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ABSTRACT

High level of atmospheric carbon dioxide (CO2) concentration is considered one

of the main causes of global warming. Electrochemical conversion of CO2 into

valuable chemicals and fuels has promising potential to be implemented into

practical and sustainable devices. In order to efficiently realize this strategy, one

of the biggest efforts has been focused on the design of catalysts which are

inexpensive, active and selective and can be produced through green and up-

scalable routes. In this work, copper-based materials are simply synthesized via

microwave-assisted process and carefully characterized by physical/chemi-

cal/electrochemical techniques. Nanoparticle with a cupric oxide (CuO) surface

as well as various cuprous oxide (Cu2O) cubes with different sizes is obtained

and used for the CO2 reduction reaction. It is observed that the Cu2O-derived

electrodes show enhanced activity and carbon monoxide (CO) selectivity com-

pared to the CuO-derived one. Among various Cu2O catalysts, the one with the

smallest cubes leads to the best CO selectivity of the electrode, attributed to a

higher electrochemically active surface area. Under applied potentials, all Cu2O

cubes undergo structural and morphological modification, even though the

cubic shape is retained. The nanoclusters formed during the material evolution

offer abundant and active reaction sites, leading to the high performance of the

Cu2O-derived electrodes.
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GRAPHIC ABSTRACT

Introduction

The global energy supply based on fossil fuels has

reached an unprecedented scale leading to excess

anthropogenic CO2 emission. CO2 accumulates in the

atmosphere, and its concentration has surpassed

400 ppm in 2016, much higher than the 270 ppm

during the pre-industrial era [1]. As a well-known

greenhouse gas, accumulated CO2 traps more infra-

red radiation, breaking the energy balance on the

earth’s surface. Although atmospheric CO2 concen-

tration can be balanced by natural absorption (by the

ocean and vegetation), the continuous increase in

CO2 concentration indicates that anthropogenic CO2

emission has upset the natural balance, thus leading

to global warming and climate change. Using CO2 as

feedstock to produce valuable carbon-based chemi-

cals is considered to be a feasible approach to close

the carbon cycle and mitigate the climate change.

Many strategies have been developed for CO2 val-

orization, including thermochemical, photochemical,

electrochemical and biological approaches [2–5].

Among these methods, electrochemical CO2 conver-

sion is of particular interest, since it can be carried out

under ambient conditions and H2O could be the only

required feedstock except CO2. The reaction rate and

the type of products can be possibly controlled by

tuning the external bias and the employed electro-

catalysts [1]. In addition, by using the electricity

generated from renewable energy, it is possible to

achieve a sustainable route for energy storage and

conversion [6]. However, the carbon dioxide reduc-

tion reaction (CO2RR) involves several proton-as-

sisted multiple-electron-transfer processes with

similar standard potentials (V versus the reversible

hydrogen electrode (RHE), Reactions R1–R5) [7–9].

Moreover, H2 evolution is the competing reaction in

aqueous solution (Reaction R6). Therefore, it is a

challenge to control the selectivity of the CO2RR from

the thermodynamic view:

CO2 þ 2Hþ þ 2e� ! COþH2O E ¼ � 0:105V

ðR1Þ

CO2 þ 2Hþ þ 2e� ! HCOOH E ¼ � 0:169V ðR2Þ

CO2 þ 8Hþ þ 8e� ! CH4 þ 2H2O E ¼ þ 0:169V

ðR3Þ

2CO2 þ 12Hþ þ 12e� ! C2H4 þ 4H2O
E ¼ þ 0:079V

ðR4Þ

CO2 þ 6Hþ þ 6e� ! CH3OHþH2O E ¼ þ 0:017V

ðR5Þ

2Hþ þ 2e� ! H2 E ¼ 0:000V ðR6Þ

From the kinetic point of view, it is even more

challenging to form chemical bonds for the complex

and energetic molecule products [10]. Transferring

one electron to the adsorbed CO2 molecule to activate

it (generating the radical CO2*
-) is believed to be the

rate-determining step of the CO2RR on transition

metal-based catalysts because of the high activation

barrier needed for this step [11]. Consequently, much

more negative potentials than the standard ones are
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needed to drive the CO2RR. Therefore, an appropri-

ately designed catalyst is essential in order to activate

the CO2 molecules. Once CO2*
- forms on the cata-

lyst’s surface, its reactivity in this state controls the

distribution of final products. Both early and later

studies [12–14] of electrochemical CO2RR on various

metal-based electrodes found that the radical CO2*
-

interacts with the surface of the catalyst in different

ways, depending on the intrinsic electronic surface’s

properties of the material. Hence, a suitable catalyst is

necessary in order to selectively drive the CO2RR and

to obtain a specific product.

