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Abstract: Copper and its oxides are the main catalyst materials able to promote the formation of
hydrocarbons from the electrocatalytic CO, conversion. Herein, we describe a novel preparation
method for carbon-doped copper oxide catalysts based on an oxidative thermal treatment of copper-
containing deep eutectic solvents (DES). XRD and EDX analysis of the samples show that thermal
treatment at 500 °C in air for a prolonged time (60 min) provides exclusively carbon-doped copper(Il)
oxide catalysts, whereas shorter calcination time leads to a mixture of less oxidized forms of copper
(Cup0 and Cu®), CuO, and a higher carbon content from the DES. Chronoamperometry of the
electrode containing the prepared materials in 0.5 M KHCOj electrolyte show the reduction of
CuO to less oxidized copper species. The materials prepared by the use of different DES, copper
precursors and calcination times were used as electrocatalysts for the electrochemical CO, reduction.
Chemical analysis of the products reveals an enhanced selectivity toward C2 and C3 products for the
catalyst prepared from the DES galactose-urea with copper nanoparticles and calcination for 60 min
in air. The electrocatalytic activity of the prepared materials were compared to commercial CuO and
showed a higher product concentration at —1.7 V vs. Ag/AgCl, with formation rates of 7.4, 6.0, and
10.4 umol h~! em =2 for ethanol, n-propanol, and ethylene, respectively.

Keywords: copper oxide catalysts; catalyst preparation; calcination; deep eutectic solvents; electro-
chemical CO, reduction

1. Introduction

The rising concentration of global atmospheric carbon dioxide since the beginning
of industrialization (280 parts per million by volume (ppmv) to 365 ppmv) [1] requires
a reduction of carbon dioxide release and solutions for its capture and utilization [2—4].
Several technologies have been developed for CO, capture involving point sources or
direct air capture [5]. As for the CO; utilization, using CO, for chemical synthesis of
industrial relevant chemicals would be a sustainable solution not only for the utilization
but also for the replacement of fossil-based chemicals by CO,-neutral alternatives. In
this way, the electrochemical reduction of CO; using directly renewable electricity is a
promising conversion method toward carbon-neutral economy. The electrochemical carbon
dioxide reduction (CO,R) process can use CO, as a building block for the synthesis of
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several value-added products. Moreover, CO;R offers a possibility for storing intermittent
renewable energy, such as wind and solar, since it would be in principle relatively simple
to ramp up and down according to the energy availability [6-8].

Mild reaction conditions (ambient pressure and temperature) and the use of low-cost
catalysts are key advantages of the electrocatalytic CO, conversion in aqueous media [9,10].
Nevertheless, the electrochemical CO, reduction takes place at rather negative potentials;
hence, it competes with the hydrogen evolution reaction (HER). Therefore, a powerful
catalyst is required to turn the onset potential more positive, favoring the CO, reduction
and suppressing hydrogen production. Copper and its oxides (CuO and Cu,O) are one
of the few materials to catalyze the formation of C-C bonds and lead to alcohols and
hydrocarbons [6,11-16]. The preparation method of the Cu-based catalysts or electrodes
can have an effect on the selectivity of product formation. Depending on the potential,
surface morphology, and oxidation state of the catalyst, a wide variety of products can
be obtained in different ratios: carbon monoxide, methane, ethylene, methanol, ethanol,
n-propanol, and formate (Table 1) [11-13,17].

Table 1. CO; reduction products on the cathode with their respective potentials at pH 7 [18,19].

Chemical Equations Potential V vs. SHE
CO; +H;O+2e” — HCOO™ (aq) + OH™ —043V
CO;+HO+2e” = COT+20H™ —-052V
2CO; +8H,O+12e™ — CoHy T +12OH™ —034V
2CO; +9H,0+12e~ — C;H50H (aq) + 12 OH™ —-0.33V
3CO; +13HyO + 18 e~ — C3H;OH (aq) + 18 OH™ —-032V

Herein, we report a novel and facile preparation method of carbon-doped copper oxide
materials and its application as catalysts for electrochemical CO; reduction. The materials
were prepared by a slight modification of the deep eutectic solvent (DES) pyrolysis method,
previously described by our group [20,21]. The initial method is based on the pyrolysis
of metal-containing DES in an inert nitrogen atmosphere, which led to metal embedded
in a carbon support rich in oxygen and nitrogen functional groups (metal’/CNO). Such
Cu/CNO materials showed high selectivity for the production of formate in liquid phase
from CO; electrolysis [21]. In the presented preparation method, the calcination atmosphere
has been changed from Ny, to air, resulting in partially oxidized copper due to the oxidative
conditions. These produced carbon-doped CuO resulted in higher selectivity for C2
(ethylene, ethanol) and C3 (n-propanol) molecules during electrochemical CO; reduction.
Compared to commercial copper(Il) oxide nanoparticles, the activities and selectivities of
the as-prepared catalysts are significantly higher. Thus, we could tailor this facile synthesis
method to improve the productivity and selectivity of the catalysts. The influence of
calcination time (10, 15, or 60 min) in the oxidative atmosphere as well as the influence
of different deep eutectic solvents and copper precursors on the catalytic activity of the
prepared materials were investigated in detail.

