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ARTICLE INFO ABSTRACT

Keywords: To improve Faradaic efficiency (FE) of CO; reduction reaction (CO2RR) to methanol over Cu-based complex

CO; electroreduction electrocatalysts, a novel MOF-derived Cu@Cuz0 heterogeneous electrocatalyst with moderate intermediates

gugzc o adsorption was proposed for highly selective reduction of CO5 to methanol. XRD and HRTEM confirmed the
u@Cuy!

presence of a distinct heterogeneous interface between Cu and Cu,0, while XPS verified the existence of cu’/cu”
and OH on catalyst surfaces. Cu’/Cu* with a moderate CO* binding energy and OH which favored H* adsorption
were conducive to hydrogenation reduction of CO, to methanol. The intermediate products CO*, COOH*, and
CHO* were detected on in-situ electrochemical ATR-FTIR spectroscopy. The most favorable reduction route of
CO5 to methanol was as follows: CO, - COOH* — CO*+H,0 — CHO* — CH,0* — CH,OH* — CH3OH. The FE
of electrochemical CO; reduction to methanol over Cu@Cu20-400 °C electrocatalyst was >35% at —0.6 ~ —1.0
V (vs. RHE). The Cu@Cu0-400 °C electrocatalyst exhibited a peak FEcpyson of 45% at —0.7 V, which was
attributed to synergistic effect between Cu® and Cu™ active sites.

In-situ ATR-FTIR

1. Introduction

The electrocatalytic reduction of CO; is highly significant for the
conversion of intermittent wind or solar electricity into chemical energy
[1]. Among the liquid products formed upon CO5 reduction, methanol
(CH30H) is considered a relatively appropriate substitutive fuel for
automobiles [2]. However, the inevitable hydrogen evolution reaction
(HER) and poor product selectivity are challenges for electrochemical
CO4 reduction processes [3-6]. In addition, the electrochemical CO,
reduction to methanol is a reaction of six protons coupled with six
electron transfer processes [7-9], meaning it has slower reaction ki-
netics and that it is more difficult to produce methanol compared to the
two-electron reaction that generates CO. As a result, the design of
attractive electrocatalysts with high selectivity toward methanol is
extremely important.

In recent years, many studies have shown that precious metals and
copper-based materials are promising catalysts for electrochemical CO,
reduction to methanol [10-12]. Among these catalysts, Cu was the only
transition metal material recognized as a promising catalyst for the
electrocatalytic production of hydrocarbons or alcohols [13]. However,
Cu-based catalysts generally produced a wide variety of liquid products
with very low selectivity toward methanol [14]. Hence, modifying the
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morphology, vacancies, and oxidation state of these Cu-based catalysts
were frequently employed strategies to improve their product selectivity
[15-17]. In particular, Cu(I)-based catalysts had outstanding perfor-
mance for the reduction of CO; to alcohols [18]. For example, a Cu(l)
cluster crystal coordination polymer (NNU-33(H)) molecular catalyst
exhibited excellent selectivity for CO5 conversion to CHy, with a Fara-
daic efficiency (FEcu4) greater than 75% due to its significant intra-
molecular cuprophilic interactions [19]. However, Cu(l) sites were
extremely unstable in electrocatalytic reduction reactions and are easily
reduced to Cu(0) sites [20]. Therefore, stabilizing these Cu(l) active sites
in catalytic systems was the key to achieving the highly selective
reduction of CO; to methanol. Specifically, strong Cu-Cu coordination
could effectively stabilize Cu(I) active sites and increase catalyst con-
ductivity [21]. For example, Gong and co-workers described the intro-
duction of metallic Cu nanoparticle on CuyO films to achieve CH3OH
generation with a FE of 53.6% in a photo-electrocatalytic cell [22].
However, the poor conductivity of semiconductor CuO thin films was
not suitable for electrocatalytic reduction of CO,, and the Cu nano-
particles loaded on CuyO films by e-beam evaporation were not uniform,
Cu/Cuy0 interfaces were extremely unstable. Thus, the design of a
heterostructure electrocatalyst containing stable Cu(0)/Cu(l) interface
is necessary to achieve the highly selective electrocatalytic reduction of
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CO5 to methanol.

