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Bismuth (Bi)-based nanomaterials are considered as promising electrocatalysts for the electrocatalytic
CO, reduction reaction (CO,RR), but it is still challenging to achieve high current density and selectivity in
a wide potential window. Herein, Cu-decorated Bi/Bi,Os nanofoam (P-Cu-BiNF) with a 3D porous
network structure was prepared for the first time via a simple fast-reduction method. Characterizations
indicate that the introduction of Cu can significantly regulate the microstructure and electronic states of
Bi/Bi,O3. Consequently, the as-prepared P—Cu-BiNF exhibits excellent electrocatalytic performance
toward the CO,RR. Remarkably, the faradaic efficiency of formate production can exceed 90% in a wide
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density of up to 62.7 mA cm™2 at —1.18 V and long-term stability. This work provides a simple but effective
way to synthesize advanced Bi-based materials with significantly improved electrocatalytic CO,RR
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1. Introduction

Conversion of CO, into valuable fuels and chemicals through
the electrocatalytic CO, reduction reaction (CO,RR) represents
a promising way to solve the energy and environmental pro-
blems caused by the gradually rising CO, concentration in the
atmosphere (i.e. the greenhouse effect).'™ Among the various
products produced through the CO,RR, formic acid/formate is
an attractive one, not only for its favorable 2-electron thermo-
dynamic process,® but also for its high economic values in
energy and chemical manufacturing.” ™"

Substantial experimental and theoretical efforts have
revealed that Bi-,"**® Sn-,"”*® Pb-,'**° In-,*"??> and Pd-based>?
CO,RR electrocatalysts favour the production of formate in
aqueous electrolytes. In particular, the Bi-based materials stand
out, not only for their low toxicity and cost, and high
stability,">"? but also for their intrinsically unfavourable hydro-
gen evolution reaction (a competing reaction of the CO,RR),
weak adsorption energy of CO and strong stabilizing ability for
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the key OCHO* intermediate for formate generation.**?®

However, few of them can simultaneously meet the require-
ments of high current density, selectivity and stability in wide
potential windows.>® Therefore, it is urgent but challenging to
develop high-performance Bi-based electrocatalysts to achieve
the desirable formic acid/formate production.

Besides the morphology engineering strategy,”’*® the devel-
opment of multicomponent electrocatalysts is another fascinat-
ing way to achieve the target electrocatalytic performance, since
the synergistic effect between each component always brings
unexpected improvements in the electrocatalytic properties in
comparison with their single counterparts.>*>> For metal-based
CO,RR electrocatalysts, rational introduction of a secondary
element could significantly improve their activity and selectivity
via the modulation of their electronic structures. For instance,
Ren et al. reported that the introduction of Zn can modify CO
binding over the Cu sites in a CuZn bimetallic catalyst, thus
enabling much improved selectivity toward electroreduction of
CO, to ethanol.** Very recently, Shen et al. discovered that the
strong interaction between Fe and Au atoms in single-atom Fe-
incorporated Au crystals can affect the adsorption of reaction
intermediates, thus achieving much improved selectivity and
mass activity for the electrochemical CO,RR to CO.>** When
focused on Bi-based materials, Zeng, Geng and co-workers
reported that covering Bi nanoparticles with an outer Sn shell
can boost the activity and selectivity toward electroreduction of
CO, to formate.> In another study, Yang et al. attempted to
modulate the local electronic state of Bi nanocrystals through
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Cu incorporation, which would alter the pathway for formate
formation.>® However, despite numerous efforts having been
made, few of them can simultaneously regulate the microstruc-
ture and the local electronic environment of Bi in a simple way,
which would result in desirable CO,-to-formate conversion
performance.

