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1. Introduction

The combination of rising CO2 concentrations in the atmosphere
and the necessity for alternative production pathways of valuable
carbon-containing chemicals have provoked an increasing inter-
est in the capture and conversion of CO2. Electrochemical CO2

reduction is hereby especially promising, since it enables the
direct conversion of electricity from renewable sources into
chemical fuels, that can on the one hand serve as storage media
to mitigate fluctuations in the power supply by renewables and
on the other hand can be used as feedstock for industrial

processes, such as Fischer–Tropsch, or
the syntheses of valuable chemicals.[1–4]

CO2 reduction is a multielectron and fre-
quently also a multiproton transfer reac-
tion. This, together with the inert nature
and the possibility of various reduction
products, usually results in high required
overpotentials and the occurrence of multi-
ple reaction products.[5] The selectivity
hereby strongly depends on the catalyst.
Until recently, copper was the only metal
electrocatalyst yielding CH4 and higher car-
bon products, such as C2H4 or
ethanol,[4] with Zhou et al. reporting in
2022 the production of linear and branched
C3 to C6 hydrocarbons also over polarized
Niδþ associated with Ni–O bonds.[6]

Copper-containing materials, especially
oxides, are likewise of interest due to their
comparatively high activity and broad sub-
strate scope. Copper oxides, such as CuO or

Cu2O, are reduced to metallic copper at the surface under oper-
ating conditions.[7–10]

Another interesting copper oxide is CuFe2O4 that only con-
tains abundant iron as an additional element. CuFe2O4 belongs
to the class of spinel-type materials that are normally of cubic
crystal structure with the space group Fd3m. However, due to
the strong Jahn–Teller distortions induced by Cu2þ, lowering
of the symmetry to tetragonal is favored at lower temperatures.[11]

A cubic structure is stable above around 400 °C.[11,12] Spinels are
of high interest also due to their magnetic and electronic prop-
erties, which can be adjusted by the degree of inversion, i.e., the
cation distribution between tetrahedral and octahedral sites, and
in the special case of CuFe2O4 also by the structure.[13–16] The
degree of inversion influences the structure due to the strong
Jahn–Teller distortion caused by Cu2þ at octahedral sites.[17]

The exact relationship between structure and inversion parame-
ter is, however, debated. A completely inverted structure was
reported for cubic CuFe2O4 based on neutron diffraction results,
with a slight reduction of the inversion parameter by a few per-
cent upon phase transition to tetragonal.[18] On the other hand, a
strong correlation between phase transition and cation migration
is commonly believed to be present.[13–15,19] Thus, Ohnishi et al.
observed a normal cation distribution for CuFe2O4 in the high-
temperature cubic form. Copper migration to octahedral sites
proceeds during cooling between approx. 700 and 360 °C, where
the stronger Jahn–Teller distortion causes the transition to tetrag-
onal and results in a strong correlation between inversion param-
eter and structure.[11–14,19–21] Cubic CuFe2O4 was reported as a
normal spinel[19,20] as well as inverted.[11] The critical inversion
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Nanoparticles of cubic CuFe2O4 are obtained in a fast microwave-assisted
hydrothermal synthesis. By adjusting the pH value and solvent ratio (ethylene
glycol to water), phase purity and high crystallinity is achieved at very short
reaction times of 1 min, or low temperatures of 120 °C, without the need for
subsequent heat treatment steps. The influence of the synthesis time or tem-
perature on material properties and performance in electrochemical CO2

reduction to CO are investigated. While particle size and crystallinity are not
changed significantly with longer synthesis times at 175 °C, prolonged heating
results in a decrease of the degree of inversion, which leads to a decrease in the
CO2 reduction ability. The best performance is observed for CuFe2O4 with an
intermediate degree of inversion of approx. 0.75, together with the largest
crystallite size and micro-strain, as revealed by Rietveld refinement. For CuFe2O4

synthesized under these conditions, a CO evolution rate of 0.2 μmol h�1 g�1 is
obtained at a Faradaic efficiency of 20%. The CO to H2 ratio is 1:3, which makes it
a promising candidate for a sustainable production of syngas.
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parameter for phase transition is believed to be 0.75.[19] The cat-
ion distribution is largely dependent on the synthesis conditions,
such as particle size and calcination temperature,[11,21–23] that
appear to have the most significant impact on both structure
and degree of inversion. Calculations have shown that the cation
distribution significantly affects the electronic properties, with a
change from a completely inverted structure to a normal one
resulting in a change from semi-conducting to half-metallic prop-
erties.[19,24] This has experimentally been observed by a reduced
grain resistance and improved conductivity for partially inverse
tetragonal CuFe2O4 compared to normal cubic CuFe2O4.

[19]

CuFe2O4 has been used for several catalytic processes, such as
methanol steam reforming,[22] photocatalytic degradation,[23]

photocatalytic water splitting,[25] photoelectrochemical hydrogen
evolution,[26] photoelectrochemical water oxidation,[27,28] as well
as gas sensor material[29] or for protein separation.[30] A huge
advantage is the easy recovery of the material due to its magnetic
properties. Additionally, CuFe2O4 is an effective electrocatalyst
for oxygen evolution, for which it showed a very low overpoten-
tial, even surpassing the performance of CoFe2O4 and
NiFe2O4.

[31] CuFe2O4 has also been used for the photoelectro-
chemical (PEC) CO2 reduction reaction (CO2RR).

[32,33] Thus,
the group of Khan first employed pure CuFe2O4 for PEC
CO2RR to methanol and then switched to a composite with gra-
phene oxide, thereby increasing the Faradaic efficiency to 87%,
reportedly due to better charge separation.[32,33] Improved activity
—also for the conversion to methanol—could also be observed
for a composite with TiO2, as reported by Hafeez et al.[34]

Common synthesis methods include co-precipitation,[29] solid-
state reaction,[11,19] sol–gel synthesis,[31] combustion synthesis,[35]

or solvothermal synthesis.[30,36] Methods requiring calcination
temperatures of more than 300 °C yield tetragonal CuFe2O4, if
cooled slowly, and cubic, if quenched rapidly from high temper-
atures. Additionally, most of these techniques yield large particle
sizes, with inhomogeneous size distributions and low surface
areas because of the high temperature requirements, which is
often impedimental for catalytic performance.[22] To obtain nano-
sized or nanostructured particles, different strategies, such as hard
templating, soft templating, or combustion synthesis, can be
employed.[22,23,35] In contrast to solid-state synthesis, hydrother-
mal synthesis allows for the direct preparation of the cubic
form.[36] As an alternative, microwave-assisted syntheses allow
for the preparation of spinel ferrite nanoparticles.[37–39] Due to fast
homogeneous heating, reaction times can often be significantly
reduced compared to conventional hydrothermal synthesis and
the size distribution can be narrowed.[37,38,40–42] Phuruangrat
et al. have shown in first experiments that microwave-assisted
hydrothermal synthesis is feasible for the direct synthesis of crys-
talline CuFe2O4 in its cubic form.[43] Jalajerdi et al. obtained tetrag-
onal CuFe2O4 after an aqueous microwave synthesis followed by
calcination.[44] The size distribution is relatively broad, however.
To improve the size distribution of nanoparticles, triethylene gly-
col (TEG) has been used as a solvent in a solvothermal synthesis of
CuFe2O4 nanorods, serving as reducing agent, high boiling sol-
vent, and stabilizer.[45] Similar approaches with the solvent acting
as a stabilizing agent have been shown for other ferrites in our
group as well.[37–39] For copper ferrite, a microwave synthesis
in organic solvents, however, results in a reduction of Cu2þ

and the formation of Cu0 by-phases.[41]

