and nanofibers were
synthesized,**** while we recently reported on the influence of
the morphology and crystallographic surface termination on
the electrocatalytic properties of Co;O, nanoparticles.*

We herein became interested to investigate the influence of
the cobalt content in spherical cobalt ferrite Co,Fe;_,O, nano-
particles on their electrocatalytic activity. Our attempted sol-
vothermal synthesis of a series of cobalt ferrite Co,Fe; ,O4
nanoparticles over the complete compositional range (x = 0-3,
Ax = 0.25) yielded spherical spinel-type Co,Fe; ,O, nano-
particles with cobalt contents below x = 2, whereas higher
amounts of the Co precursor (x = 2) yielded biphasic mixtures
of cobalt ferrite (Co,Fe; ,O,) and cobalt-iron wiistite (Co,,
3Fe(1_x3)O nanoparticles. The size of the nanoparticles was
found to depend on the Co content and decreased from 9 nm (x
= 0) to 3 nm (x = 2.5). In addition, the activity of the cobalt
ferrite as well as cobalt-iron wiistite nanoparticles in the OER in
alkaline media is reported.

Results and discussion
I Nanoparticle synthesis and pre-catalyst characterization

Thermal decomposition of varying amounts of Fe(acac); and
Co(acac), in triethylene glycol (TEG) in the presence of poly-
ethyleneimine (PEI) as capping agent at 250 °C yielded sub
10 nm nanoparticles. The elemental composition of the nano-
particles was determined by EDX analyses (Table S1t), both of
single nanoparticles and larger nanoparticle aggregates,
proving that the initial Co:Fe precursor concentration is
preserved in the resulting nanoparticles.

Even though the XRD diffractograms show broad Bragg
reflections due the nanosized nature of the oxide phases (Fig. 1),
the crystalline materials were identified as phase-pure cubic
spinels Co,Fe; ,O, in the case of cobalt contents x < 1.75 on
the basis of the Bragg peak positions (26 values of 30.2, 35.6,
43.4,57.2 and 62.6°), which correspond to the (220), (311), (400),
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Fig. 1 PXRD patterns of (a) CosFes_,O4 (x = 0-175) and (b) Co,-
Fes_ xO4/(CoysFen_x3)0 (x = 2-3) with references for FesO4 (PDF 01-
077-1545) and CoO (PDF 01-071-1178).

(511), and (440) lattice planes (Fe;0,4, PDF 01-077-1545, with a =
8.3970 A). In contrast, higher concentrations of the cobalt
precursor (x = 2.00-2.75) yielded biphasic mixtures of cobalt
ferrite (Co.Fe;_,O,4) and cobalt-iron wiistite (Co,/;Feq_x)3)0,
resulting in a shoulder within the broad reflex at 43°. The
fraction of the rock-salt phase as quantified by Rietveld refine-
ment (Fig. S1 and Table S1f) was found to increase with
increasing Co precursor concentration (x = 2.00, 30%; x = 2.25,
57%; x = 2.50, 90%; x = 2.75, 99%). The rock salt cobalt-iron
wiistite phase was identified by Bragg reflections at 26 = 36.5
and 34.4°, corresponding to the (111) and (200) lattice planes of
this structure (CoO, PDF 01-071-1178, with a = 4.2631 A). The
Co-richest material within this series, iron-free cobalt(n) oxide
CoO, formed a biphasic mixture of rock salt and wurtzite-type
phases (CoO, PDF 01-089-2803). The phase transition from the
cobalt ferrite (Co,Fe; ,O,) to the cobalt-iron wiistite (Co,,
sFeq_x3)O phase is also described in the Co-Fe-O phase
diagram for cobalt-rich samples for low oxygen partial
pressures.*®

Fig. 2 TEM images of Co,Fes_,O4 for x = 0 (a), 0.50 (b), 1.00 (c), 1.50
(d), 2.00 (e), 2.50 (f) and 3.00 (g) as well as SAED images for x = 1.00 (h)
and 2.50 (i).

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 shows TEM images of Co,Fe; ,O, nanoparticles,
proving the spherical morphology for all nanoparticles. The
average particle size as-determined by analyzing 100 particles
was found to decrease with increasing Co content from 9 nm (x
= 0) to 3 nm (x = 2.50) (Fig. S2t) as was previously observed by
Jalili and coworkers.*”

