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Catalytic Activity of Cobalt Ferrites in Water Oxidation
Reactions and Its Defect Dependency

Anna Rabe,?) Ahmed Gamal Attallah,’® < Benedikt Eggert,1?! Eric Hirschmann,®!
Soma Salamon,@! Joachim Landers,’? Lea Kimmerer,?! Nicolas Cosanne,!! Adarsh Koul,®!
Eko Budiyanto,! Wolfgang Schuhmann,'® Malte Behrens,[d and Heiko Wende*!!

CoFe,04 (CFO) nanoparticles were synthesized via controlled
co-precipitation with subsequent calcination at 400 °C, 500 °C,
and 600 °C to systematically investigate the influence of ther-
mal treatment on mesostructure, catalytic performance, and
especially defect landscape. Structural characterization revealed
enhanced crystallinity, sintering, and reduced defect concen-
tration with increasing calcination temperature. Mdssbauer
spectroscopy and magnetometry indicated increased inversion
parameters, improved magnetic alignment, and reduced spin
canting, which is consistent with enhanced atomic diffusion
during calcination and structural ordering. Positron annihila-

1. Introduction

Water splitting is a cornerstone reaction in the pursuit of sus-
tainable hydrogen production, offering a clean and renewable
pathway to meet the ever growing global energy demand.!
Central to the viability of this process is the development of
efficient and stable catalysts, particular for the electrochemical
oxygen evolution reaction (OER), which is kinetically sluggish

[a] Dr. A. Rabe, Dr. B. Eggert, Dr. S. Salamon, Dr. J. Landers, Dr. L. Kimmerer,
Prof. Dr. H. Wende
Faculty of Physics and Center for Nanointegration Duisburg-Essen (CENIDE),
University of Duisburg-Essen, Duisburg, Germany
E-mail: heiko.wende@uni-due.de

[b] Dr. A. G. Attallah, Dr. E. Hirschmann
Institute of Radiation Physics, Helmholtz-Zentrum Dresden-Rossendorf,
Dresden 01328, Germany

[c] Dr. A. G. Attallah
Physics Department, Faculty of Science, Minia University, Minia 61519, Egypt

[d] N. Cosanne, Prof. Dr. M. Behrens
Institute for Inorganic Chemistry, Christian-Albrechts-Universitdt zu Kiel, Kiel
24148, Germany

[e] Dr. A. Koul, Prof. Dr. W. Schuhmann
Analytical Chemistry — Center for Electrochemical Sciences (CES), Faculty of
Chemistry and Biochemistry, Ruhr University Bochum, Bochum 44780,
Germany

[f] Dr. E. Budiyanto
Max-Planck Institute fiir Kohlenforschung, Miilheim an der Ruhr 45470,
Germany

O © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH. This is

an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

ChemCatChem 2025, 0, 01270 (1 of 9)

tion lifetime spectroscopy confirmed a calcination-dependent
decrease in vacancy-type defects. Catalytic testing showed
diverging trends: chemical water oxidation (CAN test) activity
increased with calcination temperature, but electrochemical oxy-
gen evolution (OER) activity decreased. The opposing behavior is
attributed to distinct differences in mechanism: CAN test reactiv-
ity is dominated by surface site availability, whereas OER benefits
from defect mediated conductivity and charge-transfer. These
results underline the pivotal role of defect engineering while tail-
ing spinel catalysts and highlight that optimal mesostructures
depend strongly on the target reaction.

and therefore leads to high overpotentials.”! Among the various
classes of investigated materials, transition metal oxides, espe-
cially spinel-type oxides such as cobalt ferrite, pure cobalt spinel
and doped analogues, have emerged as promising candidates
due to being earth abundant, intrinsic structural stability and the
presence of redox-active cations.!>”!

