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ARTICLE INFO ABSTRACT

Keywords: Numerous catalysts and reaction conditions with improved performance, selectivity, and stability for the elec-

CORR trochemical CO2 reduction reaction have been reported. However, little is known about the influence of binary

CuZn catalyst catalysts and their role on this reaction in organic electrolytes. Thus, we herein report on the catalyst charac-

Nanoparticles L . . Lo . A

Electrocatalvsi teristics of copper and copper-zinc nanoparticles for CO; reduction in aprotic electrolytes. We provide insights
ectrocatalysis

into the impact of varying CuZn ratios on the performance and stability, showing that brass in the a-phase has
lower overpotentials and a higher electrochemical activity, with an optimum for CuZn 80/20. Although using the
same catalyst, we compared acetonitrile and N,N-dimethylformamide based electrolytes, and found the highest
performance for acetonitrile. Under anhydrous conditions, absolute control of Faradaic efficiency is possible,
resulting in > 95 % CO; only traces of oxalate and no parasitic hydrogen evolution were found. Our study reveals
that aside from proper process conditions for CO, reduction in organic electrolytes, the design of the catalysts

Organic electrolyte

plays an equally decisive role for improved performance, selectivity and stability.

1. Introduction

The electrocatalytic CO, reduction on Cu-based catalysts is a prom-
ising approach to close the carbon cycle and create a carbon-neutral
energy scheme in which CO; is reduced electrochemically to produce
valuable chemicals[1]. As the kinetics of electrochemical CO5 reduction
are sluggish, well-defined catalyst materials and process conditions are
required to reduce the energy demand of the process and, at the same
time, enable high selectivity towards the valuable products and
long-term stability[2]. Numerous research efforts have been made to
identify the best combination of Cu-based catalyst material, electrolyte
composition, and process conditions for high reaction rates and selec-
tivity[3-6]. However, challenges in selectivity control toward Ca;
products in aqueous electrolytes remain unsolved[7,8]. As aqueous
electrolytes have been widely studied due to their ease of use, low cost
and environmental safety[9,10], the balance of CO5 and proton con-
centrations are challenging. Their use leads to multiple limitations,
including: surface changes between metallic copper and its oxides
[11-15], a large product variety[10,16,17], the low COy solubility

* Corresponding author.
E-mail address: philipp.roese@kit.edu (P. Rose).

https://doi.org/10.1016/j.jcou.2025.103138

which leads to CO, mass transport limitations[16,18], the consumption
of COy by the carbonate equilibrium [19] as well as the competing
hydrogen evolution reaction (HER)[20,21].

To overcome well-known challenges in aqueous electrolytes, aprotic
organic electrolytes have been a viable alternative[22,23], as they have
five times higher CO, solubility (e.g., MeCN = 0.314 mol L™, DMF =
0.194 mol L™}, H,0 = 0.0345 mol L™1)[24,25]. The use of organic
solvents lead to a proton free environment [26], and the higher CO4
solubility also mitigates transport limitations that typically occur in
aqueous electrolytes[27]. However, using organic electrolytes comes
with other challenges, such as higher overpotentials. Highly active
electrocatalysts are needed to reduce overpotentials and accelerate ki-
netics[28]. The main focus studying aprotic organic electrolytes has
been on experimental studies[29-37], and a few model-based analyses
on microkinetics[8,38-40], as well as process studies[40,41]. A funda-
mental understanding of the reaction mechanism in these environments
is thus essential to guide catalyst design.

Mechanistically, CO2 reduction in aprotic organic electrolytes differs
from aqueous electrolytes, as it mainly yields in CO, carbonate, and
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oxalate when no additional proton source is available[42], leading to
high selectivity control. Traces of Hy and formate are found in experi-
ments from protons from residual water. This is due to a difference in the
reaction mechanism for CO2RR, as proposed first in the 80 s by Amatore
and Savéant (Fig. 1)[22,31].

First, CO, from the electrolyte adsorbs onto free sites on the electrode
surface and undergoes a reductive one-electron transfer. This results in
the formation of an adsorbed *CO3~, which requires high overpotentials
and, thus, considered the rate-determining step[22]. However, our
recent work on kinetic modeling of reaction and transport processes in
CO reduction on Cu catalyst surfaces in organic electrolytes showed
that CO, adsorption is rate-limiting[38]. After the formation of the
*CO3% , two potential pathways, either towards CO or oxalate, can
follow. The selectivity towards the two products is still not fully clarified
but thought to depend on the binding affinity of *CO,/*CO3~ on the
catalyst surface and the stabilization of the CO3™ in the electrolyte[42,
43]. If the binding affinity is sufficiently high, such as for Cu or Ag, the
*CO3% reacts with a second CO, to a carbonic formic anhydride and
undergoes an electrochemically coupled disproportionation reaction to
form CO and carbonate as product (pathway A)[44,45]. When catalysts
with weak or no interactions are used as electrode material, such as Hg
or Pb, the *CO3~ intermediate can also desorb from the catalyst surface
and dimerize with a second desorbed CO3™ in the electrolyte to form
oxalate (pathway B).

For metallic Cu as catalyst material in acetonitrile, selectivities of
> 75 % towards CO and no oxalate formation were shown by Ikeda et al.
and Deacon-Price et al. [31,46], these findings were supported by in situ
RAMAN and FTIR experiments [47]. Bagger and coworkers developed a
microkinetic model for CO2RR using rates estimated from density
functional theory (DFT) to predict the selectivities of various transition
metal catalysts. Their proposed mechanism provides insights into the CO
pathway, in which a single adsorbed *CO; and a second CO- from the
solution react with each other rather than two neighboring adsorbed
*CO, and *CO3™ [8].