Syngas, a mixture of H2 and CO, can be used as an

energy carrier since it can be transformed in liquid

fuels through Fischer–Tropsch process or converted

into other useful products such as ammonia and

alcohols [15, 16]. Nowadays, syngas is mainly pro-

duced from natural gas by steam reforming, a process

that requires high temperature [15]. For this reason,

much effort has been devoted to developing an

electrochemical process that requires less energy

input, enables utilization of renewable energy and

allows an easier control of H2/CO ratio. Even though

silver (Ag) and gold (Au) are the most intensively

studied electrocatalysts for efficiently and selectively

reducing CO2 to CO [16], due to their high price and

deficiency, many studies have been focused on other

non-precious metals such as copper (Cu), zinc (Zn),

tin (Sn) and bismuth (Bi) [17–20]. Due to its unique

feature and high electric conductivity, Cu became the

most studied element and the investigations mainly

focus on size and shape effect, copper composites,

copper complexes and copper alloys [21–27]. Our

recent work revealed that the initial oxidation state of

Cu on the surface significantly influences the per-

formance of the catalysts in the CO2RR [28]. A high

content of Cu2O on the as-prepared material surface

improves the selectivity toward CO, while the CuO

performs badly.

The present work mainly focuses on Cu2O cubes

with various sizes. We synthesized the Cu-based

materials through a green route with microwave

irradiation, using copper acetate as Cu precursor and

ethylene glycol as solvent and reducing agent. Under

the microwave radiation at 180 �C, Cu2? ions were

reduced, forming cubic cuprous oxide (Cu2O) parti-

cles. The addition of Sn4? ions to the copper precur-

sor only reduced the size of Cu2O cubes without

changing the shape and oxidation state significantly,

while addition of Sn2? ions changed the oxidation

state as well as the shape, resulting in irregular

nanoparticle agglomerates. Various electrochemical

techniques were applied to evaluate the activity and

selectivity of these electrocatalysts toward the CO2-

RR. It is revealed that the H2/CO ratio of syngas can

be easily tuned by adopting different catalysts with

variations in size, shape and oxidation state.

Materials and methods

Materials

Copper acetate (Cu(CH3COO)2, 99.9%), tin(II) chlo-

ride dihydrate (SnCl2�2H2O, 99.9%), tin(IV) chloride

pentahydrate (SnCl4�5H2O, 98%), sodium hydroxide

(NaOH, 98%), potassium bicarbonate (KHCO3,

99.7%), ethylene glycol (EG, 99.8%), Nafion� 117

solution (5 wt %) and isopropanol were purchased

from Sigma-Aldrich. Unless otherwise specified, all

the materials were used as received.

Synthesis of copper-based catalysts

The copper-based catalysts were fabricated through a

microwave-assisted solvothermal route, with

Cu(CH3COO)2 and SnCl2�2H2O or SnCl4�5H2O as the

metal salts. The catalysts prepared with various

concentrations of different salts are named as

Cu(II)Sn(x)y, where x indicates the valence of Sn ions

(II or IV) and y is the weight percentage (%) of Sn salt

with respect to Cu one. In a typical synthesis

(Scheme S1 in the Supporting Information), 900 mg of

Cu salt and a certain amount of Sn salt were dis-

solved in 20 mL of EG to form solution 1, and

1280 mg of NaOH was dissolved in 24 mL of EG and

4 mL of H2O to form solution 2. Then, solution 2 was

added into solution 1 drop by drop. After 10 min of

vigorous agitation, the mixture was then transferred

into a Teflon vessel (volume 100 mL). The Teflon

vessel was put in a microwave oven (Milestone

STARTSynth, Milestone Inc., Shelton, Connecticut)

and connected to pressure and temperature probes.

The mixture was irradiated for 10 min at 180 �C
(Max. 900 W) and then was cooled to ambient tem-

perature. The precipitate was separated by centrifuge

and washed twice with H2O and once with ethanol.

The powder sample was finally obtained by vacuum

drying at 60 �C overnight. Three catalysts, namely

Cu(II)Sn(II)5, Cu(II)Sn(IV)5 and Cu(II)Sn(IV)10, were
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prepared in a solution with both Cu and Sn salts as

well as a Cu(II) catalyst with only Cu precursor.

Physical/chemical characterizations

Field emission scanning electron microscopy

(FESEM, ZEISS Auriga) was used to investigate the

morphology. The average size of the as-prepared

catalyst was evaluated based on the FESEM images

taken from different areas of TEM grid. The grids

were prepared by placing on them a drop of catalyst

dispersed in ethanol.

X-ray diffraction (XRD) was performed in Bragg–

Brentano symmetric geometry by using a PANalyti-

cal X’Pert Pro instrument (Cu-Ka radiation, 40 kV

and 30 mA) equipped with an X’Celerator detector.

Transmission electron microscopy (TEM) characteri-

zation was performed with a FEI Tecnai F20ST

microscope, equipped with a field emission gun

operating at 200 kV. The TEM samples were pre-

pared by placing a drop of catalyst dispersed in

ethanol onto a holey carbon copper grid.

X-ray photoelectron spectroscopy (XPS) was car-

ried out by using a PHI 5000 VersaProbe (Physical

Electronics) system. The X-ray source was a

monochromatic Al Ka radiation (1486.6 eV). Spectra

were analyzed using Multipak 9.7 dedicated soft-

ware. All core-level peak energies were referenced to

C1s peak at 284.5 eV, and the background contribu-

tion, in high-resolution (HR) spectra, was subtracted

by means of a Shirley function.