We herein present a fast, reproducible microwave-assisted syn-
thesis of cubic CuFe2O4 nanoparticles in water, with additional
ethylene glycol acting as stabilizing agent in the reaction solution,
improving phase purity and homogeneity by preventing the pre-
cipitation of hydroxides. We further examine the influence of syn-
thesis parameters on the material properties, the degree of
inversion, and on the activity in electrochemical CO2 reduction.
The best performance is observed for CuFe2O4 with an interme-
diate degree of inversion, for which a CO evolution rate of
0.2 μmol h�1 g�1 was obtained at a Faradaic efficiency of 20%.
The CO to H2 ratio was 1:3.

2. Results and Discussion

The synthesis of CuFe2O4 in water is strongly pH-dependent,
which was also observed for a hydrothermal synthesis
approach.[36] Fe2O3 was the only reaction product observed in
the XRD patterns under acidic conditions, CuO was the main
product at near neutral conditions, and CuFe2O4 was only
observed at pH> 10 (Figure S1, Supporting Information). In
contrast to Phuruangrat et al., we observed CuO occurring as
by-phase in varying amounts when the synthesis was conducted
in pure water, especially at a pH below 12 (Figure S1, Supporting
Information). This is likely due to the precipitation of hydroxides
upon pH adjustment before transfer to the microwave, which
results in visibly inhomogeneous mixing. Upon addition of eth-
ylene glycol as a complexing agent, which optically improved the
dispersion, the synthesis reproducibly yielded phase-pure cubic
CuFe2O4 at medium amounts of ethylene glycol (EG). If the
amount of EG exceeded 40%, a reduction of copper was observed
(Figure S2, Supporting Information), in good agreement to the
results reported by Solano et al.[41] The best results were obtained
using a EG:water ratio of 5:10 (1:2).

After having established the general reaction parameters, we
varied the reaction time and temperature for the microwave syn-
thesis. The corresponding XRD patterns are depicted in Figure 1
and S3, Supporting Information. A reduction of the synthesis
time to only 1min was possible, without the appearance of
any by-phases and without apparent loss of crystallinity. A similar
reduction of the synthesis time to 1min could additionally be
shown at 150 °C (Figure S4, Supporting Information). The
employed synthesis temperature has a stronger influence on
crystallinity and phase purity. While the distinct reflections for
cubic CuFe2O4 are apparent even after reaction at only 120 °C
for 15min, the crystallinity was low and a shoulder to the left
of the (311) reflection indicated the presence of a possible tetrag-
onal phase. When the temperature was raised to 200 °C, Cu2O by-
phases were observed in high-resolution Ag-XRD patterns
(Figure 1 and S3, Supporting Information), likely due to the
strong reducing ability of EG at this temperature. The crystallite
sizes for CuFe2O4 obtained after different reaction times, as well
as at different temperatures, were first calculated by the integral
breadth method and additionally by Rietveld refinement due to
the high background (Figure 1c,d). The prominent background
could be an indication of an amorphous phase that probably cor-
responds to organic residues. Both methods yield a crystallite
size of 10–13 nm, depending on the reaction time. A correlation
with the degree of inversion was noted and is discussed in the
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following sections. A significantly smaller crystallite size of only
approx. 6.5 nm was estimated after the reaction proceeded at
120 °C, whereas the crystallite size remains unchanged for
increasing reaction temperatures. The determination of crystal-
lite size by the integral breadth method for the 120 °C sample was
only possible for the (400) reflection due to low crystallinity and
peak overlap. For the same reasons, Rietveld refinement did not
result in a good fit.

SEM images show the agglomeration of very small nanoparticles
(Figure S5, Supporting Information) that have an almost perfect Cu:
Fe ratio of 0.5 determined by EDXS. For further evaluation of the
synthesis parameters on the crystal morphology, the obtained par-
ticles were analyzed with TEM (Figure 2 and S6, Supporting
Information). Slightly increasing particle sizes with increasing syn-
thesis time were estimated, with the particles growing from approx.
13.5 to 18.5 nm. Similar sizes were obtained after reaction at tem-
peratures between 140 and 180 °C as well (Figure S6, Supporting
Information), with the size increasing from 14 to 18 nm. The aver-
age particle size is only slightly larger than the determined crystallite
size, indicating that the nanoparticles are mostly single crystalline.
The crystallinity and cubic structure were further confirmed by
measuring lattice spacing in high-resolution images (Figure S5,
Supporting Information). The spacing corresponding to the
(311)-plane in the cubic structure was the most prominent one.

The surface area was evaluated by the BET model. The surface
area of CuFe2O4 particles synthesized at a fixed temperature of
175 °C is around 120m2 g�1, independent of the synthesis time
(Figure S7, Supporting Information). The corresponding iso-
therms have the typical shape for nanoparticle agglomerates,
revealing that the high surface area is a result of the small size
of the obtained nanoparticles. Correspondingly, no defined pore
size is observed, and the void size between nanoparticles peaks
around the particle diameter. The particles obtained after shorter
reaction times exhibit a tendency to form agglomerates with
smaller voids, possibly due to organic residues and very small
amorphous compounds. The similar surface area independent
of the size is in good agreement to the similar sizes observed
in the TEM images. The surface area for particles obtained after
reaction at different temperatures decreases with increasing reac-
tion temperature from 250 to 100m2 g�1, although the particle
size was very similar. This might be an indication of different
agglomeration behavior that is also apparent in different shapes
of the isotherms and might either depend on the amount of
organic residues or on different magnetic properties. The pack-
ing of nanoparticles is much denser for samples synthesized at
low temperature (i.e., 120 or 140 °C), which show a narrow pore
size distribution that peaks around 5 nm (Figure S7, Supporting
Information). The dense packing is furthermore hinted at in the

Figure 1. Ag-XRD patterns for CuFe2O4 obtained after different reaction temperatures at 175 °C a) and after 15min at different reaction times b).
Following ICDD reference patterns were used: CuFe2O4 (c): 01-077-0010; CuFe2O4 (t): 00-034-0425, Cu2O: 00-005-0667. Crystallite sizes obtained
via the integral breadth method and Rietveld refinement are depicted in c) and d). Error bars for the integral breadth method are estimated by averaging
over different reflections in the cubic structure; error bars for sizes derived from Rietveld analysis indicate averaging of at least two independent fits.
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TEM images. Larger amounts of organic residues or amorphous
matter might contribute to void filling between particles. The BET
surface area for CuFe2O4 obtained after different reaction times at
150 °C is around 150m2 g�1, thus larger than for the particles pre-
pared at 175 °C, which is in good agreement to the increased sur-
face area at lower temperatures mentioned above.

