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The tailored development of highly active and selective electrocatalysts based on abundant and non-toxic
elements will be key to the rigorous implementation of sustainable processes in industry. In this context,
spinel-type CuFe,O4 is regarded as a promising candidate. We synthesised CuFe,O4 nanoparticles with
various Cu: Fe ratios via a microwave-assisted solvothermal route. The compositional effect on the
material properties and performance in multiple electrochemical reactions, including HER, OER, ORR
and CO3RR, is investigated, in order to obtain valuable insights about those parameters that drive the
improvement of catalytic activities. An increase in lattice strain and surface area is observed for
compositions deviating from the ideal 1:2 stoichiometry, which goes in hand with an improved
performance in alkaline water splitting. For the CO,RR on the other hand, the Cu-content is determined
to be the most important factor, with a Cu-excess being highly beneficial. The suitability of CuFe,O4 as
a bifunctional water splitting catalyst was demonstrated by full cell measurements using the spinel
catalyst at both the anode and cathode side at the same time. Moreover, we showed the applicability of
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Introduction

Electrocatalysis represents a key technology in the energy-
transition from fossil-fuel based industrial processes towards
more sustainable ones. By employing electricity from renewable
sources, the synthesis of a broad variety of different products
becomes feasible without concomitant emissions of CO, and
other greenhouse gases that contribute to climate change. In
order to reduce the energy consumption and thus production
costs, catalysts are required to improve the activity and selec-
tivity for a reaction. To date, mainly noble metal electro-
catalysts, such as Pt or Ir, have been employed. However, for
sustainable catalysis to become cost-competitive to conven-
tional carbon-based processes, the development of active and
selective electrocatalysts based on earth-abundant elements is
needed. In this regard, transition metal oxides have emerged as
promising candidates. Thus, Ni-, Fe- and Co-based oxides can
be used for the oxygen evolution reaction (OER) and the
complementary hydrogen evolution reaction (HER), which

“Department of Chemistry University of Bayreuth, 95447 Bayreuth, Germany. E-mail:
Roland.Marschall@uni-bayreuth.de

*Bavarian Center for Battery Technology, University of Bayreuth, 95447 Bayreuth,
Germany

Faculty of Engineering, University of Bayreuth, 95447 Bayreuth, Germany

T Electronic supplementary information (ESI) available: Additional figures. See
DOI: https://doi.org/10.1039/d4se00968a

4848 | Sustainable Energy Fuels, 2024, 8, 4848-4863

CuFe,0y4 in bifunctional gas-diffusion electrodes for rechargeable Zn-air batteries.

represent the half reactions in electrochemical water
splitting.*

Besides water electrolysis for the (industrial) production of
H,, other electrochemical conversion reactions are of impor-
tance for a transition towards a sustainable energy economy,
and require the development of efficient and selective catalysts.
In this light, the electrocatalytic oxygen reduction reaction
(ORR) is essential for operating fuel cells and metal-air
batteries, which are highly attractive for sustainable energy
conversion and storage.*®> Among earth-abundant catalysts for
the ORR, especially Mn- and Co-containing oxides show an
outstanding performance.*’

The CO, reduction reaction (CO,RR), on the other hand, is
offering a promising pathway for synthesising carbon contain-
ing chemicals and fuels with a higher volumetric energy density
compared to H,. More importantly, CO, can be captured out of
the atmosphere or from industrial flue gases, which makes the
CO,RR a feasible strategy to diminish the concentration of
green-house gases. Selectivity has proven to be the most
important catalyst property with respect to the CO,RR, as it
determines the overall product mixture out of a wide scope of
possible reduction products. Cu, especially also CuO,-derived
catalysts, is of particular interest, due to the possibility of
turning excess CO, into valuable higher carbon (C,,)
products.®?

Multifunctional earth-abundant catalysts are especially
desirable since they can decrease the total amount of catalyst

This journal is © The Royal Society of Chemistry 2024
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material required and reduce the overall production cost of the
system. Additionally, they can increase the substrate scope for
a system.® This is especially useful, in case the target reactions
occur under comparable conditions - e.g. in alkaline media - as
that increases the likelihood of a catalysts's stability under the
conditions applied for these reactions. Among bifunctional cata-
lysts for OER and ORR, which are required e.g. for metal-air
batteries in energy storage applications, spinel oxides are an
interesting material class, due to their structural variety and vari-
ability, as well as the number of transition metal cations that can
be introduced into the structure.'® Another important factor to be
considered here is the fast and low-energy synthesis of spinel
oxides, e.g via co-precipitation," or microwave assisted
synthesis,"** which offers the advantage of further reducing the
production cost. Compared to Co and Ni, Cu is less toxic and its
mining is less hazardous and politically debatable. Since the OER
is usually the limiting factor in processes like water-electrolysis
due to its sluggish kinetics, an aqueous alkaline environment is
often chosen to improve the energy efficiency. Additionally, most
earth-abundant OER and ORR catalysts are unstable in acidic
media, whereas they are stable in alkaline media. This enhances
the need for the development of HER and ORR catalysts that
operate in an alkaline environment as well.***>

We recently reported on a microwave assisted aqueous
synthesis of CuFe,0, and its use for the electrochemical CO,RR
in a KHCO; electrolyte - i.e. also aqueous, if at a more neutral
pH compared to the alkaline environment often tested for OER,
HER and ORR.” The obtained CuFe,O, nanoparticles are of
a cubic spinel structure, although a tetragonal distortion is
favoured at room temperature and at temperatures below 400 °©
C, indicating a kinetic control of the crystallisation process.'*"
The material properties, especially the cation distribution in
CuFe,0,, are influenced by the synthesis conditions and could
in turn be correlated with the catalytic performance.*>***

CuFe,0, is a promising electrocatalyst for multiple conver-
sion reactions. To this end, CuFe,O, nanofibres on a Ni-foam
substrate were used as an electrocatalyst for the OER by Silva
et al., who reported on an activity surpassing that of CoFe,O,
and NiFe,0,.”® Similarly, a superior OER activity was observed
by Ferreira et al., for particles obtained via a proteic sol-gel
synthesis.”* The group of Guo likewise synthesised CuFe,O,
nanofibres and investigated their performance for the OER and
H,0, reduction.” They found an improved performance for the
fibres compared to nanoparticulate analogues and an activity of
CuFe,0, in between that of NiFe,O, and CoFe,0O,. Moreover,
CuFe,0, was investigated for the ORR,” pointing towards
a possible application as a bifunctional catalyst e.g. for metal-
air batteries. Similarly, it has been applied as a catalyst for the
HER in an alkaline electrolyte,>* or the electrochemical
CO,RR." For the alkaline HER, Belhadj et al reported an
activity of CuFe,0O, between that of the Ni- and Co ferrites.”® Due
to its semiconducting nature and small bandgap, CuFe,0, has
also been successfully employed for photoelectrochemical
(PEC) reactions, such as PEC HER,*?**” PEC OER,***° or PEC
CO,RR to methanol.?

We herein systematically vary the synthesis conditions for
CuFe,0, nanocrystals, specifically targeting different cation
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ratios and structural compositions. Subsequently, we employ
the obtained nanoparticles for multiple electrochemical reac-
tions, including HER, OER, ORR and CO,RR, and identify the
predominant influences of specific material properties on the
resulting performance. We found that the composition only has
a negligible impact on the OER activity that is mostly correlated
with strain effects, whereas a high Cu-ratio is especially bene-
ficial for the CO,RR to CO. Furthermore, the suitability of
CuFe,0, as a bifunctional water splitting catalyst was demon-
strated by full cell measurements using the spinel catalyst for
both the anode and cathode at the same time. Additionally, we
demonstrate the bifunctional OER and ORR performance of
CuFe,0, in gas-diffusion electrodes (GDEs) for rechargeable
Zn-air batteries, elucidating the practical applicability not only
for direct energy conversion and the synthesis of green fuels,
but also in energy storage devices.