Metal-organic frameworks (MOFs) are crystalline materials formed
by connecting metal ions and organic ligands through coordination
bonds. MOFs have large specific surface areas and highly dispersed
unsaturated metal centers that can be used as electrocatalysts [23].
MOFs had been widely used in the electrocatalytic reduction of CO». In
particular, Cu-based MOFs (e.g., Cu-BTC) had been utilized for elec-
trochemical CO, reduction to obtain liquid products [24]. Although
pristine Cu-BTC had been reported to show promising performance for
the electrocatalytic reduction of CO, its low methanol selectivity, poor
electrical conductivity, and limited stability were significant limitations
[25]. Therefore, to avoid these issues, metal ions in the MOF had been
converted into metal clusters, metal oxides, and even metal single atoms
by calcination. At the same time, the organic ligands had been carbon-
ized into porous carbon materials, which could effectively increase
conductivity and provide a large number of catalytic active sites [26].

In this work, we synthesized a new Cu@Cu,O electrocatalyst coated
with a nitrogen-doped carbon shell by calcining Cu-BTC (1,3,5-benze-
netricarboxylic acid) MOFs at different temperatures in an air atmo-
sphere. The synthesized electrocatalysts demonstrated effective
performance for electrochemical CO; reduction to methanol. The
Cu@Cup0-400 °C catalyst exhibited a high Faradaic efficiency
(FEcuson) value of more than 35% from —0.6 to —1.0 V vs. RHE and its
peak FEcysoy value reached 45% at —0.7 V vs. RHE in 0.5 M KHCO3
electrolyte. The electrocatalyst characterization results indicated that
the Cu(0)/Cu(I) active sites derived from Cu-BTC moderately adsorb the
CO* intermediate. In addition, the surface-adsorbed hydroxyl groups of
the catalyst are also conducive to the further hydrogenation of CO* to
methanol.

2. Experimental
2.1. Materials

Carbon paper (TGP-H-060) was purchased from Toray Company.
Copper (II) nitrate trihydrate (Cu(NOs)2-3H0O, 99%), poly-
vinylpyrrolidone (PVP, average mol wt. ~ 55,000), and 1,3,5-benzene-
tricarboxylic acid (CoHgOg,99%) were purchased from Sigma-Aldrich.
Methanol (CH3OH, for HPLC, greater than99.99%), N,N-
dimethylformamide (DMF, 99.8%), potassium bicarbonate (KHCOg3,
97%), and ethanol (CoHs0H, 99%) were obtained from Macklin. 5%
Nafion solution and Nafion N117 proton exchange membranes were
purchased from DuPont. All chemicals were directly used without
further purification.

2.2. Catalyst synthesis and electrode preparation

2.2.1. Synthesis of Cu-BTC catalyst

First, 3.1 g Cu(NOg3)2-3H20 and 1.33 g PVP were dissolved in a 60 mL
mixed solution of N,N-dimethylformamide and ethanol (Vpmg:Vethanol =
1:1). The solution was continuously stirred for 10 min and was denoted
solution A. Next, 1.47 g 1,3,5-benzenetricarboxylic acid was dissolved in
a different 60 mL mixed solution of N,N-dimethylformamide and
ethanol (Vpmr:Vethanol = 1:1), which was denoted solution B. Solution B
was then quickly added to solution A, and the combined solution A + B
was stirred at room temperature for 30 min. Finally, solution A + B was
transferred to a 200 mL Teflon-lined autoclave, and a hydrothermal
reaction was performed at 120 °C for 4 h. After cooling to room tem-
perature, the obtained blue precipitate was centrifuged and then
repeatedly washed with anhydrous ethanol and deionized water to
remove impurities. Afterward, the Cu-BTC catalyst was dried in a vac-
uum oven at 80 °C for 12 h.