However, the catalytic performance of these materials is
highly sensitive to their composition and mesostructure, mean-
ing crystallinity, cation distribution, pore size, and the concen-
tration and type of defects.®" These mesostructural features
not only influence surface reactivity, but also more bulk-like
properties such as charge transport and ion mobility, which
are both crucial factors, especially for electrochemical water
oxidation." Defects such as oxygen vacancies, cation vacancies,
and dislocation play particularly critical roles, also their spe-
cific functions differ depending on the reaction environment.!
While chemical water oxidation with a sacrificial single-electron
oxidant is largely governed by the nature and availability
of surface-active sites, ™" electrochemical processes introduce
additional complexity through requirement of, e.g., active phase
formation, electronic conductivity and efficient charge transfer
kinetics.!">1]

Understanding and controlling the mesostructure, includ-
ing defect landscapes, is thus essential of the knowledge-based
design of high-performance catalysts. These characteristics can
be finely and reproducibly tuned through highly controlled syn-
thesis parameters during precursor synthesis and particularly
thermal treatment conditions such as calcination temperature.
In this study, we systematically investigate the influence of cal-
cination temperature on the mesostructure and catalytic activity
of cobalt ferrite, with a special emphasis on correlating defect
structures with observed reactivity trends.
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To achieve this, next to typical characterization techniques
such as PXRD, SEM, Mossbauer spectroscopy, magnetometry,
and BET analysis, we employ positron annihilation lifetime spec-
troscopy (PALS), an advanced characterization technique capa-
ble of providing detailed insights into the type, concentration,
and evolution of vacancy-type defects within the catalysts. By
comparing catalytic behavior across different reactions, namely
chemical and electrochemical water oxidation, we aim to dis-
entangle structure-reactivity relationships that govern perfor-
mance. Ultimately, this work provides a deeper understanding
of how mesostructural features, particularly defects, impacts
catalytic activity, paving the way for knowledge-based catalyst
design.

We structured the paper as follows: First, we present the
synthesis of the catalysts, then we turn to structural charac-
terization, including analysis of magnetic properties and defect
characterization. In the second part, we investigate the dif-
ferent trends observed in chemical and electrochemical water
oxidation and correlate them with the structural and magnetic
characterizations.

2. Results and Discussion
2.1. Synthesis and Characterization

For synthesis of the systematic calcination series investigated in
this work, a cobalt ferrite precursor was directly co-precipitated
under highly controlled conditions in an automated lab reactor
system, similar to that reported in Rabe et al.!®! Subsequently,
the precursor was calcined at three different temperatures,
namely 400 °C, 500 °C, and 600 °C. The three CoFe,0, sam-
ples are labelled according to their final calcination temperature
CFO400, CFO500, and CFO600.

As already reported,'®! the precursor was thermally treated,
to trigger the crystallization of potential X-ray amorphous by-
phases. In this paper, thermal treatment does not only serve this
purpose, but the different calcination temperatures are assumed
to result in different degrees of domain and particle size, crys-
tallinity, and defect density. Especially the effect of the defect
landscape is characterized using positron lifetime annihilation
spectroscopy and is correlated with the catalytic activity.

Thermogravimetric analysis (TGA) of the as-prepared sample
is shown in Figure 1, left. Even though in X-ray powder diffraction
(PXRD) only a cobalt ferrite diffraction pattern and no additional
reflections from potential by-phases were observed, a significant
weight loss was detected at temperatures below 300 °C, which is
assigned to drying and decomposition of potential amorphous
hydroxide or carbonate precursor phases. After calcination at
only 400 °C, no pronounced weight loss is observed anymore,
and any potential amorphous by-phases are assumed to have
crystallized.

Elemental analysis was performed for all samples and
showed the desired cobalt to iron ration of 1:22. Additionally,
after calcination at 300 °C a minor amount of hydrogen was
detected, agreeing with the weight loss below 300 °C observed
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in TGA. Together with the minor mass loss in TGA at this
temperature, only the samples at or above 400 °C calcination
temperature were considered phase pure. The PXRD reflec-
tions become sharper with increasing calcination temperature,
indicating a higher degree of crystallinity. The surface area
was analyzed using nitrogen physisorption and was 80 m?/g
for CFO 400, 42 m?/g for CFO500 and 15 m?/g for CFO 600.
Figure 2 shows scanning electron microscopy (SEM) micro-
graphs of the three calcined samples. With increasing calcination
temperature, larger particles due to sintering are observed,
agreeing with the increasing crystallinity and particle growth
indicated by sharper PXRD reflections and the decrease in sur-
face area from the Brunauer-Emmett-Teller (BET) technique.
The N, physisorption adsorption-desorption isotherms are fur-
ther analyzed to examine the pore structures of the cobalt
ferrite calcination series samples (Figure 3). These adsorption—
desorption isotherms exhibit type H1 hysteresis loops for all
cobalt ferrite samples in the calcination series, indicating the
adsorption-desorption behavior of mesopores formed between
agglomerated particles.™ This result agrees well with the mor-
phology observed in the SEM micrographs (Figure 2), which
reveals the mesoporous texture between the agglomerated
particles.

