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ABSTRACT

The electroreduction of CO. to valuable chemicals and fuels offers an effective mean for energy storage. Although CO; has been
efficiently converted into C; products (e.g., carbon monoxide, formic acid, methane and methanol), its convention into high
value-added multicarbon hydrocarbons with high selectivity and activity still remains challenging. Here we demonstrate the formation
of multi-shelled CuO microboxes for the efficient and selective electrocatalytic CO, reduction to CoH4. Such a structure favors the
accessibility of catalytically active sites, improves adsorption of reaction intermediate (CO), inhibits the diffusion of produced OH™
and promotes C—C coupling reaction. Owing to these unique advantages, the multi-shelled CuO microboxes can effectively convert
CO; into C,H4 with a maximum faradaic efficiency of 51.3% in 0.1 M K»>SO.. This work provides an effective way to improve CO»

reduction efficiency via constructing micro- and nanostructures of electrocatalysts.
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1 Introduction

The excessive emissions of CO; have posed a serious threat
to the global environment and carbon balance. Using clean
energy (electric energy and solar energy) as a driving force to
convert CO: into chemicals and fuels can not only mitigate
greenhouse effect, but also promote carbon cycle [1, 2]. In recent
years, great efforts have been devoted to the CO. conversion
and remarkable achievements have been achieved [3-6]. So far,
the efficient conversion of CO; into C; products [7-17], such
as carbon monoxide [4, 10, 12, 15], formic acid [7, 11], and
methanol [16, 17], has been well realized. However, converting
CO: into high value-added multicarbon hydrocarbons (C,:) with
high selectivity and activity remains difficult. As is recognized,
copper (Cu) is the only metal that can electroreduce CO; to C;Hy,
but the selectivity of pure Cu toward C,H. is poor. To overcome
this limitation, various strategies have been proposed, including
forming alloys of Cu with other metal [18, 19], doping Cu with
heteroatoms [20], creating mixture valence states of Cu [21],
or designing special electrolytic devices [22, 23]. By taking
account of the complexity of these electrocatalysts and electrolytic
devices, it is more attractive to develop single electrocatalysts
with inherent structures that are desirable for the efficient CO.
conversion to C;Hy, but is challenging.

Here we demonstrate the formation of multi-shelled CuO
microboxes for the efficient and selective electrocatalytic CO;
reduction reaction (CO: RR) to C;Ha. The multi-shelled CuO

microboxes (~ 1 um) are constructed by uniform CuO nano-
crystals in 19.6 nm. Such a structure favors the accessibility of
catalytically active sites and adsorption of reaction intermediate
(CO). Moreover, the multi-shelled structure inhibits the diffusion
of produced OH™ during CO: RR to form a higher pH
environment inside CuO microboxes, and the tightly packed
CuO nanoparticles could promote C-C coupling reaction,
thereby facilitating the conversion efficiency of CO, to C,H..
Owing to these unique advantages, the as-synthesized multi-
shelled CuO microboxes can convert CO, into C;Hi with a
maximum faradaic efficiency of 51.3% in 0.1 M K,SOs. This
work provides a promising route for improving the efficiency
and selectivity of single electrocatalysts for CO. conversion
to C,+ compounds by constructing desirable micro- and
nanostructures.

2 Experimental

21 Preparation of CuO microboxes and CuO
microparticles catalyst

Materials: CO: (> 99.999% purity) and N (> 99.99% purity)
were provided by Beijing Analysis Instrument Factory. Nafion
N117 membrane, Nafion D-521 dispersion, potassium sulfate,
potassium bicarbonate, potassium phosphate dibasic anhydrous,
L(+)-ascorbic acid and dodecanoic acid were purchased from
Beijing InnoChem Science & Technology Co., Ltd. Copper
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oxide, cuprous oxide, copric chloride dihydrate, polyvinyl-
pyrrolidone (PVP, Mw = 50,000) and nickel oxide were purchased
from J&K Scientific Co., Ltd. Absolute ethanol, sodium hydroxide
and n-butanol were provided by Beijing Chemical Works.
Copper nitrate hydrate and 1,3,5-benzenetricarboxylic acid
(BTC) were provided by Sinopharm Chemical Reagent Beijing
Co., Ltd.