The steadily decreasing size of the nanoparticles with
increasing Co content was only observed for particles synthe-
sized with PEI as surfactant, whereas analogous nanoparticles
prepared in the absence of PEI showed constant particle sizes of
5-6 nm independent of the Co content, indicating that PEI
differently binds to iron and cobalt. The binding strength of
ligands to both the molecular metal precursor and the resulting
nanoparticle surface is generally known to largely affect the
nucleation and growth rates and consequently the final nano-
particle size.”® The low magnification micrograph shows well
separated nanoparticles with a low tendency for agglomeration
and a narrow size distribution except for the iron-free material
(Fig. 2g). The average size of the CoFe,0, nanoparticles is 8 nm,
and the DF-STEM image (Fig. 2c) shows crystalline nano-
particles with a d-spacing of 2.53 A corresponding to the (311)-
lattice plane of CoFe,0,. In contrast, the DF-STEM image of
biphasic nanoparticles (x = 2.50) (Fig. 2f) shows lattice fringes
with a d-spacing of 2.46 A, corresponding to the (111)-plane of
the cubic CoO phase. The assignment of the crystalline phases
CoFe,0, and CoO is supported by the respective selected area
electron diffraction (SAED) patterns (Fig. 2h and i).

The core-level XPS spectrum (Fig. S31) for the Co 2p region
shows the characteristic 2p;z, and 2p,,, peaks at ca. 779 and
795 eV, respectively. A satellite peak is visible for both peaks at
higher binding energies of ca. 785 and 802 eV. These satellites
are the signature for octahedrally coordinated high-spin Co**
ions. Neither octahedrally coordinated low-spin Co®" nor
tetrahedrally coordinated Co”" ions exhibits this feature. A high
amount of Co>" ions can be identified for x = 0.50 via peak shift
to ca. 781 eV. Furthermore, the intensity of the satellite peak at
ca. 785 eV decreases for higher amounts of Co from x = 1.00 to
1.50, indicating the presence of Co*" ions.*>* The octahedrally-
coordinated CoO¢ unit was found for sample x = 1.50 at ca.
779 eV, whereas the tetrahedrally-coordinated CoO, unit is
visible at ca. 781 eV.** In contrast, the biphasic materials (x =
2.25,2.50) show more pronounced satellites due to the presence
of high amounts of Co®", in accordance with the formation of
the rock salt phase (Co.Fe;_,)JO, which exclusively contains
bivalent Co. Cobalt-poor samples (x = 0.50, 1.00, 1.50) show
peaks at ca. 711 and 724 eV in the Fe 2p region, which can be
attributed to the Fe 2p3,, and Fe 2p,,, of Fe;0,.”> The satellite
peak at 717 eV, which is characteristic for the presence of Fe**
ions,* increases with higher cobalt contents until only a weak
satellite is visible in the sample with x = 1.75.

The nanoparticles were also characterized by FTIR and
Raman spectroscopy. The spinel-type structure consists of
tetrahedral MO, and octahedral MO units (M = Co, Fe), which
show characteristic signatures in the FTIR and Raman spectra.
The spinel-type structure has five Raman active phonon modes
(Aqg, Eg, three T,,), while the A;, mode in inverse spinels such as
CoFe,0, splits into two modes, Az and A;g+. Only two of them,

This journal is © The Royal Society of Chemistry 2021
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A4z and Ty, are visible as broad modes in the Raman spectrum
shown in Fig. S3a.f The A,, mode around 700 cm ™' most likely
originates from the symmetric stretching of the MO, tetrahedra
and the T,, mode originates from the MOg octahedra, even
though this assignment is controversially discussed in the
literature.** According to Laguna-Bercero et al.>® the AO, unit
cannot be differentiated from the BOg unit due to weaker A-O
bonds compared to B-O bonds, which results in a mixture of
both vibrations within the A;, mode. Both modes shift to lower
wavenumbers with increasing cobalt content up to x = 1.75 due
the incorporation of cobalt into the spinel-type structure as was
previously reported.®® Starting at x = 2.0, the two bands not only
shift back to higher wavenumbers but also become sharper with
increasing value of x, and the E; mode also becomes visible for x
= 2.75 and x = 3.0, respectively. In contrast to the XRD results,
only the spinel-type and not the wiistite-type phase was detected
for high cobalt contents up to x = 3, most likely due to the ease
with which CoO can be oxidized to Co;0, even at moderate laser
power.** The influence of laser power on the transformation is
shown in Fig. S3b,f and biphasic samples (x = 2-3) were
measured at low laser power.