2.2.2. Synthesis of Cu@CuzO catalyst
For the synthesis of the Cu@CuyO catalyst, 0.1 g Cu-BTC was
transferred to a quartz crucible, which was placed in the center of a tube
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furnace. The Cu-BTC was calcined for 2 h at 400 °C using a heating rate
of 10 °C min~! in an air atmosphere. After cooling, the Cu@Cuy0/NC
(nitrogen-doped carbon) catalyst was obtained. For comparison, the Cu-
BTC catalyst was pyrolyzed at different temperatures, denoted
Cu@Cuy0-T (where T = 300, 400, or 500 °C).

2.2.3. Electrode preparation

To prepare the cathode electrodes, 10 mg Cu@Cus0O-T (where T =
300, 400, or 500 °C) and 100 pL Nafion solution (5 wt%) were dispersed
in 1 mL isopropanol, which was ultrasonicated for at least 30 min. Next,
100 pL of the resulting homogeneous ink was coated onto a1 x 1 cm
carbon paper. Finally, the catalyst-loaded carbon paper was dried for 15
min under infrared light.

2.3. Characterization

The X-ray diffraction (XRD) patterns of the catalysts were obtained
on a Bruker AXS D8 Discover powder diffractometer (Germany) using
Cu-Ka radiation at 40 kV and 40 mA. The morphologies of the catalysts
were observed by scanning electron microscopy (SEM, Zeiss Sigma 300,
Germany) and transmission electron microscopy (TEM, FEI TalosF200x,
USA). High-angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy
(EDS) were performed on an FEI Tecnai F30 (USA). X-ray photoelectron
spectroscopy (XPS) was used to investigate the surface chemical envi-
ronment of the catalysts with a Thermo Scientific K-Alpha spectrometer
(Thermo Scientific, USA) using Al Ka radiation. The XPS spectra were
calibrated with the C 1 s peak at 284.6 eV. The pore size and specific
surface areas (Brunauer-Emmett-Teller, BET) of the Cu@Cu5O catalysts
were measured on an Autosorb IQ3 (Quantachrome Instruments, USA).
Fourier-transform infrared spectrometry (FT-IR, Thermo Scientific
Nicolet 10) and Raman spectroscopy (Thermo Fischer DXR, Aexe = 633
nm) were used to analyze the surface functional groups and the graph-
itization degree of the catalyst.

2.4. In-situ FT-IR characterization

In-situ attenuated total reflectance infrared (ATR-IR) tests were
carried out on a Nicolet Is50 FT-IR spectrometer with an MCT detector
cooled by liquid nitrogen and a Pike Technologies VeeMAX III ATR
accessory (Thermo Scientific, USA). The catalyst ink was coated onto a
prepared polycrystalline Au film. A Pt foil and saturated Ag/AgCl were
used as the counter electrode and reference electrode, respectively. 0.5
M KHCO3 aqueous solution was used as the electrolyte, which was
constantly purged with high-purity COy gas (25 mL/min) during the
reaction. Electrochemical measurements were obtained on a CHI 660E
electrochemical workstation. The background spectrum was collected
without applied potential. During the in-situ ATR-IR tests, the potential
was gradually increased from —0.2 to —1.2 V vs. RHE. All ATR-IR
spectra were acquired at 4 em ™! resolution and with 32 scans.

2.5. CO; electrochemical reduction measurements

A gas-tight H-cell separated by a Nafion N117 proton exchange
membrane was used to test the performance of the catalysts for the
electrochemical CO5 reduction reaction (CO2RR). All electrocatalytic
activity measurements were carried out on an electrochemical work-
station (Ivium IviumStat, Netherlands). A Pt mesh (1 x 1 cm) and
saturated Ag/AgCl were utilized as the counter electrode and reference
electrode, respectively. Both the cathode and anode compartments
contained 15 mL 0.5 M KHCOs electrolyte. During each CO2RR test,
high-purity CO2 gas was continuously pumped into the electrolyte (25
mL/min).