The choice of catalyst material remains a critical factor in deter-
mining both selectivity and stability. While alloying strategies have been
extensively explored in aqueous electrolytes to tailor the electronic
structure and modulate the binding strength of key intermediates
[48-50], their application in aprotic electrolytes remains unexplored. At
the same time, the influence of the electrolyte must not be overlooked,
as it directly affects product distribution. Commonly used aprotic polar
solvents include N,N-dimethylformamide (DMF)[23], acetonitrile
(MeCN)[32,47,51], dimethyl sulfoxide (DMSO)[52], and propylene
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Fig. 1. Reaction mechanism of the electrochemical CO, reduction in organic
electrolytes on a copper electrode: (A) towards carbon monoxide and carbonate
(B) towards oxalate (C) towards formate with residual amounts of water in the
system. Asterix (*) denotes the active Cu center and adsorbed species.
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carbonate[53] each offering distinct physicochemical properties that
can impact activity and selectivity.

Only a few studies have investigated the effect of the solvents beyond
electrochemical activity. The characteristics of the electrolyte used have
been found to influence the product selectivity; it was shown that a low
electrolyte nucleophilicity and a high CO,, diffusion coefficient lead to a
higher FE towards CO with MeCN-containing electrolytes than with
DMF|[54]. In addition, the quaternary ammonium salts used to improve
ionic conductivity can stabilize the CO3", leading to increased oxalate
formation[55]. Decreasing length of the alkyl chain of the tetraalky-
lammonium salt and decreasing cation size leads to an increase in CO
formation rates in aprotic media[56]. This highlights the importance of
considering both the catalyst and electrolyte as determining factors for
CO:zRR performance and selectivity.

Despite the extensive use of Cu and bimetallic catalysts such as CuZn
materials for CO2RR in aqueous processes — owing to their low cost,
abundance, and wide product distribution — their applicability and
behavior in aprotic organic electrolytes remains unsolved. In particular,
little is known about how alloy composition influences catalytic activity,
selectivity and long-term structural stability under non-aqueous condi-
tions. In this study, we systematically investigate Cu and CuZn nano-
particles with varying Zn content, focusing on their morphology,
electrochemical performance, and bulk stability in aprotic electrolytes.
We demonstrate that incorporating small amounts of Zn into Cu
significantly enhances the electrochemical activity, without altering the
product distribution. Unlike in aqueous processes, the oxidation state of
the catalyst remains largely unchanged over extended electrolysis,
indicating high bulk stability under aprotic conditions. Our findings
demonstrate the viability of CuZn catalysts in organic electrolytes and
highlight the potential of aprotic electrolytes for efficient and stable CO,
reduction.

2. Experimental section
2.1. Chemical and materials

KHCO3 (>99.5 %), isopropanol (99.5 %), formic acid (98-100 %)
and ethanol (99.8 %), NaOH (50 % in H,0), H3SO4 (98 % in H50),
acetic acid (96 %), Cu(II)acetate (98 %), Zn(I)acetate (99.9 %), meth-
anol, ethylhexanoicacid (99 %), caproic acid (98 %) and CupO were
purchased from Sigma-Aldrich. Isopropanol is distilled before use.
Oxalic acid (98 %) was purchased from Roth. N,N-Dimethylformamide
(DMF) (>99.5 %), Acetonitrile (MeCN) (>99.5 %), and Nafion® 5 %
dispersion (D-520) were purchased from VWR. Solutions were, if not
stated otherwise, used with the purity purchased. Tetra-N-butylammo-
nium tetrafluoroborate (TBABF4) (98 %) was purchased from abcr
GmbH. CuO was purchased from Fluka. CO2 (>99.995 %), Helium
(>99.995 %), N2 (>99.995 %), and CO (>99.995 %) were purchased
from Air Liquide Germany GmbH. All aqueous solutions were prepared
using ultrapure water (16 MQ). The electrode carbon support material
used was Freudenberg H23C2 and a glassy carbon rotating disc elec-
trode (RDE, Pine research). For cleaning, polishing agent (5 um and
0.3 um aluminum oxide) purchased from (ALLIED-hightech) and pol-
ishing pads (Silicon carbide paper, adhesive back disc 2-7/8", 600 (P-
1200) grit, ALLIED-hightech) were used.

2.2. Material characterization

X-ray diffraction (XRD) was performed using the Bruker D8
ADVANCE X-ray diffractometer using Cu Ka radiation (A= 1.54 fo\)
generated by accelerating electrons over 40 kV at an anode current of
40 mA. The intensity of the scattered X-rays was measured in a 20-range
of 20-100° with step sizes of 0.01° and 2 steps/s for qualitative analysis
by Rietveld refinement (Software TOPAS). A full description of Rietveld
refinement can be found in the Supporting Information.

The catalysts’ morphology and crystalline structure were measured
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using a scanning electron microscope (SEM, Supra 55VP, ZEISS FEG-
SEM) with a field emission electron gun (FEG). The sizes of the recorded
structures were evaluated using the program ImageJ 1.46. Conclusions
about the sample’s elemental composition could be drawn with the in-
tegrated Oxford Instrument energy-dispersive X-ray (EDX)
spectrometer.

A complete trace element analysis was performed to obtain infor-
mation about the composition of the different CuZnO-Nanoparticles
(NP) after FSP. The analysis was performed with the iCAP™ RQ ICP-
MS from Thermo Scientific™. For sample preparation, 25 mg CuZn NP
were dissolved in 500 pl conc. HNOs and transferred into a 25 mL
volumetric flask. It was filled up to the calibration mark with deionized
water. To avoid small impurities, the liquid was filtered through a sy-
ringe filter. A blank sample was also prepared for the test measurement
as described above but without adding the NP.