Experimental
Synthesis

CuFe,0, was synthesised in a microwave reactor (Anton Paar,
Monowave 400) for 15 min at 175 °C, based on what was
previously reported.'> The respective amounts of metal nitrates
were dissolved in a mixture of 5 mL of ethylene glycol (Acros
Organics, 99.5%) and 8.4 mL of ultrapure water. For stoichio-
metric CuFe,0,, 1 mmol of Fe(NOs;);-9H,O (404 mg, Acros
Organics) and 0.5 mmol of Cu(NO;),-9H,0 (120.8 mg, Acros
Organics) were used, and the exact amounts were adjusted for
the other compositions. Directly before placing the reaction vial
into the microwave reactor, the pH was adjusted to 12 with 3 M
KOH under stirring. After reaction for 15 min at 175 °C (heating
as fast as possible and cooling with compressed air), the parti-
cles were precipitated with water, washed thrice with water and
once with ethanol, and dried overnight at 80 °C.

Characterisation

Prepared samples were analysed by powder X-ray diffraction
(XRD) first on a Malvern PANalytical Empyrean device in Bragg-
Brentano geometry, using Cu K, radiation (1, = 1.5406 A, 1, =
1.54443 A). Acceleration voltage and emission current were set
to 40 kv and 40 maA, respectively. Pulse height distribution
levels were adjusted to minimise sample fluorescence (8.05-
11.27 keV). For Ag-XRD a STOE STADI P Mythen2 4 K diffrac-
tometer with four Dectris MYTHEN2 R 1 K strip detectors and
monochromatic Ag K, irradiation (A = 0.5594 A) was used.**
Crystallite sizes were estimated based on Cu-XRD patterns
using the integral breadth method, i.e. dividing the height of
a reflection by its area.®® Rietveld refinement was performed
with FullProf, using a Thompson-Cox-Hastings pseudo-Voigt
function for peak shape modelling,* and the structure re-
ported by Mahmood et al. for cubic CuFe,0,.** Refined
parameters include instrumental zero shift, scale, lattice
parameters a, b, and ¢, the FWHM parameters Y and X, size
anisotropy, isotropic B, asymmetry, and finally site occupation.
Instrumental broadening was determined by measuring a LaBg
standard (NIST SRM 660c). Following ICDD reference cards
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were used for the identification of observed phases: CuO-00-
048-1548; CuFe,0,(c)-01-077-0010.

Diffuse reflectance infrared Fourier transformed (DRIFT)
spectroscopy was conducted on a Bruker Alpha II spectrometer,
while UV/vis/NIR measurements were conducted on a Perki-
nElmer Lambda 750 spectrometer, equipped with a Praying
Mantis (Harrick). Spectralon was used as a white standard. For
Raman spectroscopy a Horiba Jobin Yvon Raman microscope
with a 11.5 W He-Ne laser (A = 633 nm) was employed. The
intensity was reduced to prevent sample heating.

X-ray photoelectron spectroscopy (XPS) was performed on
a VersaProbe III Scanning XPS Microprobe from Physical Elec-
tronics (PHI) and data was evaluated using CasaXPS. Al K,, radi-
ation was used at a beam voltage of 15 kV and power of 25 W. The
spot size was 100 um. For survey scans a time per step of 50 ms,
a pass energy of 224 eV and a step size of 0.4 eV were used, while
high resolution spectra were measured at a pass energy of 26 eV,
step size of 0.1 eV and a step time of 50 ms. The binding energy
shift was corrected using the Cu L;M, sM, 5 signal and fixing the
maximum to a kinetic energy of 917.86 eV.*® A Gaussian-Lor-
entzian line shape was assumed for the fit (GL30) after Shirley
background correction. For the determination of the degree of
inversion, Cu 2p spectra were approximated with two peaks with
a fixed separation of 1.85 eV. For fitting the Fe 2p spectra,
parameters reported for NiFe,O, by Biesinger et al. were used.*®

For morphological characterisation, scanning electron
microscopy (SEM) was performed on a Zeiss Leo 1530 instrument
at an acceleration voltage of 3 kV after sputter coating with plat-
inum (Cressington Sputter Coater 208 HR). The same instrument
in combination with an ultra-dry EDX detector (Thermo Fisher
Scientific NS7) was used for the energy dispersive X-ray analysis
(EDX) at 20 kV. Particle surface areas were determined using the
Brunauer-Emmet-Teller (BET) model on N, physisorption data
collected on a Quadrasorb Evo device from Anton Paar QuantaTec
at 77 K after degassing for 12 h at 120 °C.

Electrocatalysis

Oxygen evolution reaction (OER) and hydrogen evolution reac-
tion (HER) experiments were performed in an H-cell with 1 M
KOH as the electrolyte that was constantly purged with Ar. The
measurements were conducted with a Gamry Reference 3000
potentiostat and the software Gamry frameworks. A Pt counter
electrode and a reversible hydrogen reference electrode
(HydroFlex, Gaskatel) were used, respectively. The cell cham-
bers were separated by a Selemion AMV-N anion-exchange
membrane (AGC group). For working electrode preparation,
a catalyst ink was prepared by dispersing 10 mg of CuFe,O, and
20 pL of a 5 wt% Nafion solution (Alfa Aesar) in 300 pL of iso-
propanol using ultrasonication for ~1 h. This dispersion was
drop-cast (2 times 30 pL) onto 1 cm wide stripes cut out of
carbon cloth (Freudenberg H2315-C2). The covered area was
restricted to 1 cm® by Kapton tape. The electrodes were weighed
before and after the coating with CuFe,0,.

At the beginning of the water splitting measurements, the
open circuit potential was monitored, followed by EIS, CV, CV at
different scan rates in the non-faradaic region for the
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determination of the ECSA, conditioning of the electrodes by
100 consecutive CV scans from —0.7 to 2 V at a scan rate of
100 mV s " in order to remove organic residues from the
synthesis, and finally 20 LSV scans (5 mV s '). Afterwards,
another EIS measurement was conducted at —0.5 or 1.7 V, fol-
lowed by CV for the ECSA, and finally CV over the entire region
for comparison with the curves measured before the OER/HER
experiment. The internal resistance was compensated for using
the current interrupt method. EIS data was fit with EC-lab. For
the determination of the ECSA from the double layer capaci-
tance, a standard value for flat oxide surfaces of 40 pF cm ™ > was
used.*” H, evolution during chronoamperometry at reducing
potentials was detected with a Shimadzu GC-2014 gas chro-
matograph. The H-cell was continuously purged with Ar at
a flow rate of 25 mL min~>,

The CO,RR experiments were performed in a comparable H-
cell setup using 0.1 M aqueous KHCO; as electrolyte, a Selemion
anion exchange membrane, Pt as the counter, and Ag/AgCl as the
reference electrode, respectively. The electrolyte was continuously
purged with CO, (99.995 vol%, Air Liquide) at a flow rate of 20
mL min~'. A Gamry Reference 3000 potentiostat was employed
and the internal resistance was compensated for using the current
interrupt method. Evolved gasses were analysed with a Shimadzu
GC-2014 gas chromatograph, equipped with a HayeSep Q and
a HayeSep R column in series, a thermal conductivity detector and
a methanizer in combination with a flame ionisation detector. All
potentials are converted to the RHE scale: Vrpg = Vag/agar +0.209 +
0.059pH. The pH was around 6.8. Liquid products were analysed
after chronoamperometry for 90 min and CV scans before and
after the CO,RR using HPLC (LC2010, Shimadzu). The working
electrodes were prepared in the same way as for the HER/OER
experiments.