Herein, we demonstrated that porous Cu-decorated Bi/Bi,O3
nanofoam (P-Cu-BiNF), which was prepared through a
sodium borohydride (NaBH,)-assisted fast-reduction method,
could serve as a high-performance CO,RR electrocatalyst to
trigger the conversion of CO,-to-formate. It is interesting that
the as-prepared P-Cu-BiNF features a 3D porous network
architecture composed of interconnected nanoparticles with a
uniform size of around 15-20 nm. Further characterizations
indicated that the incorporation of Cu can significantly regu-
late the micromorphology, crystallinity and local electron state
of Bi/Bi,O;. With the rational control of the introduced
amount of Cu, the as-prepared P-Cu-BiNF can deliver high
partial current density (62.7 mA ¢cm™> at —1.18 V) and long-
term stability, as well as a high faradaic efficiency (>90%) in a
wide potential range from -0.78 to —1.08 V for formate
production.

2. Experimental
2.1 Chemicals

Bi(NO;);-5H,0 (99.0%), Cu(NO;),-3H,0, (99.0%), NaBH,
(98%), KHCO; (99.5%), tert-Butanol (99.0%) and isopropanol
(99.7%) were purchased from Sinopharm Chemical Reagent
Co. Ltd (Shanghai, China). Nafion solution (5 wt%) was pur-
chased from Alfa Aesar. Dimethylsulfoxide (DMSO, 99.95%)
was purchased from Aladdin Reagent. All reagents were of
analytical grade and wused without further purification.
Deionized water was used during all experiments.

2.2 Synthesis of P-Cu-BiNF

P-Cu-BiNF was prepared as follows: the metal precursor solu-
tion containing Bi** and Cu®>' was quickly poured into a
freshly prepared NaBH, solution, and underwent vigorous stir-
ring at room temperature. Then the black product was col-
lected and washed with deionized water several times.
Afterwards, the samples were soaked in tert-butanol for 24 h
and freeze dried for 12 h in sequence. The finally obtained
samples were named as P-Cu-BiNF-x (x = 0.5, 5 or 10), where x
is the molar ratio of Bi**:Cu®" in the metal precursors.
Without specific explanation, the sample named P-Cu-BiNF
in this work represents P-Cu-BiNF-5. For comparison, the
samples P-Bi and P-Cu were prepared with a similar pro-
cedure to that of P-Cu-BiNF-x, except that Cu®>" or Bi*" was not
added, respectively.

2.3 Physical characterization

The powder X-ray diffraction (PXRD) patterns of the samples
were measured on a Rikagu Miniflex 600 Benchtop X-ray diffr-
action instrument with Cu Ko radiation. Scanning electron
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microscopy (SEM) characterization was performed on a Carl
Zeiss Sigma 300 instrument. Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) images
of the samples were obtained using an FEI Tecnai G2 F30
instrument. A Ti TEM grid was used as the sample carrier. The
Raman spectra were recorded in a LabRAM HR Raman micro-
scope with a 633 nm laser. X-ray photoelectron spectroscopy
(XPS) analysis was performed on a Thermo Fischer ESCALAB
250Xi X-ray photoelectron spectrometer with monochromatic
Al Ka radiation (E = 1486.2 eV), and the binding energies were
calibrated by C 1s to 284.8 eV.

2.4 Electrochemical characterization

CO,RR measurements were performed in a proton exchange
membrane (Nafion 117) separated H-type cell connected to an
electrochemical workstation (CHI 760), in which a Pt mesh
was used as the counter electrode and saturated Ag/AgCl was
used as the reference electrode. Electrocatalyst-coated carbon
paper with a size of 1.0 x 1.0 cm?® was used as the working elec-
trode. To prepare the working electrode, 5 mg of sample was
dispersed in 1.0 mL of mixed solvent containing 500 pL of
H,0, 450 pL of isopropanol and 50 pL of 5 wt% Nafion with
ultrasonic treatment for 1 h. Then, 50 pL of the ink was succes-
sively dropped onto both sides of carbon paper with a size of
1.0 x 1.0 cm” and naturally dried at room temperature to get a
mass loading of 0.5 mg cm ™. CO,-saturated 0.5 M KHCO; was
used as the electrolyte. CO, with a flow rate of 20.0 sccm was
passed through the electrolyte during electrolysis. All the
measured potentials were converted to reversible hydrogen
electrode (RHE) potentials based on the formula Egyg =
Engiagc + 0.197 + 0.0591 pH(v). Linear sweep voltammetry
(LSV) curves were recorded at a scan rate of 10 mV s .
Electrochemical impedance spectroscopy (EIS) was performed
in the frequency range from 0.1 to 10> Hz at the AC amplitude
of 5 mV.