Karl-Fischer-Titration was performed by HHAC Labor Dr. Heusler
GmbH. The titrant used was Hydranal® Composite 5 K, and the solvent
was Hydranal® solvent. The extraction time was 0 s, and the measure-
ment stop was at a 40 pL min~! drift.

2.3. Synthesis of CuO, ZnO, and CuZnO nanoparticle precursors

The CuO and ZnO nanoparticles were synthesized by flame spray
pyrolysis (FSP), which has been used for the preparation of nano-
materials and catalysts[57,58], but rarely for electrocatalysts[59]. For
the monometallic oxide catalysts, the copper salt precursor Cu(II)acetate
(2 g) and zinc salt precursor Zn(II)acetate (2 g) were dissolved in a
mixture of 100 mL MeOH and ethylhexanoicacid (1:1 v:v) to yield a
final Cu concentration of 110.1 mM and Zn concentration of 109.0 mM.
The solution was then placed into an ultrasonic sound bath for 1 h to
ensure complete dissolution of the precursors. Subsequently, the
resulting solution was filled into a 50 mL syringe and set into a syringe
pump (Legato 210, KD Scientific Inc.). The solution was inserted with a
flow rate of 5 mL min~! and dispersed with 5 NL min ' oxygen gas flow
at 3 bar back pressure while it was released through a steel capillary of
0.413 mm diameter (Hamilton syringes, KF6, gauge 22). A supporting
flame of 0.75 NL min! methane and 1.6 NL min ! oxygen flow was
used to enflame the dispersed solution. The synthesized NPs were
collected in a cylindrical filter holder 80 cm over the flame by a glass
fiber filter (Whatman GF6, GE) connected with a vacuum pump (R5,
Busch). For the CuZnO mixed metal oxides, the Cu and Zn precursor
ratios were adjusted to weight ratios of 80/20, 75/25, 50/50, and
25/75. The prepared solution was then treated and sprayed in the same
manner as the single metal salt solution.

2.4. Electrochemical measurements

Electrochemical measurements were conducted using a RDE setup
(PINE Research Instrumentation Inc.) with a glassy carbon electrode (A
= 0.1963 cm?) coated with metal oxide. The setup was connected to a
potentiostat/galvanostat (Interface 1010E, Gamry). A glass cell
(125 mL) was equipped with the RDE as a working electrode, a Pt wire
as a counter electrode that was separated by a glass tube with a glass frit,
and a reference electrode. In aqueous electrolytes, a reversible hydrogen
electrode (RHE, stored in HoO) was used; in organic electrolytes, the Ag/
AgCl (KClsat in H20) reference electrode was used.

2.5. Electrode preparation

Catalyst ink was prepared by mixing 2 mg metal oxide, 250 pL iso-
propanol, 750 uL deionized water, 8.58 uL Nafion® 5 % dispersion, and
1.2 uL of 1 M NaOH. The dispersions were ultrasonicated for 10 min. We
previously reported this recipe for OER catalyst preparation[60]. For the
rotating ring electrode experiment, the glassy carbon electrode was
coated by dropping 10 uL of catalyst ink on the glassy carbon surface.
The electrode was rotated at 100 rpm for 30 min to achieve a
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homogeneous coating. For the XRD analysis, Freudenberg H23C2 was
coated using a brush until a loading of 2 gcm™2 was reached. For
product analysis, Freudenberg H23C2 electrodes with a geometric area
of 4 cm? were coated with dry air using an airbrush. The coating was
applied until a loading of 0.5 mg cm ™2 was reached.

Catalyst reduction of copper nanoparticles was performed in a 1 M
NaOH (in H,0) solution. The electrolyte was saturated with nitrogen for
15 minutes before the reduction procedure. Three cycles of CVs were
conducted in a potential range of 1.5V to —1.5 V vs. RHE. Afterward,
CVs in a potential range of —0.3 V to —1.5 V were done; for the RDE
measurements, 15 cycles; for the larger electrodes for product analysis,
50 cycles; and for the XRD samples, 150 cycles were carried out. All CVs
were recorded with a scan rate of 100 mV s~!. Reduction of CuZn
nanoparticles was performed in 0.1 M KHCOj3 (in H20). The electrolyte
was saturated with Ny for 15 minutes before starting the reduction
procedure. Three CV cycles were conducted in a potential range of 1 V to
—1 V vs. RHE, and afterward, CVs in a potential range between —0.3 V
and —1.3 V were done. Afterward, CVs in a potential range of —0.3 V to
—1.5 V were used; for the RDE measurements, 15 cycles; for the elec-
trodes for product analysis, 50 cycles; and for the XRD samples, 150
cycles were carried out. All CVs were done with a scan rate of
100 mV s~

2.6. Electrochemical analyses

Cyclic voltammetry and chronoamperometry were used to analyze
the electrochemical processes and for Tafel analysis. Potentials were iR
corrected with bulk resistance R, determined by potentiostatic electro-
chemical impedance spectroscopy (EIS) after pre-conditioning at Epc
= —0.8V in the high-frequency region from 10° to 10° Hz at a phase
angle of ¢ = 0°; the amplitude was set to AExc = 10 mVypys. Electrolytes
used were 0.1 M TBABF,4 in DMF and 0.1 M TBABF,4 in MeCN. The
electrolyte was flushed with CO; for 20 min before each experiment, and
the atmosphere above the electrolyte was continuously flushing with
CO; during the entire experiment.

