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Abstract: In the present investigation, CupyO-based composites were successfully prepared through
a multistep method where cubic CuyO nanoparticles (CU Cuy0) have been grown on Reduced
Graphene Oxide (RGO) nanosheets. The structural and morphological properties of the materials
have been studied through a comprehensive characterization, confirming the coexistence of crystalline
Cuy0 and RGO. Microscopical imaging revealed the intimate contact between the two materials,
affecting the size and the distribution of Cu,O nanoparticles on the support. The features of the
improved morphology strongly affected the electrochemical behavior of the composites, increasing
the activity and the faradaic efficiencies towards the electrochemical CO, reduction reaction process.
CU CupO/RGO 2:1 composite displayed selective CO formation over Hy, with higher currents
compared to pristine CuyO (—0.34 mA/ cm? for CupyO and —0.64 mA/cm? for CU Cup,O/RGO
2:1 at the voltage of —0.8 vs. RHE and in a CO, atmosphere) and a faradaic efficiency of 50% at
—0.9 V vs. RHE. This composition exhibited significantly higher CO production compared to the
pristine materials, indicating a favorable *CO intermediate pathway even at lower voltages. The
systematic investigation on the effects of nanostructuration on composition, morphology and catalytic
behavior is a valuable solution for the formation of effective interphases for the promotion of catalytic
properties providing crucial insights for future catalysts design and applications.

Keywords: electrochemical CO, reduction reaction; nanostructured Cu,O; CupO/RGO interphase;
CO production

1. Introduction

The significant increase in CO, greenhouse gas and the care about the security of
energy supply have received great interest and are considered as the main challenges of
our century. In particular, the conversion of CO; into useful chemicals, building blocks,
energy vectors and/or fuels by photochemistry and electrocatalysis have been considered
as one of the most advanced approaches to limit both energy and environmental problems
at the same time [1-3]. Many promising and low-cost photo/electrocatalysts, non-precious
metal-based or metal-free composite materials have been documented in the more recent
literature; otherwise the design of adequate candidate composite electrocatalysts in terms
of efficiency and selectivity needs to be also related to the critical impact of the adopted
synthesis pathway [4-9].
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In the last three decades, copper oxides, particularly Cu,O, have been considered as
important precursors for preparing Cu-based catalysts for electrochemical CO, reduction
reaction (CO,RR), due to the improved electrocatalytic performance compared to untreated
metallic Cu [10,11]. In the study presented by D. Ren et al. in 2015, metallic Cu exhibited
a Faradaic Efficiency (FE) of 13.8% for ethylene (C,H4) and 0% for ethanol (Co,HsOH) at
—1.0 V vs. RHE. In contrast, under the same conditions the equivalent oxide-derived Cu
film catalyst achieved an optimized FE of ca. 39% and ca. 16% for C;H,; and C,HsOH,
respectively, mainly dependent on the specific film thickness [12]. Although copper oxides
(CuO and Cuy0) are generally fast reduced to metallic Cu under CO,RR conditions accord-
ing to the Pourbaix diagram, there are other factors that can be discussed to rationalize the
relationship between the activity, the selectivity and stability of oxide-derived Cu catalysts,
including morphological modifications, defect creation, local pH changes, etc. [13,14].