2. Results and Discussion
2.1. Catalyst Synthesis and Material Characterization

Carbon-doped copper oxide materials were produced by systematically varying the
preparation parameters such as type of DES, copper precursor, pre-treatment atmosphere,
calcination time, and temperature. The pre-treatment step was carried out in an inert or air
atmosphere for 1.5 h. This step enables a homogeneous and controlled thermal treatment
of the copper-containing DES under stirring. After pre-heating, the resulting solid mixture
is transferred to an evaporating dish and calcined in a muffle furnace under air or Nj.
Pyrolysis under inert gas leads to a final mixture of metallic copper in a considerable
amount of carbon support prevenient of the DES (Cu/CNO) [21]. Calcination in air leads
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to a considerably lower content of CNO due to the total oxidation of the DES molecules
and its release as gases, as well as to the oxidation of the copper species to CuO. In this
work, we have focused on the calcination in air for the preparation of carbon-doped CuO.
These materials were further used as catalysts for electrochemical CO, reduction.

The catalyst Cu-a, prepared with the DES glucose-urea (Glc-U) and copper nanopar-
ticles (CulNP), pre-treated and calcined for 60 min at 500 °C in air, was set as benchmark.
Following materials were prepared, changing the DES to galactose-urea (Gal-U, Cu-b), the
copper precursor to CuO (Cu-c), the calcination time to 15 min in air (Cu-d), or the pre-
treatment atmosphere to nitrogen (Cu-g). Since the remaining supporting material (CNO)
can influence the catalyst activity [21], the preparation method was slightly modified for
Cu-e and Cu-f in order to increase the amount of CNO in the final material. Cu-e and Cu-f
were first pre-treated under nitrogen. After cooling to room temperature, the mixture was
transferred to an oven and heated up to 450 °C (Cu-e) or 500 °C (Cu-f), also under nitrogen
atmosphere. Subsequently, the atmosphere was changed to air and the temperature was
raised to 500 °C (Cu-e) or 550 °C (Cu-f) and kept for 10 min. In this way, carbon-supported
copper oxide catalysts (CuO/CNO) should be obtained (Table 2).

Table 2. Overview of the different preparation parameter. The following abbreviations correspond to
Gle-glucose, Gal-galactose, U-urea, CuNP-copper nanopowder, RT-room temperature. Cu-e and Cu-f
were prepared in two steps: pyrolysis under inert atmosphere and oxidative treatment for 10 min.
The CuO-60 catalysts are Cu-a, Cu-b, Cu-c, and Cu-g.

Precursor Pre-Treatment Calcination
DES Metal t [h] T [°C] Atm. t [min] T[°C] Atm.

Cu-a Glc-U CuNP 15 290 air 60 500 air
Cu-b Gal-U CuNP 1.5 290 air 60 500 air
Cu-c Glc-U CuO 1.5 290 air 60 500 air
Cu-d Glc-U CulNP 15 290 air 15 500 air

from RT to 450 N»
Cu-e Glc-U CuNP 1.5 290 N, 10 500 air

from RT  to 500 N,
Cu-f Glc-U CuNP 1.5 290 N, 10 550 air
Cu-g Glc-U CuNP 1.5 290 N, 60 500 air

The morphologies and elemental compositions of the prepared materials were ana-
lyzed by SEM and EDX. Figure 1-I shows the SEM images for Cu-b (a) and Cu-f (b). Cu-b
was calcined in air only, whereas Cu-f was thermally treated in two steps, first in nitrogen
then in air atmosphere. Figure 1-1I gives an overview of the elemental composition of
all materials investigated by EDX analysis. Catalysts prepared by 60 min calcination in
air (Cu-a, Cu-b, Cu-c, and Cu-g) exhibit in general a quite homogeneous morphology,
as shown in Figure 1-Ia for Cu-b and in Figure S2 in the Supplementary Material for all
investigated materials. EDX analysis reveals that Cu-b is rich in copper with a low content
of carbonaceous supporting material, similarly to Cu-a, Cu-c, and Cu-g. The copper content
in these materials lay between 72.8 and 80.3 wt% with less than 6.6 wt% of CNO.

Catalysts Cu-d, Cu-e, and Cu-f with a shorter thermal treatment in air (10 or 15 min
in air) show different particle morphology compared to Cu-a, Cu-b, Cu-c, and Cu-g, as
depicted in the SEM image in Figure 1-Ib and Figure S2 in the Supplementary Material.
EDX of the catalyst Cu-d, Cu-e, and Cu-f, which were first thermally treated in an inert
atmosphere, reveals a higher concentration of carbonaceous material compared to samples
treated in air only. EDX analysis shows different composition for the different particle types:
(+) CuO domains with less carbon support; and (—) CuO/CNO domains with comparable
lower copper contents (<50 wt%) and higher amounts of supporting material consisting of
carbon, nitrogen, and oxygen. Thus, varying thermal treatment time in oxygen-containing
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atmosphere changes the ratio of Cu/C/N/O. Shorter thermal treatment time in air leads to
more remaining CNO support, whereas longer pyrolysis in air mostly oxidizes the material
to CuO and converts the remaining DES to CO;. Nevertheless, the final material did not
result in a homogeneous composition, indicating heterogeneous oxidation of the catalysts.
More details on the preparation method and elemental composition can be found in Table 6
Section 3.1.