For each scan rate, five cycles of CVs were performed in a potential
range of —0.8V to —2V vs. Ag/AgCl. Scan rates of 100 mV s~ and
50 mV s~ were used. CA measurements proceeded from —0.8 Vto -2V
vs. Ag/AgCl in increments of 0.05 V and reverse. Each potential was
held for 300 s.

2.7. Determination of the electrochemically active surface area

Electrochemically active surface area (ECSA) was determined by
double-layer capacitance (Cpy) measurements performed in aqueous
0.1 M KHCOs solution. To determine the potential range, open circuit
potential measurements (OCP) of each sample were conducted, and the
double-layer capacitance was measured by CV in a potential range of
+ 25 mV of the OCP at varying scan rates (10, 20, 40, 60, 80, 100,
150 mV s~ 1) going from low scan rates to high scan rates. From the CVs,
the current was extracted in the middle of the potential window
measured, and the double-layer capacitance Cp; was calculated by
determining the slope of the current density in regard to the geometric
area as a function of scan rates. The roughness factor was calculated by
dividing the Cpy, of the coated electrode by the Cpy, of a planar electrode
as a reference, assuming that the number of active sites is linearly pro-
portional to the Cp;. A calculation to determine the roughness factor was
previously described in the literature [3,39]. A planar copper electrode
was used for copper particles, and a planar CuZn 80/20 electrode was
used for CuZn particles.

2.8. Product analysis and quantification
Liquid product analysis was performed using an HPLC (Vanquish

HPLC, ThermoFisher) with a HyperREZ™ XP carbohydrate-H+ LC-col-
umn. Aliquots of 10 pL of each sample was injected into the column. The
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eluent used was 5 mM H,SO4 in water; measurements were conducted
with a flow rate of 0.6 mL min~" and a column temperature of 55 °C.
The wavelength was set at 210 nm. Oxalic acid calibration was per-
formed using 6 standard solutions (0 mM, 0.2 mM, 0.35 mM, 0.5 mM,
0.65 mM, and 1 mM). Evaluation of the measurements were performed
using the Chromeleon software from ThermoFisher.

Measurements for product analysis were performed using a 4 cm?
electrode (Section 3.1) with catalyst material coated on carbon paper. A
H-cell with a glass frit separating anode and cathode compartment was
used; for gas analysis, it was assured that the lids were gas-tight. The CAs
were performed holding a potential of —2 V vs. Ag/AgCl (KClg, in H20).

For liquid analysis, the potential was held for 10 h to obtain samples,
and the electrolyte was constantly flushed with COy to ensure the
presence of COy during the experiment. After the electrochemical
measurement, 1 mL of electrolyte was taken as a sample for analysis.
The Faradaic Efficiency was calculated with Eq. 1

F-z.c:V
Q

With F being the Faradaic constant, z is the number of electrons
transferred, c¢ is the concentration of the analyzed product, V is the
volume of the electrolyte of the gas phase, and Q is the transferred
electric charge.

Gaseous products were analyzed with a GC (GC-2030, Shimadzu).
The detector used was a BID, with a temperature set at 250 °C and a gas
flow of 50 mL min ! using He as a carrier gas. GC calibration was per-
formed using three different CO concentrations from 0 vol% to 2 vol%.
Evaluation of the measurements was performed using Shimadzu’s
PostRun Analysis Software.

To obtain samples for the analysis of gaseous products, the potential
was held for 1 h, and the electrolyte was saturated with CO5 before the
measurement and continuously flushed with during the experiment with
a CO; gas flow of 6.84 mL min~'. A sample of the gas flow was peri-
odically injected into the GC. The following equation was used for the
calculation of the Faradaic Efficiency (Eq. 2).

FE = (@]

F-z-c-v-P

FE= ———
R-TI

()
With F being the Faradaic constant, z is the number of electrons
transferred, c is the concentration of the analyzed product, v is the COy
gas flow rate, P is the ambient pressure, T is the Temperature and I is the
average current over 100 s before sampling.
The partial current density towards CO was calculated with the
following equation (eq. 3).

i
i n—=—FE
Jco Apcen co

With jco as the current density towards CO, i the measured current,
Agcsa the electrochemical active surface area (determined as described
in chapter 2.7) and FE¢g the Faradaic Efficiency towards CO.

2.9. XAS measurements

The operando X-ray absorption spectroscopy measurements at Cu-K
and Zn-K edge (8979 eV and 9659 eV, respectively) were performed at
the CAT-ACT beamline of KIT Light Source (Karlsruhe, Germany)[61].
The incident photon energy is selected via a double crystal mono-
chromator equipped with a Si (111) crystal pair. The experiments were
conducted in transmission mode, using ionization chambers before and
after the sample and as well as before and after the reference metal foil.
The energy calibration was conducted using the reference metal foil
recorded with each experimental spectrum. The spectra were energy
calibrated and normalized using the ATHENA program from the IFFEFIT
software package[62].

A flow cell which was previously reported in a publication by Czioska
et al. with a peristaltic pump (Ismatec Reglo)[63]. Cu and CuZn 80/20
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were coated on Freudenberg H23C2 carbon paper as a working elec-
trode, and platinum was sputtered on Freudenberg H23C2 as a counter
electrode. Electrolytes used were 0.1 M TBABF4 in DMF and 0.1 M
TBABF, in MeCN. The pump was set to a flow rate of 200 uL min‘!. As a
reference electrode a Ag/AgCl (KClg in Hy0) was used. Chro-
noamperometric measurements (OCV; —0.8V; —1.2; —1.4V; —-1.6 V;
—1.8 V; —2V; —2.2 V) were performed, and each potential was held for
one hour.

