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ABSTRACT

Electrocatalytic CO, reduction reaction (ECO,RR) converts CO, to high-value chemical products and promotes the carbon cycle.
Sulfur (S)-modified copper (Cu) and bismuth (Bi)-based catalysts have been recognized as promising catalysts for ECO,RR.
Both of them are highly active for selective formate generation, however, their poor stability and severe competing hydrogen
evolution reaction (HER) remain challenging. Herein, S-doped Cu coated with Bi (Bi/Cu-S) is developed to improve ECO,RR
selectivity to formate. Bi/Cu-S/brass mesh (BM) electrode material for ECO,RR was prepared by electrodepositing Bi on the
surface of Cu-S/BM nanowires obtained from CuS/BM after the electroreduction. The Faradaic efficiency (FE) of the formate
reaches the maximum of 94.3% at -0.9 V vs. reversible hydrogen electrode (RHE) with a partial current density as high as
-50.7 mA-cm™ and a yield of 30.7 mmol-h"-cm™ under 0.5 M KHCO; electrolyte. Meanwhile, the FE of formate is higher than
90% in the voltage range of -0.8 to -1.0 V vs. RHE. It also shows good stability at —0.9 V vs. RHE with the FE of formate
remaining above 93% after a 10 h reaction. Density functional theory (DFT) calculations demonstrate that the Bi/Cu-S structure
promotes the adsorption of CO, and effectively inhibits HER by enhancing the adsorption of *H to a great extent, improving the
selective conversion of CO, to formate. This work deepens the understanding of the mechanism of Cu-Bi-based catalysts and S-

modified Cu-based catalysts in selective ECO,RR to formate, and also provides a new strategy for catalyst design.
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1 Introduction

Long-term fossil fuel consumption leads to excessive CO,
emissions, resulting in severe environmental problems around the
world. Therefore, achieving carbon emission reduction targets is a
considerable challenge for all countries [1-4]. The research on
electrocatalytic CO, reduction reaction (ECO,RR) is extensive for
its superior transformation ability of CO, to value-added products
such as CO, HCOOH, CH,, C,H;OH, and C,H, [5-10]. ECO,RR
coupled with renewable electricity is clean, mild and controllable,
which is also a promising method to close the carbon loop [11].
Formic acid as a main product of ECO,RR is a raw material in
biopharmaceutical, agricultural, textile, and rubber industries, and
is also a high-energy-density molecule applied in formic acid fuel
cells [12—-14]. Different metal electrocatalysts such as Cd, In, Sn,
Hg, and Bi have been widely investigated for ECO,RR to
selectively obtain formate [15-19]. Among them, Bi-based
catalysts have received much attention for their low toxicity, low
cost, and high H, evolution potential for hydrogen evolution
reaction (HER) [20]. However, its high overpotential for ECO,RR
to formate and poor electronic conductivity hinder the
electrocatalytic performance for selective generation of formate
[21]. In addition, Bi metal is fragile, so coating Bi on other metal
substrates is beneficial to enhance the stability of the catalyst [21].
Meanwhile, the introduction of a second metal modulates the
electronic structure of the catalyst thus enhancing the activity,

selectivity, and stability for ECO,RR. Thus, Cu as a catalyst for
ECO,RR exhibiting tunable selectivity and high electronic
conductivity is introduced into Bi to form bimetallic Bi-Cu
materials, which show good activity for ECO,RR to formate. It has
been reported that incorporating Cu into Bi nanocrystals
modulates the local electronic environment of Bi atoms, changing
the formation path of HCOOH from *COOH to *OCHO
intermediate, and suppressing the formation of by-products CO
and H,. It has exhibited the highest Faradaic efficiency (FE) for
formate of 90.9% at —1.2 V vs. reversible hydrogen electrode
(RHE) [22]. Electron-rich Bi nanosheet obtained by growing Bi on
Cu nanodendrite has been used in ECO,RR. The electron-rich Bi
facilitates the formation of CO,~ and enhances the adsorption of
*OCHO intermediate, thus obtaining better selectivity of formate.
It has been revealed that the highest FE for formate of 92.5% at
—1.0 V vs. RHE is achieved [19].