Cu-f Cu-g
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Figure 1. (I) SEM images of (a) Cu-b and (b) Cu-f. (II) Elemental composition (EDX) of synthesized
copper catalysts Cu-a, Cu-b, Cu-c, Cu-d, Cu-e, Cu-f, and Cu-g.

Varying the copper precursor also influences the morphology of the synthesized
materials. Copper nanoparticles < 100 nm (Cu-a, Cu-b, Cu-d, Cu-e, Cu-f, and Cu-g) led
to a frilled and compact structure with smooth surfaces (Cu-a in Figure 2a), while CuO <
50 nm as precursor led to larger pores and less dense ordered structure (Cu-c, Figure 2b).
The different size of the used metal precursor particles may have affected the surface
of the materials. Moreover, calcination at 500 °C may lead to sintering of the copper(Il)
oxide in Cu-c. In addition, the carbon-rich domains of the catalysts Cu-d, Cu-e, and Cu-f
(CuO/CNO) show a similar smooth morphology compared to the Cu/CNO materials
synthesized previously [21]. SEM images of all prepared catalysts are shown in Figure S3
in the Supplementary Material.

Figure 2. SEM images of (a) Cu-a and (b) Cu-c. Cu-a shows a frilled and compact CuO structure
obtained from CuNP precursor, and Cu-c shows large pores and a less dense ordered structure from
CuO as precursor.

The effect of the annealing time and atmosphere on the oxidation of copper was
additionally investigated by X-ray powder diffractometry (XRD). Different oxidation states
of copper (0, + I, + II) can be observed from the reflexes (Figure 54, Supplementary Material).
Cu-a, Cu-b, Cu-c, and Cu-g only show reflexes attributed to copper(Il) oxide and are,
therefore, abbreviated in the following text as CuO-60 catalysts, due to the 60 min oxidative
treatment. XRD of samples prepared with shorter treatment time in an O,-containing
atmosphere (Cu-d, Cu-e and Cu-f) show reflexes of less oxidized forms of copper, such as
Cu,0 and CuY, besides CuO. Thus, longer treatment times in an O,-containing atmosphere
at 500 °C lead to higher-oxidized copper species.

By applying the Scherrer equation, crystallite sizes of CuO were examined [22]. The
calculation of the crystallite sizes for the CuO-60 catalysts were performed as shown in
the Supplementary Material (Figure S1) and are presented in real space in Table 3. Similar
sizes of the crystallites were found regarding the x- and y-direction, with exception of the
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Cu-c catalyst, which shows a clear deviation in x-direction with 69.2 nm instead of a length
between 50.5 and 58.6 nm. However, the crystallites differ strongly in z-direction between
44.5 nm (Cu-a, Cu-c) and 89.3 or 96.0 nm for Cu-b and Cu-g, respectively. Interestingly, the
copper precursor is not the only dimension-determining factor of the crystallites, because
Cu-a (CuNP) and Cu-c (CuO) exhibit an equal length in z-direction. However, the used
deep eutectic solvent seems to influence the length of the copper crystallites in z-direction.

Table 3. Crystallite sizes in x-, y-, and z-direction relative to the unit cells for the CuO-60 catalysts.

Catalyst Dy [nm] Dy [nm] D, [nm]
Cu-a 50.5 33.4 445
Cu-b 58.6 35.6 89.3
Cu-c 69.2 31.0 44.5
Cu-g 50.8 37.2 96.0

This is consistent with findings from Wagle et al. that DES can fulfil multiple roles in
directing chemistry at the nanoscale and thus dictate growth along defined directions [23].
Cu-b was prepared with the DES Gal-U instead of Glc-U, and the preparation of Cu-g differs
in the inert pre-treatment atmosphere compared to the catalysts Cu-a, Cu-b, and Cu-c. Thus,
during the first step of the Cu-g catalyst preparation, resulting carbon-rich supporting
material from DES is available and may influence the building of copper crystallites.

2.2. Electrochemical CO, Reduction

In order to prove that the products come solely from CO, reduction and not from the
decomposition of the bicarbonate in the electrolyte or from remnants of the pyrolysis of
the DES, an experiment with Cu-e in Helium-saturated 0.5 M KHCOj electrolyte was per-
formed. Only hydrogen (164.5 umol h~! cm~2) was produced in the absence of CO,. Thus,
neither the bicarbonate electrolyte nor remnants of the pyrolysis of the DES are involved
in product formation. In helium-saturated electrolytes, water is the only redox species
available for reduction on the catalyst active sites, whereas in CO,-saturated solutions,
water and CO, compete for the electrode reactions. The pH of the catholyte increases
considerably during the reaction in both, He- and CO,-saturated electrolytes (Table S1,
Supplementary Material), due to the generation of OH™ ions from water reduction to
hydrogen (Equation (1)) [24,25].