The gas products were detected in real time by gas chromatography
(GC, 7890 Agilent) every 12 min. The liquid products were collected
after the electrolysis reaction proceeded for 2 h. 0.4 mL electrolyte was
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tested by 'H NMR spectroscopy (Bruker Avance NEO 600), and 0.1 mL
dimethyl sulfoxide (DMSO) was used as the internal standard. All elec-
trochemical measurements were conducted on an electrochemical
workstation (Ivium IviumStat, Netherlands). All potentials were con-
verted into reversible hydrogen electrodes (RHE): Eryg = Eng/Hgo +
0.098 + 0.059 x pH.

3. Results and discussion
3.1. Catalyst characterization

The carbon-supported Cu@Cu,0-T (T = 300, 400, and 500 °C) cat-
alysts were synthesized by annealing the PVP-modified Cu-BTC. First,
Cu-BTC was prepared by hydrothermal method. Then, the PVP-modified
Cu-BTC was calcined at various temperatures in an air atmosphere.
During the pyrolysis process, the surface groups of the Cu-BTC MOF
decomposed to form Cu@Cu,0 species.

The morphologies of the catalysts were characterized by scanning
electron microscopy (SEM). As shown in Fig. 1, the precursor Cu-BTC
has a well-defined octahedral morphology with an average diameter
of 700 nm. PVP regulates the size of Cu-BTC in the hydrothermal reac-
tion, which is the key to obtaining uniform octahedral Cu-BTC nano-
particles [27]. After calcination under air, a new type of Cu@Cu0
electrocatalyst coated with a nitrogen-doped carbon shell was synthe-
sized. After pyrolysis, the Cu@Cu0 samples still show the original
octahedral morphology, but their surface is now rough and porous. The
average particle diameter of the Cu@Cu20 samples is also reduced to
400-500 nm. This can be attributed to the collapse of Cu-BTC during the
pyrolysis process.

To verify the Cu and CuyO heterostructure, TEM and HRTEM were
used to characterize the morphology of the interface. As shown in Fig. 2
(a-c), the TEM images of the Cu@Cu20-400 °C catalyst exhibit a clear
Cu@Cu0/NC core-shell structure. The average diameter of the syn-
thesized Cu@Cuy0 nanoparticles is 120 nm. The selected area electron
diffraction (SAED) pattern demonstrates the polycrystalline structure of
the synthesized Cu@Cuy0-400 °C. The HRTEM images shown in Fig. 2
(d-f) also confirm the presence of a distinct heterogeneous interface in

-
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Cu@Cuy0-400 °C. In addition, the HRTEM image shown in Fig. 2(d)
explicitly shows the existence of the core-shell structure. The surface
porous carbon shell inhibits the aggregation of nanoparticles and can
promote the adsorption of CO3 by lowering the energy barrier of the COy
reduction reaction. Fig. 2(e) and 2(f) show a lattice spacing of 0.209 nm
that corresponds to the (111) crystalline plane of metallic Cu and a
lattice spacing of 0.246 nm that corresponds to the (111) crystalline
plane of Cuy0O, respectively. These results prove the formation of the
Cu@Cuy0 heterostructure. HAADF-STEM and corresponding energy-
dispersive X-ray spectra (EDS) elemental mapping images (Fig. 2(g))
were used to analyze the elemental distribution of the sample. The EDS
results indicate that Cu, C, N, and O are homogeneously distributed in
the Cu@Cu0-400 °C nanoparticles.

X-ray diffraction (XRD) was conducted to further confirm the exis-
tence of the Cu and CuyO crystal phases. Fig. 3(a) displays the XRD
patterns of Cu-BTC and Cu@Cu20-400 °C. The peaks observed at 20 =
29.6°, 36.5°, 42.4°, 61.5°, and 73.7° correspond to the (110), (111),
(200), (220), and (311) crystal planes of CupO (PDF#65-3288). In
addition, the peaks at 20 = 43.3°, 50.5°, and 74.2° correspond to the
(110), (200), and (220) planes of Cu, respectively (PDF#65-9026).
Fig. 3(b) shows the XRD patterns of the Cu@Cuy0 samples calcined at
different temperatures. These Cu@CuO composites exhibit similar
crystal phases, but as the calcination temperature increases from 300 to
500 °C, the characteristic peaks of Cu become significantly more intense.
These XRD results indicate that increasing the calcination temperature is
conducive to the crystallization of copper [28].