Furthermore, S-modified Cu catalysts have inherent activity for
ECO,RR to selectively generate formate. S-doped Cu catalyst has
been reported to show FE for formate of 75% at —0.9 V vs. RHE
[23]. The experiment confirms that doping S inhibits the
formation of *CO intermediate and changes the adsorption
strength of intermediate HCOO*, which promotes the formation
of formate and inhibits the formation of *COOH and *CO, thus
improving the formate selectivity. Based on our previous study on
CuS nanosheets/brass mesh (BM) catalyst applied in ECO,RR,
CuS/BM is reduced during the electroreduction process, and is
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transformed to S-doped Cu nanowires/BM where S is beneath the
surface Cu’ layer during the initial reaction process [24].
Compared with Cu, the presence of S lowers the adsorption
strength of *OCHO and *COOH, promoting the formation of
formate. CuS/BM shows an FE of 70% for formate at —0.7 V vs.
RHE. However, the reduction of CuS during ECO,RR results in a
low total FE of less than 100%, and the oxidation of surface Cu
decreases its reusability. Therefore, it is important for S-modified
Cu-based catalysts to improve product selectivity while
maintaining catalyst stability in ECO,RR.

Considering the synergistic effect of bimetallic Bi-Cu and the
effect of S for improving the activity for ECO,RR, we
electrodeposited Bi on the surface of Cu-S/BM nanowires
prepared by electroreduction of CuS/BM to form Bi/Cu-S/BM
electrode materials for ECO,RR, in order to obtain high formate
selectivity with good stability. The presence of Cu-S improves the
electron transmission rate of the catalyst, meanwhile, the Bi-coated
Cu-S structure protects the stable presence of S and prevents the
air oxidation of Cu. The unique structure also improves selective
formate production through electronic structure regulation. The
adsorption strength of reaction intermediates for HCOOH, CO,
and H, products and the Gibbs free energy of HCOOH, CO, and
H, generation on the surfaces of Bi/Cu-S, Bi/Cu, and Bi atomic
models were analyzed by density functional theory (DFT)
calculations.

2 Experimental

2.1 Chemicals and materials

KHCO; (Aladdin Ltd.), Na,S9H,0 (Macklin), S powder (Alfa
Aesar), NaOH (Macklin), hydrochloric acid (Beijing Chemical
Works), C,H;OH (Beijing Chemical Works), Bi(NO;);:5H,0
(Aladdin Ltd.), and Na;C¢Hs;0,2H,0 (Beijing Chemical Works)
are all analytical reagents. Brass mesh (200 mesh) was provided by
Daoguan Rubber & Plastic Hardware, Inc. Shanghai.

2.2 Synthesis of Bi/Cu-S/BM and Bi/BM

CuS/BM nanosheet arrays were prepared by the chemical bath
deposition method. Na,S-9H,0 (0.10 mol-L?), S (0.10 mol-L™"),
and NaOH (0.10 mol-L™") were dissolved in deionized water with
continuous aeration of N, and stirring to form polysulfide
solution. The BM (3 cm x 4 cm, 200 mesh) was cleaned by
ultrasonic treatment in dilute hydrochloric acid, deionized water,
and anhydrous ethanol, respectively. It was placed in polysulfide
solution (50 mL) in a thermostat water bath kept at 30 °C for 24 h.
Then, it was washed with deionized water and dried.