2H,0+2e” — Hp T +20H" (1)
OH™ +HCO; — HyO+CO3~ 2)
CO; + Hy0 S (HyCO3) = HCO; +HT ©)
2H,O - Oy 1 +4H' +4e” 4)

In principle, the bicarbonate electrolyte could buffer the pH increase (Equation (2)).
However, the electrolyte concentration (0.5 M KHCO3) is rather low, and the pH rises [25].
The solubility of CO; in the bicarbonate electrolyte depends on the pH. In more acidic
solutions, the solubility of CO; is higher, and the equilibrium in Equation (3) shifts toward
HCO;, whereas for pH values higher than 8, no diluted CO, is expected to be present [26].
To overcome the limitation of low CO, dissolution in aqueous solutions, experiments were
carried out on gas-diffusion electrodes. Thereby, the supply of CO; to the catalyst surface
was maintained by the transport of gaseous CO, through the gas-diffusion layer.

Catalysts prepared by varying the DES, copper precursor, and calcination times were
coated on these gas-diffusion layers and measured toward their activity for CO, reduction.
The parameters for the electrochemical CO, reduction in a three-compartment cell were op-
timized using the Cu-a and Cu-g catalyst as a benchmark. The experiments in 0.5 M KHCO3
electrolyte with 5 mg cm ™~ catalyst loading, a constant CO, gas flow of 10 mL min~!, and
a potential of —1.7 V vs. Ag/AgCl showed the highest product formation rates and were
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used for comparison of the electrocatalytic activities of all prepared materials (Table S2, Fig-
ures S5 and 56, Supplementary Material). Higher-concentrated electrolytes (0.5 M instead
of 0.1 M KHCO3) showed higher product formation and a more stable electrochemical
process (Table S2, Supplementary Material). In lower-concentrated electrolytes, the current
density decreased more rapidly, due to lower conductivity and electro-decomposition.
At the anode, water molecules of the anolyte are oxidized to molecular oxygen releasing
protons (Equation (4)), and the equilibrium of carbonic acid (Equation (3)) shifts toward
CO; and water.

Our experiments showed that after ~40 min in 0.1 M KHCOj; the current density
drops, and the anolyte had to be replaced. The same effect was observed only after
~120 min in 0.5 M KHCOj; (Figure S7, Supplementary Material). Water oxidation to oxygen
and the migration of potassium ions through the cation exchange membrane led to a
decrease of electrolyte concentration, which reduces the conductivity and strongly increases
cell resistance.

An initial assessment of the current densities at different applied potentials in CO,-
saturated 0.5 M KHCO3 was carried out by linear sweep voltammetry (LSV) and chronoam-
perometry (CA) (Figure 3). A comparison of the measurements in CO,- and Argon-
saturated solutions for all catalysts is shown in Figure S8 in the Supplementary Material.
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Figure 3. (a) LSV and (b) CA measurements of the synthesized copper catalysts in CO,-saturated
0.5 M KHCO3, blank = carbon paper without catalyst. LSV was measured from open circuit potential
(OCP) to —1.7 V vs. Ag/AgCl. CA measurements were performed at the different step potentials
-1.0,-13, -1.5,—-1.7, and —2.0 V vs. Ag/AgCl for 2 min each.

LSV of the different copper catalysts in CO,-saturated electrolytes shows higher cur-
rent densities and more positive onset potentials (AE of 0.5-0.7 V vs. Ag/AgCl) compared
to the carbon paper substrate (Figure 3a). The current densities differ depending on the
preparation parameters. CuO-60 catalysts (Cu-a, Cu-b, Cu-c, and Cu-g) show quite high
current densities (from 55 to 75 mA cm~2) compared to the sample containing less oxidized
copper (Cu-d, Cu-e, and Cu-f), which exhibit current densities between 17 and 34 mA cm 2,
In particular, Cu-c stands out with the highest current density of 75 mA cm~2 and the
most positive onset potential at —0.5 V vs. Ag/AgCl. Based on the higher current densi-
ties and lower onset potentials, the CuO-60 catalysts could have higher activity toward
CO, reduction.

In Figure 3b, the chronoamperometric profile of the different catalyst materials are
shown in CO,-saturated 0.5 M KHCOj electrolyte. CA allow the examination of the elec-
trochemical stability of a catalyst in a certain potential for a longer time. In accordance
with the LSV, all materials exhibit considerably high current densities (between ~30 and
50 mA cm~2 at —2.0 V vs. Ag/AgCl) compared to the carbon paper without catalyst
(blank). At the investigated potentials —1.0 and —1.3 V vs. Ag/AgCl, the CuO-60 cat-
alysts induce higher current densities. The current density of these catalysts at —1.3 V
vs. Ag/AgCl is not constant during the two minutes of applied potential, and it drops
with time. This current drop may be caused by the reduction of copper(Il) oxide to less
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oxidized copper species. Thus, the active catalyst in the CO, reduction is not the copper(II)
oxide, but an oxide-derived less oxidized copper species, which is formed in situ during
the electrode polarization. In the literature, it is already reported that oxide-derived copper
catalysts are beneficial for the selectivity toward C2 and C3 product formation [27-32]. Yeo
and coworkers found that copper oxide is preferably reduced to metallic copper at the same
potential range of the CO, reduction, and metallic copper with a different morphology is
formed during this reduction step, resulting in a rough surface with defects [32]. Lum et al.
reported that —1.2 V vs. Ag/AgClis used for the reduction of the oxide layer on the copper
catalyst [27], which is consistent with the current drop of the prepared CuO-60 catalysts
at —1.3 V vs. Ag/Ag(l, suggesting that CuO is reduced to copper. Smaller differences in
current densities of all catalysts at more negative potentials as well as the color change of
the catalysts from black to the characteristic reddish-brown color of metallic copper further
confirm this hypothesis.