To evaluate whether the differences in the agglomeration
behavior are due to organic residues on the surface, TG-MS
measurements were conducted for CuFe2O4 obtained after dif-
ferent reaction times or at different temperatures (Figure 3).
As expected, the mass loss during annealing in air increases with
decreasing reaction times. An initial increase of the mass below
100 °C can probably be attributed to oxidation of organic matter,
likely followed by a loss of adsorbed H2O at approx. 125 °C and
decomposition of organic matter mainly into CO2 at 150 to
350 °C (Figure S9, Supporting Information). A similar effect is
observed for samples obtained after different reaction times, with
the mass loss being even more pronounced for CuFe2O4

synthesized at lower temperatures, with the sample synthesized
at 120 °C showing a mass loss of 15%.

The higher amounts of organic residues might explain the
increased surface area for samples obtained at low temperatures.
Corresponding to the decomposition of organic residues, exo-
thermic peaks can be observed in the DSC measurements
(Figure S9, Supporting Information). Additionally, two steps
with increasing heat flow are visible, one between 300 and
400 °C and one between 620 and 700 °C. Those features might
correspond to phase transitions, first from cubic to tetragonal
and later from tetragonal to cubic. The onset temperature for
the first phase transition shifts toward higher temperatures with
increasing synthesis duration and the increase in the heat flow
decreases. Both might be an indication of different initial cation
distributions.

The organic residues are also apparent in the DRIFT spectra
for all samples (Figure 3c,d, S9, Supporting Information).
Additionally, differences between samples obtained after different

Figure 2. TEM images of CuFe2O4 particles obtained after different reaction times at 175 °C a,c,e) and after 15min at different reaction temperatures
b,d,f ), as well as corresponding particle size distribution. For the determination of size distributions, at least 50 particles were measured.
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reaction times, or at varied temperatures, are apparent, indicating
structural changes that are not visible in the XRD patterns and
thus do not significantly influence the crystallinity. All samples
exhibit the characteristic absorbance at 400–550 cm�1 correspond-
ing to metal–oxygen vibrations at octahedral sites, ν2, and the
absorbance between 620 and 750 cm�1, ν1, corresponding to
metal–oxygen vibrations at tetrahedral sites.[46–49] The vibrations
show only negligible changes in dependence of the synthesis time

or temperature, indicating a complete condensation ofmetal–oxygen
bonds even at short times and low temperatures, in good agree-
ment to highly similar XRD patterns. An exception is CuFe2O4

synthesized at only 120 °C, for which the M–O vibrations are less
intense, likely due to incomplete condensation to the oxide.
Correspondingly, a larger amount of hydroxyl-groups is observed
between 3000 and 3500 cm�1 in addition to organic residues from
ethylene glycol and its decomposition products.[45] Noticeably, the

Figure 3. Observed mass loss during annealing of CuFe2O4 particles obtained after reaction for different duration at 175 °C a), or for 15 min at different
temperatures b), DRIFT spectra for CuFe2O4 synthesized under varied conditions c,d), as well as corresponding Raman spectra e,f ).
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intensities of the vibrational bands at 1030 cm�1, corresponding to
COH-bonds in poly-ethylene glycol, and at 3690 cm�1, corre-
sponding to non-hydrogen bonded OH, increase with the synthe-
sis time, while those at 1380 and 1330 cm�1, that fall into the
range of C-O bonds, decrease slightly.[50] An observed decrease
of the vibration at 1585 cm�1 and increase of the vibration at
1030 cm�1 are similar to evolutions observed during the polymer-
ization of ethylene glycol that might occur as a side reaction.[51]

Additional weak absorption bands between 1050 and 1160 cm�1,
which are especially visible at short reaction times or low tem-
peratures, might also be attributed to C–O in ethylene glycol
residues.[45] A similar trend is visible with increasing reaction
temperature, if more pronounced.

Raman spectra were recorded for CuFe2O4 obtained under
varying synthesis conditions to corroborate the cubic structure
and phase purity deduced from the XRD patterns (Figure 3e,f ).
The visible bands for all samples can be assigned to the 5
expected Raman active modes for cubic CuFe2O4 and are in good
agreement to literature values.[47,52] No characteristic bands for
common by-phases, such as Fe2O3, are visible. The band at a shift
of 173 cm�1 is assigned to the F2g mode, that at 268 cm�1 to Eg,
that at 448 cm�1 and 553 cm�1 to F2g as well, and that at
677 cm�1 to the A1g mode.[47] Additional humps at 350 cm�1

and a shoulder at 620 cm�1 might be an indication of locally
lowered symmetry due to Jahn–Teller distortions caused by
Cu2þ ions in an octahedral environment, although a universal
distortion of the crystal lattice is not apparent in the XRD pat-
terns. A similar observation has been stated by Silva et al. for
co-substituted CuFe2O4.

[47] However, additional bands might
also be formed due to partial inversion that also lowers the
symmetry.[16] Due to the weak intensity of those bands, no clear
conclusion about the local environment of Cu and Fe ions, in
terms of phase transformation and degree of inversion, can
be drawn from the DRIFT and Raman spectra, however.