Cobalt ferrite not only shows five Raman active modes but
also four IR-active modes (4 Fy,). The FTIR spectra (Fig. S47)
show two major absorption bands at 386 and 579 cm™ " for the
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Fig. 3 (a) In-field Mdssbauer spectra of Co,Fes_,O4 (x = 1.25-2.5)

nanoparticles, illustrating contributions of A- (green) and B-site (blue)
subspectra. Spin canting angles were determined from the relative
intensities of line 2 (marked by dashed line) and 5, strongly increasing
upon rising Co-content. (b) Parameters extracted from in-field
Mossbauer spectroscopy of CosFes ,O4 (x = 1.25-2.5) nanoparticles:
The determination of the A-site spectral area (black) is hindered at x >
1.75 (shaded area) due to pronounced A- and B-subspectral overlap,
spin canting angles of A- (green) and B-sites (blue) are provided up to x
= 2.0. For higher Co-content the antiferromagnetic behavior prevents
the resolution of the Fe-contributions on tetrahedral and octahedral
positions and therefore, the average spin canting angles (red) are
shown. (c) Remanent magnetization M4 3 « o ) (blue, empty), high-field
magnetization M3 ko 1) (blue, full) and coercive fields (red) deter-
mined at 4.3 K.
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CoFe,0, nanoparticles corresponding to the characteristic
vibrations of octahedral MOy (M = Co, Fe) unit and the tetra-
hedral MO, unit, respectively.’” Both bands shift slightly, most
likely due to a changing degree of inversion, but no clear trend
is visible. Weak absorption bands around 1600, 1450, 1115 and
1059 cm ! indicate the presence of small amounts of the
organic capping agent (TEG, PEI) bonded to the nanoparticle
surface.’®>°

To further probe the composition-dependent structural
properties using the underlying magnetic characteristics, Co,-
Fe;_, 0, nanoparticles with Co-contents of x = 1.25-2.50 were
characterized via Mossbauer spectroscopy as well as magne-
tometry (Fig. 3).

Mdssbauer spectra were recorded at 4.3 K in an applied field
of 5 T (parallel to the y-ray propagation direction) to determine
the distribution of Fe*" ions across different crystallographic
sites, also allowing us to thereby (indirectly) extract the Co-ion
site occupation. As shown in Fig. 3, samples with lower Co-
content (x = 1.25-1.75) show a typical spinel spectrum with
a clear separation between the sextet subspectra of the tetra-
hedrally coordinated A-sites (green) and octahedrally coordi-
nated B-sites (blue). From the ratio of the spectral areas of these
two sites, the degree of inversion can be calculated. As our
samples deviate from the standard stoichiometry given above
(AB,0O,), a representation of the ion distribution via the inver-
sion parameter would be uncommon. Thus, we present the ion
site occupation by plotting the relative spectral area of Fe-ions
on the A-site in Fig. 3a, which allows us to draw conclusions
on the changing site preference upon increasing x. The dis-
played relative A-site spectral areas range from 33(1) % to 36(2)
% for 1.25 = x = 1.75, which is slightly below the inversion
parameter values commonly reported for pure bulk cobalt
ferrite.®° Nonetheless, a more random placement is not unusual
for nanoparticulate spinel systems, depending on the utilized
synthesis procedure.

The finding from in-field Mdssbauer spectroscopy regarding
a rather random site-occupation is substantiated by the high
magnetization values M, ; x o 1) (Fig. 3¢) and also illustrated in
detail in the ESL{ The spectra with low Co-content are also
characteristic in terms of revealing only a moderate degree of
spin canting, which is shown by the intensities of lines 2 and 5
relative to lines 3 and 4, respectively. This indicates that the
magnetic moments are predominantly aligned in the external
field, with the small residual spin canting angle, as also given in
Fig. 3b, presumably stemming from spin frustration effects at
the surface. Upon increasing the Co-content (x = 2.0) in these
samples, two main effects can be observed. On the one hand,
the average spin canting angles for both sites increase, as is
visible by the increasing intensity of lines 2 and 5 in Fig. 3a. On
the other hand, the two sextet subspectra increasingly overlap,
making it impossible to accurately determine the contribution
of the individual sites. Therefore, spectra were reproduced with
only one distribution of effective magnetic fields for x > 2.0,
where we observe a completely random orientation of the pro-
bed spins, as indicated by reaching the “magic angle” (=54.7°).
Such a behavior points towards a transition of the material from
a ferrimagnetic state of the CFO endmember towards an

25384 | J Mater. Chem. A, 2021, 9, 25381-25390
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increasingly antiferromagnetic state, as is typical for Co30,,
while the decreasing average particle diameter upon rising x
will also likely result in stronger surface spin canting. Although
X-ray diffractograms show the formation of a CoO phase for
compositions with x > 2 (Fig. 1b), the comparatively high
hyperfine fields and the isomer shifts of ca. 0.48 mm s~ in the
Mossbauer spectra point towards Fe®™ rather than the Fe**
species one would expect for a Fe-fraction present within
a wiistite-like CoO phase. For compositions up to x = 2.50, this
can be resolved assuming a nearly Fe-free CoO main phase,
while the increasingly minor Co;O,4 phase (Table S27) contains
sufficient residual amounts of Fe, thus being much more
strongly present in the Mossbauer spectra. As the CoO main
phase is also antiferromagnetic,®* the low magnetization in the
M(H) loops (Fig. S6b¥) is consistent with this interpretation, as
is the generally antiferromagnetic nature of the Mossbauer
spectra for x > 2, preventing the resolution of individual sub-
spectra due to a lack of orientation of magnetic moments
relative to the applied magnetic field (Fig. 3a).