The elemental analysis was carried out via induc-

tively coupled plasma optical emission spectroscopy

(ICP-OES), with an iCAP 7600 DUO (Thermo Fisher

Scientific). The RF power of the plasma, the nebulizer

gas flow, the coolant gas flow and the auxiliary gas

flow were 1150 W, 0.5 L/min, 12 L/min and 0.5 L/

min, respectively. Samples were weighted and

digested in a flask with 10% of aqua regia overnight

and filled up at volume with Milli-Q and filtered

using a 0.45 lm PTFE filter before reading them with

the instrument. Ar gas was used as internal standard,

and the R2 value of the calibration for the Sn and Cu

elements (189.99 k, 324.75–224.70 k, radial mode,

respectively) was 0.999.

Preparation of electrodes

To prepare the electrode, 10 mg of synthesized Cu-

based catalyst (Cu(II), Cu(II)Sn(II)5, Cu(II)Sn(IV)5 or

Cu(II)Sn(IV)10), 1.0 mg of acetylene carbon black

(CB, Shawinigan Black AB50), 90 lL of Nafion� 117

solution and 320 ll of isopropanol were well mixed

and sonicated for 30 min until a uniform slurry was

obtained. The slurry was then coated onto a carbon

paper (GDL; SIGRACET 28BC, SGL Technologies),

which is widely used for electrode fabrication [29].

The obtained electrode was dried at 60 �C overnight

to evaporate the solvents. The mass loading of Cu-

based catalyst is about 3.0 mg cm-2.

Electrochemical tests and reduction product
analysis

Electrochemical impedance spectroscopy (EIS) mea-

surements were performed in a three-electrode cell at

room temperature with a CHI760D electrochemical

workstation. The working electrode was a catalyst-

coated carbon paper with a geometric area of

0.25 cm2. A Pt wire was used as counter electrode,

and Ag/AgCl (3 M NaCl) was used as reference

electrode. EIS measurements were performed at

various potentials from - 0.2 to - 0.8 V vs RHE with

an AC signal of 10 mV of amplitude and 10-1–104 Hz

frequency range in a CO2-saturated 0.1 M KHCO3

aqueous solution. Unless otherwise specified, all the

potentials refer to RHE in this work.

Chronoamperometric (CA) measurements were

carried out by using a CHI760D electrochemical

workstation in order to examine the electrode activity

(geometric current density) and analyze the products

of the CO2RR. The CA experiments were conducted

in a custom-made two-compartment cell with a pro-

ton exchange membrane (NafionTM Membrane N117,

Sigma-Aldrich) as the separator (Scheme S2). The

volume of each side was 40 mL with 15 mL of

headspace. Ag/AgCl (3 M NaCl) was used as the

reference and a Pt foil as the counter electrode. The

working electrode was composed of a catalyst (Cu(II),

Cu(II)Sn(II)5, Cu(II)Sn(IV)5 or Cu(II)Sn(IV)10)-coated

carbon paper with a geometric area of 1.5 cm2. Unless

specified, 0.1 M KHCO3 aqueous solution was used

as the electrolyte. For CA experiments, the potential

was corrected by compensating the ohmic potential

drop, of which 85% was corrected by the instrument

(iR-compensation) and 15% by manual calculation.

Gas-phase products were analyzed online with a

micro-gas chromatograph (lGC, Fusion�, INFICON)

equipped with two channels with a 10 m Rt-Molsieve

5A column and an 8 m Rt-Q-Bond column,
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respectively, and micro-thermal conductivity detec-

tors (micro-TCD). The inlet of the lGC was connected

to the cathodic side of the electrochemical cell

through a GENIE filter to remove the humidity from

the gas. During the CA measurements, a constant

CO2 flow rate of 20 mL min-1 was maintained to

saturate the electrolyte and to take the gaseous

products to the lGC. Liquid products were analyzed

by a high-performance liquid chromatograph (Shi-

madzu Prominence HPLC) with a diode array

detector (DAD) set at 269 nm by using a Rezex ROA

(300 9 7.8 mm) column, with 5 mM H2SO4 (flow rate

of 0.5 mL min-1) as mobile phase. The faradaic effi-

ciency (FE) for each product was calculated by

dividing the coulombs needed to produce the actual

determined amount of this product by the total cou-

lombs consumed during a corresponding reduction

period.

Results and discussion

Physical and chemical characterizations

FESEM images of the synthesized Cu-based samples

are shown in Fig. 1a–d. When only Cu precursor is

present in the solution, cubic particles with irregular

surface are obtained (Fig. 1a). On the surface of the

irregular walls and close to the cubes edges, some

holes, with small crystals inside (tens of nanometers),

are present, evidencing the polycrystalline structure

within the cube. It is important to notice that these

cubes do not aggregate and show a narrow size dis-

tribution, as shown in particle size distribution his-

togram in Fig. 1e, with an average size of

4.0 ± 0.6 lm. When Sn(II) ions are added into the

precursor solution, particles smaller in size, in the

range of 30–300 nm, and with less definite shape are

formed, as displayed in Fig. 1b. In addition, these

irregular particles tend to form agglomerates (insert

in Fig. 1b), being driven by surface energy reduction

[30]. Adding Sn(IV) into the precursor solution

maintains the cubic shape of the particles and

increases the twinned crystals (Fig. 1c–d). It can be

also observed that the surface of the cubes becomes

smoother with increasing the amount of Sn(IV) ions

in the solution. Compared to the Cu(II) sample,

Cu(II)Sn(IV)5 and Cu(II)Sn(IV)10 have significantly

reduced particle sizes, which is demonstrated by the

size distribution of the cubes (Fig. 1e) and further

shown at a lower magnification in Fig. S1. The aver-

age cube size of the Cu(II)Sn(IV)10 sample is of

1.7 ± 0.3 lm, slightly smaller than that of

2.1 ± 0.7 lm of the Cu(II)Sn(IV)5 sample.