For further characterization of the as-synthesized nanoparticles,
UV/vis/NIR measurements were conducted in order to estimate
the bandgaps. Irrespective of the synthesis conditions, a bandgap
of approx. 1.9–2.0 eV was obtained from the Kubelka–Munk plots,
in good agreement to literature values (Figure S10, Supporting
Information).[27,28,53] Since the bandgap is highly dependent on
the degree of inversion, similar cation distribution independent
of the synthesis conditions can be assumed.[19] A feature at
485 nm is apparent in the spectra, corresponding to ligand to
metal charge-transfer from oxygen to copper 3d orbitals. If this
region is ignored in the fit, slightly lower values were obtained,
compared to a fit only above the d–d band (Figure S10,
Supporting Information). A second, weak feature at approx.
800 nm can be attributed to d–d transitions in Cu2þ at distorted
octahedral sites. A third, very weak feature centered around
1500 nm arises due to d–d transitions in Cu2þ at tetrahedral
sites.[54–56] Bandgap values were also determined from the Tauc
plots that yield a bandgap of 1.7–1.8 eV for an indirect transition
that includes a fit over the d–d band and thus leads to a slight
underestimation of the bandgap, and of 2.5 eV for a direct transi-
tion, that allows for an exclusion of the d–d band for the fit. From
the shape of the plots and the estimated bandgap values, an indi-
rect bandgap is more probable, although this is in discrepancy to
the result of the group of Sivula.[27] However, they used n-type,
tetragonal thin-film CuFe2O4, which might exhibit considerably

alternate properties. The results of Díez-García et al. for cubic
CuFe2O4 are rather more similar to ours.[53] Notably, the d–d band
is hardly visible in both reported spectra.

2.1. Determination of the Degree of Inversion

Generally, three main methods are employed to determine the
degree of inversion for spinel-type materials: Rietveld refinement
of XRD data, Mössbauer spectroscopy, and XPS.[16,31] Since all
three rely on mathematical fitting of experimental results and
thus depend on the quality of the measurement data and the fit-
ting parameters, a complementary determination with several
methods is recommendable. We performed Rietveld refinement
on the Cu and Ag-XRD patterns for CuFe2O4 obtained under dif-
ferent conditions. The high background due to organic residues,
low intensity and broad, asymmetric peak shape make an unam-
biguous fitting difficult due to strong correlations between occu-
pation, background, asymmetry, micro-strain, and anisotropic
size parameters. A degree of inversion between 0.72 and
0.87 was estimated for all samples based on the Cu-XRD data,
depending on the fitting conditions (Figure S12, Supporting
Information). This is in good agreement to the usually observed
value of 0.85 at room temperature, although a tetragonal distortion
would normally be expected.[15,21,23,24,57] The degree of inversion
decreases with increasing reaction time, signifying that although
crystallization mainly occurs during the first minute of the synthe-
sis, continued microwave irradiation induces a Cu2þ migration to
tetrahedral sites. The very fast heating and crystallization,
together with an abrupt stop in the microwave irradiation—
i.e., the apparent driving force for cation redistribution—lead
to the thermodynamically unfavorable structure and prevent
the distortion that is usually observed during the cooling from
high temperatures.

Interestingly, a closer look at the crystallite sizes determined
with the integral breadth method and Rietveld refinement reveals
that the size is highest after medium synthesis times of 10min,
suggesting that crystallinity is decreasing again after that time
(Figure 1). This goes in hand with a pronounced decrease in
the inversion parameter, as discussed in the following, indicating
that microwave-induced cation redistribution results in an
increasing structural disorder. A closer analysis of the crystallite
size derived from different reflection peaks reveals that the
observed relationship is at least partially an effect of averaging
for different (hkl) reflections. All samples show an average crys-
tallite size of approx. 11 nm when analyzed with the integral
breadth method, but the differences between the determined
sizes are largest for very short or very long reaction times, with
the smallest deviations observed for CuFe2O4 obtained after a
reaction time of 10min (Figure S11, Supporting Information).
The same trend as for the crystallite size can be observed for
micro-strain, while the lattice parameter is slightly smaller for
CuFe2O4 obtained after moderate reaction times, indicating lat-
tice contraction (Figure S11, Supporting Information). Both
effects can be a result of Jahn–Teller distortions that would, if
in equilibrium, likely result in a tetragonal structure. On the
one hand, the strain induced by Jahn–Teller active Cu2þ ions
on octahedral sites depends on the degree of inversion and would
be expected to decrease with a decreasing degree of inversion.
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This effect is most probably the reason for the decrease in micro-
strain and crystallite size for samples obtained at reaction times
longer than 10min, in correlation to a decreasing inversion
parameter. Notably, the degree of inversion is around 0.75, or
less, after this time. This value represents the critical fraction
of Cu2þ on octahedral sites above which a distortion was
observed in literature.[19] The increasing differences in peak
width for different hkl at increasing temperature might be an
effect of anisotropic disorder induced by cation migration. For
the sample obtained after 30min, no accurate determination
of the degree of inversion was possible. An increase in micro-
strain was obtained for different fitting procedures. Possibly, cat-
ion migration results not only in the induction of disorder but
also causes additional strain effects due to inhomogeneous
ion distribution in different unit cells and to the creation of
defects. Since micro-strain and crystallite size are low for the
samples obtained after short reaction times, the presence
of defects—due to partially incomplete condensation of the
metal-oxide framework—might mitigate strain induced by
Jahn–Teller distortions. Additionally, at a degree of inversion
of 0.75, the Jahn–Teller distortion at tetrahedral sites (that would
result in a decrease of c/a< 1) and at octahedral sites (that would
lead to c/a> 1) might compensate each other best, resulting in
overall minimal distortion, but high strain.

The asymmetry of the reflections is even higher for the Ag-
XRD data, hence we focused on measurements with a copper
source for the fittings. The strong asymmetry of the reflections
might in part be caused by internal stresses caused by the Jahn–
Teller active Cu2þ ions.[11] A comparable, but slightly decreasing
degree of inversion of around 0.8 was obtained for CuFe2O4 syn-
thesized for 15min at different temperatures. Summarized
results for the cation distribution with an optimized fitting pro-
cedure are listed in Table 1.

XP spectra were recorded for CuFe2O4 synthesized at different
temperatures or for different reaction times (Figure 4, S13,
Supporting Information). The survey scans show the expected
ratios for Cu and Fe, with additional small amounts of Si and
K (Table S2, Supporting Information). The latter likely result
from leaching of the microwave vial and the employed KOH,
respectively. The concentration of K and Si increases with the
synthesis time and temperature, indicating increasing amounts
of doping with these ions. Additionally, the Cu content at the
surface is decreased in the sample obtained after 30min at
175 °C, further strengthening the assumption of defect induction
due to increased cation migration with time. In contrast to that, a