II OER activity

The electrochemical OER activity of as-prepared cobalt ferrite
Co,Fe;_,0, (x = 0-1.75) and cobalt-iron wiistite (CoyzFe(;_yy3)
O (x = 2) nanoparticles was determined using a rotating disk
electrode. The nanoparticles were embedded in Nafion® on
glassy carbon working electrodes in a standard three-electrode
system with 1 M iron-free KOH as electrolyte and a Pt counter
electrode at room temperature. To test the influence of solution
of Pt ions from the counter electrode a linear sweep was per-
formed with a graphite counter electrode (Fig. S8t). A catalyst
loading of 100 pg cm ™2 based on the geometrical surface area
(0.196 cm?) was used for all experiments. Additionally, the OER
activity and stability of CoFe,O, (x = 1) was tested for catalyst
loadings of 50 and 200 pg cm > (Fig. S91). The working elec-
trodes were activated by cyclic voltammetry (CV) with a scan rate
of 100 mV s~ in a potential window between 1 and 2 V vs. RHE
until reproducible voltammograms were obtained and linear
sweep voltammogram (LSV) measurements with a scan rate of
5 mV s ' were recorded afterwards (1-2 V vs. RHE). The
benchmark for evaluating electrocatalysts is the overpotential
110, Which is necessary to deliver a geometric current density of
10 mA cm ™ 2.%

Fig. 4a and b display the polarization curves for the Co,-
Fe; .0, (x = 0-1.75) and (Co,/3Fe(;_x)3)O (x = 2) nanoparticles.
The cobalt-free Fe;0, nanoparticles show only a very low elec-
trocatalytic activity and the highest overpotential (699 mV)
within this material series. The introduction of a small fraction
of cobalt (x = 0.25) leads to a significant reduction of the
overpotential by 250 mV, reaching a value that is comparable to
the overpotential of Co;0, (n = 440 mV).** The overpotential
further decreases monotonically with increasing cobalt content
and reaches a minimum at n,, = 350 mV for the composition
Co,.,5Fey.7504. Increasing cobalt content (x > 2.25) then leads to
an increase of the overpotential, which reaches a maximum for
the pure cobalt oxide (CoO) at 119 = 410 mV.

This journal is © The Royal Society of Chemistry 2021
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of 5mV s, (c) overpotential and Tafel slope versus the cobalt content
and (d) chronoamperometry measurements at 10 mA cm™2
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Fig. 4c shows the Tafel slopes for the Co,Fe; ,O, (x = 0-2)
and (Co,/;Fe( _y3)O (x = 2) nanoparticles, and Fig. S10T shows
the overpotential 7 is plotted against the logarithmic current
density log (j). All electrocatalysts show Tafel slopes in a narrow
range of 43-61 mV dec ™. A low Tafel slope indicates favourable
OER reaction kinetics which can imply differences in the OER
surface chemistry.®*** The observed trend for the Tafel slope is
comparable with the trend visible for a series of CoV,_,Fe,O, (0
= x = 2)¥ and Co;_,Ni,Fe,0, (0 = x = 1)* nanoparticles.
Fig. 4d displays chronoamperometry measurements at 10 mA
em™? for CoFe,0, (x = 1), which were performed to investigate
the stability of the nanoparticles under these conditions. The
increasing overpotential with increasing measurement time can
be caused by several processes like nanoparticle growth,
detachment, dissolution and compositional changes. For
instance, leaching of Co*" ions from the nanoparticle surface
into the solution as was previously reported®® would result in
cobalt vacancies or Fe accumulation on the nanoparticle surface
and reduce the number of cobalt atoms on the surface. The
reduced cobalt content should lead to a decrease of the OER
activity as we observed in the LSV curves for spinel compounds
with low amounts of cobalt. In contrast, the phase mixtures of
spinel and rock salt type materials (x = 2.25, 2.50) show
a constant overpotential over time. The observed rising over-
potential for the CoO nanoparticles (x = 3.00) can be attributed
to the oxidation of Co®" to Co*" under electrochemical condi-
tions over the formation of Co(OH),, CoO(OH) and finally
C030,."* The long-term stability in OER was also investigated
by chronoamperometric measurement of CoFe,O, (x = 1) at 1
mA cm™> over 48 h (Fig. S11%) with a slight increase of the
potential most likely due to leaching of Co into solution.