To obtain Cu-S/BM and Bi/Cu-S/BM, a cathodic
transformation was carried out by a chronopotentiometry method
with a three-electrode system using an electrochemical
workstation (CHI660E, CH Instruments Inc., Shanghai). Cu-
S/BM was prepared by the electroreduction of CuS/BM. The
prepared CuS/BM (2 cm X 3 cm), graphite rod and Ag/AgCl
electrode (3 molL"' KCl) worked as working, counter, and
reference electrodes, respectively. Na;CsH;0,-2H,O (0.10 mol-L™*)
was dissolved in 50 mL of hydrochloric acid solution (1.20 mol-L™")
as the electrolyte. After the cathodic transformation at a constant
current of —15 mA for 6 min, the Cu-S/BM electrode was
obtained. It was washed with deionized water and stored in
deionized water to prevent surface oxidation. Then,
Bi(NO;);:5H,0 (0.05 mol-L") was dissolved in the above-
mentioned hydrochloric acid solution as the electrolyte. Cu-S/BM
(2 ecm x 3 cm), graphite rod, and Ag/AgCl electrode (3 mol-L™
KCl) worked as working, counter, and reference electrodes,
respectively. After the cathodic transformation at a constant
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current of —15 mA for 6 min, Bi was electrodeposited on the
surface of Cu-S/BM, and the electrode was labelled as Bi/Cu-
S/BM.

For comparison, Bi/BM was prepared by direct
electrodeposition of Bi on a BM (2 cm x 3 cm). Na;C;H;0,2H,0
(1.20 mol-L™") and Bi(NO,);-5H,0 (0.05 mol-L™) were dissolved in
the hydrochloric acid solution (1.20 mol-L™) as the electrolyte. BM
(2 ecm x 3 cm), graphite rod, and Ag/AgCl electrode (3 mol-L™
KCl) worked as working, counter, and reference electrodes,
respectively. After the cathodic transformation at a constant
current of —15 mA for 6 min, Bi/BM was obtained.

2.3 Characterization

X-ray diffraction (XRD) was characterized by Bruker D8A25 (Cu
target, ceramic X-ray tube, 2.2 kW) with a scanning speed of
10°min™". Raman spectrometer LabRAM Aramis with a He-Ne
laser wavelength of 532 nm was used. X-ray photoelectron
spectroscopy (XPS) measurements were performed on an axis
supra X-ray photoelectron spectrometer (Al Ko radiation, 2 x
10 Pa). The morphology of the sample was observed by scanning
electron microscopy (SEM, Zeiss SUPRA 55) equipped with an
INCA Energy 350 ADD energy dispersive spectrometer (EDS).
High-resolution transmission electron microscopy (HRTEM, JEM-
2010) at a voltage of 200 kV was used to determine the crystal
structure. An inductively coupled plasma optical emission
spectrometer (ICP-OES, ICP-6300, Thermo Fisher Scientific,
USA) was used to measure the element contents of the samples.

24 Electrochemical reduction of CO, and product
analyses

The electrochemical properties were tested by an electrochemical
workstation (CHI 660E). A gas-tight H-type electrolytic cell and
the three-electrode system were used. 30 mL electrolyte
(0.5 molL* KHCO;) was poured into cathodic and anodic
compartments, respectively, which were separated by a cation
exchange membrane (Nafion 115, DuPont). Bi/Cu-S/BM or
Bi/BM (1 cm x 1 cm), Ag/AgCl electrode (in 3 mol-L* KCI
solution), and graphite rod were used as working, reference and
counter electrodes, respectively. All potentials mentioned were
relative to the RHE, which is converted to the potential relative to
the Ag/AgCl electrode by Eq. (1) as follows

E(V vs. RHE) = E(V vs. Ag/AgCl) +0.21 V +0.0592 x pH (1)