Preparation of CuO microboxes: In a typical synthesis process,
the appropriate amounts of copper nitrate hydrate, 1,3,5-
benzenetricarboxylic acid and dodecanoic acid were dispersed
in 10 mL of n-butanol and stirred at room temperature for
10 min. Then the solution was transferred into a Teflon liner
stainless-steel autoclave, and the autoclave was sealed and
heated at 140 °C for 5 h. The solid product was washed with
absolute ethanol and dried in a vacuum oven at 80 °C for 24 h.
The as-synthesized Cu-BTC was annealed in muffle furnace at
350 °C in air atmosphere for 1 h with a heating rate of 5 °C-min~".
For comparison, the Cu-BTC was annealed in muffle furnace
at different temperatures of 250, 300, and 400 °C.

Preparation of CuO microparticles: In a typical synthesis
process, the appropriate amounts of copric chloride dihydrate
and PVP were dispersed in 100 mL ultrapure water and stirred
at room temperature for 30 min to form a homogeneous
solution. Next, 10 mL of 2 M sodium hydroxide solution was
dropwise added into the solution under magnetic stirring.
After 10 min, 10 mL of 0.6 M L(+)-ascorbic acid solution was
dropwise added into the mixed solution under magnetic

stirring. Then the mixture was kept in 80 °C water bath for 3 h.

The as-prepared sample was washed with absolute ethanol and
dried in a vacuum oven at 80 °C for 24 h. Finally, the sample
was annealed in muffle furnace at 350 °C in air atmosphere
for 1 h with a heating rate of 5 °C-min™".

2.2 Characterizations

The morphologies of the catalysts were characterized by
scanning electronic microscopy (SEM, HITACHI S-4800).
Transmission electron microscopy (TEM) images were taken
on JEOL JEM-EM-1011 and JEOL JEM-2100F field-emission
high-resolution transmission electron microscope operated at
200 kV. X-ray diffraction (XRD) patterns were conducted on
a Rigaku D/max 2400 diffractometer with Cu K« radiation
(A = 0.15418 nm) at a scanning rate of 4 ®min~". The elemental
analysis of C and O was performed on a FLASH EA1112
elemental analysis instrument. The content of Cu element was
determined by inductively coupled plasma-mass spectrometry
(ICP-MS). The X-ray photoelectron spectroscopy (XPS) was
carried out with a multipurpose X-ray photoemission spectroscope
(Thermo Scientific ESCALAB 250Xi). Thermogravimetric
analysis (TGA) was carried out using a PerkinElmer TGA
4000 thermoanalyser under air flow at 5 °C-min~". The X-ray
absorption near-edge structure (XANES) experiment was carried
out at Beamline 1W1B at BSRF. Data of X-ray absorption fine
structure (XAFS) were processed using the Athena and Artemis
programs of thee IFEFFIT package based on FEFF 6. Data
were processed with k*-weighting and an Rbkg value of 1.0.
Normalized extended XAFS (EXAFS) data were obtained
directly from the Athena program of the IFEFFIT package.

2.3 Fabrication of electrodes

The working electrodes were prepared by loading samples
suspension onto the carbon papers (CPs). Briefly, the as-prepared
catalyst and 10 pL Nafion D-521 dispersion were dispersed in
absolute ethanol and ultra-sonicated for 30 min to form uniform
suspension, and the suspension was loaded on the 1 cm x 1 cm
CP. The electrode was dried in a vacuum oven at 80 °C for 6 h
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before the electrochemical experiment.

2.4 Electrochemical impedance spectroscopy (EIS)

The EIS measurement was carried out in 0.5 M KHCO:s at an
open circuit potential (OCP) with an amplitude of 5 mV of
107 to 10° Hz.

2.5 Double-layer capacitance (Ca)

The Ca was determined by measuring the capacitive current
associated with double-layer charging from the scan-rate
dependence of cyclic voltammetric stripping. The scan rates
were 5, 10, 15, 20, 30, 40 and 50 mV-s™".