To study changes in magnetic structure and site-occupation
connected to structural modifications during the annealing pro-
cess, we performed Mossbauer spectroscopy at 4.3 K in an
external magnetic field of 5 T (Figure 4). We observe two sex-
tet subspectra corresponding to Fe** on the tetrahedral A-sites
(green) and octahedral B-sites (blue), reproduced here via nar-
row hyperfine field distributions. The subspectra show partial
splitting due to the sublattices’ antiparallel alignment, allowing
for the resolution of both contributions and the determination
of relative subspectral intensities reflecting the Fe site occu-
pation in the three samples, usually described in spinels via
the inversion parameter x shown in Table 1. This approach
reveals an increase from Xcrosgo = 0.64(6) t0 Xcrosoo = 0.74(4)
and Xcrosoo = 0.76(2) upon rising annealing temperature, toward
the partially ordered inverse spinel structure most commonly
present in CoFe,0,.12°?"" Due to the stronger overlap of spec-
tral contributions at lower temperatures, the error margin is
comparatively higher. Still, we register a first strong increase in
inversion parameter when going to 500 °C, visible already to
the naked eye in the corresponding spectra by the change in
amplitude of the first and last sextet lines of A- and B-site contri-
bution, respectively. This could indicate an onset of a necessary
level of atomic diffusion to allow this considerable change in
Fe ion distribution to take place at this temperature, with a
minor, further increase upon going to even higher annealing
temperatures.

At the same time, the degree of magnetic alignment, which
is expected to show a correlation to the presence of struc-
tural defects, can be analyzed based on the relative intensity
Ay of absorption lines 2 and 3, providing the average angle
between spin and y-ray incidence direction (here being parallel
to the magnetic field), also known as spin canting angle. Here,
we observe higher average canting angles for octahedral lat-
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Figure 1. Left: Thermogravimetric analysis of the as-prepared CoFe,0,4. Right: PXRD patterns of the as-prepared cobalt ferrite and after calcination at the

different temperatures. CoFe,0,4 reference from Ref. [18].

Figure 2. SEM images of the cobalt ferrite calcination series.
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Figure 3. N, physisorption adsorption-desorption isotherms of the cobalt
ferrite calcination series. Solid lines indicate adsorption branches and
dotted lines indicate desorption branches.

tice positions, which is a known phenomenon in most spinel
systems.[??! In addition, a decrease in canting angle is detected
-, i.e,, an increasing degree of magnetic alignment - for higher
annealing temperature, likely being connected to the combina-
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Figure 4. Mossbauer spectroscopy of samples annealed at 400 °C, 500 °C,
and 600 °C, recorded at 43 K in an external magnetic field of 5 T parallel
to the y-ray incidence direction.

tion of improved lattice structure and rising particle size, leading
to a lower number of Fe surface positions.

M(H) loops up to a maximum field of £+ 9 T were recorded for
samples of all calcination temperatures at both 4.3 K and 300 K
to determine the overall magnetic character, as well as the sat-
uration behaviour at high fields (Figure 5). Generally speaking,
all measurements show a consistent rise of the magnetization
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Table 1. Inversion parameter x and average spin canting angles of A- and
B-site Fe’* for sample material annealed at calcination temperatures of
400 °C to 600 °C.

Calcination temperature Inversion parameter Oa (9 O3 (9)
400 °C 0.64(6) 30(1) 38(1)
500 °C 0.74(4) 28(1) 33(1)
600 °C 0.76(2) 27(1) 31(1)
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Figure 5. M(H) curves recorded up to magnetic fields of £9 T recorded at
4.3 K (a) and 300 K (b).

upon increasing calcination temperature, valid in both the low-
field range as well as the high-field regions of the M(H) loops,
except for a slightly stronger curvature of M(H) for material
calcinated at 400 °C indicating a somewhat slower approach
to saturation, matching higher canting angles discussed in the
Mossbauer spectroscopy section above. A comparison of the
individual graphs of each set shows strong consistency in terms
of hysteresis shape and saturation behavior, with only minute
differences visible in coercivity observed at 300 K. All measure-
ments display a minor soft-magnetic contribution upon going
through zero field, which was associated in the literature, e.g.,
with reorientation of surface spins.[*!