Cu excess at the surface was observed at high reaction temper-
atures. The Cu L3M4,5M4,5 peak was used for charge correction,
since non-negligible amounts of carbonaceous residues from the
synthesis, which include significant contributions from alcoholic
species to varying extents (Figure S13, Supporting Information),
render a correction via adventitious carbon unsuitable and would
result in vastly fluctuating binding energies. Typical binding
energies for Fe3þ and Cu2þ of 933.1 eV for Cu 2p3/2 and
710.8 and 724.5 eV for Fe 2p3/2 and Fe 2p1/2 were observed,
respectively. The high-resolution 2p-spectra for Cu can be fitted
with two signals for the metal ion in octahedral and tetrahedral
sites, respectively.[23,31,32,58,59] This fitting approach is based on
an influence of the coordination environment on the ratios of
multiplet splitting,[58–60] but neglects additional effects on multi-
plet splitting and is further complicated by the possible presence
of Cuþ and/or Cu0. To some extent, the expected influence of
Cuþ/ Cu0 can be derived from the Auger signal, which is highly
similar for all CuFe2O4 samples obtained at 175 °C for different
reaction times and supports the predominant oxidation state of
þII for copper, which is further apparent in the high shake-up
intensity.[61] No indication of Cu0 species is observed in the Cu
L3M4,5M4,5 spectra. Samples obtained at different temperatures,
on the other hand, show a strong contribution of Cuþ, with the
Cuþ/Cu2þ ratio depending on the synthesis temperature
(Figure 4, S13, Supporting Information). Interestingly, although
Cuþ by-phases were only observed at very high temperatures, the
Cuþ content increases with decreasing reaction temperature,
indicating partially reduced and likely also coordinative unsatu-
rated copper species at the surface. The amount of Cu2O in the
sample obtained at 200 °C is estimated to be 1.2% based on the
results from Rietveld refinement. The degree of inversion is
clearly changing with prolong reaction times. While an initial
16% of Cu2þ on tetrahedral sites is observed after a very short
reaction time of 1min, an increasing amount of 33% of Cu2þ

is located at tetrahedral sites after 30min, in good agreement
to the results obtained from Rietveld refinement. Interestingly,
the degree of inversion as determined via Rietveld refinement
shows an almost linear decrease after 10min of reaction time.
An extrapolation of that trend would yield a degree of inversion
of approx. 0.66 for the sample obtained after 30min, which is in
very good agreement to the degree of inversion determined with
XPS. A similar degree of inversion of λ= 15–20% is obtained
independent of the synthesis temperature, with a slight decrease
of the inversion parameter with increasing reaction temperature.
The degree of inversion and the Cuþ/Cu2þ ratio are summarized
in Table 1. Evolution of the degree of inversion and the Cuþ/Cu2þ

ratio in relation to the synthesis time and temperature, respec-
tively, are furthermore clearly demonstrated in the normalized
spectra (Figure 4).

A similar fitting procedure should in theory also be possible
for the Fe 2p spectra, but due to the more complicated multiplet
structure, an overlap with a Cu Auger signal and low intensity of
the peaks, an unambiguous fitting with only two species for Fe at
tetrahedral and at octahedral voids is often neither possible nor
meaningful and was therefore not attempted here.[58,59] The Fe
2p spectra were instead fitted with typical peak ratios and posi-
tions for ferrites, keeping the positions fixed for all samples.[62]

When regarding the normalized Fe 2p spectra, interestingly a
peak broadening toward higher binding energies is observed

Table 1. Degree of inversion (λ) determined with Rietveld refinement and
XPS analysis.

Synthesis
time

λ
Rietveld

λ
XPS

Cuþ/
Cu2þ

Synthesis
temperature

λ
Rietveld

λ
XPS

Cuþ/
Cu2þ

1min 0.82 0.84 0.02 120 °C 0.86 1.42

5min 0.82 0.82 0 140 °C 0.87 0.87 0.08

10min 0.80 0.78 0.02 160 °C 0.86 0.75 0.05

15min 0.75 0.80 0.02 180 °C 0.79 0.81 0.03

20min 0.72 0.78 0 200 °C 0.77 0.80 0.03

30min 0.87 0.67 0.08
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for samples obtained after 1 min and after 30min, which would
at first glance indicate a larger amount of Fe3þ in tetrahedral
voids. For CuFe2O4 obtained after 30min, this is additionally
accompanied by a shift of the entire spectrum toward higher
binding energies. This is contrary to the effects expected based
on analysis of the Cu-spectra and on Rietveld refinement and
could be an indication of independent cation migration of Cu
and Fe, which would in turn favor the creation of defects for pro-
longed reaction times. Fe2þ species might also be present. This
would induce a shift of the spectra toward lower binding ener-
gies, however, which would signify a presence of Fe2þ mainly at
medium reaction times, which seems unlikely. The shift toward
higher binding energy after 30min could in part also be caused
by the extraction of copper, shifting the peaks toward those of
Fe3O4.

[60] Cu defects might likewise lead to a shift in the iron
spectra toward higher binding energies.

A change in the degree of inversion is expected to correlate with
changes in the conductivity and electrocatalysis,[19,37,63–65] and the
magnetic properties.[19] A similar effect would result from the pres-
ence of defects. The agglomeration behavior of the nanoparticulate
powder was visibly altered by the synthesis time: the agglomeration
was especially pronounced for CuFe2O4 obtained at relatively short
reaction times (5 and 10min) and decreased with increasing reac-
tion durations, in relation to a decrease in the degree of inversion,
as also observable in DLS and ultracentrifugation measurements
(Figure S14, Supporting Information). For CuFe2O4 with a synthe-
sis time of 1 and 30min—which are agglomerating least according
to DLS measurements—particle diameters of 13 and 16 nm were
obtained with the ultracentrifugation experiments, in good agree-
ment to the sizes measured from TEM images. For more strongly

agglomerating particles, a shoulder can be observed around 13 nm,
but no accurate size determination is possible due to the pro-
nounced agglomeration tendency.

2.2. Electrocatalytic CO2 Reduction

We evaluated the influence of the synthesis parameters on
the electrochemical CO2RR of CuFe2O4 electrodes in 0.1M
KHCO3 solutions, using an H-cell setup (Figure S15,
Supporting Information). In order to determine the optimal
potential, chronoamperometric measurements were performed
at different potentials for exemplary electrodes of the sample syn-
thesized for 15min at 175 °C (Figure S16, Supporting
Information). The evolved gases were examined after 20 and
60min, respectively, to differentiate between the initial activation
phase, during which high negative currents occur due to the
decomposition of organic residues and possible activation of
CuFe2O4, and the steady-state phase, for which the current
response is stable. CO was the main C-product at all potentials,
with the highest production rate at �0.8 V vs. RHE (Figure 5).
The Faradaic efficiency and selectivity were best at lower poten-
tials of �0.6 V due to hydrogen evolution taking over at highly
reducing potentials. The Faradaic efficiency was lower than
the selectivity, which is calculated from only the gaseous
products, at all potentials, indicating the formation of other
C-products, albeit to a rather low extent. The difference was espe-
cially high at low potentials, which is in good agreement to the
lower required potentials for methane or methanol formation.[66]

A potential of �0.7 V vs. RHE was chosen in the following, to
evaluate differences in the catalytic performance of CuFe2O4

Figure 4. XPS spectra for CuFe2O4 obtained under different reaction conditions. Cu 2p3/2 spectra for CuFe2O4 synthesized at 175 °C for different reaction
times a), or at different temperature b), as well as normalized 2p3/2 spectra c).
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prepared under varying synthesis conditions. The measurements
were performed at least twice with freshly prepared electrodes, to
account for possible variations between measurements.