2.6 CO:reduction and product analysis

A CHI660E electrochemical analyzer (Shanghai Chenhua
instrument co. LTD, China) was used in all the electro-
chemical experiments. A three electrode test was carried out in
a sealed H-cell which was separated by Nafion N117 membrane.
The reference and counter electrodes were Ag/AgCl and Pt net
(1 cm x 1 cm), respectively. Linear sweep voltammetry (LSV),
amperometric i-t curve and EIS were performed in 0.1 M
electrolyte. Before the experiments, the electrolyte solution in
the working compartment was bubbling for 1 h with N> (99.99%)
and CO; (99.999%) to form a saturated solution. The pH values
of the 0.1 M K>SO with Nz and CO: are 6.0 and 5.8, respectively.
The pH values of the 0.1 M KHCOs and K;HPO, with CO:; are
6.8 and 6.5, respectively. The gaseous product in the gas bag
was collected and analyzed by gas chromatography (GC, HP
4890D), which was equipped with TCD and FID detectors
using helium as the internal standard. The liquid mixture was
analyzed by 'H nuclear magnetic resonance (‘H NMR), which
was recorded on a Bruker Avance III 400 HD spectrometer in
deuterium oxide-d, with TMS as an internal standard. All the
experiments were measured at atmospheric pressure and
room temperature and all potentials reported in this paper
were with respect to reversible hydrogen electrode (RHE).

All the potentials were converted to the RHE using Eq. (1)
by considering the pH of the solution.

Potential in RHE = Applied potential vs. Ag/AgCl +0.21 V
+0.0592 x pH (1)
The faradaic efficiency of each product was calculated
according to the Eq. (2).
_N;-n-F
Q

where Q: the total charge, C; Ni: the number of moles for
specific product, mol; n: the number of electrons exchanged
for specific product, which is 12 for C;Hs, 2 for CO, HCOOH
and Hy; F: Faradaic constant, which is 96,485 C-mol™".

FE

)

2.7 Regeneration of used catalyst

The used working electrode was annealed in muffle furnace
at 350 °C in air atmosphere for 0.5 h with a heating rate of
5°Cmin™".

3 Results and discussion

To get the target product, the cubic crystals of metal-organic
framework Cu-BTC was first synthesized (see its characterizations
in Fig. S1-S3 in the Electronic Supplementary Material (ESM)),
followed by calcination at a certain temperature for 1 h (Fig. 1(a)).
As an example, Figs. 1(b)-1(g) show the characterizations
of the product obtained by heating Cu-BTC at 350 °C. SEM
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Figure 1 Schematic illustration of the synthetic process of CuO microboxes (a
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Calcination

). SEM images (b) and (c), TEM images (d) and (e), HRTEM image (f) and EDX

mapping (g) of CuO microboxes. Scale bars, 300 nm in (b), 150 nm in (c), 200 nm in (d), 20 nm in (e), 2 nm in (f)

image shows that the product basically maintains the cubic
morphology of Cu-BTC (Fig. 1(b)). However, it has a multi-
shelled hollow structure, as can be seen from the SEM image
of the cracked cube and TEM image (Figs. 1(c) and 1(d)). The
magnified TEM image reveals that the hollow microbox is
constructed by CuO nanocrystals with a diameter of ~ 19.6 nm
(Fig. 1(e) and Fig. S$4 in the ESM). The typical lattice fringe of
the product has an interplanar distance of 0.232 nm (Fig. 1(f)),
corresponding to the crystal plane spacing of (111) plane of
monoclinic phase CuO [24]. It is consistent with the result of
XRD (Fig. S5 in the ESM). Energy dispersive X-ray elemental
(EDX) mapping images show that Cu, O and C elements evenly
distribute in the whole sample (Fig. 1(g)). The Cu content was
determined to be 77.8 wt.% by ICP-MS. The contents of O and
C are 19.9 wt.% and 2.3 wt.%, respectively, as determined by

elemental analysis.