For ORR experiments gas diffusion electrodes (GDE) were
prepared by cutting circular pieces with a diameter of 2 cm out
of carbon paper (Sigracet 29-BC) and coating them via drop
casting. For the catalyst ink, 10 mg of CuFe,O, were dispersed
together with 20 puL of a 5 wt% Nafion solution in 300 pL of i-
propanol, using ultrasonication. Subsequently, 5 times 20 pL
of the dispersion was homogeneously distributed over the
carbon paper electrode. After drying the electrodes were hot
pressed with a N117 Nafion membrane (Ion Power) for two
times 1 min at 120 °C. The membranes were pre-treated in
5 wt% H,O, solutions for 30 min at 80 °C, boiled in ultrapure
water, and subsequently treated with 8 wt% H,SO, for 30 min at
80 °C, before storage in ultrapure water. The measurement was
conducted in a home-made half-cell with a parallel flow field,
based on the design of the Arenz group.*® The electrode was
placed on top of the flow field and fixed with a PTFE inset. The
inset was filled with 20-25 mL of 4 M KOH and equipped with
a Pt counter and a RHE reference electrode (Gaskatel). The
working electrode area in contact with the electrolyte was 1 cm?.
300 mL min ' of humidified O, was flushed through the cell.
Before measuring 10 LSV scans at 50 mV s~ in both cathodic
and anodic sweep direction, the electrodes were conditioned by
performing 50 CV scans between —0.5 and 1.9 V at a scan rate of
200 mV s~ ". The cathodic sweeps were employed for the data
evaluation herein, due to the more stable current response. The

This journal is © The Royal Society of Chemistry 2024
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same procedure was repeated in N, and subtracted from the
data obtained in O,. A VSP300 potentiostat (BioLogic) was used
for the measurements and the internal resistance was
compensated for by 95%, using the positive feedback method.

Electrodes for Mott-Schottky measurements were prepared
by electrophoretic deposition of CuFe,O, on cleaned FTO
substrates in acetone/iodine solutions at 15 kV. The measure-
ments were performed in a PECC-2 cell (Zahner Elektrik), using
Pt as a counter, Ag/AgCl as a reference electrode, and 0.1 M
Na,SO0, (pH 5.6) as electrolyte. A Zennium potentiostat (Zahner
Elektrik) was used and the applied potential was decreased
stepwise from 0.75 to —0.75 V vs. Ag/AgClL.

For the application in a Zn-air-battery 10 mg of CuFe,0,
were dispersed in 300 pL of i-propanol and 20 pL of at 5 wt%
Nafion-solution, and then drop-cast onto circular pieces of
carbon paper (Sigracet 29-BC, 1.8 cm in diameter, 5 times 20
pL). The prepared electrodes were measured in an ECC-Air test
cell (EL-CELL), using 800 pL 6 M KOH as the electrolyte, Zn foil
as the counter electrode, and two glass fibre separators (EL-
CELL). Humidified O, was flushed through the cell at a rate of
approx. 20 mL min . A Gamry Reference 3000 potentiostat was
used. For comparison, a commercial Pt-GDE from De Nora
Electrode Technologies (DN-Fcell Anode P1100W) was tested.

Results and discussion
Materials characterisation

The synthesis of CuFe,0, was performed as previously reported,
employing a microwave-assisted approach and an alkaline
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ethylene glycol/water mixture as solvent.'> A synthesis duration
of 15 min at 175 °C was chosen as the standard conditions and
the ratio of copper to iron cations of the precursor salts
Cu(NO3),-3H,0 and Fe(NO3);-9H,0 in the solution was varied
inarange of Cu:Fe =0.8:2.2to Cu:Fe =1.2:1.8. Thus, phase-
pure cubic spinel ferrites could be obtained for a variety of
different compositions, and only at a high copper excess of 20%
(Cu:Fe - 1.2:1.8) based on the standard equivalent of 1.0, the
emergence of a CuO by-phase becomes apparent in the Cu-X-ray
diffraction (XRD) patterns (Fig. 1a). The results were further
confirmed by high-resolution Ag-XRD that supported phase-
purity over a wide range of different compositions (Fig. S1at).

All products occurred as nanoparticles of a similar size,
based on scanning electron microscopy (SEM) images (Fig. 1c).
A particle size of around 17 nm for stoichiometric CuFe,0, was
obtained, which is in good agreement with previous results
derived from TEM analysis."* For Cu, gFe, ,0, and Cu, ,Fe; gOy,
particle sizes of 16.5 nm and 17.5 nm were determined,
respectively, suggesting a slight particle growth with increasing
Cu content. This might either be attributed to the good micro-
wave absorption properties of Cu oxides* which can result in
local heating, or to the large ionic radius of Cu** compared to
Fe®*.*° Energy-dispersive X-ray analysis (EDX) was used for
determining the actual Cu/Fe-ratio in the synthesised Cui,-
Fe, 1,0, demonstrating an almost ideal linear correlation of the
Cu and Fe content in the prepared ferrites with the employed
ratio in the precursor solution (Fig. 1b).

For all CuFe,0, particles, a crystallite size of around 10 nm
was determined by means of the integral breadth method. A

b)

0.55

045 |-

Cu/Fe from EDX

0.35 |-

0.30 1 1 1 1 1 1 1
0.35 0.45 0.50 0.55 0.60 0.65

Theoretical Ratio

0.70

CuFe;04

Fig. 1 Powder XRD patterns of CuFe,O4 nanoparticles with varied Cu/Fe ratios (a), Cu/Fe-ratio determined by EDX (b) and morphological

characterisation with SEM (c).
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slight decrease in the apparent size with a deviation from the
ideal stoichiometric composition - especially towards an
increasing Cu excess - is discernible, however (Fig. S1bf).
Crystallite sizes are therefore slightly smaller than the particle
sizes, but still in a range suggesting the observed nanoparticles
to be single crystals, possibly with a low degree of amorphisa-
tion at the edges. However, the integral breadth method only
allows for a rough estimation of particle sizes and does not
allow for a differentiation between strain and size contributions
to reflection broadening. Hence, Rietveld refinement was per-
formed on the Cu-XRD patterns (Fig. Slct). Slightly larger
crystallite sizes of around 13 nm were determined. Most
importantly, the decreasing crystallite size with an increasing
Cu content was confirmed (Fig. 2). This can be explained by
a predominant need for Fe*" in building up the spinel structure,
since binary Fe-based spinels can be formed (magnetite, Fe;0,),
but on the other hand no binary Cu spinel oxides are known.
The crystallite size is largest for particles with an excess of Fe
in the structure. This is different from the integral breadth
method, supporting an increased contribution from strain in
these particles. Notably, the determined crystallite size slightly
exceeds the average particle diameter for high Fe ratios. This
can be an effect of the crude approximation of particle sizes
from the SEM images. On the other hand, Rietveld refinement
slightly overestimates crystallite sizes — at least for large devia-
tions from the ideal stoichiometry. This is due to the chosen
refinement procedure, which does not take into account
changes in the Cu/Fe-ratio. We chose only to refine the occu-
pation of octahedral and tetrahedral sites by Fe and Cu ions,
respectively, under the constraint of retained stoichiometry. If
we lift this constraint towards the end of the refinement for Cu,
indeed consistently lower R values and particle sizes are ob-
tained. However, the overall trend in the correlation of
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crystallite size and composition remains the same, and the
occupation values are somewhat arbitrary (Fig. S27). This is due
to the highly similar atom form factors of Cu and Fe, making
a more accurate refinement on the laboratory data impossible,
as shown by a random deviation of Cu/Fe ratios based on the
results for the occupation values from the composition deter-
mined by EDX. For a more accurate determination of cation
distribution in the lattice, high precision synchrotron data
would be required. While the absolute refined crystallite sizes
might thus be slightly too large, the relative differences between
samples are still meaningful, since all were treated in the same
manner.