This increase in magnetization is consistent with the improv-
ing magnetic alignment visible in M&ssbauer spectra recorded
at 5 T. Naturally, marked changes in magnetization of spinel sys-
tems can also take place by variations in the inversion parameter
as observed upon calcination at 500 °C, however, for CoFe,04, a
redistribution of low magnetic moment Co?* preferably to the B-
site will usually result in a decrease of saturation magnetization
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Ms. Therefore, we would rather assign the rise in Ms noticeable
here to the improved magnetic ordering than to a redistribution
of Co and Fe ions.

Next to the thorough mesostructural characterization of the
as-prepared and all calcined cobalt ferrite samples, positron
annihilation lifetime spectroscopy (PALS) was performed to learn
more about the defect structure of the thermally treated samples
and consequently to better understand their catalytic activity.

Table 2 shows the two short-lived positron lifetimes 1,
and t,, the average lifetime and the corresponding intensities
for CFO400, CFO500, and CFO600. The presence of only two
components suggests that a single defect type dominates the
annihilation environment. In this framework, 7, is attributed
to vacancy-type defects, and t; is commonly interpreted as a
reduced bulk lifetime. This reduction occurs because a significant
fraction of positrons is trapped at vacancy sites, which lowers
the contribution from bulk-like annihilation. Consequently, t,
becomes shorter than the actual bulk lifetime. Based on this, the
Simple Trapping Model (STM) can be applied to estimate the
true bulk lifetime using the measured values of 1;, 75, and their
intensities.242°]

For CoFe,0,4 (CFO), the expected bulk lifetime is ~199 ps.[2!
However, STM analysis of our CFO samples yielded recalculated
values between 270 and 300 ps - significantly higher than the
literature value. Attempts to include an additional lifetime com-
ponent in the analysis were inconclusive, indicating the presence
of an additional, unresolved defect. This points toward the pres-
ence of a secondary defect type that overlaps with the reduced
lifetime, thereby driving 7; to higher values. The nature of this
defect type cannot be clearly identified. Presumably, these non-
resolvable defects can be extended defects like dislocations not
containing monovacancies.!””! Dislocations are known to pro-
duce positron lifetimes slightly longer than the bulk but these
are not easily distinguishable as separate components in the
spectrum.”?®! In this case, 7, is a weighted average of two con-
tributions: a reduced bulk lifetime and, likely, dislocations. At
lower calcination temperatures, the contribution from disloca-
tions is minor, and t; mainly reflects a reduced bulk lifetime.
As calcination temperature increases, dislocations become more
prominent, gradually shifting 7, toward values near the expected
bulk lifetime.[?! However, this apparent convergence should not
be interpreted as a signature of a defect-free bulk system. The
persistent presence of t, confirms that vacancy-type defects
remain. The increase in 7, intensity (I;) with temperature further
supports the growing role of dislocations, which have a higher
trapping cross-section.

The second component 7, is attributed to larger vacancy
clusters, likely located at grain boundaries, and exhibits almost
no change with calcination temperature (~ constant cluster
size) with their concentration (l,) decreasing with increasing
calcination temperature. This can be connected to the higher
diffusion deduced from inversion parameters from Mossbauer
spectroscopy, as shown above. The qualitative trend summarized
in Table 2 reflects a temperature-dependent defect evolution.
The average positron lifetime, calculated as 7.4 = 71l + 75h,
serves as a cumulative indicator of the material’s defect con-
tent. An average positron lifetime exceeding that of defect-free
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Table 2. PALS-derived lifetime components and intensities of CFO samples calcined at different temperatures. The average lifetime 75,4 = 77 X hh + 72 X |
is also presented.
Calcination T (°C) 71 (ns)/l (%) 75 (ns)/ly (%) Tavg. (NS)
400 0.185 + 0.004/20.06 + 0.89 0.36 + 0.001/79.63 £ 0.89 0.323 + 0.007
500 0.190 + 0.003/27.02 + 1.06 0.355 + 0.001/72.71 £ 1.05 0.309 =+ 0.008
600 0.204 + 0.005/41.29 + 2.12 0.360 + 0.004/52.40 =+ 239 0.272 + 0.018
bulk material signifies the presence of open-volume defects, 200 CFOa00
and correlates with defect type and density.*"! The 7,4, overall 150 : CFO500
defect concentration, is decreasing with calcination temperature, i i e CFO600
indicating defect healing. This agrees strongly with the sharp- §&E\ 104 A
ening of the reflections in PXRD, indicating higher crystallinity. S ‘\
Also, the sintering made visible through SEM investigations % o' 140 \
and the decreasing surface area detected by BET analysis con- § g 120 \\ increasing calcination
firm the hypothesis of defect healing with increasing tempe- g =z \ temperature
Q N
rature. = i
8 g 100 o
ET Mo
g E 80 RS %
2.2. Catalytic Performance © S~e o
60 - ===
After thorough characterization of the mesostructure, the three 40
T T