A maximum CO yield of 0.2 μmol h�1 mg�1 was observed for
CuFe2O4 synthesized for 10min in the microwave, with the CO
production rate sharply decreasing for samples obtained after
longer synthesis times. The hydrogen evolution rate was highly
similar for all samples independent of the synthesis time of the
catalyst, with three to ten times more hydrogen being produced
compared to CO. The CO yield was higher after one hour of
potential application, probably due to the initial decomposition
of organic residues. The Faradaic efficiency was also better after
one hour and highest for the sample obtained after 10min of
reaction time (Figure 5).

Again, the Faradaic efficiency was slightly lower than the cal-
culated selectivity based on gas product analysis, indicating the

generation of low amounts of additional liquid products. The dif-
ference in the observed activity and selectivity in dependence of
time is probably based on two adverse effects. On the one hand,
the relative mass of organic residues increases with decreasing
reaction duration, as observed in TG-MS. Correspondingly, both
activity and selectivity are lower for CuFe2O4 obtained after short
synthesis times. In an adverse effect, the degree of inversion is
decreasing with increasing reaction time. On the one hand, a
decrease in the inversion parameter will result in an increased
conductivity.[19] Additionally, the local environment of copper
—again determined by the degree of inversion—can have an
influence on the catalytic performance. At the highly negative
potentials employed for the CO2RR, CuFe2O4 is likely at least
partially reduced similar to what has been reported for binary
copper oxide materials. In the case of copper oxide, the morphol-
ogy and composition of the initial CuOx have been shown to have

Figure 5. CO and H2 production rates at a) different potentials for CuFe2O4 synthesized at 175 °C for 15min, b) for CuFe2O4 synthesized at 175 °C
obtained after different reaction times, and c) for CuFe2O4 synthesized for 15min at different temperatures. Corresponding Faradaic efficiencies (FE) and
selectivities for CO are shown in d) for different potentials with CuFe2O4 synthesized at 175 °C for 15min, in e) with CuFe2O4 synthesized at 175 °C
obtained after different reaction times, and in f ) with CuFe2O4 synthesized for 15min at different temperatures. The results for the long-time testing are
shown in g,h). Comparative measurements in an Ar atmosphere solely yielded CO2 and H2 i). The performance evaluation at �0.9 V versus RHE was
interrupted after 20 min due to high currents.
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a significant influence on the activity and selectivity.[8,9,67–69]

While some suggest that subsurface oxygen or residual Cuxþ spe-
cies play a crucial role in the CO2 reduction, others argue that
copper is completely reduced under the employed condi-
tions.[8,69] Therefore, the initial cation distribution and primary
coordination of copper by four or six oxygen atoms, respectively,
can also be expected to affect the performance of the catalyst, since
it may influence the stability against reduction and the local envi-
ronment (e.g., coordination number) of active copper species. For
example, Acharya et al. observed a dependence of the performance
of a FeNiO(H)x catalyst in electrochemical oxygen evolution on the
coordination environment of Fe3þ,[70] elucidating that the cation
coordination environment and change thereof can have a signifi-
cant influence on the activity in electrocatalysis.

Indeed, Cu2þ in the spinel can partially be reduced to Cu0 as
shown by CV measurements in Ar saturated Na2SO4 solu-
tion.[71,72] The reduction was, however, clearly not completed
after one scan, since an evolution with time was observed, indi-
cating that the process is taking several minutes. If the CV scans
were performed on electrophoretic-deposited CuFe2O4 on FTO, a
color change to black was observed that was changing back to
normal after storage under air, or application of a positive poten-
tial (Figure S17, Supporting Information). XRD after the experi-
ment shows the spinel structure, proving that the reduction is
reversible, or restricted to the surface (Figure S17, Supporting
Information). The same redox peaks are apparent in the CV scans
performed before the CO2RR experiments in CO2 saturated
KHCO3, although the reduction peaks overlap with the highly neg-
ative current response for CO2 reduction (Figure S18, Supporting
Information). The CV after the CO2RR still shows the same redox
features, supporting the reversibility of the redox processes.

A correlation of the crystallite size and micro-strain of
CuFe2O4 electrocatalysts prepared with different synthesis times
with their activity and selectivity in the CO2RR was also noted
and might partially contribute to the observed trend, as both
could affect conductivity. Si and K doping, as well as Cu extrac-
tion at prolonged reaction times, furthermore represents
an increasing concentration of defects, which might alter the
electronic and surface properties of CuFe2O4, resulting in a
decreased activity.

Additionally, the CO2RR experiment was performed on
CuFe2O4 obtained at different temperatures. A highly similar
activity was observed for samples synthesized at temperatures
between 130 and 180 °C, even though the amount of organic res-
idues and of Cuþ species varied between samples. Both differ-
ences are small, however, for CuFe2O4 synthesized in this
temperature range. The determined degree of inversion was
additionally similar for all samples, supporting the dominant
influence of this parameter on the activity. Only for CuFe2O4 pre-
pared at very low synthesis temperature, i.e., 120 °C, the high
amounts of organic residues, significant presence of surface
Cuþ species, and low crystallinity resulted in a markedly
decreased CO production rate and FE. The CO production
rate—and to a lesser extent also the FE—was additionally
decreased for the sample obtained at 200 °C. This is likely due
to the observed Cu2O by-phase. Deviations in the amounts of
Cuþ observed in the XPS for samples obtained at different tem-
peratures, apparently only had a negligible influence on the per-
formance, likely because the coordination environment was

similar and some reduction of copper proceeds anyway during
the electrochemical measurement.

Gas evolution rates are also shown non-normalized in
Figure S19, Supporting Information, exhibiting smaller devia-
tions between measurements and a comparable activity between
both studies. This is at least partially due to some of the catalyst
ink diffusing underneath the Kapton tape, thus contributing to
the apparent mass loading while not being in contact with the
electrolyte.