XPS was used to characterize the surface chemical com-
positions and bonding configurations of the multi-shelled
CuO microboxes. The high-resolution Cu 2p spectrum
(Fig. 2(a)) shows the binding energies at 933.9 and 953.9 eV,
which are characteristic for 2ps» and 2pi2 of Cu®* in CuO
[25, 26], respectively. In the high-resolution O 1s spectrum,
the binding energies at 529.8, 531.6 and 533.0 eV correspond
to O-Cu, O-H and O-C [27, 28], respectively (Fig. 2(b)). The
high-resolution C 1s spectrum (Fig. S6 in the ESM) shows
three peaks at 284.8, 286.5 and 288.8 eV, which correspond to
C-C/C=C, C-0 and C=0 [4, 29], respectively. The remaining
carbon can effectively maintain the integrity of microboxes in
the catalytic process, thereby improving the electrocatalytic
stability [29]. Synchrotron EXAFS was used to get more detailed

(a) (b)

O1s

Cu2p 29]3/2

Intensity
Intensity

O-Cu (© 1s-4p of Cu?*

=

o ——CuO boxes
2o —Cu0

= Cu foil

1s4p, of Cu?*

1s-3d of Cu?*

965 960 955 950 945 940 935 930 536 534
Binding energy (eV)

532
Binding energy (eV)

530 528 8,950 9,000 9,050 9100 9,150

25F Cu-Cu  ___cuO boxes
—CuO
20} ——Cu foil 6

6 7 8 0

o 1 2

3 4 5
R(A)

2
R(A)

Energy (eV)
UK
—— CuO boxes —— CuO boxes .
Fit 4t Fit i .,,‘
l‘| It
a0 A
= { i
g AN AL
Sop=""4%1 Y|} F 1 | l'\ll \
A 2 ITERYRVIRTAIE
A Ty IR T
rlyn ! | \
" “" E ‘Il i
\ -4 4 !
N \./\, ,
. -6 . ,
3 4 0 2 4 6 _|8 10 12
q (A7)