calcined cobalt ferrites samples were tested for their activity in
chemical water splitting, using Ce** in the form of ceric ammo-
nium nitrate (CAN) as an oxidizing agent and electrochemical
oxygen evolution reaction (OER) in alkaline condition. CAN is an
oxidant for chemical OER catalysis known in the literature and
can be used to predict activity in electrochemical OER.3*3! Due
to the stability of CAN in solution,®?! the observed oxygen stems
from the catalytic activity of the catalyst. However, it can only be
tested in acidic conditions due to the pH of CAN,'*? in contrast
to the electrochemical tests, which are performed under alka-
line conditions. In this study, the initial rate of the CAN test was
used to compare the activity of the cobalt ferrites. For the elec-
trochemical OER activity current densities at 1.85 V versus RHE
were extracted (Figure 6).°! A detailed description of the per-
formed measurements can be found in the experimental part of
this paper.

The initial rates for the CAN test increased with increasing
calcination temperature. The initial rate for the sample calcined
at 500 °C was already subject of a former publication.!®! Within
the determined error bars, the initial rates are the same, proving
reproducibility of the synthesis. For the alkaline oxygen evolu-
tion reaction, the current densities decreased with increasing
calcination temperature, which represents a decrease in activity.

These inverse trends for the oxidation reactions may be
explained in part by the difference in acidity, but the differ-
ent driving forces of the reactions are also to be considered.
The driving force is purely chemical and governed by the uni-
form exposure of the catalyst’s surface to the oxidation potential
of the dissolved Ce** ions,®B! which serve as single electron
transfer agents. The water oxidation reaction requires four redox
equivalents and can be maintained by continuous supply of
four fresh Ce** cations to the reaction site from the reaction
fluid with only little relevance of transport phenomena in the
solid catalyst. Interestingly, even though the surface area of the
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Figure 6. Initial rates for chemical water oxidation versus current densities
at 1.85 V versus RHE for electrochemical OER for the calcination series. The
dashed line is presented to guide the eye to show the trend with
increasing calcination temperature.

cobalt ferrite decreases with increasing calcination temperature,
the catalytic activity normalized to the surface area increases.
This counterintuitive trend can be attributed to the improved
structural and electronic properties of the catalysts induced
by treatment at higher temperatures. As shown by PXRD and
Méssbauer spectroscopy, higher calcination temperatures lead
to enhanced crystallinity and an increased degree of inversion,
which indicates a higher fraction of Co*" occupying octahedral
lattice sites within the spinel. A Co*t — Co*" transition is likely
involved in the formation of the active site for water oxidation
under the relevant redox potentials.’® This transition should be
facilitated for Co** at octahedral sites due to the higher ligand
field stabilization energy for the expected d° low spin config-
uration. This easier in situ formation of active Co®" species at
the surface is assumed to lead to a better redox activity and
therefore higher rates in the oxygen evolution process for more
inverse spinels. Furthermore, the higher degree of structuring is
assumed to lead to a higher intrinsic activity for chemical oxygen
evolution for the samples with higher calcination temperature.
For the electrochemical OER on the other hand, the activ-
ity can be affected by a lot of parameters and is not limited
to the exposed active surface area. Here, transport phenom-
ena in the solid such as conductivity, but also binder effects
etc. play a major role. The observed decrease in activity in elec-
trochemical OER with increasing calcination temperature can
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Figure 7. Nyquist plot of the three catalysts performed at 1.9 V versus RHE at a rotation rate of 1600 rpm.