Chemical product analysis during two hours of electrolysis were carried out for all
catalysts (5 mg cm~2) at —1.7 V vs. Ag/AgCl under 10 mL min~! CO, gas flow. Product
formation rates and Faraday efficiencies for C1 compared to C2 and C3 products are shown
in Figure 4. More detailed information on the FE for all materials is presented in Table S3
in the Supplementary Material. Among the products, carbon monoxide, formate, ethanol,
and n-propanol, besides hydrogen, were detected for all catalyst materials, whereas ethy-
lene was found exclusively for CuO-60 catalysts (Figure 4a). Catalysts Cu-d, Cu-e, and
Cu-f, with less oxidized copper species, led to lower hydrocarbon formation rates, espe-
cially for alcohols (<0.6 pmol h~! em~2). However, copper(Il) oxide-containing catalysts
(CuO-60) showed a distinctly better performance for C2 and C3 product formation with
1.3 to 10.4 umol h=! em~2 of ethylene, 2.9 to 7.1 umol h~! em~2 of ethanol, and 1.4 to
5.7 umol h! cm~2 of n-propanol. Thus, the calcination conditions influence the activity
and selectivity of the catalysts toward C2 and C3 products (Figure 4b).
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Figure 4. (a) Formation rates for hydrogen, carbon monoxide, ethylene, formate, ethanol, and n-
propanol for all synthesized copper catalysts at E = —1.7 V vs. Ag/AgCl in CO, saturated 0.5 M
KHCOs. (b) Faraday efficiency of the C1 and C2 + C3 products: significantly increase in C2 and C3
for Cu-b compared to commercial CuO.

The reduction of the CuO obtained from DES calcination to an oxide-derived metallic
copper during electrolysis is necessary to create in situ a more active copper modification
that promotes the CO; reduction to C2 and C3 products. Low amount of CuO domains
and higher amounts of metallic copper in the Cu-d, Cu-e, and Cu-f catalysts after DES
calcination and before electrolysis may prevent it from achieving the same effect of in situ
activation of Cu compared to the CuO-60 catalysts. However, the carbon-rich domains
CuO/CNO of these catalysts have similar morphology and show similar electrochemical
activity for C1 products, especially formate, consistent with the previous report on CNO
rich catalysts [21].

Comparing the different CuO-60 catalysts in more detail, Cu-b and Cu-g show a better
performance compared to Cu-a and Cu-c (Figure 4b). Catalyst Cu-b, which was prepared
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with the DES Gal-U, shows by far the highest C2 and C3 selectivity. Thus, the change of
the DES used for the preparation indicates an influence on catalyst activity and selectivity.
Calculation of crystallite sizes by XRD revealed that crystallites of Cu-b and Cu-g are larger
in z-direction compared to Cu-a and Cu-c (Table 3). This suggests that a larger z-size of
the CuO crystallites is beneficial to the C2 and C3 selectivity in the CO; reduction. The
performance of the catalysts is in accordance with the findings of various authors [13,33]
that the selectivity and efficiency of the copper catalysts is influenced by the crystallite
surface areas.

Reproducibility of the experiments was measured for the same batch of the best-
performing Cu-b at —1.7 V vs. Ag/AgCl for two runs, as well as two different catalyst
batches of Cu-a at the same conditions (Table 4). Apart from hydrogen production, which
exhibits a large variation and is mainly responsible for the increase in current density
(A] =18 mA cm~2 for two runs of the same batch of Cu-b and AJ = 26 mA cm~2 for two
different Cu-a batches), the product formation rates of C2 and C3 products (ethylene, ethanol,
and n-propanol) have low fluctuations. As for C1 products CO (A =13 pmol h~! cm~2 and
A =441 pmol h~! ecm~2) and formate (A =16.6 umolh™! cm 2 and A = 13.9 umol h~! ecm™2),
these fluctuations are higher, although these remain within the limits of measurement inaccu-
racies. The total FE differs only by 5% for two runs of the same catalyst Cu-b and by 0.9% for
two different Cu-a batches. These results show a good reproducibility for the target products
(ethylene, ethanol, and n-propanol) and thus for the catalyst preparation.

Table 4. Product formation rates, Faraday efficiency and current densities for two experiments using the same batch of
copper catalyst Cu-b at E= —1.7 V vs. Ag/AgCl in CO;-saturated 0.5 M KHCOj3 and for two different batches of copper
catalyst Cu-a.