Figure 1 FESEM images of various Cu-based samples: a Cu(II); b Cu(II)Sn(II)5; c Cu(II)Sn(IV)5; d Cu(II)Sn(IV)10; and e particle size

distribution calculated based on FESEM images for cube morphology samples.
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XRD patterns of Cu-based catalysts are shown in

Fig. 2. For Cu(II) sample, all peaks are associated

with Cu2O and in particular to the (110), (111), (200),

(211), (220), (311) and (222) planes (Cuprite, JCPDS

00-005-0667). No peaks for other crystalline phases

are observed for this sample. From the XRD pattern

of Cu(II)Sn(II)5 sample, the peaks related to crys-

talline CuO can be well observed besides those for

metallic Cu (Copper, JCPDS 00-004-0836) and Cu2O.

In contrast, addition of Sn(IV) ions in the precursor

solution has no effect on the crystalline phase of the

samples. The Cu(II)Sn(IV)5 and Cu(II)Sn(IV)10 sam-

ples show similar XRD patterns with respect to the

Cu(II) one. By applying Scherrer formula [31] to the

Cu2O (111) peak, we estimated that the coherent

diffraction domain sizes are in the range of tens of

nanometers for the Cu(II), Cu(II)Sn(IV)5 and

Cu(II)Sn(IV)10 samples. This suggests that the Cu2O

cubes are polycrystalline, as also partially observed

from FESEM, and are composed of nanosized crys-

tallites. Small differences are found in the diffraction

peak intensity ratio of (111) and (200) planes in these

samples, which are 2.5, 2.8 and 3.0 for the Cu(II),

Cu(II)Sn(IV)5 and Cu(II)Sn(IV)10, respectively. These

values are close to the value of 2.7 reported for a

standard pattern of Cu2O with a cubic cuprite

structure (Cuprite, JCPDS 00-005-0667). A gradual

increase in peak intensity ratio of (111)/(200) planes

indicates a slight preferential orientation for the (111)

plane. This outcome could be related to the presence

of twin crystals in samples with Sn(IV) ions in the

precursor solution [32].

According to the literature, the (111) and (110)

surfaces are thermodynamically more stable with

respect to the (100) on the clean Cu2O surfaces [33].

However, the EG molecules, as capping agents, play

a crucial role during growth of Cu2O. The binding

energies of an EG molecule to the (110), (111) and

(200) surfaces are variable, and a highest value is

found for the EG to (200) surface from DFT calcula-

tions [28], pointing at the higher stability of the {100}

surfaces in the presence of EG molecules. Hence, the

growth on {100} surfaces is inhibited, while the

growth along the [111] and [110] directions is unim-

peded until the corresponding facets eventually dis-

appear, explaining the appearance of cubic-shaped

Cu2O.

The TEM characterization was performed on a

selected Cu(II)Sn(IV)10 sample in order to further

elucidate the structural properties at the surface. The

BF-TEM in Fig. 3a shows the smooth cubes walls,

which is in line with what was observed by FESEM.

The TEM investigation is complicated due to the

large size of the cubes, which makes them only par-

tially transparent to the electrons. The HRTEM

investigation was performed by studying only edges

or corners, which were the only TEM visible parts,

and is shown in Fig. 3b. The observed crystalline

phase is Cu2O, which is confirmed by the fast Fourier

transform (shown in the inset), and this is in agree-

ment with the XRD observation.

In order to investigate the chemical composition of

the surface of various samples, XPS measurements

have been performed. From the survey spectra (not

reported), Cu, O and C are the main elements. The

presence of C element could be attributed to the

preparation of the sample or due to adventitious

carbon. Trace of Sn is also detected in the samples

prepared with the presence of Sn ions in the pre-

cursor solution, as shown in Table S1. ICP-OES

analysis has been performed on the as-prepared

powder samples, and no trace of Sn is detected.

Combining the ICP and XPS results, it is clear that Sn

exists at a contamination level probably only on the

surface. The Cu2p doublet region acquired in high-

resolution (HR) mode is shown in Fig. 4a. The Cu(II),

Cu(II)Sn(IV)5 and Cu(II)Sn(IV)10 samples show a

typical spectrum related to the mixed oxidation states

of Cu, including Cu0, Cu? and Cu2?, while the

Cu(II)Sn(II)5 sample displays a typical spectrum

Figure 2 XRD patterns of Cu-based catalysts.
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related to only Cu2? [34]. The Cu2p peak is compli-

cated to be deconvoluted due to both the presence

and overlapping of several satellites and shake-up

peaks for each oxidation state. Hence, the Auger

CuL3M4,5M4,5 region was also acquired in order to

obtain more details, as shown in Fig. 4b. The Auger

parameter values are calculated according to Eq. E1

and listed in Table 1:

Auger parameter ¼ hv� CuLMM þ Cu2p3=2 ðE1Þ

The resulting modified Auger parameter values are

approximately 1849.0 eV for Cu(II), Cu(II)Sn(IV)5

and Cu(II)Sn(IV)10 samples, which corresponds to

the average oxidation state (AOS) of Cu? [35]. The

Cu(II)Sn(II)5 sample has an average oxidation state of

Cu2? on the surface, indicating that its surface is

mainly composed of CuO with a thickness of at least

5–10 nm (the sensible depth for XPS). To get a deeper

understanding of the relative amount of Cu oxidation

states, we can rely on Biesinger et al. [34] study, in

which they show how to evaluate the ratio between

Cu2? and Cu0 ? Cu?, by fitting Cu2p3/2 peak and its

related satellite (Fig. 4). We have applied their for-

mulas and obtained the values reported in Table 1. It

is found that for samples Cu(II), Cu(II)Sn(IV)5 and

Cu(II)Sn(IV)10 there is a variable mix of the two

components with 40–63% of Cu2?. On the contrary

sample Cu(II)Sn(II)5 shows a quasi-total Cu2? oxi-

dation state amount (99%), in agreement with Auger

parameters results.

Figure 3 TEM

characterization of

Cu(II)Sn(IV)10 sample: a BF-

TEM and b HRTEM with FFT

in the inset.

970 960 950 940 930

 Cu(II)
 Cu(II)Sn(II)5
 Cu(II)Sn(IV)5
 Cu(II)Sn(IV)10

Cu2p

Binding Energy [eV]

Cu2+ satellite

582 576 570 564 558

 Cu(II)
 Cu(II)Sn(II)5
 Cu(II)Sn(IV)5
 Cu(II)Sn(IV)10

CuLMM

Binding Energy [eV]

(a) (b)Figure 4 XPS HR spectra for

Cu2p doublets (a) and Auger

CuLMM region (b).

Table 1 Modified Auger

parameter values for Cu

species and relative amount of

Cu(II) and Cu(0) ? Cu(I) for

the samples

Samples Auger parameter (eV) Cu2? (%) Cu0 ? Cu? (%)

Cu(II) 1848.9 63 37

Cu(II)Sn(II)5 1851.3 99 1

Cu(II)Sn(IV)5 1848.7 56 44

Cu(II)Sn(IV)10 1849.3 40 60
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Combining the above-mentioned analyses, we infer

that the Cu(II), Cu(II)Sn(IV)5 and Cu(II)Sn(IV)10

cubes are mainly composed of crystalline Cu2O, and

their surface is made up by mixed Cu oxidation

states, independent of the cube size. The Cu(II)Sn(II)5

nanoparticles have a CuO surface and contain crys-

talline CuO, Cu and Cu2O phases. The absence of Sn

species in the final samples is due to the conditions of

the synthesis. The pH value of the final solution at the

end of the synthesis is determined to be about 12.5 at

room temperature. At such high pH, Sn element can

be stabilized as HSnO2
- and as SnO3

2- (HSnO2
-/Sn,

- 0.79 V; SnO3
2-/HSnO2

-, - 0.69 V versus SHE)

[36]. These anions are soluble in H2O or H2O/EG and

therefore are removed during washing.

CO2RR and product analysis on the Cu-
based electrodes

In order to investigate the performance of various

electrodes for the CO2RR, CA measurements were

carried out in a three-electrode two-compartment

cell. The concentrations of H2 and CO were deter-

mined by lGC every 3–4 min. Liquid products were

analyzed by HPLC at the end of each test. An as-

prepared working electrode was used for each CA

measurement. The oxides in the electrodes can be

reduced under negative potentials. FESEM and XRD

analyses have been performed on all Cu-based

electrodes after reduction, and TEM has also been

done on the reduced Cu(II)Sn(IV)10 electrode.

FESEM images in Fig. 5 show a morphology

change in all electrodes after reduction. In addition to

the catalysts, carbon black and Nafion binder are

present as well. In the case of the samples with the

cubic morphology, including Cu(II), Cu(II)Sn(IV)5

and Cu(II)Sn(IV)10, as shown in Fig. 5 a, c, d,

respectively, the cubic form is preserved. However, it

is clear that the surface of the cubes walls becomes

rough, and is composed of small particles. After

reduction, the cubes maintain similar dimensions

compared to the pristine samples at the Cu(II),

Cu(II)Sn(IV)5 and Cu(II)Sn(IV)10 electrodes. In the

case of the electrode Cu(II)Sn(II)5 (Fig. 5b), the initial

particles with very smooth surface changed to parti-

cles with rough appearance, which are actually

agglomerates of much smaller particles. In addition,

in all reduced Cu-based catalysts, part of the material

evolved into smaller round particles. Such restruc-

turing of the Cu-based catalysts has been widely

observed under the CO2RR conditions. Pérez-

Ramı́rez et al. [37] reported that the electrolysis leads

to a roughening of the Cu2O catalysts, as reflected by

the appearance of more defined nanometric polyhe-

dral features on the surface of the particles. Buonsanti

et al. [38] studied the morphological evolution of the

Cu nanocubes during the CO2 electrolysis and found

a potential-driven nanoclustering of the cubes. They

Figure 5 FESEM images of

Cu-based electrodes after

reduction: a Cu(II);

b Cu(II)Sn(II)5;

c Cu(II)Sn(IV)5;

d Cu(II)Sn(IV)10.
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also confirmed the negative potential applied to

reduce CO2 as the main driving force for the clus-

tering by grand-potential density functional theory

calculations.