Due to the presence of organic residues as observed in the
DRIFT and TG-MS measurements and their apparent decompo-
sition in the initial phase of the potential application, we per-
formed a comparative experiment in argon atmosphere, to
verify that the observed CO does not stem from organic adsor-
bates at the catalyst surface. Depending on the applied potential,
CO2 and H2 were detected with the CO2 to H2 ratio highest at low
overpotentials (Figure 5). The measured currents were signifi-
cantly lower than that in a CO2 atmosphere, supporting the
CO2 conversion to CO. Blank carbon paper electrodes only
yielded low amounts of hydrogen and no CO (Figure S20,
Supporting Information). The duration of the CO2RR could
be extended to several hours at �0.7 V vs. RHE, although the
activity started to slightly decrease after two hours (Figure 5),
as did the current response. Slow material changes might occur
with time, such as a more prominent reduction of metal ions or
possibly also cation redistribution. However, since no flow setup
was used, a portion of the decrease might also simply be due to
electrolyte decomposition and detachment of the catalyst from
the carbon paper caused by gas bubble formation. These effects
might bemitigated by an optimization of the electrode preparation
that was not in the focus of this research. Still, the preliminary
results exhibit the potential of CuFe2O4 as an electrocatalyst for
the CO2RR. Even after the measurement for 10 h, no alcoholic
products were found (Figure S21, Supporting Information).
Thus, the CO2 to CO reduction is highly selective, and while large
amounts of hydrogen are produced alongside CO, this product
composition can be beneficial for the subsequent use as syngas,
e.g., in the Fischer–Tropsch process. XRD patterns were mea-
sured for CuFe2O4 on carbon paper before and after the electro-
catalysis (Figure S22, Supporting Information). Mostly reflections
corresponding to CuFe2O4 are visible after the electrocatalysis,
proving the good stability/reversibility of occurring redox reactions
in the material even at highly reducing potentials. After the
CO2RRwas conducted for 1 h at�0.9 V vs. RHE, additional minor
reflections for Cu2O were observed, indicating partial reduction of
the material under operating conditions, in agreement to the
observed color change during CV on FTO (Figure S17,
Supporting Information) and to what is known for copper
oxide-derived electrocatalysts.[8]

3. Conclusion

We successfully prepared CuFe2O4 nanoparticles with a cubic,
partially inverted spinel structure via a fast, low-temperature
aqueous approach. A crystalline product was obtained after only
1min at 175 °C in a microwave-assisted synthesis. A prolonged
reaction time resulted in a decrease of the inversion parameter,
and only a slight increase in the particle size was observed. The
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application in electrochemical CO2 to CO reduction was very
selective for CO and hydrogen, and an optimum performance
was observed for CuFe2O4 obtained after medium synthesis
duration (10min), in correlation to the highest crystallite size
and a medium degree of inversion. Samples obtained after
shorter synthesis times contained large amounts of organic res-
idues adsorbed to the particle surface that likely impede the activ-
ity of the CuFe2O4 catalyst, while those obtained after 30min
exhibited a decreased copper content, likely due to defect induc-
tion during cation migration, that likewise diminish the catalytic
performance. Moreover, the synthesis temperature could be
tuned between 120 and 200 °C. Both the material properties
(degree of inversion, crystallite, and particle size) and the electro-
chemical performance were largely independent of the tempera-
ture, although high amounts of surface Cuþ and organic residues
impeded the performance of the sample synthesized at only
120 °C, and very low amounts of a Cu2O by-phase were observed
for the one obtained at 200 °C. The mild reaction conditions and
very good availability of the material constituents make CuFe2O4

a promising electrocatalyst for the sustainable production of
syngas.

4. Experimental Section

Microwave-Assisted Synthesis of CuFe2O4: Chemicals were purchased
from commercial providers and used without further purification. In a typi-
cal approach, 1 mmol of Fe(NO3)3 · 9 H2O (404mg, Acros Organics
þ99%) and 0.5 mmol of Cu(NO3)2 · 3 H2O (120.8 mg, Acros Organics
þ99%) were dissolved in a mixture of ethylene glycol (Acros Organics,
99.5%) and water. The pH was adjusted to 12 with 3M KOH solution
under rigorous stirring in a borosilicate microwave vial. The vial was sealed
and placed in the microwave reactor (Monowave 400, Anton Paar), where
it was heated to the desired temperature as fast as possible under stirring
at 800 rpm. After the specified time, the solution was cooled with com-
pressed air to 55 °C. The CuFe2O4 particles were collected via centrifuga-
tion, washed thrice with water and once with ethanol, and dried overnight
at 80 °C.

Characterization: As-synthesized CuFe2O4 samples were characterized
with powder X-ray diffraction (XRD), using either a Malvern PANalytical
Empyrean device with Cu Kα irradiation (λ1= 1.5406 Å; λ2= 1.54443 Å)
with an acceleration voltage of 40 kV and an emission current of
40mA, or a STOE STADI P Mythen2 4 K diffractometer with Ag Kα1 irradi-
ation (λ= 0.5594 Å), a Ge(111) monochromator and equipped with four
Dectris MYTHEN2 R 1 K strip detectors.[73] For Cu-XRD measurements, a
spinning sample holder and Bragg–Brentano geometry were used, while
the Ag-XRD measurements were performed in transmission geometry
with Hilgenberg capillaries (0.5mm). For improved data quality, measure-
ments with Ag irradiation were performed repeatedly and automatically
accumulated. X’Pert Highscore plus was used for phase analysis.
Rietveld refinement was performed using FullProf.[74] The instrumental
resolution was determined with LaB6 (NIST SRM 660c). A Thompson–
Cox–Hastings pseudo-Voigt function was used for peak shape modeling,
and the background was approximated by linear interpolation between
manually added points.[75] Refined parameters are zero, scale, cell param-
eters, FWHM with focus on the Lorentz contribution and including asym-
metry parameters and size anisotropy, isotropic B values, and occupation
(using a half inverted structure as starting point). The crystallographic
information published by Mahmood et al. was used for the refinement
of CuFe2O4,

[76] and the information provided by Kirfel et al. was employed
for a Cu2O by-phase if required.[77] The fitting procedure was repeated at
least twice and depicted error bars represent the standard deviation
between fits.

Transmission electron microscopy (TEM) was employed for the determi-
nation of sample morphology, size, and crystallinity, using a 200 kV
JEOL JEM-2200FS EFTEM, equipped with a Schottky FEG and an omega
in-column energy filter. Particle sizes were evaluated with ImageJ 1.53e.
The morphology was additionally examined by scanning electron micros-
copy (SEM) that was performed on a Zeiss Leo 1530 device at an accelera-
tion voltage of 3 kV after sputter coating with platinum (Cressington Sputter
Coater 208 HR). The same instrument was used for energy-dispersive X-ray
diffraction spectroscopy (EDX) using an acceleration voltage of 20 kV and an
ultra-dry EDX detector by Thermo Fisher Scientific NS7.