3. Results and discussion

In the following section, we report on the electrochemical prepara-
tion of the Cu and CuZn catalyst materials and their physical charac-
terization. In addition, we identified their electrochemical performances
and selectivities in MeCN and DMF-based electrolytes. Lastly, the cata-
lysts state and their stability were studied using operando XAS
experiments.

3.1. Cu and CuZn nanoparticle catalysts

The freshly synthesized Cu, CuZn and Zn nanoparticles prepared by
flame spray pyrolysis (FSP) were obtained as metal oxides. The
elemental composition of CuZnO nanoparticles (80/20, 75/25, 50/50,
25/50 were confirmed by ICP-MS measurements. Electrochemical pre-
liminary tests showed no activity of the metal oxides towards CO2RR in
organic electrolytes. Therefore, the NPs were electrochemically reduced
to their metallic form. The reduction was carried out in 1 M NaOH for Cu
and 0.1 M KHCOj3 for CuZn and Zn, as dissolution took place under
alkaline conditions. The reduction was more efficient in cyclic voltam-
metry than in chronoamperometry. Optimal results were obtained after
preconditioning the catalyst by an oxidation/reduction sequence with
three cycles over a wide potential range (1.5V to —1.5V vs. RHE in
NaOH and 1V to —1 V vs RHE in KHCO3), followed by cycling below
—0.3 to —1.5 V until complete reduction (Fig. 2 and S3).

Complete conversion was verified by XRD, measuring the catalyst
particles on the carbon electrode support before and after electro-
chemical reduction (Fig. 3). The XRD patterns obtained for the as-
prepared CuO NPs show broad reflections at 35.5°, 38.7°, 48.7°,
58.2°, 61.5°, 66.1° and 67.8° which corresponds to (1-1-1), (111),
(20-2), (202), (1-1-3), (022) and (220) (Fig. 3a)[64]. This is in good
agreement with the crystalline planes of CuO in the monoclinic space
group C12cl and JCPDS file no. 892531. Rietveld refinement also shows
a 99.9 % agreement with CuO and 0.1 % agreement with Cuy0. The
reduced Cu catalyst has peaks at diffraction angles of 43.3°, 50.5°, and
74.2° corresponding to (111), (002), and (022), the characteristic
face-centered cubic (fcc) copper with the space group Fm-3m which is in
good agreement with JCPDS file no. 892531[65]. In addition to pure
copper, a percentage of > 7 % was found for CuOy.

The diffractogram of CuZnO 80/20 NPs is shown in Fig. 3b. The
reflections at 20 of 36.3°, 39.9°, 46.1°, 58.5°, 62.5°, and 78.1° corre-
spond to (111) (011) (002), (200), (1-1-2), (110), (013) and (022)
(222) planes. All peaks can be indexed to ZnO (zincite) with the space
group P63 mc (JCPDS file no. 00-036-1451), CuyO (cuprite) in the
cubic Pn-3m space group, and the crystalline planes of copper oxide
(CuO) in the monoclinic (tenorite) space group C12/cl. The reduced
CuZn 80/20 NPs show a distinct diffraction peak at 20 = 43.5° diffrac-
tion angle corresponding to (111) planes of the CuZn 90/10 with the
space group Pn-3m[66]. The CuZn is brass in the a phase (81.5 %),
whereas 6.9 % cuprite, 2.1 % ZnO, and 1.6 % Cu remain. Similar
observation was made for CuZnO and CuZn (75/25) (Fig. 3c). For
CuZnO NPs with a ratio of 50/50 and 25/50, complex mixtures of
a-brass, cuprite, ZnO and Cu were found (Fig. S1). The literature shows
that alloys with a zinc content below 32.5% crystallize in the
face-centered cubic (cfc) CuZn-a phase, most likely in a ratio of 75/25
[66].

Additional SEM/EDX analysis supports the findings (Fig. S4-S5).
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(80/20) and CuZn (80/20), and ¢) CuZnO (75/25) and CuZn (75/25).

Overall, the catalyst analysis confirms the success of electrochemical
reduction. In electrochemical processes such as CO5RR, the size of the
catalyst particles is a crucial parameter, as smaller sizes result in a larger
surface area and can ultimately reduce the catalyst loading. The mean
crystallite sizes were calculated by Rietveld refinement (Table 1). The
mean crystallite sizes for CuO and CuZnO NPs are in a similar magnitude
< 20 nm. During electrochemical reduction, the metallic catalysts
double their mean crystallite size, resulting in particle dimensions be-
tween 20 and 30 nm. Further results of Rietveld refinement regarding
composition of the catalyst materials can be found in the Table S1.
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Table 1

-0.5 0.0

0.5 1.0

potential E vs. RHE / V

NaOH(,q) and b. CuZnO 80/20 to CuZn 80/20 in 0.1 M KHCO3(yg).

Mean crystallite sizes of the NP before and after the reduction procedure. XRD
was performed with coated catalyst material and Nafion® ionomer on carbon
paper. Rietveld refinement was done using TOPAS software.