Electrochemical impedance spectra (EIS) were recorded to
gain further insights in the electron transfer kinetics. Fig. 5
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Fig. 5 Electrochemical impedance spectra (EIS) for (a) Co,Fez_,O4 (x
=0-1.75) and (b) (Co,/3Fen_x/3)0 (x = 2) nanoparticles recorded at an
overpotential of 550 mV.

shows the Nyquist plots for the Co,Fe;_,O, nanoparticles at an
overpotential of 550 mV.

With increasing cobalt content, the semicircular arc
becomes narrower up to x = 2.25 and widens up again with
further increase of x. The charge-transfer resistance R.. was
extracted by fitting the Nyquist plot using a Randles circuit. The
cobalt-free catalyst exhibits very high values for R.; with ~2000
Q (Fe;0,). Similarly to the behaviour of the overpotential and
the Tafel slope, R also decreases rapidly with increasing cobalt
content and reaches a minimum value of 10 Q for x = 2.25,
increasing slightly up to 90 Q for x = 3.00. The substitution of
iron by cobalt in the cationic sublattice of the spinel structure
obviously leads to a significantly improved charge transport for
nanoparticles with a cobalt-rich composition, which is in good
agreement with the observed dependence of the Tafel slope and
the overpotential on the elemental composition.

III Operando characterization

Operando X-ray absorption spectroscopy (XAS) measurements
were conducted at the Co and Fe K-edges for four different
nanoparticle compositions: C0,.55Fe).7504, CoFe,0,,
Cog.»5Fe, 7504 and CoOyx. Thus, the metal ion chemical state
and local atomic structure could be determined for the most
important cases of the composition-activity profile. The oper-
ando XAS data of the catalysts were recorded in the as-prepared
state, after an electrochemical conditioning treatment (20 CVs,
1-1.8 Vgyg, 50 mV s ') in the OER active state at +1.8 Vgyg as
well as after OER in the electrolyte at +1.0 Vgyg. All measure-
ments were carried out in 0.1 M KOH. All spectra are provided in
the ESI (Fig. S7-S137) including a table with all fitting param-
eters (Table S67).

The X-ray absorption near edge structure (XANES) spectra of
Co,.55Feq 7504, CoFe 0,4, Coy ,5Fe, 750, and CoOy at the Co K-
and Fe K-edge are provided in Fig. 6a and b and S12a-e.f The
corresponding oxidation states of Co and Fe were calculated by
comparison of the absorption edge position with known refer-
ence compounds.””> The extracted oxidation states are dis-
played in Fig. 6¢ for Co and Fig. S12ft for Fe, with an uncertainty
of £0.1 and £0.2 for Co and Fe, respectively. The average Co
oxidation state increases for all samples during OER and this
oxidation process is partially reversible as the Co oxidation state
after OER exhibits a reduction. The average oxidation state of Fe
is close to +3 for all samples and changes significantly less than
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Fig.6 (a) Coand (b) Fe K-edge XANES of Co, »5Feq 7504 nanoparticles
as-prepared (ap), during OER at 1.8 Vgye and after OER at OCV at ~1
Vrhe- (€) Co oxidation state ap, during and after OER of Co, 25Feq 7504,
CoFeyQ4, CogasFes 7504 and CoOy nanoparticles. (d) Co and (e) Fe K-
edge EXAFS of Co,»sFeq 7504 nanoparticles and (f) the fraction of Co
ions occupying available octahedral sites.

that of Co under the different electrochemical conditions,
especially considering the error bars. In detail, we identified
that the average initial Co oxidation state ranges from +2.3 to
+2.6, which increases with the percentage of Co within the
sample. The initial Fe oxidation state as-prepared is +2.8 to +3,
with no distinct trend with nanoparticle composition. During
OER, the Co oxidation state increases from +2.4 to +3.0. The
cobalt-rich CoOx and Co,ysFe, 7504 exhibit the highest Co
oxidation state of +3.0, followed by CoFe,O, with +2.9 and
Cog.p5Fe, 750, with +2.4. All samples possess an Fe oxidation
state ranging from +2.9 to +3.0 during OER. After OER, the
cobalt oxidation decreases to +2.5 and +2.7 for CoFe,O, and
Co, »5Feq 7504, respectively, but stays constant within error bars
for CoOx and Coy ,5Fe; 7504. In this regard, the Co, »5Feq 750,
and CoFe,O,4 nanoparticles reduce stronger after OER than the
Coy.»5Fe, 750, and CoOx nanoparticles, implying a larger redox
activity of the Co ions. The Fe oxidation state after OER remains
unchanged within the error. Interestingly, the so-called white
line position (energy of the intensity maximum) of the Fe
XANES profile for Co, ,5Fey 750, shifts reversibly from 7131.5 eV
to 7132.5 eV, which indicates subtle changes in the electronic
structure under OER conditions.