Cu-based nanostructures characterized by cubic morphology have showed an in-
creased selectivity toward the desired Cy, reaction products, and are considered a point
of reference in the state of the art [15-19]. In fact, it has been proved that specific morpho-
logical parameters of cubic NPs, in particular the size and the surface properties, could be
responsible for better control of the selectivity and stability [20,21]. On the other hand, it is
not completely clear which parameter of the synthesis could be strongly responsible for a
particular obtained morphology: the comprehension of this aspect is fundamental to fine-
tune the NPs structure and consequently to optimize their electrocatalytic properties [22].
Importantly, the addition of a carbon-based support to well disperse the cubic Cu,O (CU
Cuy0) NPs and/or to induce a synergic behavior due to the presence on multiple and dif-
ferent interacting active sites has to be taken into account in order to enhance the interphase
role [23-25]. Very recently, Ze-lin Wu et al. published a review work focused on the use of
graphene-based support material for CO;RR electrocatalysts [26]. In this context, graphene
is considered an attractive carbon material due to the particular two-dimensional structure,
combined with the high specific surface area, a good chemical and mechanical stability and
a facile tunability for anchoring different second phase compounds through physical and
chemical coupling interactions [27,28]. For these multiple advantages, graphene has been
widely explored as either the catalytically active material or the supporting platform in the
construction of advanced CO;RR electrocatalysts. The Reduced Graphene Oxide differs
from the precursor Graphene Oxide (GO) in terms of morphology, optical and electrical
properties [29,30]. In 2017 E. Jaafar and co-workers highlighted that a folded and wrinkled
structure has been observed for RGO with respect to GO [31]. This folding structure can
be found on both surface and the edge of RGO due to the losses of oxygen functional
groups. Furthermore, they observed that a more folded and wrinkled structure could be
produced when the reduction was stressed. By the point of view of electrical behavior,
the total current registered for a thin film of RGO deposited on a common glassy carbon
support was higher when compared to a similar texture of GO. Once again, this feature
was attributed to an oxygen decrease in reduced graphene oxide. In the present work
we prepared different composites based on cubic Cu,O/RGO and we have used them as
electrocatalysts towards the CO,RR. Different efforts have been spent to characterize the
obtained materials, with the aim to examine the intrinsic effects of the coupling between
the two counterparts of the heterostructure. We deepened the relationship between the
morphological, structural and electric properties of CU Cu,O/RGO composites and the
corresponding performance evaluated for CO;RR, to identify the keys for tuning their
electrochemical activity and selectivity. Remarkably, catalytic experiments revealed an
improved selectivity towards the formation of CO, demonstrating the potential of the
proposed material for applications focused on CO, conversion.

2. Results and Discussion
2.1. Characterization of CU CupyO/RGO Composites

CU CupO/RGO composites were prepared by growing cubic nanoparticles of Cu,O
directly on the sheets of RGO (Figure 1). RGO was firstly obtained via a two-step process
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Graphite

where graphite was exfoliated and oxidized to form nanosheets of GO through a modified
Hummer’s method and later partially reduced by addition of hydrazine on the solution
to form RGO nanosheets. Cubic CuyO nanoparticles were directly grown on the support,
using different fractions of RGO. The different amount of RGO affects the stability of the
composite and its catalytic behavior, with lower affinity between the two counterparts with
a higher fraction of support. For this reason, three different compositions had been selected
(CU CupO/RGO 2:1, 1:1 and 1:2) in order to understand the effects of the interaction
between the two counterparts of the composite towards the overall catalytic behavior.
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Figure 1. Experimental procedure for the synthesis of cubic CuyO/RGO electrocatalysts.

The crystalline structure of the as-prepared catalyst was revealed by XRD. The syn-
thesis allowed the formation of crystalline Cu,O nanoparticles, with all the typical feature
of CuyO revealed by XRD diffractograms (Figure 2a) [32]. The chemical stability of the
nanoparticles was confirmed by the absence of any reflection related to metallic Cu or CuO.
Moreover, the Rietveld analysis allowed quantitative information regarding the crystalline
structure of CuyO to be obtained, which showed a lattice parameter of 4.27 A, in good
agreement with previously reported values (Figure S1) [33]. No shifts of the position for
Cu, O reflections were detected, suggesting that the introduction of RGO has negligible ef-
fects on the crystalline structure of the pristine Cu,O [34]. Raman spectra of the composites
(Figure 2b) confirmed the contemporaneous presence of Cu,O and RGO by revealing the
characteristic vibrations of both phases [35,36]. From the analysis of the fingerprint, it is
possible to observe the typical vibrations of Cu,O and discriminate them from those of
CuO, supporting the purity of the chemical phase observed from XRD. The characteristic
features of RGO were identified by the typical D-band observed at 1340 cm ™! related to the
breathing mode of phonons of Ajg symmetry while the G-band at 1592 cm ! arises from
the first-order scattering of E;; phonons by sp? carbon of GO [37,38]. D-band and G-band
are observed also in the pristine RGO (Figure S2) discriminating RGO from GO; indeed, the
higher intensity of the D-band peak can be related to the removal of oxygen moieties from
GO after reduction and suggested the presence of RGO instead of GO [39,40]. The different
intensities between the two families of peaks are indicative of the relative composition for
the prepared materials.