Nanoparticle Mean crystallite Metallic Mean crystallite
oxides size [nm] nanoparticles size [nm]

CuO 11.8 Cu 21.7

CuZnO 80/20 17.5 CuZn 80/20 26.8

CuZnO 75/25 12.5 CuZn 75/25 27.4

CuZnO 50/50 6.3 CuZn 50/50 12.0

CuZnO 25/75 9.9 CuZn 25/75 26.3

ZnO 29.9 Zn 43.1

3.2. Performance and selectivity analysis of COoRR

Cyclic voltammograms were recorded in a stagnant COg-saturated
0.1 M tetra-N-butylammonium tetrafluoroborate (TBABF4) / DMF
electrolyte to evaluate the electrochemical activities of the as prepared
metal oxide and in-situ prepared metal catalyst electrodes during
CO2RR. All voltammograms of the CuO and CuZnO metal oxides as well
as metallic zinc showed marginal activity (see Fig. S2), which highlights
the importance of the electrochemical reduction procedure. In contrast,
all Cu and CuZn NPs show good activity towards CO2RR (Fig. 4). The
CVs for Cu and CuZn 50/50 and 25/75 show similar profiles with
indistinguishable features. At —1.5V vs. Ag/AgCl during the forward
sweep, a cathodic current occurs with an exponential trend and no
visible limitation. The maximum current densities were 3—4 times lower
than for CuZn 80/20 and 75/25, which exhibited the highest activity of
all catalysts.

CuZn 80/20 and 75/25 differ majorly, due to their alloyed material
composition. Above —1.2 V vs. Ag/AgCl, they show a strong (pseudo-)
capacitive behavior. Below —1.2V, a steep cathodic current with an
exponential increase occurs during the forward sweep. The slopes in-
crease at —1.5 or —1.6 V. For CuZn 80/20, it flattens out beyond
—1.65 V, suggesting a possible transport limitation. The current density
during the backward sweeps for CuZn 80/20 and 75/25 decreases
rapidly and then becomes constant without showing any feature.

The overall activity of the catalyst material is an important factor,
and the initial potential determines how much electrical energy is
required for the reaction to proceed. The initial potentials were deter-
mined by evaluating the derivative dj/dE during the forward sweep,
where the change in slope in the CV was determined with the initial
potential at dj/dE = 3 (Fig. 4b). The onset potential at —1.53 V found for
the Cu NP is in good agreement with the literature found at —1.5 V for
flat copper[67]. The formation of a-brass nanoparticles (Zn content of
20 and 25 wt%) significantly reduces the overvoltage to —1.13 V and
—1.2 V vs. Ag/AgCl. Higher Zn content increases the overpotential to



R. Witzel et al.

a) — ————————
2 ” -

o) o
€ of o= .
<
£t |
>
E —4r ——Cu T
g Cuzn 80/20
< “6f —— CuZn 75/25
o Cuzn 50/50
5 -8t Cuzn 25/75-
© Zn

-10F | 4

-22-20-18-16-14-12-1.0-08-0.6-04

potential £ vs. Ag/AgCI/V

Journal of CO2 Utilization 97 (2025) 103138

k) : ; : : ‘

2 =14l ! ® Cu .

o-12f SUA ® CuZn80/20 |

> : A CuZn75/25

L3 Cuzn 50/50 |

<-14F CuZzn 25/75 -

£k an

H_1e

T 1.7t .

2z

g-18f .

?-1.9¢ 1

[%2]

g _20 _I 1 1 i 1 J_
100 80 60 40 20 0
Cu Zn

Cu Ratio / %

Fig. 4. a) CVs for a scan rate of 50 mV s~ for different CuZn ratios in the catalyst material. All CVs were performed in 0.1 M TBABF, in DMF The iR-corrected third
cycle is given vs. Ag/AgCl (KClg, in H,0). Potential limits are chosen to avoid catalyst or electrolyte degradation. Current density was calculated in mA mg~! in
regard to the mass of the coating as the mixed phases of the different CuZn particles did not meet the criteria for Cpy, analysis. b) Comparison of the onset potentials of
the different catalyst materials in CO2RR. The initial potentials were determined by evaluating the change in the forward sweep of the CV; initial potential was

determined at dj/dE = 3.

—1.58 V for CuZn 50/50 and —1.8 V for CuZn 25/75. Zn did not meet
the criteria of dj/dE = 3; the onset was therefore set to —2 V. This in-
dicates that metallic Zn shows no significant activity for CO5 reduction
under aprotic conditions (see Fig. S2e and f). This observation is
somewhat surprising, as Zn is known to exhibit considerable activity for
CO4-to-CO conversion in aqueous electrolytes.

A comprehensive understanding of COzRR in organic electrolytes
requires not only insights into catalyst material properties but also a
systematic evaluation of electrolyte effects. To investigate the interplay
between catalyst and solvent, we employed two commonly used the
aprotic solvents DMF and MeCN each containing 0.1 M TBABFa4 as
supporting electrolyte. These solvents were selected based on their high
CO: solubility, aprotic nature, and proven electrochemical stability
under COzRR conditions[53]. For performance and product analyses, we
selected Cu, CuZn 80/20, and CuZn 75/25 as catalyst materials. These
compositions exhibited the highest catalytic activity (see Fig. 4) and
showed a homogeneous morphology and phase composition (see
Table S1 and Fig. S5), which are essential prerequisites for a reliable and
quantitative evaluation of catalytic performance and catalyst state.

For the following analysis, chronoamperometry measurements were
performed. The Cu and CuZn catalysts show different behavior in DMF
(Fig. 5a). Cu shows one slope of —0.674 V dec™! over the whole po-
tentials range. Both CuZn catalysts show two slopes in DMF based
electrolytes. GuZn 80/20 shows the first slope of —0.19 V dec™! in a
potential region between —1.4 V and —1.55 V; the second slope below
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potentials of —1.55 V has a value of —1.345 V dec™". The first slope for
CuZn 75/25 is between —1.2 V and —1.5 V and has a value of —0.34 V
dec™!; the second slope below potentials of —1.5V has a value of
~1.28 V dec ™.