XRD patterns of the reduced electrodes are shown

in Fig. 6. The peaks located at 17.9�, 26.6� and 54.7�
are associated with the GDL substrate (Fig. S2). Most

of CuOx is reduced into metallic Cu after the potential

is applied, while very small amount of Cu2O is pre-

sent. The crystallite size of Cu is estimated by

applying Scherrer equation to the Cu(111) peak, and

a similar value, in the range of tens of nanometers,

has been obtained for all electrodes. This outcome

confirms the nanoclustering of the electrode under

applied negative potentials.

The TEM characterization of the selected Cu(II)S-

n(IV)10 tested electrode was carried out in order to

further elucidate the changes induced to the mor-

phology and structure during electrochemical testing.

The BF-TEM in Fig. 7a confirms that under applied

negative potentials the smooth cubes walls of the

untested material become rough and covered with

small particles. The HRTEM of this catalyst after

electrochemical testing, as shown in Fig. 7b, evi-

dences that the small particles generated on the sur-

face of the cubes are crystalline. This is confirmed by

the FFT, in the inset, showing the ring pattern and

confirming the randomly oriented crystallites. This

was indexed with the lattice parameters of Cu2O.

Even though crystalline Cu2O is observed from

XRD and TEM on the surface of the reduced elec-

trode, we believe that the observed Cu2O is formed

due to the exposure to the air and the CuOx is fully

reduced to metallic Cu under the CO2RR conditions.

Scott et al. [39] show that the near-surface region of a

polycrystalline Cu electrode is fully converted to the

metallic phase at approximately ? 0.3 V by live-

monitoring Cu and Cu2O Bragg peaks on the surface

while scanning from open-circuit potential (OCP) to

reduction potentials. Lum et al. [40] demonstrate that

residual oxides are not present in significant amounts

during CO2RR through oxygen isotopic labeling of

CuOx and secondary-ion mass spectrometry mea-

surements. Furthermore, they show that oxide-

derived Cu can reoxidize rapidly, which could com-

promise the accuracy of ex situ methods for deter-

mining the true oxygen content. Hence, it is

reasonable to consider that the CuOx in the electrodes

is fully reduced to Cu and the Cu is reoxidized in air

during the sample preparation and transfer to XRD

and TEM instruments.

To understand the electrochemical properties of

the samples, EIS analysis has been carried out on the

reduced Cu(II), Cu(II)Sn(II)5, Cu(II)Sn(IV)5 and

Cu(II)Sn(IV)10 electrodes. The Nyquist spectra

acquired on Cu(II)Sn(IV)10 sample at different

potentials are reported in Fig. 8a. Similar spectra are
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Figure 6 XRD patterns of Cu-based electrodes after reduction.

Figure 7 TEM

characterization of tested

Cu(II)Sn(IV)10 electrode:

a BF-TEM and b HRTEM

with FFT in the inset.
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obtained for the other electrodes, and all are consti-

tuted by two different features, which account for the

charge transport inside the electrode (at high fre-

quency, not dependent on the potential) and the

charge transfer at the electrode/electrolyte interface

(at low frequency, dependent on the potential) [41].

The total impedance decreases while negatively

shifting the applied potential. The experimental data

were fitted employing the equivalent circuit reported

in the inset of Fig. 8a, in order to quantify the dif-

ferent resistance contributions to the total impedance.

The simulated spectra, also shown in the same fig-

ure superimposed to the experimental curves, reveal

a good match, thus witnessing the correct choice of

the equivalent circuit. The charge transfer resistance

(Rct) values are reported in Fig. 8b as a function of the

applied potential. Apart from the exponential

behavior, it can be observed that the Cu(II) and

Cu(II)Sn(II)5 samples are characterized by a smaller

value with respect to the other two electrodes at each

potential in the low potential range (B -0.5 V), while

the former two displays a larger transport resistance

(Rt), as shown in the inset of Fig. 8b.

Electrochemically active surface area (EASA) rep-

resents one of the most important properties of an

electrode in the electrocatalysis. Besides cyclic

voltammetry (CV), EIS is considered another pow-

erful technique to determine the EASA of an elec-

trode [42]. By fitting the EIS data, double-layer

capacitance (Cdl) values of various electrodes are

obtained and reported in Table 2. In spite of the

complex nature of the electrode (composition of cat-

alyst, carbon black and Nafion), we can reasonably

estimate its EASA by comparing its Cdl with that of a

rather flat Cu foil. This is because Cu2O is believed to

be reduced to metallic Cu in the investigated poten-

tial range as discussed above and about 90 wt% of

the catalyst layer becomes metallic Cu. Waszczuk

et al. [43] reported a Cdl value of 28 lF cm-2 for a flat

Cu electrode. The Cdl values of the Cu-based elec-

trodes are therefore divided by 28 lF cm-2, resulting

in the EASA of the electrodes, as listed in Table 2. The

EASA values are in the following order: Cu(II)\
Cu(II)Sn(IV)5\Cu(II)Sn(IV)10\Cu(II)Sn(II)5. It is

believed that the high EASA values of the electrodes

are derived from the surface roughening under the

CO2RR.