Additionally, a significant increase in microstrain with
a deviation from the ideal stoichiometric composition was
apparent, that coincides with an increase in the lattice param-
eter (Fig. 2b and c). The presence of microstrain can be
considered the reason for the size underestimation by the
integral breadth method. In agreement with the larger particle
size of spinels containing high amounts of Cu, the BET surface
area decreases with an increasing Cu-ratio (Fig. 2d) from
around 200 m> g~ for Cu, gFe, 0y, to around 100 m* g~ * for
Cu, ,Fe,; 90,4 and those compositions with a higher Cu content.

Another important method to investigate the composition is
X-ray photoelectron spectroscopy (XPS), which allows for an
elemental quantification of the surface, which can be related to
the bulk composition in the case of nanomaterials. XPS
confirms the composition of Cu, Fe and O atoms, with trace
amounts of K and organic residues from the synthesis, as can be
seen in the survey spectra (Fig. S3at). An almost linear increase
of the surface Cu/Fe ratio derived from the survey spectra with
an increase in the employed metal ratios is observable (Fig. S3b,
Table S17). The Cu content is slightly higher than expected,
possibly due to the low intensity of the Fe 3p peak that was used
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Fig. 2 Crystallite sizes determined via Rietveld refinement for CuFe,O,4 of different compositions (a), corresponding microstrain (b), lattice

parameter (c) and BET surface area (d).
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for the quantification. However, it might also suggest Cu
segregation at the surface and thus a deviation of the surface
from the bulk structure. This would in turn support the
decreased crystallite size with a simultaneously increased
particle size observed for the CuFe,O, particles with a high Cu
content. A similar enrichment of M>*-ions - especially Cu*" -
has also been observed by the group of Sivula for spinel oxide
thin films.** The Cu 2p signals are highly similar in shape
independent of the composition.

Fitting the Cu 2p spectra with two signals for Cu at tetrahe-
dral and octahedral sites, respectively, can be used to estimate
the degree of inversion - albeit neglecting multiplet splitting
(Fig. 3¢).”* Such a fit yields a degree of inversion of around 0.7,
independent of the composition, which is in good agreement
with previous results (Fig. S3gt).”” Additionally, the value is
slightly below the critical degree of inversion reported for
phase-transition to the tetragonal phase, which is commonly
0.75. Trace amounts of Cu(i) are observed, especially at a very
low Cu content, which is also reflected by the relatively
decreased intensity of the 2pj, satellites (Fig. S3ct). The
amount of Cu(1) is low in all cases, as also shown in the highly
comparable Cu L3M, sM, 5 spectra, for which satisfactory fits
can be obtained with the parameters given for CuO by Biesinger
et al. (Fig. S3et).*® The Fe 2p spectra can be well fit with the
parameters reported for NiFe,0,, in agreement with a crystal-
line spinel structure (Fig. S3ff).*

Infrared (IR) spectra of the different CuFe,O, products are

essentially identical (Fig. S4t), further proving the
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Fig. 3 Fitted Cu 2p XP spectra, using two species for Cu?* at octa-
hedral and tetrahedral sites, in addition to one peak for Cu* if required.
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compositional integrity upon variation of the metal ratio. In
addition to M-O vibrations of cations at tetrahedral (600-
750 ecm ') and at octahedral (400-550 cm™ ") sites,*** respec-
tively, the presence of organic residues from the synthesis can
be detected between 1710 and 1200 cm ' and around
3000 cm™*. Raman spectra show the expected weak bands for
Agat 675 cm ™, two Foy modes at 550 cm ' and 485 cm ™!, an Eg
mode at approx. 300 cm™ ' and another F,, mode at 175 cm ™!
(Fig. S51).** No additional peaks belonging to common by-
phases such as a-Fe,O; are observed.

Spinel ferrites strongly absorb light in the UV to NIR range,
resulting in a commonly dark brown colour. The absorption
properties were examined using UV/vis/NIR spectroscopy (Fig. 4
and S67). Although CuFe,0, is a semiconductor, the observed
optical transitions are — at least partially - localised and do not
necessarily correlate with conventional valence to conduction
band excitations. Specifically, optical absorption spectra are
commonly the sum of inter-sublattice charge transfer transi-
tions (ISCT) and intervalence charge transfer transitions (IVCT)
in addition to ligand to metal charge transfer (LMCT) and
crystal field transitions (Fig. S6bt).*® The Kubelka-Munk plots
of CuFe,0, with different Cu/Fe-ratios exhibit essentially the
same pseudo-absorption independent of the composition
(Fig. 4 and S6aft). An apparent band gap of around 650-695 nm
(1.8-1.9 eV) is determined, in agreement with literature reports
(Table S27).2**
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Fig. 4 Normalised Kubelka—Munk plots showing the absorption
behaviour of CuFe,O,4 of different compositions (a) and correlation of
extrapolated band gap values from Kubelka—Munk and Tauc plots with
the Cu/Fe-ratio (b).
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There is some debate about the character of the transition,
with some groups proposing a direct band gap, whilst others are
in favour of an indirect band gap.***” Both the direct and the
indirect Tauc plot are of reasonable appearance. While the
direct Tauc plot predominantly shows the absorption visible in
the range of 300 to 450 nm in the Kubelka-Munk plot, the
indirect Tauc plot exacerbates the absorption towards higher
wavelengths. Apparent band gap values of 2.31-2.56 eV are
derived from the direct Tauc plots, whereas values of 1.42-
1.59 eV in addition to a weak secondary absorption band
between 0.75 to 0.88 eV are obtained from the indirect Tauc
plots (Fig. S6c and d, Table S27t). Both values derived from direct
and indirect Tauc plots are sometimes claimed to represent the
band gap.***” These values would point towards an indirect
character of the band transition, albeit neglecting localisation
of optical transitions. Additionally, one could choose to fit the
direct Tauc plot in the region of 1.7-2.5 eV, which would result
in determined values of around 2 eV, which are close to those
apparent in the Kubelka-Munk plot, but only use a very small
fraction of the plot. An alternative interpretation would suggest
that the direct Tauc plot shows ISCT transitions between Fe*" at
tetrahedral sites and empty Fe®' t,, orbitals at neighbouring
octahedral sites in a relatively reduced intensity, while the same
transition is strongly visible in the indirect Tauc plots.**** Not
regarding the exact character of the optical transitions, a closer
look at the apparent band gap values derived from both
Kubelka-Munk and Tauc plots reveals a V-shaped correlation
with the composition, with the smallest band gap determined
for the ideal stoichiometry, and an increase in the band gaps
apparent towards both an increasing and decreasing Cu-ratio
(Fig. 3b). This effect is most likely due to the increase in
microstrain going in hand with a deviation from the ideal Cu/
Fe-ratio that leads to slight distortions of the electronic
structure.