The pore size and BET specific surface area of the catalysts were
investigated by Ny adsorption—desorption isotherms. As shown in Fig. 4,
the BET specific surface areas of the original Cu-BTC and the Cu@Cuz0
samples calcined at 300, 400, and 500 °C are 1086, 30.7, 71.4, and
105.6 m?/g, respectively. Moreover, the average pore diameters of Cu-
BTC and the Cu@CuyO samples calcined at 300, 400, and 500 °C are
3.41,16.85,12.0, and 11.9 nm, respectively. This indicates that a higher
degree of mesoporosity is achieved at higher carbonization tempera-
tures. The BET surface areas of the Cu@Cuy0 samples are much smaller
than those of Cu-BTC, although surface area increases with increasing
calcination temperature. This may be due to the destruction of the Cu-

Fig. 1. SEM images of (a) Cu-BTC and Cu@Cu,O electrocatalysts derived from Cu-BTC pyrolysis at (b) 300 °C, (c) 400 °C, and (d) 500 °C.
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Fig. 2. (a-f) TEM and HRTEM images of Cu@Cu,0-400 °C. (g) HAADF-STEM image and EDS elemental mapping images of Cu@Cu30-400 °C.

BTC structure during the calcination process, resulting in a large number
of blocked or broken pores [29].

FT-IR and Raman spectra were used to analyze the surface functional
groups of the catalysts. As shown in Fig. 5(a), the FT-IR pattern of Cu-
BTC is consistent with those of a previous report [30]. The FT-IR
peaks at 760 and 730 cm™! correspond to the bending vibrations of
the C-H bond [31]. The peaks located at 1630/1560 cm™* and 1444/
1371 em ™! are attributed to the asymmetric and symmetric contraction
vibration peaks of the carboxylic group (-COO~) [30]. After calcining
Cu-BTC, the original characteristic peaks at 1200-1700 cm ™' almost
completely disappear. A new broad peak located at about 1620 cm™!
appears, corresponding to the C = C bonds of graphitic domains.
Another peak at 600 cm ! is attributed to the Cu-O bond of Cuy0 [32].
Fig. 5(b) shows the Raman spectra of Cu-BTC and Cu@Cu20-400 °C. The
peaks at 1336 and 1588 cm ™! in the Raman spectra represent the D-band
and G-band of graphite. In general, the relative strength of the D-band
reflects the disorder degree of the crystal structure, and that of the G-
band indicates the sp? bond structure of carbon. The ratio of these two
peaks (Ip/Ig) is positively correlated with the presence of carbon defects
[33]. The Ip/Ig value of Cu@Cuz0-400 °C is 0.95, higher than the 0.67
Ip/Ig value of Cu-BTC. This indicates that the calcined catalyst has more
surface carbon defects. It has been reported that surface defects are
beneficial for the electrocatalytic reduction of CO».

XPS analysis was conducted to further confirm the composition and
chemical state of the surface elements of the Cu@Cuy0 samples after
different calcination temperatures. The wide-scan XPS spectrum of
Cu@Cu20-400 °C shows that Cu, C, N, and O are uniformly distributed
on the catalyst surface, consistent with the EDS results (Fig. 2(g)). As
shown in Fig. 6(a), the high-resolution XPS Cu 2p spectra show two main
peaks, the Cu 2ps,, peak located at 932.3 eV and the Cu 2p;,, peak