TGA measurements performed up to 800 °C in air allowed to understand the ther-
mal stability of the different materials with the variation of the temperature (Figure 2c).
The mass of the material decreased in the first part of the thermal treatment due to the
desorption of the adsorbed water molecules while the rapid reduction of the mass around
400-500 °C is characteristic of CO and CO; pyrolysis on graphene-like materials [29,41].
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The thermal treatment in air had implications even on the Cu,O material, with a conversion
to CuO through the reaction 2CuyO + Oy — 4CuO [42]. From the analysis of the reported
trends, it is possible to calculate the fraction of initial CuyO on the prepared composites,
revealing an experimental fraction of Cu,O similar to the theoretical just in the composite
2:1 and confirming the improved affinity of the two materials in the latter case compared to
the other composites (Table S1).
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Figure 2. (a) XRD patterns for pristine nanoparticles of CuyO and for the composite with RGO.
(b) Raman spectra for the different synthetized composites where it is possible to observe the
characteristic vibrations of CuyO (#) and RGO (*). (c) Thermal Gravimetric Analysis for the three
different composites in air with the temperature range 50-800 °C.

SEM and TEM images revealed that the obtained pristine RGO is characterized by thin
and crumpled sheets, with different platelets closely associated with each other (Figure S3).
The synthesis of unsupported CuyO nanoparticles allowed the formation of cubes bounded
with six (100) facets and an average dimension of 200 nm (20 nm) (Figures S3 and S4a).
When the synthesis of Cu,O occurred in a dispersion of RGO, the cubic Cu,O nanoparticles
were directly grown on the support, thanks to the stabilizing features of RGO sheets
(Figure 3). TEM images confirmed the intimate contact between the two materials of
the catalyst, with the nanostructures that are fully bounded by the 3D plates of RGO
(Figure 3a,b). On the other hand, the formation of the composites altered the dimension of
Cuy0O nanoparticles, with an average size of 150 nm for CuyO/RGO 2:1, slightly decrease
than the unsupported material (Figure 3c,d). The other compositions showed comparable
average sizes, intermediate between the pristine and the supported materials (Figure 54
and Table S2). The formation of the proper composite is demonstrated even through EDX,
confirming the presence of characteristics elements such as Cu or O and revealing high
percentage of C-species due to the RGO support (Figure 3e).

2.2. Electrochemical Behavior of CU Cuy O/RGO Composites and CO,RR Tests

The electrocatalytic behavior of the different materials was firstly characterized using
the typical three-electrode setup, depositing an ink of the specific material on the surface
of a Rotating Disc Electrode (RDE, Figures S5 and S6). The presented Linear Sweep
Voltammetries (LSVs) and ChronoAmperometries (CAs) showed a different behavior under
the Ar and CO, atmosphere, indicating a dependency of the activity from the atmosphere
and an overall influence on the catalytic pathway of the electrocatalysts. The formation
of the composites has implications on the overall activity of Cu,O, with higher current of
the CuyO/RGO system due to the improved dispersion of CuyO cubes and the intimate
contact within the sheets of RGO (i.e., —0.34 mA /cm? for CuyO and —0.64 mA /cm? for CU
CupO/RGO 2:1 at the voltage of —0.8 V vs. RHE in the CO, atmosphere; this feature can be
observed for all the other composites). The reduction peak of CuyO to metal Cu is observed
at —0.2 V vs. RHE, showing a modification of the material due to the application of the
negative voltage. Concerning the stability of the catalyst, no decays or rapid changes of the
currents were observed during the chronoamperometric tests; otherwise, a general decrease
in the current was observed after a few minutes from the application of the voltage followed
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25

by a stable response for the 90 min of electrochemical characterization. The decreasing of
the current is related to the rapid reduction of the Cu(I) phase to metallic copper under the
application of a constant voltage and the subsequent stabilization of the phase during the
first minutes of the analysis [43]. Moreover, according to the Electrochemical Impedance
Spectroscopy (EIS) data summarized in the Nyquist plot of Figure S7, the total impedance
strongly decreases for the composite materials with respect to both the pristine CU Cu,O
and the carbon RGO support, accounting for enhanced charge transfer and diffusive
contributes; furthermore, in the range of ca. 1-5 kHz frequencies, Z values referred to the
coupled electrocatalysts are still lower than the separate phases, suggesting an improved
charge transfer that could be mediated by the intimate contact of Cu and RGO (Figure S7b).
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Figure 3. Microscope analysis for the composite CuyO/RGO 2:1. (a,b) TEM images at different
magnification levels. (c¢) SEM image of the cubic nanoparticles of Cu,O growth on RGO surface.
(d) Size distribution of CuyO nanoparticles (count: 400 nanoparticles). (e) EDX image and elemental
distribution for the considered composite.