CO2RR has been performed in 0.1 M KHCO3

electrolyte in an H-type cell (Scheme S2). At the

Cu(II) electrodes, the current densities decrease in the

first 25 min due to the reduction of the catalysts and
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Figure 8 EIS analysis: a Nyquist plot of the impedance data

acquired on Cu(II)Sn(IV)10 electrode in a CO2-saturated

electrolyte at different potentials (the points are experimental

data, and the lines are calculated using the equivalent circuit shown

in the inset); b charge transfer resistance and charge transport

resistance (inset of b) obtained from the EIS fitting procedure at

various electrodes. Electrode area: 0.25 cm2.

Table 2 Capacitance and EASA values of the electrodes

Electrode Cdl (mF cm-2) EASA (cm2)

Cu foil 0.028 1

Cu(II) 18.72 668

Cu(II)Sn(II)5 42.35 1512

Cu(II)Sn(IV)5 20.24 722

Cu(II)Sn(IV)10 21.32 761
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then maintain quasi-constant, as shown in Fig. S3a.

The reductive current density reaches 6.2 mA cm-2

at about - 0.6 V, and it increases while negatively

shifting the applied potential (9.3 mA cm-2 at

- 0.7 V and 13.6 mA cm-2 at - 0.9 V). The selectiv-

ity for CO formation is between 20 and 30% in this

potential range, while H2 is the main product at all

potentials (Fig. S3b–d). The production rate of syngas

(H2 ? CO) is about 2.6, 3.5 and 5.4 mL cm-2 h-1 at

- 0.6 V, - 0.7 V and - 0.8 V, respectively. Com-

pared to the Cu(II) electrodes, the Cu(II)Sn(II)5 ones

exhibit much lower current densities at - 0.7 V and

- 0.8 V (Fig. S4a) and consequently produce smaller

quantity of syngas (Fig. S4b–d). Concerning the

selectivity for CO, the Cu(II)Sn(II)5 electrodes have

similar FE values with respect to the Cu(II) ones. The

performance for the CO2RR of Cu(II)Sn(IV)5 and

Cu(II)Sn(IV)10 electrodes is shown in Fig. S5 and

Fig. 9, respectively. Regarding the electrode activity,

these samples show similar current densities com-

pared to the Cu(II) ones at most potentials (Fig. S5a

and 9a). However, the selectivity toward CO is sig-

nificantly improved, with about 25–40% for Cu(II)S-

n(IV)5 (Fig. S5b–d) and 35–50% for Cu(II)Sn(IV)10

electrodes (Fig. 9b–d).

It is worth noting that the three electrodes con-

taining Cu2O cubes achieve higher production rates

of syngas at relatively lower overpotentials with

respect to other similar studies [44, 45] and they also

obtain comparable current densities with respect to

the Cu-based gas diffusion electrodes (GDEs) in a

flow reactor at the same potentials reported by Lan

et al. [46].

Figure 10a, b summarizes the CO selectivity and

H2/CO ratios of the produced syngas, respectively.

H2 and CO are the main products at the tested

potentials from - 0.6 to - 0.8 V on all electrodes. As

shown in Fig. 10a, the FECO values are in the fol-

lowing order at each potential: Cu(II)Sn(II)5 &\
Cu(II)\Cu(II)Sn(IV)5\Cu(II)Sn(IV)10. The selec-

tivity for HCOOH remains low (FE\ 10%), and no

other liquid products are detected. Only CO and H2

are detected by online lGC analysis. More negative

potentials (\-0.9 V) are not recommended for syn-

gas production on Cu-based electrodes, since other

gas-phase products and C2 liquid products can

emerge, decreasing the purity and production rate of

syngas [27, 46, 47]. From Fig. 10b, the H2/CO ratio of

syngas is easily tunable by using different catalysts or

applying various potentials. It is interesting to note

that the Cu(II)Sn(IV)10 electrodes can produce syn-

gas with a H2/CO ratio between 1 and 2 in all

investigated potentials. This syngas is ideal for fur-

ther synthesis of methanol [14].
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Figure 9 CA measurements

on the Cu(II)Sn(IV)10

electrodes in CO2-saturated

0.1 M KHCO3 aqueous

solutions at various potentials

(a). The FE values of H2 and

CO and the production rate of

syngas at various potentials:

b - 0.6 V; c - 0.7 V;

d - 0.8 V.
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Partial current density for CO formation is an

important parameter when evaluating the perfor-

mance of an electrode for the CO2RR to CO, since it

takes into consideration both electrode activity and

selectivity. The geometric partial current density for

CO formation at various electrodes is compared in

Fig. 10c. In general, the electrode reaches a higher CO

partial current density as negatively shifting the

potential. At each potential, the CO formation rate at

the electrodes follows the trend: Cu(II)Sn(II)5\
Cu(II)\Cu(II)Sn(IV)5\Cu(II)Sn(IV)10. Since the