located at 952.5 eV. The binding energies of these two main peaks
indicate that they can be assigned to Cu™ or Cu® species [34]. Two weak
satellite peaks are also observed at 943.5 eV and 962 eV, indicating the
existence of CuO. This might be due to the oxidation of some of the Cu,O
to CuO during calcination in air [35]. To characterize the Cu® and Cu™,
the Cu LMM X-ray-induced Auger peaks were also measured. As shown
in Fig. 6(b), the fitted peaks at 570.2 eV and 572.5 eV are the charac-
teristic peaks of Cu® and Cu®, while the other two peaks are the tran-
sition state peaks of the Cu LMN spectra [36]. As shown in Table S1, the
total copper content of the catalysts did not significantly change with
increasing calcination temperature. However, the composition of Cu
oxidation states did change with different calcination temperatures. The
Cu ratio significantly increased, while the Cu™ ratio was the highest in
the Cu@Cuy0-400 °C sample. This is potentially because Cu is oxidized
to CupO in air under high-temperature calcination. However, with
increasing calcination temperature, CuyO easily oxidizes to CuO. [35].
Therefore, 400 °C is the optimal calcination temperature for achieving
the highest level of Cu*. Cu' has a strong adsorption effect on CO* and
can promote the formation of the intermediate product CHO*, which is
beneficial for electrocatalytically reducing CO, to CH3OH. Previous
studies have also confirmed that the synergistic effect of Cu® and Cu™
can effectively promote the production of alcohols.

The O 1 s XPS spectra (Fig. 6(c)) show three fitted peaks. The peak
located at 530 eV is attributed to Cu-O, while the peak at 531.05 eV is
assigned to C = O. The peak at 532.8 eV is ascribed to O-H on the
catalyst surface [37]. The oxygen content of the samples calcined at
different temperatures is shown in Fig. S3. The OH peak proportion
(30.5%) of the Cu@Cuy0-400 °C catalyst is higher than that of
Cu@Cu20-300 °C (24.8%) and Cu@Cu20-500 °C (27.8%). In the CO2RR
process, OH species interact with CO* to form stable carbonyl groups,
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Fig. 3. (a) XRD patterns of Cu-BTC and Cu@Cu,0-400 °C. (b) XRD patterns of
Cu@Cu,0 electrocatalysts derived from Cu-BTC pyrolysis at 300 °C, 400 °C,
and 500 °C.

which both protect the oxygen from being protonated and occupy the
valence electrons of C to avoid the formation of C = C bonds (thus
avoiding the formation of CoHy4) [38]. The high-resolution N 1 s spectra
and nitrogen content of the Cu@Cu0 samples calcined at different
temperatures are displayed in Fig. S1 and Table S1. The N 1 s peaks can
be deconvoluted into four peaks at 398.3, 399.0, 400.3, and 401.3 eV,
which are respectively assigned to pyridinic N, pyrrolic N, graphitic N,
and oxidized N. The concentration of pyridinic N decreased from 56.5%
to 44.05% and the concentration of graphitic N increased from 5% to
16.7% with increasing calcination temperature from 300 to 500 °C. This
might be due to the decomposition of unstable pyridine N to the more
stable graphite N at high temperatures [39].