2.5 Product analysis

During the CO,RR process, gas products (CO and H,) were
quantified with gas chromatography (Agilent 7820A), which
was equipped with a thermal conductivity detector (TCD) and
flame ionization detector (FID). Argon (99.99%) was used as
the carrier gas. Liquid products (formate) were quantified by
'H nuclear magnetic resonance (NMR) spectroscopy. In a
typical analysis, a mixture of 0.5 mL of the electrolyte and
0.1 mL of a 10 mM DMSO (used as an internal standard) D,O
solution was used as the measured sample. The 'H spectra
were obtained by using a pre-saturation method to suppress
the water peak.

3. Results and discussion

As schematically shown in Fig. 1, P-Cu-BiNF-x was prepared
via a simple fast-reduction method, in which x is the molar
ratio of Bi**: Cu®" in the metal precursors during the synthesis
process and freshly prepared NaBH, was used as the metal pre-
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Fig. 1 Schematic diagram of the synthesis of P-Cu-BiNF.

cursor and reducing agent, respectively. Unless otherwise indi-
cated, the sample named P-Cu-BiNF represents the sample
P-Cu-BiNF-5 throughout the work. Apparently, the as-prepared
P-Cu-BiNF is a fluffy powder-like sample (inset in Fig. 2a).
Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) images reveal that P-Cu-BiNF features
a 3D porous network architecture, which is composed of inter-
connected nanoparticles with a uniform size of around
15-20 nm (Fig. 2a-d). In contrast, commercial bulk Bi and P-
Bi display the morphologies of micron-sized nanoparticles and
irregular porous nanoparticles (Fig. S1t), demonstrating that
the unique morphology of P-Cu-BiNF is assigned to the
cooperation of the fast-reduction method and the incorpor-
ation of Cu. SEM energy-dispersive X-ray (SEM-EDX) analysis
indicates that the ratios of Cu in the as-prepared P-Cu-BiNF-x
are consistent with the amounts of initially added Cu*
(Fig. S2t). However, further studies implied that the different
amounts of Cu can deliver similar nanostructures of P-Cu-
BiNF-x (Fig. S31). Moreover, the high-resolution TEM (HRTEM)
image of P-Cu-BiNF shows the low crystallinity, or even amor-
phous structure, in most regions of the nanoparticles (Fig. 2e),
corresponding to the ring-like pattern of the selected-area elec-
tron diffraction (SAED) image (inset in Fig. 2e). The TEM-EDX

100 nm

Fig. 2 (a) SEM, (b—d) TEM, (e) HRTEM and (f) HAADF-STEM images and
(g—i) TEM-mapping images of P-Cu-BiNF. Insets in (a) and (e) are the
optical photo and SAED image of P-Cu—-BiNF, respectively.
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spectra show that the atomic ratio of Bi: Cu is ca. 2 (Fig. S47).
And TEM-mapping reveals the homogeneous distribution of
Bi, Cu and O elements in P-Cu-BiNF (Fig. 2f-i). In addition,
the SEM-mapping of P-Cu-BiNF-0.5 also proves the uniform
distribution of Bi and Cu (Fig. S57). Notably, the signal of O
elements in P-Cu-BiNF should originate from the coexistence
of the oxide components. These results demonstrate that the
incorporation of Cu into P-Cu-BiNF-x can effectively regulate
their morphologies and nanostructures.