be strongly correlated with the concurrent reduction in defect
concentration detected by PALS. As the particles become more
crystalline at higher temperatures, both bulk and surface defects
are significantly reduced. While this enhanced structural order-
ing was beneficial in chemical water oxidation with its different
prerequisites for activity, in electrochemistry it is detrimental.
One explanation might be the hindered formation of the active
phase. It is well-known that in OER, the as-prepared catalyst
only functions as a precursor and for cobalt-containing oxides,
an amorphous or oxy-hydroxide like phase containing Co** cen-
ters is formed as a shell on the surface of the catalyst at
anodic potentials.>734 For its formation, connectivity through
the solid to the back contact of the electrode and related trans-
port phenomena are required unlike the CAN test, where the
oxidizing potential is exerted by the fluid to the outer sur-
face only. Also, a lower number of defects might negatively
impact the electronic conductivity of the material. In spinel
oxides like cobalt ferrites, charge transport is by electron hop-
ping can be facilitated by defects and vacancies.*>*®! To analyze
the charge transfer resistance of the catalysts, electrochemical
impedance spectroscopy (EIS) measurements were performed
at 1.9 V versus RHE, and the corresponding Nyquist plots are
shown in Figure 7. The charge transfer resistance was found to
increase systematically from C4 (=120 ) to C5 (=250 Q) to C6
(=500 £2). This trend correlates with the overpotentials observed,
i.e, higher charge transfer resistance is associated with higher
overpotentials, highlighting the detrimental impact of sluggish
charge transfer kinetics on the overall electrocatalytic perfo-
rmance.

An increased calcination temperature suppresses these trans-
port pathways, resulting in poorer electronic conductivity and
higher charge-transfer resistance at the electrode-electrolyte
interface. Additionally, it can be assumed that adsorption of
intermediates and the nucleation of the oxyhydroxide phase also
take place at defective surface structures, further underlining the
importance of the mesostructure of the active phase. All in all,
these effects explain the observed decline in OER activity.
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3. Conclusion

In this paper, a systematic series of cobalt ferrite samples
was synthesized utilizing controlled co-precipitation with sub-
sequent calcination at three temperatures, namely 400 °C,
500 °C, and 600 °C. The impact of thermal treatment on
structural, magnetic, and catalytic properties was investigated.
Comprehensive characterization revealed that increasing cal-
cination temperature leads to enhanced crystallinity, particle
growth, and a reduction in defect concentration. PXRD, BET,
SEM, and TGA data all point toward significant structural order-
ing accompanied by sintering at higher calcination tempera-
tures.

Mossbauer spectroscopy showed an increase in the inver-
sion parameter and improved magnetic alignment with calcina-
tion temperature, attributed to enhanced atomic diffusion and
reduced structural disorder. Magnetic measurements confirmed
these trends, indicating higher magnetization and lower spin
canting at elevated calcination temperatures. PALS data further
supported the defect healing hypothesis by demonstrating a
temperature dependent reduction in defect concentration such
as vacancy clusters.

Catalytic testing showed a contrasting trend in activity
depending on the reaction. Chemical water oxidation (CAN test)
performance increased with calcination temperature, whereas
electrochemical OER activity decreased. The increasing activity
for CAN test can be explained by the different pathway com-
pared to electrochemical water oxidation. In electrochemistry,
defects can lead to higher conductivity and more complex elec-
tron and ion transport mechanisms play a role. For chemical
water oxidation, only the surface is assumed to be involved in
the reaction.

Overall, this work highlights the critical role of defect analysis,
when trying to understand the reactivity of catalysts. Clearly, dif-
ferent reactions have different needs for the catalyst to perform
best, but understanding the connection between mesostructure
and activity is pivotal.

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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4. Experimental Section

4.1. Synthesis

The synthesis based on a previously published procedure was con-
ducted in an automatic lab reactor system (OptiMax 1001, Mettler
Toledo).'®) The CoFe,0, precursor was co-precipitated by dosing
125 g of metal salt solution containing 0.233 M Co(NOs;),x9H,0 and
0.566 M Fe(NO3);x6H,0 over the course of 1 h into the reactor, which
was prefilled with 200 mL of distilled water. The pH was controlled
by an InLab Semi-Micro-L pH electrode. To ensure a constant pH of
10, a 1.5 M NaOH solution was dosed automatically into the reactor.
After co-precipitation, the material was aged at 10 °C for 1 h. Dur-
ing reaction and aging, the reactor was constantly purged with N,
and stirred at 350 rpm. The precipitated CoFe,0, was washed with
water several times and dried in static air at 80 °C. Subsequently, 1 g
of powder each was calcined at 400 °C, 500 °C, and 600 °C for 3 h in
a muffle furnace.