Figure2 High-resolution XPS spectra of Cu 2p (a) and O 1s (b) of CuO microboxes. Cu K-edge XANES spectra (c) and k’-weighted y(k) function of the
EXAFS spectra (d). Cu foil and CuO were used as contrast samples. EXAFS fitting curves of CuO microboxes in R space (e) and in g space (f).
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structural information of multi-shelled CuO microboxes. The
XANES of the Cu K-edge of the CuO microboxes catalyst
exhibits similar spectrum features to that of the reference CuO
(Fig. 2(c)). The well-defined peaks at 8,977, 8,985 and 8,997 eV
correspond to the 1s > 3d, 1s > 4p, and 1s > 4p features
of Cu™, respectively. It indicates that the multi-shelled CuO
microboxes possess similar conformation as CuO, coinciding
well with XRD result [30]. The Fourier transform (FT)
k’-weighted x(k) function of the EXAFS spectrum for CuO
microboxes exhibits dominant Cu-O coordination with a
peak at 1.55 A, similar to that of reference CuO (Fig. 2(d)). The
quantitative EXAFS curve fitting analysis was further used to
investigate the coordination configuration of CuO microboxes
(Figs. 2(e) and 2(f)). The best-fitting analysis reveals that the
coordination number of the multi-shelled CuO microboxes
is lower than that of reference CuO (Tables S1 and S2 in the
ESM). The unsaturated coordination structure enables the multi-
shelled CuO microboxes to have more active sites, which are
favorable for improving catalytic efficiency for CO2 RR [31].
The catalytic abilities of the multi-shelled CuO microboxes
towards CO: reduction were evaluated by LSV in N and CO:
saturated 0.1 M K,SO, respectively. For comparison, the CuO
solid particles with the similar particle size as the multi-shelled
CuO microboxes were prepared by a surfactant-assisted method
(Fig. S7 in the ESM). In the CO:; saturated 0.1 M KxSO. (Fig. 3(a)),
the current densities of CuO microboxes and CuO particles
were obviously higher than those in N saturated electrolyte. It
indicates that the catalysts are more favorable for CO, RR than
hydrogen evolution reaction (HER) [4]. Moreover, the current
density of the multi-shelled CuO microboxes is much higher
than that of CuO particles at relatively high applied potential
region. For example, the current densities of the multi-shelled
CuO microboxes and solid particles are 61.9 and 27.9 mA-cm™
at —1.4 V, respectively. GC and 'H NMR spectroscopy were
used to analyze the gaseous products and liquid products
formed in CO: RR, respectively. The reduction products and
the corresponding faradaic efficiencies are shown in Fig. 3(b).
As shown in Fig. 3(b) and Fig. S8 in the ESM, C;Hs, CO and
HCOOH are reduction products, accompanied with H, from
HER. It is noted that the selectivities of the products change with
the applied potentials. With the increase of applied potential,
the faradaic efficiency of C;Hs (FE(C.H.)) increases first and
then decreases. When the applied potential is —1.05 V vs. RHE,
the FE(C.H.) reaches the maximum of 49.6%, with a high
current density of 27.7 mA-cm™, and the total hydrocarbon
faradaic efficiency is up to 72%. In contrast, the CuO solid
particles exhibit poor reduction efficiency of CO. with a low
total hydrocarbon faradaic efficiency of 33.5% and current
density (15.9 mA-cm™), and the FE(C,Ha) is only 19.9% at the
same applied potential (Fig. S9 in the ESM). Furthermore, the
catalytic performance of the multi-shelled CuO microboxes is
comparable or even better than those of the reported Cu-based
catalysts at similar experimental conditions, e.g., Cu(B)-2 [20],
Cu-on-Cw:N [21], anodized Cu [32],and redeposited Cu [33]
(Table S3 in the ESM). Figure 3(c) shows the total current
densities and partial current densities of C;H, at different applied
potentials. The current density of C.H. increases first and then
keeps nearly unchanged with the increasing applied potential.
The catalytic stability of the multi-shelled CuO microboxes
for CO; RR was examined under —1.05 V for 10 h in 0.1 M K>SO4
(Fig. 3(d)). Along with the reduction process, the current density
increases gradually and then tends to be unchanged, while the
FE(C.Ha4) increases first in the initial stage and decreases
slightly. The FE(C,H.) reaches a maximum value of 51.3% when
the reduction time is 1.5 h. The composition and valence states
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Figure 3 LSV curves acquired in Nz-saturated (dotted line) or CO-saturated
(solid line) 0.1 M K>SOs solution at a scan rate of 50 mV-s™! (a). Faradaic
efficiencies for C;Hs, CO, HCCOH and H, of CuO microboxes at different
applied potentials (b). Total current densities and partial current densities
of C;Hy at different applied potentials (c). Stability of CuO microboxes
at a potential of —1.05 V vs. RHE (d). In-situ Cu K-edge EXAFS spectra of
CuO microboxes during electrolysis (e). The arrow direction: 0, 5, 10, 30,
60, 90, 120, 180, 240, 600 min and Cu foil. Stability of re-oxidized CuO
microboxes at a potential of —1.05 V vs. RHE during 10 h (f).

of metal on the surface of CuO microboxes at this moment
were analyzed by XRD and XPS (Fig. S10 in the ESM). The
XRD results reveal that the catalyst mainly consists of metallic
Cu and a small amount of Cu;O, while the XPS shows that the
valence states of Cu on the surface of CuO microboxes are
mainly Cu(+) and Cu(0). To get further information on the
change of the composition and valence states of CuO microboxes
during CO: RR, the in-situ EXAFS characterization of the
reaction process was performed. As shown in Fig. 3(e), CuO is
gradually reduced to metallic Cu as the reduction proceeds,
which is responsible for the gradual increase in current density
in Fig. 3(d). Furthermore, the accumulation of HCOOH in
the electrolyte during CO:RR reduces the pH value of the
electrolyte, which can reduce the FE(C;Hs). The catalyst after
CO: reduction at —1.05 V for 10 h was characterized by TEM
and XRD (Fig. S11 in the ESM). The initial morphology of
microboxes was basically maintained, but CuO was reduced to
metallic Cu. Then the regeneration of the used catalyst was
studied. By a re-oxidization in air for 0.5 h, the used catalyst
can be easily converted back to CuO (Fig. S12 in the ESM) and
regains the performance of the fresh CuO microboxes (Fig. 3(f)).
Therefore, the CuO microboxes have good recyclability for
practical electrolysis application.