The influence of the decoration of Cu on the structure of
P-Cu-BiNF was further explored. As displayed in Fig. 3a, the
typical powder X-ray diffraction (PXRD) peaks of P-Bi can be
fully indexed to the standard crystalline phase of Bi with R3c
space group (JCPDS 44-1246),%° which is similar to that of the
bulk Bi. Meanwhile, other weak peaks assigned to Bi,O; can
also be detected."® However, in comparison with P-Bi, a broad
diffraction peak at 20 ~ 27.2°, as well as peaks corresponding
to metallic Bi with significantly reduced intensity, are observed
for P-Cu-BiNF. And the relatively low Cu content leads to no
Cu peaks. As the amount of introduced Cu increases, the
intensity of the diffraction peaks obviously decreases
(Fig. Seat), indicating that the incorporation of Cu will signifi-
cantly reduce the crystallinity of Bi/Bi,O;, corresponding to the
HRTEM result. X-ray photoelectron spectroscopy (XPS) was
employed to study the surface electronic states of P-Bi and P-
Cu-BiNF. P-Cu-BiNF is mainly composed of two metal
elements, Bi and Cu, of which Cu mainly exists in the form of
Cu®™ and Cu®" (Fig. S6bt).”” The other major element is Bi,
and as displayed in Fig. 3b, the peaks at around 157 and 162
eV match the metallic Bi® species,'* but the intensity of those
peaks is quite low or even absent, which could be ascribed to
the existence of an oxide layer and the limited detection depth
of XPS."” Besides, the peaks at around 159 and 164 eV could
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1 A NS A /\
‘;; 8i,0, P-Bi : ;
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Fig. 3 (a) PXRD patterns, (b) XPS Bi 4f and (c) Raman spectra of P-Cu-—
BiNF, P—Bi and bulk Bi.
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be assigned to Bi**.'> Compared with P-Bi, the peaks assigned
to Bi*" for P-Cu-BiNF have a negative shift, indicating that the
decoration of Cu can regulate the local electronic structure of
the Bi, which may be beneficial to improving its CO,RR per-
formance.*® In addition, Raman spectroscopy was carried out
to measure the composition and structure of P-Cu-BiNF. As
shown in Fig. 3¢ and S6c¢,f in comparison with P-Bi, the inten-
sity of the peaks at 71 and 91 cm™', corresponding to the E,
and A, of the metallic Bi-Bi bond,* is sharply decreased and
broadened upon the decoration of Cu for P-Cu-BiNF, indicat-
ing its amorphization.’® Meanwhile, the peaks at 95, 123, 307
and 461 cm™' are attributed to the Bi-O stretches in the
-Bi, 05 structure.'®'> More importantly, the position of the
peaks at 123 and 307 cm™" is gradually shifted to lower wave
numbers on increasing the amount of introduced Cu, reflect-
ing the change in structure and the increase in disorder.*'
Small amounts of a- and y-Bi,Oj; are also present here."*'> The
Brunauer-Emmett-Teller (BET) surface areas and pore size dis-
tributions of bulk Bi, P-Bi and P-Cu-BiNF were evaluated by
N, sorption, as shown in Fig. S7.f The BET surface areas of
P-Bi and P-Cu-BiNF are 1.8 and 21.4 m* g™*, respectively, and
their pore size distribution demonstrates the plentiful meso-/
macro-porosity, which could be beneficial for the accessibility
of the surface active sites and the mass transport during
electrocatalysis.