4.2, Characterization

PXRD was performed with a Bruker D8 Advance diffractometer with
a Cu X-ray source in Bragg Brentano geometry with a LynxEye XE-T
detector. The samples were dispersed in ethanol on a PMMA sample
holder and diffraction patterns were recorded in the angular range
from 5° to 90° 26 with a step size of 0.01° and a counting time of 1.5 s.
During the measurements the sample holder was slowly rotated.

Scanning electron microscopy was conducted with an Aprea S
LoVac (Thermo Fisher Scientific). Prior to measurement the samples
were sputtered with Pt/Au.

The ratio of the incorporated metal cations was determined by
atomic absorption spectroscopy (Thermo Electron Corporation, M-
Series) of the as-prepared Cofe,04. The carbon and hydrogen con-
tents were determined by CNHS analysis. A twofold measurement
was performed.

Thermogravimetric analysis of the directly co-precipitated
CoFe,04 precursor was carried out with a NETZSCH STA 449f F3
Jupiter (NETZSCH GmbH, Germany). The mass loss was recorded
as a function of the temperature with a linear heating rate of g =
5 K min~" in a temperature range from 30 °C to 1000 °C and a gas
stream of O, (21 mL min~" and Ar (79 mL min~").

BET surface areas were measured using N, physisorption at 77 K
with a 3Flex Micromeritics instrument. Prior to measurements, the
samples were degassed at 120 °C in vacuum for 4 h. The Brunauer-
Emmett-Teller (BET) surface area was calculated within the 0.06-0.3
relative pressure range (P/Py).

Mossbauer spectra were recorded in standard transmission
geometry, using a > Co radiation source mounted on a WissEl driv-
ing unit operating in constant acceleration mode. A liquid helium
bath cryostat was utilized to attain low temperatures and high fields,
containing a superconducting solenoid in split pair geometry. A
homogeneous magnetic field of 5 T was applied at the sample posi-
tion, with the field orientation parallel to the y-ray propagation
direction (in-axis).

Magnetic properties were analyzed using the vibrating sample
magnetometer (VSM) option of a Quantum Design PPMS DynaCool.
The field dependent properties were characterized via M(H) loops
recorded at 4.3 K and 300 K at magnetic fields up to 9 T.

Defect characterization was performed using positron annihila-
tion lifetime spectroscopy (PALS). PALS measurements were carried
out using a digitizer module (Acqiris DC 282) with 10-bit vertical res-
olution, coupled with three photomultiplier tubes (PMTs) equipped
with Ce,Brs scintillators supplied by Scionix Holland. Two of the
detectors featured scintillators with dimensions @ = 51 mm and h
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=10 mm, while the third employed a thicker crystal (h = 25.4 mm),
allowing for enhanced signal capture and suppression of backscat-
tered photons. Signal processing and data collection were managed
via a customized acquisition software,?”} enabling simultaneous
detection across all channels. This setup allowed for the acquisi-
tion of up to six independent lifetime spectra per session, thus
improving throughput and reducing overall measurement time.
Powdered samples (~3 mm?) were loaded into a dedicated holder
together with a 22Na positron source (20 uCi), which was encapsu-
lated between 5 um Kapton foils (DuPont de Nemours). The lifetime
spectrum, represented by N(t) = X [(li/7i) exp(—t/ti)], was analyzed
by fitting multi-exponential decay functions to the time-difference
histograms. Here, 7; and |; denote the lifetime and relative intensity
of the i-th annihilation channel, respectively, with XI; = 1.383°]

Calibration and resolution estimation were performed using
Fe, Al, and Sn reference materials with well-established lifetimes.
The overall source contribution—comprising annihilation within the
Kapton foils (0.382 ns, 10.4%) and the adhesive layer (2.60 ns, 0.2%)—
amounted to approximately 10.6% of the total events. The time
resolution function, determined during the fitting process, yielded
an average full width at half maximum (FWHM) of 0.28 ns. The
recorded spectra were analyzed with the PALSfit software(®! which
identified two distinct sample-related lifetime components, t; and
75, along with their intensities |, and I,.