. Total FE ]
—1 om—2
Formation Rates [umol h—1 cm—2] [%] [mA cm-2]
H, cO HCOO™ CyHy C,H;0H C3H;OH
Cub 1st run 210.2 59.4 141.1 10.4 7.1 5.7 70.5 —43
- 2nd run 3739 724 124.5 13.4 7.5 5.1 65.5 —61
c 1st batch 252.5 75.3 80.3 3.3 2.5 1.3 549 —68
Ua  ondbatch 1765 119.4 94.2 3.4 35 1.8 54.1 —42

Compared to a commercial sample of copper(II) oxide nanoparticles (Figure 4b), the
product formation rates of all CuO-60 catalysts, which were prepared by the presented
DES calcination in an oxidative atmosphere, increase the selectivity of C2 and C3 products.
An influence of calcination temperature on the catalyst selectivity could be excluded by
sintering of commercial CuO nanoparticles for one hour at 500 °C. CO; reduction on this
calcined CuO sample showed lower selectivity toward C2 and C3 products compared to
the untreated material. The FE for C2 and C3 products decreased from 5.8% FE for the
untreated CuO nanoparticles to 3% FE for the sintered sample. At the same time, it could
be confirmed that the DES calcination method improves the selectivity of the prepared
catalysts (19.4% FE for C2 and C3 products using Cu-b).

Table 5 shows a comparison of formation rates for C1, C2, and C3 products observed
in this work for Cu-b with literature. Cu-b shows high formation rates for C2 and C3
products at a similar potential range compared to literature values. The catalyst shows also
very high rates for C1 products (CO and formate).
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Table 5. Comparison of the product formation rates from electrochemical CO; reduction performed on different electrode
materials. E is shown vs. RHE: * converted from —1.7 V vs. Ag/AgCl.

Formation Rates [umol h—1 ecm—2] Ref.
Electrode E[V]
coO HCOO~ CH4 CyHy C,H50H C;H,0H
Cu-organic porous materials —0.90 vs. RHE - - - - 0.05 - [34]
Cu-mesocrystals —0.99 vs. RHE 6 - - 17 - - [35]
Cu-nanocrystals —1.05vs. RHE 10 - - 12 10 2 [36]
CuO/ZnO —2.5vs. Ag/AgCl 39.7 - 9.7 1355 ? ? [37]
Cu-b —1.08 * vs. RHE 59.4 141.1 10.4 7.1 5.7 this work

3. Materials and Methods
3.1. Catalyst Preparation

Catalysts were prepared as described previously [20]. In a round-bottom flask, a total
amount of 45 mmol of the DES were heated to 110 °C until a clear, homogeneous liquid
was formed. Two different DES were prepared, glucose-urea (Glc-U) in a molar ratio of
2:9 and galactose-urea (Gal-U) 1:7. A defined amount of copper precursor (500 mg copper
nanopowder (<100 nm, CuNP) or 650 mg CuO < 50 nm) was added to the DES, and the
mixture was heated to 290 °C under air or inert atmosphere for 90 min (pre-treatment).
Afterwards, in the calcination step, the pre-pyrolyzed material was heated in a muffle
furnace to a final temperature between 450 °C and 550 °C under air for 10, 15, or 60 min,
until a fine porous powder was formed. Table 6 shows the detailed synthesis parameters
for all catalysts shown in this work.

Table 6. Overview of the different preparation parameter. The following abbreviations correspond to Glc-glucose, Gal-
galactose, U-urea, CuNP-copper nanopowder, and RT-room temperature. Cu-e and Cu-f were prepared in two steps:
pyrolysis under inert atmosphere and oxidative treatment for 10 min. The measured elemental composition of the catalysts
is shown after calcination. Cu-d, Cu-e, and Cu-f show two different types of particles: Cu-rich and Cu-poor ones. The
CuO-60 catalysts are Cu-a, Cu-b, Cu-c, and Cu-g.

Precursor Pre-Treatment Calcination Elemental Composition
o . o Cu (0} C N
DES Metal t [h] T[°C] Atm. t [min] T[°C] Atm. wit%l  [wt%]  [wit%]  [wit%]

Cu-a Glc-U CuNP 1.5 290 air 60 500 air 80.3 13.1 4.4 2.2
Cu-b Gal-U CuNP 1.5 290 air 60 500 air 72.8 21.6 3.2 2.5
Cu-c Glc-U CuO 15 290 air 60 500 air 79.3 14.9 3.5 2.2
. . 729 14.6 9.5 3.2

Cu-d Glc-U CuNP 1.5 290 air 15 500 air 29.5 70 480 154
from RT to 450 N> 62.6 14.3 17.0 6.2

Cwe  GleU  CuNP 15 290 N 10 500 air 39.2 49 432 12.7
from RT  to 500 N, 68.0 22.8 5.7 3.6

Cuf  GleU  CuNP 15 20 N 10 550 air  49.0 16.8 25.9 8.3
Cu-g Glc-U CuNP 1.5 290 Ny 60 500 air 77.1 17.7 2.2 3.0

3.2. Materials Characterization
3.2.1. Scanning Electron Microscopy (SEM)

A scanning electron microscope equipped with secondary electron (SE) energy-
dispersive X-ray (EDX) detectors were used to study the morphologies and composition of
the materials. Powder samples were fixed on a carbon tape and analyzed using a variable
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pressure scanning electron microscope (Leo 1530VP, Zeiss, Oberkochen, Germany) at 15 kV
for imaging and EDX.