All potentials are not IR-corrected. Linear sweep voltammetry
(LSV) was carried out at a scan rate of 5 mV-s™. Ar (99.999%) or
CO, gas (99.999%) was continuously flowed through in the
electrolyte at a flow rate of 20 mL-min™. The pH values of Ar-
saturated and CO,-saturated electrolytes were 8.3 and 7.2,
respectively. The electrochemical double-layer capacitance (Cy)
was obtained by CV curves at non-Faradic region. Electrochemical
impedance spectra (EIS) were recorded over a frequency of
0.01 Hz to 10 kHz. The gas products were analyzed online every
30 min by gas chromatography (Agilent 8890) equipped with HP-
PLOT ALO; S, 5A molecular sieve, and HayesepQ columns. The
liquid products were analyzed after chronoamperometry of
90 min by high-performance liquid chromatography (Agilent
1260) equipped with an Agilent Hi-Plex H column and ultraviolet
spectrophotometric detector. The eluent was the H,SO, solution
(5 mmolL") with the flow rate of 0.6 mL-min’ and the
temperature of 65 °C.

The FE was calculated by Eq. (2), where # is the mole number
of the product; z is the electron transfer number of one molecule
product; Fis the Faraday constant, and Q is the total charge
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FE (%) = znF/Q (2)

2.5 Computational details

All DFT calculations were performed by Generalized gradient
approximation (GGA) with a Perdew-Burke-Ernzerhof (PBE)
using the Cambridge Sequential Total Energy Package (CASTEP)
of Materials Studio. The detailed computational information is
displayed in Text S1 in the Electronic Supplementary Material
(ESM).

3 Results and discussion

3.1 Synthesis and structure of the catalysts

As shown in Fig. 1(a), Bi/Cu-S/BM is synthesized by the
electrodeposition of Bi on the surface of Cu-S/BM, which is
electrochemically reduced from CuS/BM. Raman peaks of
CuS/BM in Fig. 1(b) at about 126.9, 264.5, and 474.3 cm™ match
closely with the reported Raman spectrum of CuS crystal at 137.3,
261.9, and 471.0 cm™, respectively [25]. Among these peaks, the
peak at 474.3 cm™ is assigned to the symmetric stretching
vibration of the S-S bond, according to the S, groups of crystal
structure of CuS [26, 27]. The vibration at 126.9 and 264.5 cm™ is
attributed to the weak Cu-S stretching bonds [28]. For Cu-S/BM,
the disappearance of the CuS signals in its Raman spectrum
indicates that the surface of CuS is electrochemical reduced to Cu.
The XRD spectra of CuS/BM and Cu-S/BM in Fig. 1(c) show that
the diffraction peaks at 42.3°, 49.2° and 72.4° correspond to the
standard diffraction peaks of CuygZng s (PDF#06-0464) for the
brass. The peaks at 29.3° 32.9° 47.9°, and 52.7° in CuS/BM are
ascribed to CuS (PDF#06-0464), and these peaks disappear in the
XRD spectrum of Cu-S/BM, indicating that CuS is
electrochemical reduced, which is consistent with the Raman
result. The loading amount of CuS of CuS/BM is ~ 0.54 mg-cm?,
which is calculated by the mass difference value before and after
the synthesis of CuS/BM. The diffraction peaks of Bi/Cu-S/BM
and Bi/BM at 27.2°, 38.0° 39.6°, 48.7°, and 56.0° match well with
the (012), (104), (110), (202), and (024) planes of Bi (PDF#44-
1246) respectively, where the diffraction peak at 56.0° is shifted
compared to the standard peak of (024) plane at 55.6° due to the
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interaction between Bi and Cu. The Raman and XRD results
indicate the successful synthesis of Bi/Cu-S/BM. In addition, the
loading of Bi (~ 3.81 mg-cm?) and S (~ 0.04 mg-cm™) in Bi/Cu-
S/BM were further confirmed by ICP-OES.

The morphologies of CuS/BM, Cu-S/BM, and Bi/Cu-S/BM are
shown in SEM images. As displayed in Figs. 2(a)-2(i), CuS/BM
nanosheets with the diameter of ~ 1 pum are transformed into
nanowires when it is reduced to Cu-S/BM. For Bi/Cu-S/BM, Bi
particles are uniformly electrodeposited onto the surface of Cu-
S/BM.