3.2. CO; electrocatalytic reduction

The Cu@Cuy0 catalysts calcined at 300, 400, and 500 °C were tested
in the electrocatalytic reduction of CO;. The CO2RR tests of the
Cu@Cuy0 catalysts were performed in a three-electrode system with
saturated 0.5 M KHCOs. Linear sweep voltammetry (LSV) plots were
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obtained to determine the current density of the samples, as shown in
Fig. 7(a). The LSV plots show that the Cu@Cu0-400 °C catalyst exhibits
the highest current density in the potential range of —0.6 to —1.0 V (vs.
RHE) compared to the Cu@Cu20-300 °C and Cu@Cu30-500 °C samples.
This indicates that Cu@Cu20-400 °C has faster electron transfer and
better performance for CORR [40]. The CO, reduction gas and liquid
products were detected by on-line GC and 'H NMR after conducting
potentiostatic electrolysis for 2 h. As shown in Fig. 7(b-d), the CO2RR
tests resulted in three products: Hy, CO, and CH30H. The FEcysoy of
Cu@Cu20-400 °C is higher than that of the other catalysts (Fig. 7(e)).
Cu@Cup0-400 °C has a high FEcyson of more than 35% from —0.6 to
—1.0 V vs. RHE, reaching a maximum FEcysoy value of 45% at —0.7 V
vs. RHE in the 0.5 M KHCOs electrolyte. In comparison, Cu@Cuz0-
300 °C exhibits a low maximum FEcy3oy value of 26.5% at —0.6 V vs.
RHE and Cu@Cu30-500 °C reaches a maximum FEcy3oy value of 40% at
—0.7 V vs. RHE. Due to the abundant mixed active sites of Cu* and Cu°,
the synthesized Cu@Cu20-400 °C was considered to be an effective and
highly selective catalyst. According to the XRD and XPS analysis, the
relative content ratio of Cu™/ Cu® changes with increasing calcination
temperature. As shown in Table S1 and Fig. S2, the cu’/cu® ratio of
Cu@Cuy0-400 °C is 0.84, which is much higher than that of Cu@Cu,0-
300 °C (0.42) and Cu@Cuy0-500 °C (0.57). Therefore, these COoRR
results indicate that the abundant Cu™ species in Cu@Cu,0-400 °C are
the catalytic active sites for the synthesis of methanol by CO2RR.

The stability of the Cu@Cu20-400 °C catalyst in the electrocatalytic
reduction of CO; to methanol was studied by chronoamperometry. As
shown in Fig. 7(f), the current density only slightly increased after
continuous reaction for 10 h, with the value of FEcy3on stable at about
42%. This excellent stability indicates that the carbon shell derived from
Cu-BTC protects the Cu’/Cu® heterostructure and ensures the high ef-
ficiency of this catalyst during electrocatalytic reduction.

To investigate the intrinsic activity of the Cu@Cu3O catalysts for the
effective reduction of COo, their electrochemically active surface areas
(ECSAs) were calculated by measuring the CV curves of different sweep
rates based on the double-layer capacitance (Cq;) theory. As shown in
Fig. S4 and Fig. 8(a), the catalyst was scanned at different scanning
speeds (20 mV-100 mV/s) in the voltage range of —0.3 ~ -0.1 V (vs.
RHE). Referring to the CV curves in Fig. S4, the corresponding current
density difference Aj at —0.2 V (vs. RHE) was selected to draw the curve,
and the slope is calculated to obtain Cg. The Cq; of Cu@Cu20-400 °C
(11.65 mF cm™2) is much higher than that of Cu@Cu30-300 °C (7.69 mF
em™2) and Cu@Cuy0-500 °C (4.23 mF em™2). This shows that
Cu@Cuy0-400 °C has the largest ECSA of these samples, exposing more
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active sites for the electrocatalytic reduction of COy [41]. Electro-
chemical impedance spectroscopy (EIS) can also be used to further study
the CO2RR reaction kinetics of these catalysts. The Nyquist plots of the
three calcined catalysts are shown in Fig. 8(b). The semicircle diameter
in the Nyquist plots represents the charge transfer resistance (Rcy) in the
reaction process. The R of Cu@Cup0-400 °C (1.3 Q) is significantly
lower than the corresponding R values of Cu@Cu30-300 °C (5.5 Q) and
Cu@Cuy0-300 °C (10.8 Q). These Nyquist plot results indicate that
Cu@Cu0-400 °C exhibits faster mass transfer and surface electron
transfer behavior during CO2RR. This further promotes the activity of
the electrocatalytic reaction and accelerates the reaction kinetics. To
further verify the the redox peaks of electrochemical CO; reduction to
methanol, cyclic voltammetry (CV) tests were performed using a three-
electrode cell, as shown in Fig. S6. The first reduction peak is observed at
—0.2V, which is attributed to a peak from the reduction of CO3 to CO. In
addition, a new reduction peak is observed at —0.5 V, which is attributed
to hydrogenation reduction of CO2 to methanol.