3.2.2. Powder Diffractometry (XRD)

Materials were assessed by powder X-ray diffractometry in Bragg—Brentano geometry
(XRD, Miniflex, Rigaku, Tokyo, Japan, with silicon strip detector D/teX Ultra). Copper
K, radiation with a wavelength A of 1.54 A was used, and the samples rotated during
measurements. Intensities were recorded in steps of 20 = 0.02°; Soller slits with angular
apertures of 5° were used. The maximum recorded scattering angle was 26 = 100°. Samples
were placed on monocrystalline silicon substrates, which showed no Bragg reflexes within
the considered range of 26. Their continuous background scattering intensities were
recorded separately and subtracted. The measurements were analyzed by the Rigaku
PDXL software (integrated X-ray powder diffraction software, Tokyo, Japan). Therefore,
our results were compared with data in the crystallography open database (COD).

A combination with the Scherrer Equation (5) allows the calculation of the crystallite

size of copper oxide:
Ak
Dhkl = —————
FWHM -cos(6) ©)
Thereby, Dy is the crystallite size in 1, k and ! direction in reciprocal scale, k is the
shape constant chosen for that system (0.94), and FWHM the full width at half-maximum
of the diffraction peak. A detailed calculation of the copper oxide crystallite sizes in real
space is shown in Figure S1 in the Supplementary Material.

3.3. Electrochemical Measurements
3.3.1. Electrode Preparation

Here, 5 mg cm 2 of the as-prepared catalysts was dispersed in 400 pL of a mixture
of distilled water and isopropanol (1:1) containing 10.8 uL of 5 wt% Nafion® solution as
binder. The mixture was sonicated for 30 min, drop-coated on the current collectors, and
dried at room temperature overnight. The current collectors consisted on 1 cm? Toray™
Carbon Paper TP-060 (Quintech, Goppingen, Germany) for cyclic voltammetry (CV) and
chronoamperometry (CA) and 3 cm? gas-diffusion layers (GDL, Freudenberg, Weinheim,
Germany) for experiments with product analysis.

3.3.2. Electrochemical Cells

A one-compartment three electrode cell was used for the first catalyst screening. The
current density of all materials was evaluated by CV and CA in 0.5 M KHCO3 electrolyte sat-
urated with CO, or Argon. An Ag/AgClin 3 M KCl electrode (Metrohm, Filderstadt, Ger-
many) was used as reference (RE) and a TiO, /IrO, mesh (Metakem, 6 x 3.5 x 1 x 1 mm,
12 g m~2 of Ir, Usingen, Germany) as counter electrode (CE). All experiments were carried
out at room temperature (23 °C).

The second step was performed on drop-coated gas-diffusion electrodes (GDE) in a
three-compartment cell (Gaskatel, Model: Flexcell PP, Kassel, Germany) comprising an
anodic compartment (30 mL of 0.5 M KHCO3), a cathodic side (15 mL of CO, saturated
0.5 M KHCO3), and a gas chamber with a constant CO; flow of 10 mL min~!. A cation
exchange membrane (Fumatech, FUMASEP® FKL-PK-130, Bietigheim-Bissingen, Germany)
divided the anode and cathode chamber. Gas (0.6 L gas bags, Sigma Aldrich, Darmstadt,
Germany), and liquid samples were collected every 30 min for two hours.

Metrohm Echo Chemie Autolab PGSTAT128N or PGSTAT204 potentiostates (Filder-
stadt, Germany) controlled by NOVA software (Offenburg, Germany) were used for all
electrochemical experiments.
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3.4. Product Analysis
3.4.1. Gas Chromatography with Thermal Conductivity Detector (GC-TCD)

The gaseous samples were detected using gas chromatography (GC, Shimadzu 2010,
Duisburg, Germany)) equipped with three columns (two Poraplot Q (25 m x 0.53 mm),
thickness: 20 um, one Cp-Molsieve (5A 50 m x 0.53 mm), ID: 50 pm) and a 25 puL sample
loop. The temperature program used was 60 °C for 6.3 min followed by a heating rate
of 15° min~! to 150 °C and a duration time of 2 min. The thermal conductivity detector
(TCD, Shimadzu, Duisburg, Germany) operates under a helium flow of 10 mL min~! at
250 °C, and the product determination was performed using calibration curves for each
gaseous product.

3.4.2. Gas Chromatography with Flame Ionization Detector (GC-FID)

The volatile liquid products were detected using a gas chromatography (GC, Shi-
madzu 2010, Duisburg, Germany) equipped with a Zebron ZB-WAX column (Phenomenex,
Aschaffenburg, Germany). The samples were agitated at 90 °C for 15 min, and 2000 uL
of the vaporized samples were injected at 250 °C to the equipment. The temperature
program used was 35 °C for 7 min followed by a heating rate of 20 °C min~! to 190 °C and
a duration time of 3 min with a helium column flow of 1 mL min~!. Quantification was
performed using calibration curves.