current normalized by geometric surface area of the

electrode (electrode activity) does not reflect the

actual activity of the catalyst, we calculated the cur-

rent density normalized by the EASA listed in

Table 2. It is necessary to point out the EASA values

could undergo continuous change during the test

since the surface roughening on the electrode could

be sustained under the CO2RR. As shown in Fig. 10d,

it is clear that the Cu(II)Sn(II)5 catalyst shows much

lower specific current density toward CO formation

compared to other Cu2O-derived catalysts at each

potential. In addition, this CuO-derived catalyst also

shows much lower specific current density for the

hydrogen evolution reaction (HER), as exhibited in

Fig. S6. These outcomes indicate that the reaction

sites of Cu(II)Sn(II)5 catalyst could be much less

active for the reduction reactions. However, it is

possible that the reactions could be controlled by

both kinetic and mass diffusion in the moderate-to-

high overpotential range. Since the mass diffusion

effect has not been taken into considerations, the

specific current density could only partially reflect

the intrinsic activity of the catalyst. Since both CuO

and Cu2O are considered to reduce to metallic Cu

under negative potentials [39, 40], the reason of the

different behaviors between the Cu2O-derived sites

and the CuO-derived ones in this work is not clear

until now. It is assumed that the difference could be

related to the distinct morphologies of the Cu2O

cubes and the CuO particles. Our previous work

unveiled that not only the chemical composition is

critical, but the morphology also plays a vital role in

the CO2 electrolysis by affecting the mass transport at

the electrode/electrolyte interface [27]. Hence, in

order to study the intrinsic difference between the

active sites derived from Cu2O and CuO, it is nec-

essary to study the Cu2O and CuO samples with

similar morphology, which is not the scope of this

work.
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From the above analyses, all three Cu2O electrodes

outperform the CuO-rich one in terms of both syngas

production rate and CO selectivity. By comparison of

the Cu2O catalysts, decreasing cube size of the cata-

lyst slightly increases the number of reaction sites

and probably enhances the activity of the sites,

resulting in improved performance for the CO2RR. It

is interesting to note that the three Cu2O-derived

catalysts have different trends in the H2/CO ratio of

syngas with shifting the applied potentials (Fig. 10b).

Both Cu(II)Sn(IV)5 and Cu(II)Sn(IV)10 electrodes

exhibit a quasi-constant H2/CO ratio from - 0.6 to

- 0.7 V and a higher ratio at - 0.8 V, while the Cu(II)

is characterized by a minimum H2/CO ratio at

- 0.7 V. The lower CO selectivity of Cu(II) at - 0.6 V

could be due to the slower nanoclustering at rela-

tively positive potential due to its much bigger cube

size compared to other Cu2O samples, creating a

smaller amount of active and selective sites for the

CO2RR during a determined period. The Cu(II)S-

n(II)5 electrode shows a different trend, which could

be attributed to the distinct behavior of its active sites

for the CO2RR.

The Cu(II)Sn(IV)10 electrodes have further been

tested in KHCO3 electrolyte with various concentra-

tions. As shown in Fig. 11a, the rate of CO production

is insensitive to the [HCO3
-] at various potentials, in

agreement with some recent studies on this reaction

at Au and Zn electrodes [48, 49]. A zeroth-order

dependence of the CO2RR to CO rate on the [HCO3
-]

indicates that H2O or H3O
? acts as the proton donor

instead of HCO3
- in the rate-limiting step of the

CO2RR [50]. Figure 11b shows higher [HCO3
-] plays

negative role in the CO2RR to CO in terms of selec-

tivity. As increasing the [HCO3
-], FECO decreases,

while FEH2 increases at each potential. This outcome

is in agreement with the literature that lower

bicarbonate concentrations serve to significantly

enhance the CO2RR selectivity by suppressing the

HER. [48].

Conclusions

An energy-efficient route has been developed to

synthesize Cu-based materials for electrochemical

conversion of CO2 to syngas. By changing the pre-

cursor solutions, it is possible to obtain catalysts with

different characteristics. Cubic Cu2O particles with

various dimensions have been obtained and applied

for the CO2RR. It is revealed that the cubes undergo

potential-induced crystalline and morphological

modifications. These material evolutions cause dra-

matic surface roughing, thus creating a large number

of active sites and resulting in high activity of these

materials. Additionally, smaller Cu2O cubes can

achieve enhanced CO selectivity compared to the big

ones, which is likely due to the increased electro-

chemically active surface area. Another catalyst

composed of CuO/Cu/Cu2O particles has been

studied, and it shows worse selectivity for CO com-

pared to all samples with only Cu2O-based cubes.

Hence, by employing different catalysts, syngas with

various H2/CO ratios can be easily obtained. In

particular, the catalyst with the smallest Cu2O cubes

can produce syngas with a H2/CO ratio between 1

and 2 at relatively high production rates in a wide

potential range. This syngas is valuable since it has an

ideal H2/CO ratio for further methanol synthesis.

The present work highlights the green synthesis of

low-cost Cu-based catalysts and their potential

application for large-scale CO2 valorization.
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Supporting information

Scheme of a microwave-assisted solvothermal route

for preparing copper-based catalysts, scheme of a

three-electrode two-compartment cell, FESEM ima-

ges at low magnifications of Cu(II), Cu(II)Sn(IV)5 and

Cu(II)Sn(IV)10 catalysts, XRD of a GDL substrate,

detailed chronoamperometric measurements at vari-

ous potentials and analyses of products on Cu(II),

Cu(II)Sn(II)5 and Cu(II)Sn(IV)5 electrodes, the cur-

rent density normalized by the EASA for H2 forma-

tion at various electrodes and the XPS analysis of Cu

and Sn elements on the as-prepared catalysts.
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