In-situ ATR-IR measurements were carried out to detect the in-
termediates generated during COoRR. As illustrated in Fig. 9 (a-b), in-
situ ATR-FTIR spectra of the Cu@Cu0-400 °C catalyst were collected
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trochemical reduction.
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from —0.6 to —0.9 V vs. RHE, and each spectrum was acquired after 32
continuous scans. As can be seen, the characteristic band located at
2350 cm™! is ascribed to the adsorption of COy [42]. The catalyst ex-
hibits the highest CO peak intensity at —0.7 V vs. RHE, consistent with
the CO,RR experimental results. The peak located at 1690 cm™' is
potentially the characteristic peak of HCO3* [43]. Two new character-
istic peaks located at 1390 and 2065 cm ™! can also be observed, and
these are attributed to COOH* and CO* groups [44,45]. Moreover, both
peak intensities gradually increase with increasing potential from —0.6
V to —0.9 V due to the constant consumption of CO2 during the elec-
trocatalytic reaction. Most importantly, a new band at about 1750 cm ™!
is ascribed to the presence of CHO*, a key intermediate for the elec-
trocatalytic reduction of CO, to methanol [46]. And as the potential
increased over Cu@Cuy0-400 °C catalyst (Fig. 9b), the intensity of the
intermediate (CHO*) rose and that of 1690 cm ™! (HCO3*) decreased.
Hence, we deduced that the KHCO3 adsorbed on the surface would be
balanced with the CO5 molecules, and then CO5 was converted to CHO*.
These in-situ ATR-FTIR spectra show that the most likely reduction path
of CO5 to methanol is as follows:

Path 1: COy + H" 4+ e — COOH*
Path 2: COOH* + H' + e — CO* + H,0
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Path 3: CO* + H" + ¢ — CHO*
Path 4: CHO* + H' + ¢ — CH,0*
Path 5: CH,0* + HT + e — CH30*
Path 6: CH30* + H' + e — CH30H

where the asterisk represents the catalytic active site. This reaction
path is graphically shown in Scheme 1. In conclusion, these in-situ ATR-
IR measurements provide experimental evidence for the reaction
mechanism of CO, reduction to methanol.

In this paper, the Cu/Cuz0 interface had a moderate CO* binding
energy and stronger adsorption strength for H* compared to the original
Cuy0 surface, effectively enhancing the CH3OH production from CO,
reduction. Specifically, the surface OH groups of the Cu@Cu,0-400 °C
catalyst is rich, and OH groups are easier to adsorb H*. In addition, H*
can not only bind to Cu™ but also to Cu’, leading to a more stable
adsorption [22]. Furthermore, some studies proved that the CO*
adsorbed on CupO is much stronger and reduces the CO* binding
strength on Cu/Cuy0 [22,47]. This work has provided a new method for
the design of copper-based catalysts for high-efficiency, low-cost, and
stable CH3OH generation.
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4. Conclusion

In summary, a novel Cu@CuyO electrocatalyst was successfully
developed for the electrochemical reduction of CO3 to methanol through
a Cu-BTC calcination strategy. The obtained Cu@Cuz0 catalyst effec-
tively enhanced the adsorption of CO2 and promoted the formation of
CH30H due to the synergistic effect between Cu® and Cu™ on its surface.
In particular, the optimal Cu@Cuz0-400 °C catalyst demonstrated a
high FEcyson value of 45% at —0.7 V vs. RHE. HAADF-STEM, XPS, and
XRD results demonstrated the uniform dispersion of Cu and Cuz0 crystal
phases in the catalyst. The Cu/CupO interface had a moderate CO*
binding energy and stronger adsorption strength for H*, effectively
improving the alcohol product selectivity. In addition, in-situ ATR-IR
measurements confirmed the existence of the intermediate products
CO*, COOH*, and CHO* and provided experimental evidence of the
potential reaction mechanism. This work provides an attractive method
for the design of highly efficient heterogeneous catalysts for the selective
electroreduction of COs.
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