The extended X-ray absorption fine structure (EXAFS) anal-
ysis for bimetallic CoxFe, xO, nanoparticles was carried out
based on a spinel-structure with a fixed 2 : 1 ratio of octahedral
and tetrahedral site occupancy (see ESIT for further details).
This analysis was carried out at both the Co and Fe K-edges for
Co, 55Fep 7504 and CoFe,O, nanoparticles. The Cog,s5Fe; 7504
nanoparticles were excluded from the former analysis due to
insufficient data quality caused by the low Co content. For the
CoO, nanoparticles, the same model was applied without
a fixed 2:1 ratio to determine the fraction of octahedrally-
coordinated Co ions in the presence of the wurtzite-CoO
phase. The fits are displayed in Fig. 6d, e and Slla-ef for
measurements carried out on the as-prepared samples, during
OER and after OER. The first peak corresponds to the M-O
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coordination at ~1.6 A (phase uncorrected). The peak of the
second coordination shell at 2.5 A (phase uncorrected) corre-
sponds to two di-p-oxo bridged metal ions in octahedral sites. A
third coordination shell peak at 3.1 A (phase uncorrected)
originates from mono-p-oxo bridges between metal ions occu-
pying tetrahedral and octahedral sites.””*

As discussed above, the wiistite CoOx nanoparticles do not
exhibit a spinel structure and the XANES can be best described
as a linear combination of rs-CoO, w-CoO and CoOOH reference
spectra. In the as-prepared state, the EXAFS spectra show
a pronounced contribution of the second coordination shell
due to the occupation of octahedral sites, and some contribu-
tion in the third coordination shell from tetrahedral sites as-
prepared. During OER, a CoOOH-like structure with only octa-
hedral sites occupied is formed, which is typical for cobalt
oxides. After OER, the pure CoO, nanoparticles were found to
restructure, as some tetrahedral sites are occupied with Co ions
afterwards leading to a Co;0,-like structure.

Fig. 6f shows the fraction of Co located in available octahe-
drally coordinated sites in CoOy, Co,,sFe, 50, and CoFe,0,
nanoparticles. As-prepared, the fraction is highest for
Co,.»5F€0 7504 and similar for CoOx and CoFe,0,. During OER,
the fraction of Co occupying the octahedral sites is larger than
before and/or after OER and thus, linked to the oxidative reac-
tion conditions and an (irreversible) increase in the average Co
oxidation state. This process is strongest yet irreversible for
CoOy and lowest for CoFe,0,. It is not surprising that CoOx
forms a CoOOH-like structure under OER conditions with all Co
octahedrally coordinated. Remarkably during OER, the most
active Co, »sFe, 7504 catalyst exhibits an increase in octahedral
sites occupied by Co whereas the less-active CoFe,0, is almost
identically unchanged as compared to the state after OER.
Recently, octahedral di-p-oxo bridges have been identified as
a common structure formed during OER independent of the
initial crystal structure including Co;O, spinel oxides.®* After
OER we notice a decrease of octahedrally coordinated Co which
arises as tetrahedrally coordinated sites of the third coordina-
tion shell. The EXAFS fits furthermore revealed that the iden-
tified reversible oxidation of the Co ions results in a contraction
of the average Co-O bond during OER by 0.03-0.04 A for all
analysed samples as compared to after OER. The di-p-oxo
bridges and mono-p-oxo bridges contract by 0.01-0.02 A for Co
ions. The Fe-M distances contract within ~0.02 A for second
and third coordination shell.

In summary, XANES and EXAFS analyses suggest an
increasing average Co oxidation state with increasing Co
content in the as-prepared state. The most active Co, ,5Feq 7504
shows pronounced (reversible) changes in the Co oxidation
state as well as di-p-oxo bridges during OER, which is similar to
pure CoOx nanoparticles. This contrasts with CoFe,O, nano-
particles which show a strong Co oxidation during OER but
miss the transformation during OER. Cog,sFe, ;504 nano-
particles do not show changes, underlining their low reactivity.
In general, the Fe ions do not undergo a pronounced redox
transition during OER and the Fe K-edge data do not show
strong Fe oxidation or Fe-O contraction. It must be noted that
based on the operando XAS results, the Co ions participate
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significantly stronger in the redox chemistry and the degree of
average structural change during OER, as referred to the post-
catalysis state is linked to the catalytic activity.

IV Post-catalyst characterization

The OER is performed in strong alkaline media under high
potentials and current densities which can lead to structural
and chemical changes of the electrocatalyst. We therefore per-
formed a post-catalysis characterization of the nanoparticles.
EDX analyses of the bulk CoFe,0, spinel nanoparticles show no
change of their chemical composition after catalysis.