X-ray photoelectron spectroscopy (XPS) was performed on a Physical
Electronics PHI VersaProbe III Scanning XPS Microprobe instrument,
using monochromatic Al Kα irradiation with a beam diameter of
100 μm. The beam voltage was set to 15 kV and the X-ray power to
25W. Survey scans were recorded with a step size of 0.4 eV and step time
of 50ms at a pass energy of 224 eV. For high-resolution spectra, step size
and time were set to 0.1 eV and 50ms, respectively, using a pass energy of
26 eV. To avoid charging effects, samples were continuously flooded with
electrons and Arþ ions at low energy. Data were evaluated with CASA XPS
2.3.17, using Shirley backgrounds and Gaussian–Lorentzian line shapes
(GL30, except for Cu2O (GL80), based on the work of Biesinger).[61]

For charge correction, the maximum of the Cu-L3M4,5M4,5 Auger peak
was fitted with the minimum required number of peaks and set to a kinetic
energy of 917.7 eV.[61] For samples containing large amounts of surface
Cuþ, the peak maximum was instead set to a kinetic energy of
916.8 eV. Fe 2p spectra were fitted with a doublet separation of
13.8 eV[78] and restricted area ratios of 2:1 for 2p3/2 to 2p1/2 in order to
compensate for the overlap between Fe 2p3/2 and a minor Cu Auger
L2M2,3M2,3 signal. Furthermore, FWHM were set to identical for all Fe
peak components within the 2p3/2 to 2p1/2 signals, respectively, but not
identical for 2p3/2 and 2p1/2.

[79]

For diffuse reflectance infrared Fourier transformed (DRIFT) spectros-
copy, a Bruker Alpha II spectrometer and the software OPUS were used.
For Raman measurements, a WITec alpha RAþ imaging system was
employed, equipped with a UHTS 300 spectrometer and an Andor
Newton 970 EMCCD camera. Diffuse-reflectance UV/vis measurements
were performed on a Perkin Elmer Lambda 750 spectrometer, using a
Praying Mantis (Harrick) and spectralon as white standard.

Dynamic light scattering measurements were performed on a Litesizer
500 instrument from Anton Paar, at a wavelength of 568 nm and 25 °C.
Angle and focus were set to automatic. 5 mg of CuFe2O4 were dispersed
in 20mL of ultrapure water for 2 h using ultrasonication. For the calcula-
tion of the number weighed intensity distribution, an absorption coeffi-
cient of 0.1 m�1 and a refractive index of 2.5 were used, respectively.
For particle size determination, a disc centrifuge DC24000 (CPS
Instruments Inc.) was additionally used. Dispersions of 10mg of sample
in 1 mL of ultrapure H2O were prepared via ultrasonification and 0.1 mL
were injected at 24 k rpm. A density gradient was prepared using sucrose
solutions. The same optical parameters as for DLS measurements were
employed, and a PVC solution was used as a standard. For both DLS and
ultracentrifugal experiments, measurements were repeated at least thrice.

For the characterization of specific surface area and gas adsorption
properties, N2 physisorption was performed on an Autosorb iQ-MP-
MP-AG instrument (Anton Paar QuantaTec) at 77 K. Samples were
degassed for 12 h at 120 °C prior to the measurements. For surface area
calculation, the Brunauer–Emmet–Teller (BET) model was used, and the
data were evaluated with ASiQwin. For pore-size distributions, the DFT
model was used, treating the absorbent as silica.

Thermogravimetric analysis (TGA) with gas evolution detected via
mass spectrometry (MS) was conducted with a Netzsch Jupiter STA
449C thermobalance and a Netzsch Aeolos QMS 402C quadrupole MS.
The sample was heated to 850 °C in air, using a heating ramp of 5 Kmin�1.

Electrochemical Experiments: The electrochemical CO2 reduction
(CO2RR) was performed in a two compartment cell, using CO2 saturated
0.1M aqueous KHCO3 solution as the electrolyte and a three-electrode
setup. Anolyte and catholyte compartments were separated by a
Selemion AMV-N anion-exchange membrane (AGC group) and both were
continuously purged with CO2 gas from the bottom, with the flow rate for

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2023, 4, 2200184 2200184 (11 of 13) © 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

 26999412, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aesr.202200184 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [24/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergysustres.com


the working electrode compartment set to 20mLmin�1 (mass flow con-
troller from Bronkhorst). A platinum counter electrode and Ag/AgCl ref-
erence electrode were employed for the measurement. For the preparation
of the working electrode, 10mg of CuFe2O4 was dispersed in 300 μL of i-
propanol (p.a) and 20 μL of a 5 wt% Nafion solution (Alfa Aesar), using
ultrasonication for minimum 1 h. Subsequently, 50 μL of the obtained cat-
alyst ink was drop-cast onto carbon paper (Freudenberg H2315-C2) elec-
trodes that were cut into 1 cm wide stripes. The exposed area was
restricted to 1 cm2 using Kapton tape. The electrodes were left to dry
for at least one day in air. The electrolyte was purged with CO2

(99.995 vol%, Air Liquide) for at least 10min, prior to potential applica-
tion. The internal resistance was checked and automatically corrected
for prior to the actual experiment. A Gamry Reference 3000 potentiostat
together with the software Gamry Framework was employed for all elec-
trochemical measurements. The evolved gases were analyzed via gas chro-
matography (Shimadzu GC-2014, equipped with a HayeSep Q and a
HayeSep R column in series, a thermal conductivity detector and a
methanizer in series with a flame ionization detector (FID)) after 20
and 60min. The potential was corrected to RHE with VRHE= VAg/AgCl
þ 0.209þ 0.059*pH. For the reference measurement in Ar, the CO2

gas was replaced by Ar at a flow rate of 20mLmin�1. The pH change from
6.8 to 9.7 was taken into account for the conversion of the applied poten-
tial to RHE. Electrolyte from the working electrode compartment was sam-
pled after the end of the experiment and analyzed with a liquid
chromatograph (Shimadzu, GC-2030), equipped with a SH-Stabilwax col-
umn and FID, for the presence of alcohols and aldehydes. Faradaic effi-
ciencies were calculated from the partial current for CO, or H2,
respectively, whereas selectivity calculations are based on the relative frac-
tion of CO in gaseous products, i.e., H2 and CO together. Cyclic voltam-
metry (CV) measurements in a CO2 atmosphere were conducted with the
same setup at a scan rate of 20mV s�1. For comparative measurements in
0.1 M Na2SO4, CuFe2O4 was deposited electrophoretically on a fluorine
doped tin oxide (FTO) substrate. The CV scans were performed with a
three-electrode setup in a PECC-2 cell (Zahner Elektrik), using platinum
as a counter, Ag/AgCl as a reference, and the deposited sample on
FTO as a working electrode, respectively, with the exposed area of the lat-
ter being restricted to 1 cm2. A Zennium potentiostat (Zahner Elektrik) was
used, and the scan rate was 20mV s�1.
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