OER electrocatalysis

Having determined compositional and morphological differ-
ences between CuFe,0, nanoparticles with different Cu/Fe-
ratios, those spinel ferrites were employed for electrochemical
reactions, to evaluate the influence of the composition on the
catalyst-performance in the electrochemical production of
different green fuels. Since CuFe,0, is reportedly active for the
OER, comparable to NiFe,0, and CoFe,0,4,>****** and has addi-
tionally been employed as photocathodes for the HER,* the
CuFe,0, nanoparticles of different composition were first
tested for electrochemical water splitting in an alkaline elec-
trolyte (1 M KOH). Specifically, electrodes were fabricated via
drop-casting of the copper ferrites with Nafion as a binder on
carbon fibre cloth electrodes with an exposed geometric surface
area of 1 cm”. HER and OER data were measured separately in
an H-cell setup with a three electrode configuration (Fig. S71).

The OER performance is generally comparable for all
CuFe,0, compositions, with a notable increase in the activity
observed with an increasing Cu-ratio (Fig. 5a). The best
performance is observed for a ratio of Cu:Fe 1.15:1.85, sug-
gesting an initial increase in the activity upon introduction of
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Cu, until a loss of complete phase-purity, as noticed for higher
Cu-ratios, results in a lower activity again for a Cu: Fe ratio of
1.2:1.8. A current density of 10 mA cm™ %, a commonly used
figure of merit for comparing OER activities, is only achieved for
samples with higher Cu content. The overpotential for the most
active composition at 10 mA cm > is with 684 mV still
comparatively high, indicating that nanoparticulate CuFe,O,
has a lower OER activity compared to NiFe,O,4, or CoFe,0,.%*>*
Meanwhile, overpotentials at 5 mA cm ™ > range from 589 mV to
749 mV for Cu,,sFe;gs and for stoichiometric CuFe,0,,
respectively (Table S37).

The discrepancies compared to literature reports are prob-
ably due to differences in the employed synthesis conditions
that result in different material properties. Ferreira et al. ob-
tained larger particles of tetragonal structure that were addi-
tionally subjected to ball-milling - resulting in considerably
different material properties, e.g. considering strain effects.**
Fibres analysed by Silva et al. were likewise of tetragonal
structure. Additionally, the surface area might be significantly
affected by the synthesis route.>* Importantly, both groups were
using Ni-foam substrates instead of the more inert carbon fibre
mats employed in this study.

To gain further insights into potential effects of additional
metal species, we performed control experiments adding low
amounts of Co- or Ni-nitrate to the electrolyte. While the
influence of Ni was negligible, Co-addition resulted in a strong
increase of the catalyst activity, even at 5 mg L™ " of Co (Fig. $97).
During the first cycles, a notable oxidation of Co** in the elec-
trolyte is visible, preceding the enhancement of the OER
activity. Since a similar effect was observed for bare carbon
cloth, the deposition of CoOOH or Co(OH), species can be
assumed. The overall activity is still significantly improved for
the CuFe,0, electrode, suggesting additional effects, such as
electronic interactions between CuFe,0, and the deposited Co-
species. Notably, hydroxides precipitated as dark-brown solids
slowly during the experiment. Thus, the total concentration of
Co-ions in the solution might be reduced towards the end of the
OER experiments. Although no effect is observable upon the
addition of Ni to the solution, a contribution of the Ni-foam
substrate as used in other studies cannot be completely ruled
out as source for the different observed activities, especially in
light of Ni and Ni-oxides having been shown to efficiently
catalyse the OER on their own."**

Interestingly, a deviation from the stoichiometric composi-
tion leads to an activity increase in all cases, similar to what was
observed for the trends in microstrain and the band gap. This
finding indicates that strain effects contribute to the improved
performance when deviating from an ideal Cu/Fe ratio, similar
to what has been reported for other electrocatalysts in litera-
ture.” The determined Tafel slopes range from 110 to almost
260 mV dec™ " (Fig. 5b), indicating different kinetics depending
on the composition. In agreement with the improved perfor-
mance at high Cu-ratios, the Tafel slope is lowest for these
samples, supporting faster electrode kinetics leading to a higher
activity. Apart from the slope determined for Cu, ;sFe; g504,
which is around 110 mV dec ™", all Tafel slopes are considerably
higher than the ideal value of 120 mV dec ™", i.e. the value that is

This journal is © The Royal Society of Chemistry 2024
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commonly attributed to a rate determining one electron trans-
fer step involving the most abundant adsorbed surface species
as reactant in that step.®® This could be an indication of
adsorbates that block active sites and impede the OER perfor-
mance.”” One interpretation of the higher activity observed for
higher Cu/Fe ratios would therefore be an increased amount of
active sites - and thus also available surface sites — in the case of
Cus-sites acting as primary reaction sites. When taking a look at
the first LSV scan directly after electrode conditioning, a highly
comparable activity of all samples independent of the compo-
sition is apparent, however (Fig. S8d+). This indicates dominant
differences in the sample activation during the OER experi-
ment, possibly involving changes in the cation distribution - or
the in situ formation of surface FeOOH species, as generally
observed for spinel-type OER catalysts.*® The observed evolution
might again be influenced by strain effects that slightly alter the
electronic structure and the M-O bond lengths. Such an
assumption is supported by pronounced differences in the
current evolution for stoichiometric CuFe,O, compared to
Cu, 15Fe; 450, (Fig. S101).

CV curves measured before and after all other electro-
chemical measurements confirm an increasing activity for both
the OER and the HER (Fig. S111), and an initial activation even
during the first three CV cycles. The marked activity increase

This journal is © The Royal Society of Chemistry 2024

during the first cycles is likely an effect of surface cleaning and
removal of organic residues from the synthesis. Additionally,
changes in surface composition might occur during the first
cycles.”

Another factor contributing to the significantly higher OER
activity of ferrites containing larger amounts of Cu, especially
Cu, j5Feq g50,, is the much smaller charge transfer resistance
(Fig. 5¢). The charge transfer resistance is in line with the OER
activity and the Tafel slope, and thus generally decreasing with
an increasing Cu-content. This indicates that a high Cu content
contributes to an increased conductivity in the semiconductor
material. The Nyquist plots can be fit with two parallel circuits
of capacitance and resistance in series, of which the larger
corresponds to the charge transfer resistance and double layer
capacitance (Fig. S12, Table S4T). A Warburg impedance was
included in the fit, to account for mass transport limitations,
but small in all cases.®® The trend is less pronounced before the
OER experiment, possibly due to organic residues impeding the
charge transfer to the electrolyte (Fig. S121). Additionally, it
might be an effect of undergone changes in the cation distri-
bution, since those are known to majorily impact the conduc-
tivity of CuFe,0,."*