An in-deep electrochemical CO,RR characterization had been performed to unveil
the role of CO, on different catalysts behavior, analyzing the performances of the ma-
terials in terms of current and productivity. Chronoamperometries at different voltages
(=0.7V, —09 V and —1.1 V vs. RHE) were used to evaluate the dependency of the activ-
ity from the applied potential. The detailed characterization at the voltage of —0.9 V is
presented in Figure 4 while the other voltages are reported in the supporting information
(Figures S8 and S9). Compared to the pristine materials, all the composites showed an
improved current density especially at lower potentials (i.e.,, —1.79 mA/cm? for Cup,O
and —2.72 mA/cm? for CU CupyO/RGO 2:1 at the voltage of —0.9 V vs. RHE in the CO,
atmosphere), evidencing that the higher exposed area of the materials and the intrinsic
affinity between the two counterparts affected the overall electrochemical response in a
beneficial way (Figure 4a). The different products from the catalytic process were tracked
using gas and liquid chromatography, analyzing the overall quantities and calculating the
relative total FEs at the proper potential for the 120 min of characterization.
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Figure 4. CO,RR tests for the different composites of CU CuyO/RGO at the voltage of —0.9 V vs. RHE.
(a) Two hour chronoamperometries under saturated CO, atmosphere. (b) FEs of gaseous and liquid
products. (c) Products distribution (umol) of the different compounds after 2 h chronoamperometries.
(d) Production profile of CO during the experiment for the different composite materials.

The improved electrochemical phase boundary of the CU Cuy,O/RGO texture in-
creased the current of the materials, and it had implications on the selectivity and produc-
tivity, limiting the formation of H, and shifting the activity towards the CO,RR. Moreover,
for the quasi-total reactivity of bare RGO toward the HER process [44], the different compos-
ites showed higher faradaic efficiencies for the formation of CO,RR products, in particular
CO and HCOO™ (Figure 4b). Among the different catalytic pathways, CO, can be reduced
forming CO or formic acid, depending on which part of the CO, molecule interacts with
the surface of the catalyst [45]. As it was reported, 100-like Cu domains are able to trigger
the formation of C-C bond and selectively induce the production of *CO species [46]. There-
fore, the addition of cubic CuyO has implications on the overall behavior of RGO, leading
to the adsorption of CO; molecules via a *CO, intermediate and explaining a favorable
CO formation compared to the other products [47]. As a result of the different catalytic
responses of the composites, the FEy, dropped from 73% for the pristine RGO to 18%
for the unsupported CU Cu,0, and a contemporaneous improving of the selectivity for
the CO formation is observed, with the composite CU Cu,O/RGO 2:1 characterized by
a FEcp of 50%, the highest FE-o between all the materials. The material showed also a
FEycoo- of 18%, higher than the other prepared composites. Formic acid is considered an
interesting hydrogen storage thanks to the high energy density and the fact that, being a
liquid product, it can be separated easily from the rest of the other products of catalysis [48].
In this optic, the comparison of FE oo~ for the different materials allows confirmation of
the beneficial interaction between the two counterparts of the composite. The obtained se-
lectivity, coupled with the increased current of the composite, provided a higher amount of
CO during the experiments, more than double compared with unsupported CuyO (29 pmol
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vs. 14 umol, respectively) and suggested a favored pathway toward the formation of CO
(Figure 4c). The high fraction of RGO in the composites 1:1 and 1:2 still has implication on
the overall H; selectivity, with an approximately FE, of 60%, and productivity, affected
also by the higher current. The analysis of the ratio between the moles of CO and the moles
of all the products quantified during the CA test for these specified compositions showed a
decrease in the ratio due to the increased selectivity toward HER and a correlation with the
increasing of RGO content (Figure 4d). On the other hand, CU Cu;O/RGO 2:1 showed the
highest CO/products ratio and confirmed the improved selectivity toward the formation of
CO. The overall behaviors follow similar trends even at the other considered voltages. At
—0.7 V vs. RHE, the activity of HER becomes predominant compared to CO;RR, favored
by the high concentration of protons in the aqueous-based electrolytes (Figure S8) [49,50].
CuyO/RGO 2:1 still shows the highest FEco (38%) compared to all the other materials:
the selectivity towards HER is the lowest meaning that the synergistic effects of coupling
between the two counterparts of the composite suppress the formation of H, and improved
the activity of CO,RR. This composition shows interesting properties in terms of selectivity
and mostly productivity, with a ratio of CO compared to all the material that is almost
double (0.39) respect to those obtained for other prepared composites, during the 120 min
of experiment. The high faradaic efficiency at a relatively low applied voltage suggested an
efficient formation of CO by the CuyO/RGO 2:1 composite, attesting improved selectivity
compared to RGO-based systems reported in the literature (Table S3) [51-55]. At the most
reductive voltage (—1.1 V vs. RHE), the high overvoltage relies on an improved selectivity
of the different catalysts towards the CO,RR process and higher productivities for ethylene,
formic acid and targeted CO. The effects of the voltages on the selectivity for the different
fractions between Cu,O and RGO in the composite are highlighted in Figure 5. Cu,O/RGO
1:1 and 1:2 showed a similar catalytic response, with an important fraction of H, produced
and low selectivity towards CO,RR products, even at more reductive voltages. This might
be attributed to the intrinsic activity of RGO towards HER and the similar sizes of Cu,O
nanoparticles in the two composites, since this parameter is considered crucial for the
different behavior of an electrocatalyst. The activity changes when the fraction of Cu,0 is
higher than RGO, where an improved dispersion of Cu,O nanoparticles is observed. In
this case, the lowest dimensions of Cu,O nanoparticles and the synergistic effects due to
the coupling with RGO sheets allowed an improved activity of CO,RR reaction, with the
highest FEco at all the considered voltages.
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Figure 5. Faradaic efficiencies at the different voltages for the three composite CU Cu,O/RGO. (a) CU
Cuy,O/RGO 1:2, (b) CU CupO/RGO 1:1 and (¢) CU Cup, O/RGO 2:1.