The crystalline structure of the spinel nanoparticles (x < 2)
was unaffected by OER conditions according to XRD and SAED
analyses. This agrees with the reversible structural trans-
formation determined by operando XAS and previous reports.**
However, the formation of very small nanoparticles (1-2 nm)
was observed for CoFe,0, (x = 1) (Fig. 7b), which could not be
analyzed in more detail due to their small size. Additionally, the
elemental composition becomes less homogeneous in a single
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Fig. 7 TEM images of CoFe,O4 (x = 1) nanoparticles before (a) and
after OER (b), TEM-EDX linescans on a single particle for CoFe,O4 (x =
1) before (c) and after electrochemical treatment (d) and SAED patterns
after OER measurements for Co,Fes_,O4 with x = 2.25 (e) and 2.50 (f).
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Fig. 8 Rietveld refinement of sample x = 2.50 on Si after OER
measurement (GIXRD, 1°).

particle after electrochemical treatment (Fig. 7c¢ and d).
However, these data should be regarded with care since only
a single particle was analysed. In contrast, the cobalt-iron
wiistite nanoparticles underwent major structural changes
during OER and were transformed into the spinel-type structure
as was proven by SAED (x = 2.25, 2.50, Fig. 7e and f) and GIXRD
(x = 2.50, Fig. 8) with no residues of rock salt type material. The
characteristic reflections due to the iron-cobalt wiistite phase
disappeared, whereas reflections due to the spinel structure are
present. These findings agree with the results obtained by
operando XAS.

Conclusions

A series of sub 10 nm PEG/PEI stabilized phase-pure cobalt
ferrite Co,Fe; ,O, (x = 1.75) and cobalt-rich cobalt-iron wiistite
(CoxsFe(—x)y3)O nanoparticles (x = 2) were synthesized and
characterized by EDX, XRD, TEM, IR and Raman spectroscopy.
A rather random ion site-occupation with a minor Co B-site
preference was found by in-field Mossbauer spectroscopy, in
agreement with magnetometry results. The nanoparticles were
tested as OER catalyst in alkaline media, and operando XAS
measurements revealed a correlation of the content of di-y-oxo
bridged cobalt-metal sites and the extent of reversible Co
oxidation state change during OER with the reactivity. Post
catalysis GIXRD and SAED analyses revealed the phase transi-
tion of iron-cobalt wiistite (CoysFe;;_x;3)0 (x = 2) nano-
particles into the spinel phase. The introduction of cobalt into
the spinel structure improves the OER reaction kinetics and the
charge transport of the nanoparticles, resulting in a reduction
of the onset potential and the overpotential 7,, for the OER
compared to the cobalt-free Fe;04. A maximum OER activity is
reached for x = 2.25, whereas a further increase of the Co
content results in a steady increase of the overpotential.
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Experimental

Synthetic procedures

Materials. Cobalt(ir)acetylacetonate Co(acac), (99%), iron()
acetylacetonate Fe(acac); (97%), polyethylenimine (branched,
M,, = 800 by LS) (PEI) and triethylene glycol (99%) (TEG) were
purchased from Sigma-Aldrich and used without further
purification.

Synthesis of cobalt ferrite Co,Fe; ,0, (x =< 1.75) and cobalt-
iron wiistite (Co,/;Fe(; ;)0 nanoparticles (x = 2). 150 mg PEI
as well as Co(acac), and/or Fe(acac); (Table S7t) were sus-
pended in 10 g of TEG and stirred for 1 h at 120 °C in the open
reaction vessel to remove volatile contaminations. The resulting
clear solution was stirred at 250 °C for 1 h in a closed reactor
vessel and then cooled to ambient temperature. Addition of
a 1:1 mixture of acetone and ethyl acetate resulted in precipi-
tation of the CoFe;_,0, nanoparticles, which were isolated by
centrifugation (3000 rpm, 10 min), washed two times with
acetone and dried at ambient temperature.

Methods

Powder X-ray diffraction (PXRD). PXRD patterns of the
nanoparticles were recorded at ambient temperature (25 & 2 °C)
using a Bruker D8 Advance powder diffractometer in Bragg-
Brentano mode with Cu Ko, radiation (1 = 1.5418 A, 40 kv and
40 mA). The powder samples were investigated in the 26 range
of 5 to 90° with a step size of 0.01° (26) and a counting time of
0.3 s. The amount of catalyst, which is typically used for OER on
the GC-electrode, is not sufficient for standard XRD measure-
ments. Therefore, the OER measurement was repeated with
2 mg catalyst loaded on highly conductive Si(100) substrates.
After OER, the loaded silicon substrates were used as sample
holder for grazing incidence X-ray diffraction (GIXRD)
measurements, which were recorded using a Panalytical
Empyrean diffractometer with Cu-Ko. radiation (1 = 1.5418 A, 40
kv, 40 mA) and a fixed angle of incidence of 1°. The films were
investigated in the 26 range of 5 to 90° with a step size of 0.05°
(26).