Another parameter known to impact the catalytic activity is
the electrochemical active surface area (ECSA), that correlates
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the activity with the truly available surface area - and thus also
the number of active sites assuming a homogeneous distribu-
tion - in contact with the electrolyte. For the determination of
the ECSA, we calculated the double layer capacitance in a non-
faradaic region - here 1.2-1.3 V vs. RHE (Fig. 5d). The CV scans
for double layer capacitance determination were measured
before and after the OER, with the shape of the curve and the
centering around 0 mA cm > being more stable afterwards,
indicating initial contribution from additional processes, such
as material changes (Fig. S13 and S147). The ECSA is relatively
small, with 0.6-5.3 cm? before, and 4-7 cm? after the OER
(Table S51). Considering average mass loadings of around 2 mg
cm 2 that equals to approx. of 0.05-0.25 m*> g~ ', which is far
lower than the measured BET surface area, but in good agree-
ment with literature values.®® A smaller ECSA is expected, due to
the limited surface area in contact with the electrolyte and
available for the reaction, and possible discrepancies between
adsorption sites for N, in BET measurements and active sites
participating in the reaction. Before the OER, both the double
layer capacitance and the ECSA are generally higher for
compositions with a higher Cu-ratio - in contrast to the BET
surface area — although no clear trend can be established.
Notably, obtained values are highly similar after the OER,
indicating, that the active species after surface reconstruction
during the OER are similar. Additionally, initial differences
might in part be an effect of organic residues. Due to the
observed similarities, the ECSA can be assumed to play a negli-
gible role in the different performances. The exchange current
density on the other hand decreases with an increasing Cu
content and increasing activity (Fig. S147), suggesting that it is
not a dominant factor determining the overall OER activity of
CuFe,0,, either. The lower exchange current density at a high
Cu-ratio might indicate Fe to be at the centre of active species.

Normalisation of current densities to the geometric surface
area is debatable, due to potential blocking of active surface
sites, e.g. by the Nafion binder, or by surrounding catalyst
particles. We therefore also analysed the OER performance
normalised to the BET surface area, the mass loading, and the
ECSA (Fig. S8t). Due to the comparable ECSA for all catalysts,
the general trend in OER performance is retained after nor-
malisation. A comparison of samples after normalisation to the
BET surface area is less conclusive, although a higher Cu
content is still determined to be beneficial. The disruption of
the previous trend can likely be explained by differences in the
accessible surface area on the prepared electrode. The same is
true for a normalisation to the loaded mass - here the devia-
tions are caused by uncertainties in the determination of the
very low mass loadings, due to some of the catalyst ink diffusing
underneath the Kapton tape and thus not contributing to the
catalytic conversion.

HER electrocatalysis

Next, we evaluated the influence of compositional variation on
the activity of CuFe,O, for the HER. Linear sweep voltammetry
elucidates a good activity for all samples, with both the over-
potential and the onset potential decreasing with an increasing
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Cu/Fe-ratio (Fig. 6a). Specifically, the overpotential at —10 mA
cm 2 decreases from —433 mV for Cu, oFe, ;0, to —342 mV for
Cu, ,Fe; g0, (Table S31). The influence of strain effects and
a CuO by-phase as observed for the OER is of less importance
for the HER. Additionally, the observed differences are already
apparent in the first LSV sweep (Fig. S157), indicating that the
composition - specifically the number of Cu-sites - directly
affects the HER activity and not only the activation mechanism
- an effect that is likely further exploited by the increased
amount of Cu species at the surface observed in XPS analysis.
An activation process is still visible for all samples during the
initial sweeps, after which a stable activity is reached (Fig. S167),
which is also apparent in an increased negative current density
in the CV curves after the HER experiment. Notably, the HER
activity of samples with a high Cu ratio appears to be less
affected than that of compositions with a low Cu ratio
(Fig. S17%).

Similar to the observation at 1.7 V, the charge transfer
resistance at —0.5 V vs. RHE is significantly lower for compo-
sitions with a high Cu/Fe-ratio, compared to those containing
low amounts of Cu, which is further indication of the improved
conductivity with a higher Cu content (Fig. 5c). After the HER,
the charge transfer resistance at —0.5 V is similar for all
compositions (Fig. S18at). It can be fit by a similar equivalent
circuit as the OER data (Fig. S18, Table S671). Before the HER,
additional influences likely corresponding to corrosion, or at
least changes in adsorbed surface species, are visible (Fig. 5¢).®
This may be related to the observed activation behaviour - and
thus most likely to the reduction of Cu. An equivalent circuit
containing additional inductive elements is needed to account
for the observed loop, but did not yield satisfactory results using
the simple - and often used - circuit depicted in Fig. S18.7 This
could be indicative of more complex phenomena and different
species on the surface A qualitative discussion of differences in
the charge transfer resistance is still possible.®® The Tafel slope
is similar for all samples and close to 120 mV dec™ ', suggesting
similar kinetics independent of the composition, and the
Volmer step to be the rate limiting one.**** Interestingly, the
exchange current density increases with an increasing Cu/Fe-
ratio, indicating an improved electron transfer across the
interface (Fig. S18bt) - this effect can likely also be attributed to
the increased number of Cu-surface species.®

The ECSA was additionally determined from CV scans
between —0.1 and 0V, i.e. closer to the relevant range for the
HER. Similar to observation for electrodes employed in the OER
between 1.2 and 1.3 V, both the double layer capacitance and
ECSA before the electrochemical experiment are generally
higher for compositions that contain more Cu (Fig. 6d, Table
S51). The differences between CuFe,O, containing an excess of
Cu and those samples containing less Cu are better established
in this region, although the higher current densities and less
defined shape of the CV curves might indicate small contribu-
tions of a faradaic current in the measurement region
(Fig. S197). After the HER, the double layer capacitance is
slightly increased, but no correlation with the observed activity
trend can be established (Fig. S20t), indicating that the ECSA is

This journal is © The Royal Society of Chemistry 2024
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Fig.6 LSV curves for the HER with CuFe,O4 of different composition (a), derived Tafel plots (b), Nyquist plots before the HER (c) and double layer
capacitance from CVs at different scan rates measured before the HER (d).

comparable for all samples, and small differences only have
a minor contribution to the overall activity.

For a better comparison of the intrinsic activity, LSVs were
also normalised to the BET surface area and the loaded mass
(Fig. S217). In general, a similar activity trend is observed as for
an evaluation based on the geometric current densities. Small
variations are observed that may partly be caused by differences
between the apparent loaded mass and the mass fraction
actually participating in the reaction, as discussed above. The
LSV curves are also shown normalised to the ECSA determined
after the HER, as well as to the ECSA determined after the OER
at 1.2-1.3 V in Fig. S22.1 No clear relation between composition
and activity can be derived from the results normalised to the
ECSA determined closer to the HER onset, whereas the same - if
somewhat exacerbated trend as observed before clearly shows
for the results normalised to the ECSA after the OER, confirm-
ing secondary contributions to the capacitive current measured
between —0.1 and 0 V.