3.4.3. High-Pressure Liquid Chromatography (HPLC)

The acidic product determination was performed using high-pressure liquid chro-
matography (HPLC, Shimadzu LC20A, Duisburg, Germany) with a Rezex ROA-organic
acid H+ (8%) column (Phenomenex, Aschaffenburg, Germany). For formate determination,
an isocratic separation with 0.005 N H,SO4 was used with a flow of 0.5 mL min~!. Quan-
tification was done using calibration curves. For that, a sample of 150 pL was taken during
the process, and 10 puL were injected at the equipment.

3.4.4. NMR Spectroscopy

NMR spectroscopy was carried out in a JEOL J]NM ECA 400 MHz spectrometer
(Jeol, Freising, Germany). For the experiments, the following parameter were used: 25 °C,
90° pulse, NS of 128, relaxation time of 18 s, and water suppression of 40 DB. The internal
standard 3-(trimethylsilyl) propanoic acid sodium salt-D4 dissolved in deuterium oxide
was used for product quantification.

4. Conclusions

The reported protocol demonstrates a promising, novel, and facile preparation method
for carbon-containing copper oxide electrocatalysts based on deep eutectic solvent calcina-
tion, which show a remarkable performance for C2 and C3 products from electrochemical
CO;, reduction. The catalyst properties were affected by the preparation parameters such as
type of DES and copper precursor or the treatment time in air during calcination. Copper
precursors influence the morphology of the catalyst particles, and the type of DES affects
the crystallite size of copper in z-direction. Time of oxidative thermal treatment influences
the oxidation state of copper and the amount of supporting material CNO formed from the
DES. Thermal treatment for 60 min in air provides exclusively copper(Il) oxide-containing
catalysts with less carbonaceous support, while shorter time causes less oxidized forms of
copper (CupO and Cu'), besides CuO and distinctly higher amounts of support.

Electrochemical investigations of the catalysts revealed that calcination at 500 °C in
air for 60 min leads to higher activity and C2/C3 product selectivity compared to shorter
treatment times. Moreover, copper(Il) oxide is reduced to metallic copper at an early
stage of the CO, reduction experiment, which has an intrinsic influence on the catalytic
performance of the in situ-formed oxide-derived copper species.

The catalyst prepared with the DES Gal-U, copper nanoparticles as precursor and
an oxidative treatment for 60 min at 500 °C showed the highest activity and enhanced
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the selectivity toward C2 and C3 products significantly compared to commercial CuO.
This catalyst produced 141.1 pmol h™! cm~2 formate, 10.4 umol h~! cm~2 ethylene,
7.1 pmol h™! cm~2 ethanol, 5.7 pmol h~! cm~2 n-propanol, and 59.4 pmol h~! cm~?2
COat —1.7 V vs. Ag/AgCl at the investigated optimum process parameters 5 mg cm 2
catalyst loading, 10 mL min~! CO, gas flow in 0.5 M KHCOs.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ catal11050542 /51, Figure S1: Scheme of the monoclinic CuO crystallite. Axes h, k and 1
are orthogonal to the planes, spanned by unity cell axes a, b and c. Figure S2: SEM images of
synthesized copper materials comprising light (+) and dark (—) particle types. CuO/AC shows
CuO mixed with activated carbon (commercial products). Figure S3: SEM images of all synthesized
copper materials and CuO/AC. Figure S4: X-ray powder diffractograms of all copper catalysts
show different copper oxidation states (0, + I and + II). The measurements are normalized to 1.
Figure S5: Formation rate of hydrogen, carbon monoxide, ethylene, formate, ethanol and n-propanol
for different CO, flows and Cu-a catalyst loadings for two hours. The experiments were performed
at constant potential E = —1.7 V vs. Ag/AgCl in CO; saturated 0.5 M KHCO3., Figure S6: Products
generated by the copper catalyst Cu-g between —2.1V, —1.9V, —1.7 V and —1.5V in CO, saturated
0.5 M KHCO;3 electrolyte. The measurements were performed for half an hour at each potential.,
Figure S7: Overview of the current densities at —1.7 V vs. Ag/AgCl. The 0.1 M concentrated
electrolyte degrades after ~ 40 min, while the 0.5 M KHCOj is stable for about 120 min., Figure S8:
Chronoamperograms for synthesized copper catalysts in Argon and CO; saturated 0.5 M KHCO3.
Potentials shown vs. Ag/AgCl., Table S1: Increase of pH during 2 h reaction time., Table S2: Total
product formation rates for 2 h reaction time using copper catalyst Cu-a in two different concentrated
KHCOj electrolytes at E = —1.7 V vs. Ag/AgCl,, Table S3: Faraday efficiencies of all synthesized
copper materials at E = —1.7 V vs. Ag/AgCl in CO, saturated 0.5 M KHCO3;. In this table more
detailed information of Figure 4b is shown.
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