The Brunauer-Emmett-Teller (BET) surface area (Fig. S13(a)
in the ESM) and electrochemical surface area (ECSA) of CuO
microboxes and CuO solid particles were compared. ECSA
can be evaluated by comparing the Ca of catalysts (Fig. 4(a))
[4, 34]. The BET surface area and the Ca of CuO microboxes
are obviously higher than that of CuO particles. The larger
ECSA not only provides more abundant active sites, but also
enhances the CO; adsorption capacity [35]. The CO.adsorption
isotherms of CuO microboxes and CuO particles were

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 4 Charging current density differences Aj plotted against scan rates
(a). Simulated EIS spectra of the CuO microboxes and CuO particles (b).
FE(C,H.) at different applied potentials in different electrolytes as catalyzed
by CuO microboxes (c). LSV curves acquired in CO saturated (red line) or
N saturated (black line) 0.1 M NaF solution at a scan rate of 50 mV-s~! (d).

determined (Fig. S13(b) in the ESM). The CO. adsorption
capacity of CuO microboxes (35.2 mg-g™") at 298 K and 1 atm
is ~ 4 times as that of CuO particles (8.9 mg-g™"). The EIS was
used to gain an insight into reaction kinetics of CO, RR. The
EIS was carried out in 0.1 M K,SO. (Fig. S14(a) in the ESM)
and the electrical equivalent circuit (Fig. S14(b) in the ESM)
was used to fit the impedance data. The Nyquist plots confirm
that CuO microboxes possess smaller charge transfer resistance
than CuO particles (Fig. 4(b)). It indicates a faster electron
transfer process for CuO microboxes during CO>RR [36]. The
large ECSA, high CO; adsorption capacity and small charge
transfer resistance of the CuO microboxes promote CO:
adsorption and electron transfer on the electrode surface, thus
facilitating the CO RR to C;H. [37].

The effect of electrolyte on catalytic efficiency of CuO
microboxes was studied by using K>SOs, KHCOs and K;HPO..
As shown in Fig. 4(c), the FE(C,H4) in KiSOs electrolyte is
obviously higher than that in KHCO; and K;HPO.. In the
process of reducing CO: to C;Hs (2CO: + 8H:0 + 12¢” > C:Hy
+ 120H"), a large number of OH" ions are produced near the
catalyst/electrolyte interface [38], which can be neutralized
by HPO+*~ or HCOs™ due to their strong buffer capacity [39].
However, SO4*~ does not have any buffering effect to neutralize
OH’, resulting in the high local pH near the catalyst/electrolyte
interface, which is more conducive to reduce CO, to C.H
[39-41]. On the other hand, compared with CuO particles, the
multi-shelled structure of CuO microboxes could effectively
inhibit the diffusion of OH™ due to cage effect, thus forming a
higher pH environment within the CuO microboxes, thereby
improving the conversion efficiency of CO: to C;Ha.

CO is considered to be an important intermediate in the
reduction of CO: to C;Hs [20, 39, 42]. If the catalyst can
effectively stabilize the CO intermediate, it is more favorable to
achieve C-C coupling and then to produce C,Ha. Figure 4(d)
shows the LSV curves of multi-shelled CuO microboxes in CO
and N saturated NaF solution. Notably, the onset potential of
multi-shelled CuO microboxes in CO saturated electrolyte is
more negative than that in N saturated electrolyte. It can be
attributed to the effective binding energy and stronger adsorption
affinity of CO by CuO microboxes [43]. Therefore, the catalyst
can effectively stabilize the active intermediate and then produce
C:H, by C-C coupling.