3. Materials and Methods

All reagents were pure and of analytical grade. Graphite, NaNO3, H,SO,4, KMnOy4
and H,O, were utilized for the modified Hummer’s method and the preparation of GO
while, for the reduction of GO to RGO, NaOH and H;N,-2H,0 were used. SDS, CuCl,,
NH,;OH*HCl and NaOH were used as precursors for the synthesis of Cuy,O nanoparticles.
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3.1. Preparation of the CU Cup,O/RGO Composites

RGO was prepared via an adapted two-step method where graphite was initially
converted to Graphene Oxide (GO) through a modified Hummer’s method and reduced
to obtain RGO [56,57]. In a typical procedure, 0.2 g of Graphite and 0.2 g of NaNO3 were
mixed in a round bottom flask with 10 mL of H,SOy4 (95%). The solution was stirred at
400 rpm and kept in an ice bath for 30 min. Potassium Permanganate (KMnOy, 1.2 g) was
gradually added to the solution. After five minutes, 16 mL of Milli-Q H,O was added, and
the entire solution was stirred for one hour. GO is formed through addition of 40 mL of
Milli-Q Hp,O and 1.2 mL of HyO, and stirring for one hour. The obtained powder of GO was
washed with a 1:3 HCl solution to remove all the metal traces from the obtained material
and with absolute ethanol; GO was then separated by filtration and dried. In the second
step, GO was reduced to RGO by addition of a strong reducing agent such as HyN,-2H,O.
In a typical procedure, 50 mg of GO was mixed with 50 mL of HyO in a bottom flask. The
pH of the mixture was corrected to 10-11 by the addition of 0.1 M NaOH solution and
4 mL of HyN,-2H,O to start the reduction. The entire solution was stirred under reflux for
one hour at 90 °C. RGO was filtrated under vacuum using a Millipore filter paper (pore
size: 0.2 um), washed with Milli-Q H,O and absolute ethanol and dried at 50 °C for 12 h.
All the composites were prepared via impregnation, growing Cu,O nanoparticles on the
support through an adapted method [58]. In particular, a proper amount of RGO (5, 10
and 20 mg, respectively, for the 2:1, 1:1 and 1:2 composites) was mixed with 0.348 g of SDS
and 35.65 mL of Milli-Q H,O and sonicated for 20 min at 30 °C. In total, 2 mL of a CuCl,
0.1 M solution were introduced dropwise under vigorous stirring and 0.72 mL of NaOH
1M and 1.6 mL of NH,OH-HCI were added very quickly to the solution of CuCl,, forming
the Cuy0O nucleation seeds. The mixture was aged for 60 min at 30 °C, while the color of
the solution changed from light blue to orange, confirming the formation of CuyO on the
support. The materials were washed three times with absolute ethanol, separated from the
solution by filtration and dried for 12 h at 45 °C in order to remove the surfactants from the
surface of Cu,O.