We want to note here that one should take extra caution
when evaluating the ECSA of a semiconductor material. Not
only do faradaic contributions have to be excluded, but a key
assumption in evaluating the ECSA both via measurement of
the double layer capacitance, via CV, or by EIS measurements is

This journal is © The Royal Society of Chemistry 2024

that the interfacial capacitance does not contain any contribu-
tions from a space charge layer in the semiconductor.*” This is,
however, not necessarily true for semiconducting materials. E.g.
Mott-Schottky analysis is also determining the interfacial
capacitance based on impedance measurements, but the
interpretation of the data is fundamentally different. Here, the
key assumption is that the Helmholtz layer capacitance is much
larger than that of the space charge region in the semiconductor
and the potential drop therefore solely occurs in the semi-
conductor.®® In order to investigate the validity of using the
double layer capacitance to determine the ECSA, we performed
Mott-Schottky analysis on CuFe,0,, which was electrophoreti-
cally deposited on FTO substrates (Fig. S221). The analysis
confirms CuFe,0, to be a p-type semiconductor in agreement
with literature results.”*® The flat band potential (Eg,) is
determined to be around 0.45 V vs. RHE with a slight shifting
towards lower values observable for longer deposition time,
likely due to a decreased contribution of any band bending at
the p-n junction at the interface with the FTO substrate. At
100 Hz, the observed y-offset corresponds to a capacitance of 82
F cm 2, that can likely be ascribed to the electric double layer.*®
The validity of the assumption of pH dependence of the flat
band potential was confirmed by performing a similar
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experiment in 1 M KOH (Fig. S151). The determined flat band
potential is sufficiently distant from the 1.2 to 1.3 V used for the
determination of the double layer capacitance only have
a negligible influence on the ECSA in this region. Charging of
the space charge layer might, however, contribute to the
charging current measured at —0.1 to 0 V, confirming the
limited suitability of that potential range for the determination
of the ECSA.

Next, we wanted to address the long-term stability of
CuFe,0, catalysts during the OER and the HER, respectively.
Stoichiometric CuFe,O, was used for an investigation of the
OER performance via chronoamperometry at 1.9 V for 7 h, and
at —0.5 and —0.6 V to evaluate the HER performance. A stable
current associated with the OER is observed, with a slight
activation visible during the first 5 h. During the evaluation of
the HER activity over the course of several hours, a significant
increase in the current density can be observed during the first
5 h. More than 5 times the initial activity is reached. While the
activity for the OER was too low to reliably detect evolving O,,
the H, evolution was monitored via GC and the general shape of
the H, evolution curve matches well with the observed current
density (Fig. 7). The pronounced activation can likely be
attributed to an in situ reduction of Cu in the structure, which
can lead to both an increase in the conductivity and activity.
While the LSV curves were overlapping after the first couple of
sweeps, indicating a stable equilibrium state, the material
changes during the chronoamperometry can be expected to be
more extensive. The main difference thereby lies in the
continuous potential variation during the LSV that allows for
a partial reoxidation, which might restrict reduction and
oxidation of metal species to the surface. The uninterrupted
reducing potential on the other hand results in a continuous
reduction.

To further prove this assumption, we measured XRD of the
electrodes before electrochemical measurements, as well as
after the OER and the HER - both for the standard measure-
ment procedure and for the long-term experiment (Fig. S237).
While the cubic spinel structure is well retained after OER and
HER experiments with the standard procedure, pronounced
material changes occur during the chronoamperometric
measurements both at highly reducing as well as oxidating
potentials. Interestingly, the formed species are similar for both

4858 | Sustainable Energy Fuels, 2024, 8, 4848-4863

CA at 1.9 and at —0.6 V. In both cases, Fe(OH); is formed, in
addition to less unambiguously identifiable oxide species con-
taining potassium from the electrolyte — especially K3(FeO,) and
K3;CuO,. These species might form from unstable surface
species upon drying. The formation of Fe(OH); might indicate
FeOOH species formed upon prolonged potential application,
that might contribute to the increasing activity, while the
presence of Kz;CuO, is supporting the assumption of Cu
reduction.

Since CuFe,0, exhibited activity for both the OER and the
HER, a comparative experiment was set up using CuFe,O,
electrodes as both anode and cathode. After the initial condi-
tioning protocol, first 10 LSV measurements were conducted in
the OER region, followed by another 10 LSV measurements in
the HER region using the same electrodes in a three-electrode
configuration (Fig. S241). The onset potential for both reac-
tions is higher by around 0.2 mV, which can be explained by the
kinetics of the reactions at the counter electrode impeding the
overall current flow.

Subsequently, the cell potential was measured in a two-
electrode setup for a current density of 10 mA and —10 mA at
the working electrode. The cell potential increases gradually
from around 2.1 to almost 2.5 V, which is around the sum of the
expected 1.23 V and the overpotentials of around 800 mV for the
OER and 400 mV for the HER. The potential increase is probably
caused by a slow degradation of the carbon cloth electrodes at
the OER side, as apparent in the development of a brown col-
ouring of the electrolyte.

ORR electrocatalysis and Zn-air battery

For the application as a bifunctional catalyst beyond water
splitting, e.g. in energy storage applications such as electrically
rechargeable metal air batteries, the catalyst's activity towards
the ORR is of equal importance as the OER activity. Initially, the
performance of CuFe,0,-GDEs in the ORR was investigated by
means of LSV in 4 M KOH in a half-cell setup. All CuFe,O,
electrodes exhibit a comparable activity (Fig. 8a). Overpotentials
at 5 mA cm™? range between 577 mV and 646 mV, with no
specific correlation between composition and activity apparent
(Table S77). The bare GDL shows basically no activity for the
ORR (Fig. S25at).

This journal is © The Royal Society of Chemistry 2024
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To then confirm the bifunctional activity of CuFe,0,4, and
thus its applicability in electrically rechargeable metal-air
batteries, stoichiometric ferrite was drop-cast onto the same
carbon paper GDL as used for the ORR experiments and tested
in a Zn-air battery. Zn-air batteries can be readily prepared on
a lab-scale using a commercial Zn-foil as anode, 6 M KOH as
electrolyte, a microporous separator and as-prepared GDEs as
(air-)cathode (refer to the experimental section for details).
During discharge, metallic Zn is oxidised to Zn(OH),>~ at the
anode, and further transforms into ZnO that precipitates on the
electrode surface. Meanwhile, O, is reduced to OH ™ at the air
electrode (ORR). During charge, the reactions are reversed: Zn is
reduced back to the metallic form while the OER is taking
place.® The charge-discharge potential gap can be regarded as
a figure of merit to evaluate the GDE performance. As depicted
in Fig. 8b, the performance of the CuFe,0,-GDE at various scan
rates is highly comparable to that of a commercial Pt/C-GDE up
until a charging rate of 40 mA s~ ' (16 mA cm ™2 s~ '), elucidating
the successful function as a catalyst for both OER and ORR.

The charge/discharge polarisation curves of the CuFe,O,-
GDE (Fig. 8c) reveal a comparable i/U characteristic to the
commercial Pt/C-GDE at low charging rates. In general, the
discharge polarisation curves initially show a steep voltage
decrease that can be attributed to activation polarisation, fol-
lowed by a steady decrease with increasing current density due
to ohmic losses, as characteristic for metal-air batteries.®® Good
Zn-air battery performance is characterised by mostly constant
cell voltages over a wide current density range during the charge
and discharge.” Both activation and ohmic losses are slightly

This journal is © The Royal Society of Chemistry 2024

higher for CuFe,0,, indicating a slightly lower ORR activity in
combination with a lower conductivity of the electrode. The
latter can be attributed to the simple preparation of the GDE via
drop-casting. Moreover, neither conductive carbon, nor PTFE
were added to adjust the conductivity and wetting properties. In
contrast, a similar charging voltage is reached for CuFe,0,,
compared to the commercial Pt/C-GDE at medium current
densities. While the charging voltage plateau at 2 mA cm ™ is
lower for the Pt-GDE, it is slightly higher at 4 mA cm ™2, high-
lighting the promising applicability of CuFe,O, in GDEs for
efficient charging of Zn-air batteries. Additionally, the voltage is
significantly lower for CuFe,O, at lower current densities, which
would indicate a lower required energy input. However, in
contrast to a Zn-air battery equipped with the Pt/C-GDE, the rise
in cell voltage with increasing charging current rate is retarded
for the CuFe,0,-GDE, suggesting the presence of additional
obstructive phenomena, e.g. due to elevated mass transport
limitations at the not yet optimised 3-phase boundary, or
additional oxidation reactions at small current densities. A
similar effect has been observed for other transition metal
chalcogenides, e.g. MoS, or MnO,, for which a positive current
density before the onset of the OER is also apparent in the CV,
and which has previously been ascribed to compositional
changes involving redox reactions.”*