All investigated catalyst materials show two slopes in the MeCN-
based electrolyte (Fig. 5b). The first slope of Cu starts at a potential of
—1.55V with a value of —0.45V dec™!; a change in slope can be
detected at —1.85 V dec™; below this potential, a slope of —0.9 V dec™!
can be observed. CuZn 80/20 shows the first slope between —1.4 V and
—1.75V with a value of —0.4 V dec™!; the second slope of —1.22'V
dec™! is below potentials of —1.75 V. The slopes of CuZn 75/25 are in
the same potential regions as CuZn 80/20. The first slope has a value of
—0.5V dec™}, below —1.75 V, the slope changes to —0.87 V dec ..

This means alloying copper and zinc and forming brass in the a-phase
leads to a significantly lower overpotential than copper or zinc need for
CO4 reduction. Adsorption has previously been described as the limiting
factor in CO2RR on copper in acetonitrile, with a maximum of 25 % of
the catalyst surface being used[38]. So far it is unclear what causes the
higher activity at CuZn catalysts. One possible explanation for the
observed improvement may that Zn enhances CO: adsorption on the
catalyst surface, which could lower the activation barrier and improve
the overall reaction kinetics. Similar effects have been reported in
aqueous electrolytes, where the addition of Zn to Cu was shown to
improve the binding properties of oxygen-containing species, thereby
promoting CO: adsorption and stabilizing oxygenated intermediates on
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Fig. 5. Tafel plots for Cu, CuZn 80/20, and CuZn 75/25 nanoparticles in a) 0.1 M TBABF, in DMF, b) 0.1 M TBABF, in MeCN. The potentials are iR-corrected given
vs. Ag/AgCl (KClg, in H20). Potential limits are chosen to avoid catalyst or electrolyte degradation.
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the surface[68]. However, it remains unclear whether this is the defin-
itive cause of the improved performance observed in our system.

The Cu NP in DMF only shows one slope, meaning there is no change
in kinetic limitation over the potential range investigated. As previously
stated, the addition of zinc to the catalyst material improves the
adsorption properties of the catalyst. The different slopes found for the
CuZn catalyst in DMF show that the limiting reaction step has changed.
Due to the CO; solubility and the diffusion properties of CO5 in DMF
mass transport is possibly the limiting reaction step[54]. In MeCN, all
catalyst materials show two different slopes with similar values for the
slopes of the different catalysts. As the limiting kinetic step on copper is
the CO; adsorption, the similar slopes of the CuZn 75/25 catalyst indi-
cate an improvement in the adsorption of CO, but not a complete
overcoming of the reaction bottleneck. The last slope (-1.22 V dec_l) of
CuZn 80/20 in MeCN is similar to both CuZn in DMF which suggests
similar kinetic limitation leading to the conclusion that a transport
limitation was reached.

Product distribution is an integral part of the evaluation of the
catalyst material. In aqueous electrolytes, the selectivity towards valu-
able products poses a big problem as copper-based catalyst is able to
produce different hydrocarbons but with a low selectivity towards the
different products. In aprotic organic electrolytes, the number of
possible products is limited due to the lack of a proton source, so only CO
and oxalate are possible products.

To evaluate the Faradaic efficiency, product analysis was performed
by doing chronoamperometry at —2 V vs. Ag/AgCl. Fig. 6 shows the
results of the product investigation for Cu, CuZn 80,20, and CuZn 75/25
in 0.1 M TBABF4 in DMF and 0.1 M TBABF,4 in MeCN.

CO is the main product for all catalyst material and electrolyte
investigated. In DMF, the FE towards CO is 96 % on Cu, 95 % on CuZn
80/20, and 100 % on CuZn 75/25. For copper, the Faradaic efficiency
towards oxalate was found to be 0.34 %, in the case of CuZn NP, only

Journal of CO2 Utilization 97 (2025) 103138

traces of oxalate were detected; showing that we were able to gain
complete control over the selectivity towards CO. In Acetonitrile, the FE
towards CO is between 95 % and 105 % for all catalyst materials. Ox-
alate was only found, again not enough to do a quantification. The
current density jco towards carbon monoxide is almost four folds higher
for CuZn 80/20 than for Cu, emphasizing the influence of the catalyst
material on the CO2RR activity.

Our study demonstrates that CuZn (80/20 and 75/25) catalysts
significantly enhance performance over Cu by probably by improving
CO4 adsorption on the catalyst surface, effectively overcoming the
bottleneck in aprotic organic electrolytes. Achieving over 99.9 % FE
towards CO in DMF and MeCN-based electrolytes and only traces of
oxalate as a product, we gained complete control over the selectivity.

3.3. Catalyst state and stability

Information regarding the catalyst state and stability of copper-based
catalysts is lacking for the CO2RR in organic electrolytes, whereas it was
found that copper undergoes phase changes from CuxO to metallic Cu in
aqueous electrolytes[12]. The use of aprotic organic electrolytes could
lead to a higher bulk stability of the Cu based catalyst materials. In order
to investigate possible material changes during the CO5RR in organic
electrolytes, X-ray absorption spectroscopy measurements were carried
out for CuO, and Cu NP, CuZn 80/20 NP as well as Cu-foil, references
used were the Cu foil for metallic Cu, Cus0 and CuO. The measurements
were performed with 0.1 M TBABF, in DMF and 0.1 M TBABF, in MeCN.
For the measurements, chronoamperometry was conducted, each po-
tential was held for 1 h.