3.2. Characterization

The crystalline structure of the different materials was investigated by X-ray diffraction
(XRD) using a high-resolution X-ray powder diffractometer (PANalytical X"Pert Pro MPD)
with Cu K« radiation (A = 0.1541 nm). Raman spectra have been acquired using a Renishaw
InVia™ confocal Raman microscope coupled with a 632 nm laser. The morphology of
fabricated nanostructures was investigated using a TEM JEOL 2010 with a LaBg emission
gun operating at 160 kV and a Hitachi FE-SEM 4800 SEM. EDX measurements had been
performed using a Jeol-7900F SEM microscope with accelerating voltage of 5 kV. An Autolab
PGSTAT 302N electrochemical workstation (Metrohm, The Netherlands) coupled with
Nova softwarehad been used for all the electrochemical measurements. The analysis of
the gaseous products (CO, CHs, CH,CH,, CH3CH3) was performed using a J&W Select
Permanent Gases/CO, column connected to a methanizer and a FID detector. The analysis
of Hyp amount was performed using a Molsieve 5A plot column (Restek, 30m, 0.53 mm ID,
30 pm film) connected to a TCD detector. HCOOH accumulated in the liquid phase has
been determined by ion chromatography using a Metrohm 833 instrument, mounting a
column Metrosep A Supp 19-250/4.0 with eluent NaHCO3 1.0 mM/NayCOs3 3.2 mM.

3.3. Electrochemical Characterization

The Working Electrodes (WE) were prepared by drop casting 10 puL of an ink of the
catalyst on a Rotating Disk Electrode (RDE), coupled with a graphite electrode as the
Counter Electrode (CE) and a Saturated Calomel Electrode (SCE) as the Reference Electrode
(RE). The ink was prepared dissolving 3.0 mg of catalyst in 1 mL of a 1:9 2-propanol:H,O
solution and 50 uL of Nafion. All the electrochemical characterization had been performed
by rotating the RDE at 1600 RPM in a 0.1 M KHCOj3 solution. Linear Sweep Voltammetries



Catalysts 2024, 14, 412

90of 13

(LSV) had been performed by choosing a lower voltage limit and using a scan rate of
5mV/s. The voltages were converted to RHE using the Equation (1)

Viue = Vsc +0.244 V 4 0.059 x pH (1)

Each LSV was repeated for three times to desorb all the gaseous species adsorbed
on the surface of the electrode and to obtain a clear indication of the electrochemical
behavior of the bare materials. All the experiments were carried out both in the Ar and
CO, atmosphere, correcting the voltage with iR compensation. Even if the determination of
the ECSA was performed to better characterize the electrochemical properties [59], it was
decided to normalize the current measurements to the geometric area of the electrode due to
the variability of the electrocatalysts deposition. Electrochemical Impedance Spectroscopy
(EIS) analysis was performed at Open Circuit Voltage (OCV) in the frequency range of 100
kHz to 1 Hz. According to the literature [60], a Thin-Film (TF)-Rotating Disc Working
Electrode (three—electrodes) cell setup was used to minimize the capacitance related to
ionomer and carbon components.