The surface structures of Cu-S/BM and Bi/Cu-S/BM were
further analyzed by HRTEM. As shown in Fig. 3(a), most of the
Cu-S/BM surface is Cu(111) plane with the lattice spacing of
0.20 nm, leaving a small area of CuS(102) plane with the lattice
spacing of 0.30 nm, and the lattice spacing of 0.25 nm is ascribed
to Cu,0O(111) [29-31]. Although the samples were kept in an N,
atmosphere before the characterization of HRTEM, the Cu-S/BM
sample is inevitably exposed to air before the characterization
leading to the oxidation of Cu. The elemental distribution of Cu-
S/BM is shown in Fig. 3(b), indicating that Cu and a small amount
of S are uniformly distributed in the sample, and the EDS results
indicate that S content is 5.2% (Table S1 and Fig. S1 in the ESM).
As shown in Fig. 3(c), the HRTEM image of Bi/Cu-S/BM shows
that the surface is Bi(012) plane with a lattice spacing of 0.33 nm
[32]. The elemental mappings in Fig. 3(d) and Fig. S2 in the ESM
indicate that Bi, Cu, and a small amount of S elements are
uniformly distributed in the sample, and the EDS results show
that S content is 4.3% (Table S2 and Fig. S3 in the ESM). The
HRTEM characterization further confirms that Bi/Cu-S/BM is
successfully synthesized.

XPS analysis was carried out to further investigate the surface
atomic composition and valence state of CuS/BM, Cu-S/BM, and
Bi/Cu-S/BM. As shown in Fig.4(a), Cu 2p XPS of CuS/BM is
deconvoluted into the couple peaks. Peaks at 932.3 and 952.1 eV
ascribe to 2p;, and 2p,, orbital peaks of Cu* or Cu’, the peaks at
9342 and 9542 eV ascribe to Cu*, and peaks at 9429 and
962.8 eV ascribe to the satellite peaks of Cu** [21, 24]. Meanwhile,
Fig. 4(b) shows the S 2p XPS of CuS/BM. Peaks at 161.6 and
162.8 €V are attributed to the 2p;, and 2p,,, of S corresponding
to the Cu-S bond. Peaks at 163.4 and 164.6 eV are attributed to
2ps, and 2p,, orbital peaks of the S, unit in CuS [8]. The Cu 2p, S

CuS/BM Bi/Cu-S/BM
(b) © T — Cug 64Zny 56 PDF#50-1333
Bi PDF#44-1246
- —_ | —— CuS PDF#06-0464
3 8 Lol | _
LA Cu-SIBM 5 l MA Bi/BM
% = | " BilCu-SIBM
3 = H‘ N AT Ty
o @ I
o = Ak
— L Cu-s/BM|
e — L gusmm
100 200 300 400 500 600 700 800 10 20 30 40 50 60 70 80
Raman shift (cm™) 26 (°)

Figure1 (a) Schematic illustration for the fabrication of Bi/Cu-S/BM. (b) Raman spectra of CuS/BM and Cu-S/BM. (c) XRD patterns of CuS/BM, Cu-S/BM, Bi/Cu-

S/BM, and Bi/BM.
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Cu,0(111)

_ Cu(111) 3/(

0.33 nm Bi(012)

2p, and Bi 4f spectra of Cu-S/BM and Bi/Cu-S/BM are shown in
Figs. 4(c) and 4(d), respectively. The Cu 2p and S 2p spectra of Cu-
S/BM indicate that Cu exists mainly as Cu’. Peaks at 931.9 and
951.7 eV correspond to 2ps;, and 2p,,, of Cu’, demonstrating the
surface CuS/BM is reduced to Cu’ [8, 24]. For Bi/Cu-S/BM, after
the electrodeposition of Bi on Cu-S/BM, a positive shift of Cu 2p
is observed for Cu’, indicating that Cu transfers electrons to Bi. Cu
LMM Auger electron spectroscopy in Fig. S4 in the ESM further

Figure 3 HRTEM images and elemental mappings of ((a) and (b)) Cu-S/BM and ((c) and (d)) Bi/Cu-S/BM, respectively.