In order to evaluate the long-term stability of the GDE under
battery operation conditions, repeated galvanostatic cycling at
a current density of 50 mA cm™ > was performed, with a charge/
discharge duration of 5 min each. The discharge curves over
several hundred cycles are comparable to the commercial Pt/C

Sustainable Energy Fuels, 2024, 8, 4848-4863 | 4859
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electrode, confirming the good ORR performance (Fig. 8d).
Moreover, the stability during long-term cycling is similar. A
drop in cell voltage indicating battery failure occurs roughly at
the same time, which corresponds to approx. 400 cycles (~33 h).
This is probably due to the degradation of the Zn-anode. The
charging characteristics on the other hand are notably different.
With the Pt/C-GDE, a stable voltage of around 2.17-1.18 V is
reached after only a few seconds. The voltage is increasing
slightly with an increasing number of charge-discharge cycles.
For the Zn-air battery equipped with a CuFe,0,-GDE it takes
significantly longer to reach a stable voltage (~150 s), similar to
what was observed in the polarisation curves. Additionally, the
charging behaviour changes during the first 200 cycles, indi-
cating initial material changes, similar to what was observed for
the HER and OER experiments. The full cycling experiment with
the CuFe,O, GDE and an excerpt of the first 100 cycles are
depicted in Fig. S25.1

A comparison with the pristine GDL shows, that CuFe,0, can
in principle operate as a bifunctional catalyst with a good
stability in GDEs. A comparable difference in charge and
discharge plateaus of 1.03 V is reached for both Pt and CuFe,0,.
Further investigations should aim at improving the catalytic
performance of CuFe,O,, which can be expected to significantly
enhance the suitability as a bifunctional catalyst in metal-air
batteries. Additionally, the preparation technique of GDEs, for
which no optimisation was attempted in this study, should be
targeted in the future.

4860 | Sustainable Energy Fuels, 2024, 8, 4848-4863

Table S8t compares the activity of our CuFe,O, catalysts to
related catalysts in the literature. We specifically want to stress
that the most interesting finding of this study is the multi-
functionality of the material, and the general possibility that
our synthesis strategy offers, e.g. for tuning the activity of spinel-
type oxides. It can be expected that a similar strategy can also be
exploited for tuning the electrochemical performance of struc-
turally related transition metal oxides, such as CoFe,O, and
NiFe,0,4, which are known for their activity for the OER.

CO,RR electrocatalysis

Another reaction for which CuFe,O, was shown to exhibit
catalytic activity is the electrochemical reduction of CO, to CO
(and H,). A major dependence on the structure - especially the
local coordination environment of Cu in the spinel structure -
was established in previous studies.”” In order to gain insights
into the influence of the Cu/Fe-ratio we used CuFe,O, electrodes
on carbon cloth in a comparable setup as used for the water
splitting experiments (Fig. S7t), and investigated the depen-
dence of the CO,RR performance on the composition in a 0.1 M
KHCO; electrolyte, at a potential of —0.69 V vs. RHE.

The current density increases with a deviation from the ideal
stoichiometric composition, which might again be partially
caused by strain effects. It is in the range of around 5 mA cm ™2
for the stoichiometric composition, to around 10 mA cm > for
samples with either a very high, or a very low Cu-content

This journal is © The Royal Society of Chemistry 2024
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(Fig. S26at). The CO yield on the other hand is greatly affected
by the composition and increases continuously with an
increasing Cu/Fe-ratio (Fig. 9a). While almost no CO, reduction
to CO is observed for Fe-rich samples, those with a high Cu
content exhibit about five times the activity (in terms of CO
yield) compared to stoichiometric CuFe,O, (Fig. 9b). At the
same time, the faradaic efficiency for CO increases to around
13% for Cu, ,Fe; 30,4, which further elucidates the tunability of
the catalytic activity by a variation of the Cu/Fe-ratio. The H,
evolution rate is lowest for the stoichiometric CuFe,0,, indi-
cating a small influence of strain effects under these conditions
also on the HER performance. The observed CO evolution rate
and faradaic efficiency are best after 50 min of electrocatalysis.
Initially, material activation and removal of organic residues —
as also apparent by the higher current density during the first
20 min - is the most probable reason for the lower activity. The
decreased activity after 90 min might indicate a slight deacti-
vation, however. A normalisation of the CO yield to the active
mass results in a similar activity trend, with some uncertainties
due to portions of the catalyst ink diffusing underneath the
Kapton tape (Fig. S26ct).

The selectivity calculated based on the detected gasses (in
this case H, and CO) is comparable to the faradaic efficiency, if
slightly higher, suggesting the formation of low amounts of
additional products (Fig. S26bf). Small amounts of accumu-
lated HCOOH were detected by HPLC after the experiment
(Fig. S26d7t), corresponding to a FE of max. 3.5%. In agreement
with the higher CO, conversion rate generally observed at
a higher Cu-ratio, the amount of HCOOH detected also
increases with an increasing Cu/Fe-ratio. The sum of faradaic
efficiencies is around 90% (Fig. S26ef), with the missing
percentages likely being caused by inaccuracies in the quanti-
fication of the low product amounts as well as trace amounts of
other products. Methane, and in selected cases also ethane,
were found in almost all measurements, but in concentrations
below the quantification limit.

Since CuFe,0, showed some activity for the OER, which is
presumably the reaction taking place at the counter electrode,
a full cell testing was performed, using CuFe,O, as both anode
and cathode. First, the CO, reduction performance was inves-
tigated in a three-electrode setup, similar to the experiments
with a Pt counter electrode. Both current density and gas yields
are comparable to the previous runs (Fig. S277). Subsequently,
the potential at the working electrode was measured at a current
density of —10 mA cm ™ for 1 h and found to be stable at around
—1 V, highlighting the good stability of CuFe,O, during the
investigations (Fig. S271).

Conclusions

In this work, we demonstrated how varying the Cu/Fe-ratio in
CuFe,0, nanoparticles synthesised via a microwave-assisted
synthesis allows for the tuning of the catalytic activity for
multiple electrochemical reactions, such as ORR, OER, HER,
and CO,RR. While strain effects resulted in an improved activity
for the OER with a deviation from the stoichiometric compo-
sition, in addition to an improved charge transfer resistance

This journal is © The Royal Society of Chemistry 2024
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and lower Tafel slope, the presence of larger amounts of excess
Cu proved to be beneficial for the HER activity. The ORR
performance on the other hand remains mostly unaffected by
the Cu content. The most significant impact of changing the Cu/
Fe-ratio could be observed in the CO,RR. Here, both the CO
evolution and FE can be significantly improved by increasing
the amount of Cu within the structure. All results together
demonstrate how the promise of CuFe,0, as a multifunctional
electrocatalyst, as also demonstrated by full cell tests in water
splitting and the CO,RR, as well as preliminary tests as
a bifunctional catalyst at the air electrode in Zn-air batteries.
Depending on the target application, the Cu/Fe-ratio can easily
be tailored with our synthetic approach and thereby adjusted
for an optimum performance in the respective application.
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