The Cu NP in DMF (Fig. 7a) match well with the Cu foil reference
measured showing that the bulk phase is metallic copper. Over the
different potentials applied no changes in the course of the curve or the
peak position can be detected. A change in intensity is seen which can be
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Fig. 6. Comparison of the faradaic efficiency and the current density towards CO of the different catalyst materials (Cu, CuZn 80/20 and CuZn 75/25) in a) 0.1 M
TBABF,4 in DMF, b) 0.1 M TBABF, in MeCN, measurements were done performing chronoamperometry at —2 V vs. Ag/AgCl (KClg,, in H,0). Karl Fischer Titration
showed 200 ppm water content for the electrolyte compositions. The current density towards CO was calculated by detemination of the ECSA, a description of this

can be found in chapter 2.7 and 2.8.
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Fig. 7. XAS spectra taken during chronoamperometry at different potentials hold for one hour. Spectra shown of a) the Cu K-edge of Cu NP in 0.1 M TBABF, in DMF;
b) Cu K-edge of Cu NP in 0.1 M TBABF, in MeCN; ¢) Cu K-edge of CuZn 80/20 NP in 0.1 M TBABF, in DMF; d) Zn K-edge of CuZn 80/20 in 0.1 M TBABF, in DMF.

attributed to particle detachment during the experiment due to bubbles
in the measurements setup as well as bubbles forming during the
experiment. Overall, the particles show a high bulk stability with no
phase change within the copper.

The Cu NP in MeCN (Fig. 7b) again matches the Cu foil reference,
showing that the bulk phase of the Cu NP is metallic copper. Again, no
changes in peak position or curve course are detected, showing that the
bulk phase is stable over the different potentials applied. The Cu K-edge
of the CuZn 80/20 in DMF (Fig. 7c) shows slight changes in the peak
position and peak intensity. The minimum peak at an energy of 8998 eV
gains intensity with the step from —0.8 V to —1.2 V. The bulk phase of
the copper was not completely reduced at the start of the experiment.
With lower potentials than —1.2V, the curve shows no significant
changes, showing again a high bulk stability of the material.

The Zn K-edge of the CuZn 80/20 catalyst (Fig. 7d) matches well with
spectra found in literature for brass [69,70], showing that the catalyst is
an alloy. At potentials lower than —1.4 V, slight changes in the signal
can be seen. The change in whiteline intensity and positions is associated
to a change in the alloy [70]. Correlating the changes found in the Cu
signal it is possible that some Zn was unalloyed in the bulk phase at the
start of the experiment and the small amount of ZnO left in the bulk
phase is reduced and alloyed with the copper. Again, the measurement
setup and the reaction can lead to bubbles in the system and this can lead
to catalyst detachment of the material and therefor to changes in the
signal intensity.

The spectra of Cu foil in MeCN and DMF are displayed in S9a and
S9b. In both electrolytes, no changes were seen for the copper foil,
meaning that it is stable under the reaction conditions applied.

Spectra of CuO NP in DMF (Fig. S9¢) match with the CuO reference
taken confirming results found in the XRD analysis. Over the different
potentials, changes in peak intensity are detected at peaks at energies of
8997 eV and 9026 eV. This shows that CuO is not bulk stable and phase

changes are happening. The CuO NP in MeCN (Fig. S9d) show no
changes in signal.

With this we were able to show that the bulk of our catalyst material
is Cu and Zn which act as the active species for the COo,RR. Cu and CuZn
have shown a high long-term bulk stability over a potential range of
—0.8V up to —2V vs. Ag/AgCl. Additionally, chronoamperometric
stability measurements over a duration of 100 h are shown in Fig. S10,
showing longterm stability in the electrochemical measurements.

4. Conclusion

In this study, we have investigated the synthesis, performance and
stability of Cu and CuZn nanoparticle catalysts for the CO5 reduction
reaction in DMF and acetonitrile electrolytes. The catalysts were pre-
pared as metal oxides via flame spray pyrolysis and then reduced to their
metallic forms using cyclic voltammetry and chronoamperometry. X-ray
diffraction and Rietveld refinement confirmed the successful conversion
of Cu and CuZn oxides into metallic nanoparticles with crystallite sizes
of 20-30 nm after reduction.

Electrochemical testing indicated that although the metal oxides
showed little activity for CO2RR, the reduced Cu and CuZn catalysts
showed significantly improved performance. Among the catalysts, the
CuZn alloys, especially with compositions of 80/20 and 75/25, showed
the highest activity and selectivity towards CO, with a Faradaic effi-
ciency of over 95 % in both organic electrolytes. These compositions
also showed significantly lower overpotentials compared to pure copper,
which highlights the positive effect of alloying zinc with copper in
improving CO» adsorption and reducing the activation barrier.

Furthermore, our study investigated the long-term stability of the
catalysts using operando X-ray absorption spectroscopy. The bulk sta-
bility of Cu and CuZn catalysts was confirmed over a wide potential
range, with no significant phase changes observed, indicating their
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robustness during prolonged operations. The stability of a-brass phase in
CuZn catalysts was particularly noteworthy, with no significant degra-
dation observed, ensuring catalyst longevity during CO2RR.

Overall, this work highlights the potential of CuZn alloy catalysts,
particularly in the 80/20 and 75/25 compositions, for efficient and se-
lective CO, reduction in organic electrolytes. The improved CO5 elec-
trochemical properties and long-term stability make these materials
promising candidates for further development in CO5 electroreduction
applications in non-aqueous electrolytes, and may serve as a basis for
optimizing system parameter for CO2RR, e.g. electrolyte and catalyst
composition.
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