3.4. CO2RR Experiments

The WE was prepared by drop casting an ink of different catalyst powder on top of
Toray carbon paper support. In a typical experiment, 3.0 mg of catalyst, 0.9 mL of milliQ
H,0, 0.1 mL of i-propanol and 50 pL of Nafion were mixed and sonicated for one hour. In
total, 100 pL of solution was deposited on both sides of the carbon support, covering an area
of 10 mm x 5 mm. The properly modified Toray paper support is used as WE in a gas-tight
electrochemical cell, equipped with a platinum wire (1.00 mm as diameter, 99.9% of purity,
Sigma Aldrich, St. Louis, MI, USA) as the CE and Ag/AgCl sat. electrode as the RE. The
electrochemical characterization was performed purging 20 mL/min of CO; in 15 mL of
KHCOj3 0.1 M (purity > 99.95%, Sigma Aldrich). The different electrocatalyst materials were
studied performing chronoamperometries for 120 min, analyzing the gaseous products
through gas-chromatography and the liquid products by ionic chromatography by taking
1 mL of aliquot and replacing it with fresh electrolyte. A 5 cycle-CV with a scan rate of
100 mV /s was performed before each experiment in order to clean the surface of the catalyst
from the adsorbed gaseous species. CAs had been studied at -1.3V, =1.5Vand —-1.7V
vs. Ag/AgCl, using the Equation (2) to convert the voltages to RHE.

VRuE = VAg/AgCl +0.197 V +0.059 x pH (2)

All the voltages were corrected for iR compensation and normalized for the geomet-
rical area and each WE was substituted after each electrochemical characterization. The
total Faradaic Efficiency (FE) was calculated from the final concentration of the different
products during the time by Equation (3):

ne Xxn X F

Q

where 1, the number of electrons involved in the particular reductive reaction, # is the total
moles of the product, F is the Faraday constant and Q is the total charge.

FE = 3)

4. Conclusions

In summary, in this work we successfully prepared different composites of Cuy, O/RGO
through a multistep approach where nanocubes of Cu,O were grown on crumpled RGO
nanosheets. The detailed characterization of the prepared materials provided valuable
insights into the structural and morphological properties, observing the purity of the
crystalline phase and the contemporaneous coexistence of CuyO and RGO in the composites.
SEM and TEM images unveiled the morphology of the materials, revealing an intimate
contact between the two counterparts of the material and the beneficial effects on size and
distribution of CuyO nanoparticles. The electrocatalytic performance of the synthetized
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materials was evaluated through a three-electrode setup highlighting the improved overall
activity of the composites thanks to the enhanced dispersion of CuyO and the intimate
contact with RGO sheets. CO,RR experiments revealed an enhanced current density for
the composites, especially at lower voltages, and improved faradaic efficiencies for the
products of the reduction, in particular CO. The sample Cu,O/RGO 2:1 showed a selective
formation of CO over Hp with a faradaic efficiency of 50% at —0.9 V vs. RHE and revealed
the advantageous pathway towards the formation of *CO intermediate even at lower
voltages. The increased current (—2.72 mA/cm? for CU CuyO/RGO 2:1, compared to
—1.79 mA /cm? for Cu,O at the voltage of —0.9 V vs. RHE and in the CO; atmosphere) and
selectivity in this composition resulted in significantly higher amounts of produced CO,
providing a valuable solution for the formation of effective interphases and the promotion
of catalytic properties in nanostructured materials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14070412/s1, Figure S1: Rietveld analysis of the CU Cuy, O/RGO
2:1 diffractogram. Figure S2: Raman spectrum of pure RGO with the characteristics vibrations. Ta-
ble S1: Weight fraction of the different CU CuyO/RGO materials from TGA analysis. Figure S3:
SEM and TEM images of pristine RGO and CU Cu,O. Figure S4: Size distribution for the different
materials. Table S2: Size of CuyO nanoparticles on the different composites. Figure S5: LSVs at —0.6
V, —0.8 V and —1.0 V vs. RHE for the different materials. Figure S6: CAs at —0.6 V, —0.8 V and
—1.0 V vs. RHE for the different materials. Figure S7: Nyquist plot at OCV of the different materials
performed in CO; saturated atmosphere. Figure S8: CO;RR tests for the different composites of CU
CupO/RGO at the voltage of —0.7 V vs. RHE. Figure S9: CO,RR tests for the different composites of
CU CupO/RGO at the voltage of —1.1 V vs. RHE. Table S3: Comparison with literature. Table S4:
ECSA obtained for the different materials. Refences.
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