3647

clarifies the state of Cu element of CuS/BM, Cu-S/BM, and Bi/Cu-
S/BM. The peaks at 568.0, 569.1, and 569.9 eV are attributed to
Cu’, Cu*, and Cu", respectively [33]. The results demonstrate the
production of positively charged metallic Cu* species (0 < § < 1)
due to the lower electron concentration of Cu atoms on the Bi/Cu-
S/BM surface compared to Cu-S/BM, which are consistent with
the results of Cu 2p analysis [34, 35]. Bi 4f spectrum shows that
peaks at 159.0 and 162.4 eV are ascribed to Bi 4f;, and 4f;), of Bi**

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure4 XPS analyses of ((a) and (b)) CuS/BM and ((c) and (d)) Cu-S/BM and Bi/Cu-S/BM.

for Bi,Os, which is due to the oxidation of Bi in the air, and peaks
at 157.1 and 162.4 eV correspond to Bi’ [36]. XPS results indicate
that Bi is successfully deposited on Cu-S/BM and interacts with
Cu obtaining more electrons.

3.2 The performance of ECO,RR

Figure 5(a) shows the LSV curves of Bi/Cu-S/BM and Bi/BM in
Ar and CO, saturated 0.5 M KHCO; electrolyte, respectively. The
results indicate that Bi/Cu-S/BM has a lower onset potential than
Bi/BM in CO,-saturated electrolytes and the total current density
is higher than that of Bi/BM over the potential range of —0.4 to
—1.2 V. Meanwhile, the LSV curves of Bi/Cu-S/BM and Bi/BM
almost overlapped in the Ar-saturated electrolyte, indicating that
Bi/Cu-S/BM has the superior activity of ECO,RR than that of
Bi/BM. The chronoamperometry i—t curves of Bi/Cu-S/BM in Fig.
5(b) show that the current density becomes the higher with the
potential increasing. Meanwhile, it decreases with the time
increasing at —1.2 V, because the large current density causes the
catalyst structure to be destroyed and the catalyst is partially
dropped. When the potential is lower than 1.2 V, the current
density remains stable. As shown in Fig. 5(c), the products of
ECO,RR using Bi/Cu-S/BM as the electrocatalyst are HCOO,
CO, and H,. The FEs of the main product HCOO" are higher than
90% over —0.8 to —1.0 V, reaching the maximum of 94.3% at
-0.9 V. Meanwhile, the partial current density of HCOO" is
—-50.7 mA-cm™ and the yield of HCOO" is 30.7 mmolh™.cm™ at
—0.9 V. The FEs of CO are all lower than 1.5% at different
potentials, which can be negligible. Figure 5(d) displays that the
yield of formate reaches the maximum of 63.9 mmolh™-cm™ at
—-1.1 V. Figure 5(e) shows the stability test of Bi/Cu-S/BM at
-0.9 V for 10 h, indicating that the current density remains stable
at about —53.4 mA-cm?, and the FE of HCOO" also remains stable
above 93% after 10 h.

The performance of ECO,RR for Bi/Cu-S/BM in this work is
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compared with the performance of Bi-based and S-modified Cu-
based catalysts reported in previous literature [8,19,22-24,
37-50]. As shown in Table S3 in the ESM, Bi/Cu-S/BM achieves
the FEg, . higher than 90% at a relatively low potential of -0.8 V,
which is better than all Cu-S-based catalysts. At —0.9 V, it achieves
the FEg . higher than 94%, a large local current density of
—50.7 mA-cm™ and a high yield of 30,741.3 umol-h™-cm™, which is
better than the performance of most Bi-based catalysts.