Transmission electron microscopy. The size and
morphology of the nanoparticles were analyzed by using a JEOL
2010 (200 kV) transmission electron microscope. Energy-
dispersive X-ray spectroscopy (EDS) studies were carried out
on a scanning electron microscope (Jeol JSM 6510) equipped
with an EDS device (Bruker Quantax 400), and the spectra were
quantified using the software Esprit 1.9 (Bruker).

Infrared spectroscopy (IR). IR spectra were recorded with an
ALPHA-T FT-IR spectrometer equipped with a single-reflection
ATR sampling module.

Raman spectroscopy. Raman spectra were recorded with
a Renishaw InVia-Raman spectroscope using a laser with
a wavelength of 633 nm (Ppa.x = 15 mW, mag. 50x) with 6 s
exposure time and 30 repeats.

Magnetometry. Magnetic properties were investigated using
the vibrating sample magnetometer (VSM) option of a Quantum
Design PPMS DynaCool. Field-dependent magnetization was

analyzed via M(H) curves recorded at temperatures of 4.3 K and
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300 K up maximum fields of +9 T, while temperature-
dependent magnetization M(T) was characterized by recording
zero field cooled - field cooled (ZFC-FC) curves with a sweep
rate of 2 K min~' between 5 K and 320 K under an applied
magnetic field of 10 mT.

Mossbauer spectroscopy. Measurements on dry powder
samples were performed in transmission geometry, using
a *’Co(Rh) radiation source mounted on a WissEl Mdssbauer
driving unit operating in constant acceleration mode. To record
spectra at low temperatures (4.3 K) and high applied magnetic
fields (5 T), a liquid helium bath cryostat was employed. Using
a superconducting magnet in split-pair geometry, a homoge-
neous magnetic field could be applied at the sample position,
with the field being parallel to the y-ray propagation direction.

Operando X-ray absorption spectroscopy (XAS) measure-
ments. XAS measurements were conducted at the PETRA II P64
Advanced EXAFS beamline at DESY at the Co (7708.9 eV) and Fe
(7112.0 eV) K-edge. Samples were measured dry in as-prepared
state, operando during OER at 1.8 Vgyg after a conditioning
with 20 cyclic voltammograms from 1-1.8 Vgyg with 50 mV s™*
scan-rate and at 1.0 Vgyg after OER. Further details are given in
ESLY

Electrochemical
measurements were performed in a conventional three-
electrode cell using an Autolab potentiostat/galvanostat
(PGSTAT12, Eco Chemie, Utrecht, The Netherlands) coupled
to a Metrohm RDE rotator. A disc shaped glassy carbon elec-
trode of geometric area 0.196 cm® modified with the catalysts
was used as working electrode, Ag/AgCl/3 M KCl as the reference
electrode and a platinum sheet as counter electrode. The
measured potentials were converted to the reversible hydrogen
electrode (RHE) scale using the following equation E vs. RHE =
Evs. Ag/AgCl +0.207 V + 0.059 V x pH. The pH value (14 for 1 M
KOH) was determined using a pH meter. Prior to the experi-
ments, the glassy carbon electrode was polished on a polishing
cloth using different alumina pastes (3.0-0.05 um) to obtain
a mirror-like surface, followed by ultrasonic cleaning in water.
For electrochemical measurements, the catalyst ink was
prepared by dispersing 5.0 mg of the catalyst in a mixture of 990
pL ethanol and water (1: 1) and 10 pL of a 5 wt% Nafion 117
solution by ultrasonication for 30 min. 3.92 pL of the catalyst
suspension was drop-coated onto the polished glassy carbon
electrode and dried in air at room temperature resulting in
a mass loading of 0.10 mg cm 2. Prior to the OER measure-
ments, modified electrodes were subjected to continuous
potential cycling in the potential window of 1 V to 2 V vs. RHE
with a scan rate of 100 mV s™* until reproducible voltammo-
grams were obtained and LSV measurements for OER activity
were recorded with a scan rate of 5 mV s~ in a potential window
of 1V to 2 Vvs. RHE. Electrochemical impedance spectroscopy
(EIS) was performed at frequencies between 100 kHz and 0.1 Hz
with an overpotential of 550 mV. The resistance of the solution
was determined from the resulting Nyquist plot, and then later
used for ohmic drop correction according to the relation, E. =
E,, — iR, where E. is the corrected potential and E,, is the
applied potential. All reported current densities were calculated
using the geometric surface area of the electrode.

characterization. Electrochemical
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