Nano Res. 2020, 13(3): 768-774

The formation of the highly active multi-shelled CuO
microboxes from Cu-BTC is very interesting. To well understand
its formation process, Cu-BTC was heated at different tem-
peratures. The product treated at 250 °C remained the original
morphology and crystal structure of Cu-BTC (Fig. S15 in the
ESM and Fig. 5(a)). When the calcination temperature was
300 °C, the multi-shelled CuO microboxes were formed, similar
to those synthesized at 350 °C. At 400 °C, the cubic structure
collapsed, which is caused by the complete loss of organic
compositions as evidenced by thermogravimetric analysis
(Fig. S16 in the ESM). It means that the existence of a suitable
amount of carbon is necessary for stabilizing the multi-shelled
microbox structure. The formation of multi-shelled CuO
microboxes by heating at temperatures higher than 300 °C
can be attributed to the heterogeneous contraction during the
calcination process in air, with a large weight loss and temperature
gradient from outside to inside [44, 45].

The electrocatalytic performances of the catalysts calcined
at different temperatures were measured. The multi-shelled
CuO microboxes calcined at 350 °C have the highest current
density at the same potential (Fig. 5(b)) and the best CO.
reduction performance (Fig. 5(c)). For example, the current
densities at 1.0 V of the products obtained at 250, 300, 400 and
350 °C are 10.5, 14.1, 18.6 and 24.2 mA-cm™. Meanwhile, the
FE(C;H.) values of the products obtained at 250, 300, 400
and 350 °C are 12.1%, 26.3%, 44.3% and 49.6% at —1.05 V,
respectively. As discussed above, the heating at lower or higher
temperature for Cu-BTC can cause the existence of more organic
compositions or destruction of the multi-shelled structure,
respectively, which are both unfavorable for CO:RR to C;H..
EIS was used to further explain the difference of reaction kinetics
among the catalysts calcined from Cu-BTC at different tem-
peratures (Fig. S17 in the ESM). CuO microboxes calcined at
350 °C possess smaller charge transfer resistance than that of
the catalysts calcined at other temperatures. This indicates a faster
electron transfer process in the CO: RR for CuO microboxes
obtained at 350 °C. Meanwhile, the ECSA of the products
obtained at different temperatures were determined. The results
show that the ECSA of CuO microboxes obtained at 350 °C
(23.1 yF-em™) is ~ 1.8, 1.6, 1.2 times as that of the products
obtained at 250 °C (12.9 pF-cm™), 300 °C (14.2 pF-cm™) and
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Figure 5 XRD patterns of the catalysts calcined from Cu-BTC at different
temperatures (a). The standard diffraction pattern for CuO (JCPDS no.
05-0661) is provided as reference. LSV curves for acquired in CO;-saturated
0.1 M KzSOs solution at a scan rate of 50 mV-s™ (b). FE(C,Ha4) of the
catalysts calcined from Cu-BTC at different temperatures (c). Charging
current density differences Aj plotted against scan rates for the catalysts
calcined from Cu-BTC at different temperatures (d).
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400 °C (18.7 uF-cm™), respectively (Fig. 5(d)). Clearly, the CuO
microboxes obtained at 350 °C has the highest ECSA and more
catalytically active sites, which is favorable for stabilizing active
intermediate (CO) and achieving C-C coupling to produce C;H,.
Therefore, the CuO microboxes obtained at 350 °C show the
highest reduction efficiency of CO..

4 Conclusions

We demonstrate the formation of multi-shelled CuO microboxes
electrocatalyst constructed by small and uniform CuO nano-
crystals (~ 19.6 nm). Compared with the ordinary CuO
microparticles, the efficiency of converting CO: into C,Ha by
multi-shelled CuO microboxes can be significantly improved.
It exhibits a maximum faradaic efficiency to C;Ha of 51.3% at
—1.05 V. This work provides an effective way to improve CO,
RR efficiency via constructing micro- and nanostructures of
electrocatalysts. We anticipate that more single electrocatalysts
with inherent structures that are desirable for highly efficient
and selective CO, reduction to C;Hs would be explored in
future.
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