To analyze the effect of Cu-S of Bi/Cu-S/BM on the
performance, Bi/BM was used as a comparison sample to analyze
its products, and the results are shown in Fig. S5 in the ESM. The
chronoamperometry i—t curves in Fig. S5(a) in the ESM show that
the current densities of Bi/BM decrease rapidly with increasing
reaction time at —1.1 and —1.2 V, indicating that Bi/BM is unstable
at high current densities. At the same current density of
—120 mA-cm?, the current density of Bi/Cu-S/BM changes less in
the same reaction time, indicating that Bi/BM is more easily
destroyed than Bi/Cu-S/BM. As shown in Fig. S5(b) in the ESM,
the products of ECO,RR using Bi/BM as the electrocatalyst are
HCOO:, CO, and H,. The FEs of the main product HCOO- are
higher than 85% at —0.9 to —1.1 V, reaching the maximum of
89.5% at —0.9 V. The partial current density of HCOO" is
—40.1 mA-cm™ and the yield of HCOO" is 21.8 mmol-h™-cm™ The
FEs of the CO are lower than 1.4%, which can be negligible
compared with HCOO. Figure S5(c) in the ESM displays that the
yield of formate reaches the maximum of 52.9 mmolh™-cm™ at
—1.2 V. In summary, compared with Bi/BM, Bi/Cu-S/BM exhibits
the higher formate selectivity and yield at lower potentials, while
generating less H, as a by-product.

In addition, the electrochemical active surface area (ECSA) was
estimated by measuring the Cy. As shown in Figs. S6(a)-S6(c) in
the ESM, Bi/Cu-S/BM has larger Cy (3.09 mF-cm™) than that of
Bi/BM (2.20 mF-cm™), indicating that Bi/Cu-S/BM has the more
active sites for ECO,RR. In addition, as shown in Fig. S6(d) in the
ESM, the EIS results indicate that Bi/Cu-S/BM has the smaller

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure5 (a) LSV curves of Bi/BM and Bi/Cu-S/BM. (b) Chronoamperometric i~t data of Bi/Cu-S/BM at potentials over the range of —0.7 to —1.2 V. (c) FEs and (d)
yields of formate for Bi/Cu-S/BM at different applied potentials. (e) Stability test of Bi/Cu-S/BM at —0.9 V..

interfacial charge transfer resistance (R, = 2.18 Q-cm’) compared
with Bi/BM (R, = 2.55 Q-cm’), demonstrating the faster interfacial
charge transfer. The fitting equivalent circuit diagram and the
fitting parameters are shown in Fig. S6(d) and Table S4 in the
ESM, respectively.

3.3 Mechanism for the formation of HCOO-

To further investigate the mechanism of selective HCOO-
generation of ECO,RR using Bi/Cu-S/BM as the electrocatalyst,
the reaction pathways were investigated by DFT calculation.
Atomic models of Bi(012)/Cu(111)-S, Bi(012)/Cu(111), and
Bi(012) were constructed based on the structural design of Bi/Cu-
S/BM and its structural characterization, and their top and side
views are shown in Figs. 6(a)—6(c). Figures 6(d)-6(f) show the
Gibbs free energy diagrams for the generation of CO and
HCOOH from CO, on the surfaces of Bi(012)/Cu(111)-S,
Bi(012)/Cu(111), and Bi(012), respectively. All of Bi(012)/Cu(111)-
S, Bi(012)/Cu(111), and Bi(012) favour the conversion of CO, to
HCOOH rather than CO. The AG required for adsorption and
activation of CO, on the Bi(012)/Cu(111)-S and Bi(012)/Cu(111)
surfaces are both 0.29 eV, which is lower than the energy barrier
for the Bi(012) surface (AG = 0.31 eV). The formation of *CO
from *COOH on the Bi(012)/Cu(111)-S surface requires AG of
4.13 eV, which is 2.88 eV higher than that of Bi(012)/Cu(111)
(AG = 125 eV). Therefore, the presence of S inhibits the
formation of *CO from *COOH. Figure 6(g) displays the
comparison of the adsorption energies (AE) for CO,,