4.3. Catalysis

Chemical water oxidation was performed using Ce** as oxidizing
agent. During the oxidation process of water to oxygen the single-
electron oxidant Ce** is reduced to Ce3* (E0(Ce**/ Ce*t) =172V
versus NHE at pH = 0)

4Ce™ + 2H,0° %% 4K+ + 0, + 4Ce>t

For determination of the initial rates for chemical water oxida-
tion, 100 mg of catalyst were dispersed in 45 mL water. The setup
was purged with Ar (50 mL min~") to ensure an oxygen free environ-
ment. 5 mL of a (NH,),Ce(NOs)s solution (2.5 mol L~') were added to
the dispersion, and the evolving oxygen was detected by an oxygen
analyzer (EC900, Systech lllinios) over 2 h. For each catalyst twofold
measurements were performed.

Electrochemical experiments were performed using a three-
electrode cell configuration connected to a Metrohm Autolab
PGSTAT potentiostat equipped with a rotator (Metrohm). A double-
junction Ag/AgCl reference electrode (Metrohm) was employed,
containing 3 M KCl in the inner chamber and 1 M KOH in the outer
chamber. A platinum mesh served as the counter electrode and was
placed in a separate compartment isolated by a glass frit to prevent
cross-contamination during measurements.

The working electrode was a glassy carbon rotating disk elec-
trode (geometric area: 0.134 cm?), which was polished to a mirror-
like finish using 0.05 um alumina slurry prior to catalyst deposition.
Catalyst ink was prepared by dispersing 1 mg of catalyst powder in
200 pL of a solvent mixture containing ultrapure water, ethanol, and
Nafion solution in a 49:49:2 volume ratio. A 4.8 pL aliquot of this ink
was drop-cast onto the polished glassy carbon surface, resulting in
a catalyst loading of approximately 210 pg cm™2. After drying, the
modified electrode was used for all electrochemical tests.

All experiments were conducted in 1 M KOH electrolyte that
had been purified using Chelex 100 chelating ion exchange resin
(Bio-Rad) to eliminate trace metal contaminants. Prior to measure-
ments, the electrolyte was purged throughout all electrochemical
measurements to preserve inert conditions.

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 8. (a) CV for the 3 catalysts (averaged for 3 electrodes) performed at 5 mV/s scan rate and 1600 rpm rotation rate. (b) The same data of the CV

shown only in the forward direction (LSV).

The open-circuit potential (OCP) was recorded for 100 s to stabi-
lize the system. Electrochemical impedance spectroscopy (EIS) was
then carried out at 0 V versus OCP over a frequency range from
100 kHz to 1 Hz to determine the uncompensated solution resistance
(Rs).

Electrode conditioning was conducted using 20 consecutive
cyclic voltammetry (CV) scans between 0.0 V and 0.3 V versus OCP
at a scan rate of 100 mV/s.

Subsequent evaluation of oxygen evolution reaction (OER) activ-
ity was performed via linear sweep voltammetry (LSV) from 0.0 V
to 0.9 V versus at 5 mV/s as shown in Figure 8b. During LSV, the
electrode was rotated at 1600 rpm to enhance mass transport and
ensure effective bubble removal from the surface.

All measured potentials were converted to the reversible hydro-
gen electrode (RHE) scale using the following equation:

Erre = Eng/agci/amkal + E%ag agar/amka + 0-059 x Ph

where  Eagagcy3mka is the potential measured versus an
Ag/AgCl/3 M KClI reference electrode, and EOAg/AgC,/3 M kc is taken as
0.207 V at 25 °C. The pH was estimated using the following relation:

pH = 14 4 log(c(OH ™)) + log ()

where y represents the activity of water, assumed to be 0.766 based
on literature values.'"’ However, ¥ was not explicitly factored into
the pH calculation. All potential conversions were made assuming
ambient conditions (25 °C).

To account for solution resistance (iR) effects, measured poten-
tials were further corrected using the following equation:

ERHE,corrected = ERHE —ix Ru

where i is the instantaneous current from the voltammogram, and
R, is the uncompensated resistance obtained from EIS.
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