intermediates *COOH, *OCHO, *CO, and *H on the surfaces of
Bi(012)/Cu(111)-S, Bi(012)/Cu(111), and Bi(012). The results
show that the adsorption of CO, and all intermediates are
enhanced on the Bi(012)/Cu(111) and Bi(012)/Cu(111)-S surfaces
compared with Bi(012), and the enhanced adsorption of *COOH
facilitates their further reaction to generate *CO, which explains
that the FEs of CO using Bi/Cu-S/BM electrode (< 1.5%) in the
experimental result are slightly higher than that of Bi/BM
(< 1.4%). Among them, the enhanced adsorption of *H is much
higher than that of the other intermediates, and *H is most
strongly adsorbed on the Bi(012)/Cu(111)-S surface, which is the
reason for the suppressed HER using Bi/Cu-S/BM compared with
Bi/BM in ECO,RR. Figure 6(h) shows the Gibbs free energy of H,
formation on the surfaces of three models, indicating that the
formation of H, from *H is more difficult on the Bi(012)/Cu(111)-
S surface, which requires AG of 2.24 eV, higher than that of
Bi(012)/Cu(111) (AG = 1.85 eV) and Bi(012) (AG = 04 eV),
which is responsible for the inhibition of HER. Thus, Bi/Cu-S/BM
enhances selective formate generation by promoting the
adsorption of CO, and suppressing HER.

In addition, the structural stability of Bi/Cu-S/BM after the
chronoamperometry test for 10 h at —0.9 V was characterized by
XRD and SEM. As shown in Fig. S7(a) in the ESM, the XRD
spectra show that the structure of Bi/Cu-S/BM after the reaction is
the same as that before the reaction, without significant changes.
Figures S7(b)-S7(d) show the SEM images after the reaction. The
morphology remains uniform particles, similar to the morphology
before the reaction, and the EDS results show that the S content is
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Figure 6 Top and side views of atomic models for (a) Bi(012)/Cu(111)-S, (b) Bi(012)/Cu(111), and (c) Bi(012). Reaction Gibbs free energy diagrams of (d) Bi
(012)/Cu(111)-S, (e) Bi(012)/Cu(111), and (f) Bi(012) toward HCOOH and CO. (g) Adsorption energies of CO, *COOH, *OCHO, *CO, and *H over
Bi(012)/Cu(111)-S, Bi (012)/Cu(111), and Bi(012). (h) Reaction Gibbs free energy diagram toward H,.

4.0% (Table S5 and Fig. S8 in the ESM), which is slightly reduced
compared with the S content of 4.3% before the reaction. The
results indicate that Bi/Cu-S/BM is stable.

4 Conclusions

In this work, Bi is electrodeposited on the surface of Cu-S/BM
nanowires obtained from CuS/BM by electroreduction to form
Bi/Cu-S/BM electrode materials for ECO,RR. At —0.9 V, the FE of
HCOO" reached the highest of 94.3% with the partial current
density of —50.7 mA-cm™ and the yield of 30.7 mmolh™.cm™
Bi/Cu-S/BM also demonstrates excellent stability, with the FE of
HCOO™ remaining stable above 93% at —0.9 V following a
reaction of 10 h and the structure also remaining stable.
Theoretical calculation results show that Bi/Cu-S, Bi/Cu, and Bi
structures inhibit the formation of CO, while the Bi/Cu-S
structure promotes the adsorption of CO, and greatly enhances
the adsorption of *H, which effectively inhibits HER and thus
promotes the selective conversion of CO, to formate. The work
provides a new approach for the enhanced performance of
bimetallic Bi-Cu and S-modified Cu-based electrocatalysts for
selective formate generation in ECO,RR, deepening the
understanding of the mechanism.
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