The electrochemical CO,RR performances of P-Cu-BiNF,
P-Bi and bulk Bi were evaluated using an H-type electro-
chemical cell in 0.5 v KHCOj; electrolyte. Linear sweeping vol-
tammetry (LSV) curves were firstly recorded under Ar and CO,
atmospheres. As depicted in Fig. 4a, all samples showed much
higher current densities under a CO, atmosphere, suggesting
that the CO,RR efficiently occurred.””> Among the three
samples, P-Cu-BiNF can deliver much higher current den-
sities compared with P-Bi and bulk Bi, which may be ascribed
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Fig. 4 CO.RR performances of P-Cu-BiNF, P-Bi and bulk Bi measured
in 0.5 m KHCO3 electrolyte. (a) LSV curves collected under Ar or CO,
atmosphere at a scan rate of 10 mV s™%; potential-dependent (b)
FEformate @Nd (C) jrormate; (d) long-term stability test of P-Cu—BiNF at

—0.88 Vfori12h.
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to the synergistic effect derived from the ingenious 3D porous
network structure and Cu decoration.

Furthermore, potentiostatic electrolysis at the designated
potentials from —0.68 to —1.18 V was conducted to analyse the
generated gaseous and liquid products, and the corresponding
chronoamperometric curves are presented in Fig. S8a-c.}
Based on the results obtained from gas chromatography (GC)
and nuclear magnetic resonance (NMR) spectra, H,, CO and
formate were the only detected products. As shown in Fig. 4b
and S8d-f,f formate is the dominant product. The measured
onset potential for formate production over P-Cu-BiNF was
about —0.68 V, corresponding to the overpotential of about
450 mV,* which is much smaller than those of P-Bi and bulk
Bi. When the applied overpotential was increased, the faradaic
efficiency of formate (FEformate) for P-Cu-BiNF sharply
increased to 93.3% at —0.83 V, and can be maintained exceed-
ing 90% in an impressively wide potential window from —0.78
to —1.18 V. By contrast, P-Bi and bulk Bi can only maintain
the high FEfymate in @ very narrow potential window, despite
them possessing a similar maximum FEgmace cOmpared with
P-Cu-BiNF. Moreover, as shown in Fig. 4c, P-Cu-BiNF can
exhibit a much higher formate partial current density ( jrormate)
than those of P-Bi and bulk Bi at all tested potentials. Notably,
the jeormate Of P-Cu-BiNF can reach 62.7 mA cm™> at —1.18 V,
which is about 1.9 and 3.0 times higher than those of P-Bi
(33.7 mA cm™?) and bulk Bi (20.4 mA cm?), further demon-
strating the boosted CO,RR performance via the generation of
a 3D network porous structure and Cu decoration. Moreover,
control experiments implied that the amount of introduced Cu
will affect the CO,RR performance of P-Cu-BiNF-x, including
FEformate aNd Jeormate (Fig. 4 and S97).

Meanwhile, in order to prove the interaction between Bi
and Cu, the electrocatalytic performance of P-Cu was charac-
terized (Fig. S10t). Compared with P-Cu and P-Bi, P-Cu-BiNF
formed with the introduction of Cu has a larger current
density and better selectivity for formate production.
Although the main products over P-Cu are H, and formate,
the combination of Cu and Bi can obviously improve FE¢mate
and j¢ormate- This indicates that the interaction between Bi and
Cu can significantly improve the activity and selectivity of the
catalyst.

Besides, P-Cu-BiNF also exhibited glorious long-term elec-
trolysis stability. As shown in Fig. 4d, it can hold a stable
current density of about 12.0 mA cm™> at —0.88 V, as well as a
satisfactory FEgormate (89.6%), during 12 h of continuous elec-
trolysis. Characterizations including PXRD and Bi 4f XPS indi-
cated that the structure of P-Cu-BiNF underwent in situ
electrochemical reduction during electrocatalysis, which
resulted in its structural reconstruction and better crystallinity,
and thus its good electrolytic stability (Fig. S11f). This was
also manifested by the HRTEM observation (Fig. S12t). SEM
and TEM images demonstrate that the morphology of P-Cu-
BiNF exhibits no obvious change after long-term electrolysis
(Fig. S127). As a result, the outstanding CO,RR performance of
P-Cu-BiNF, covering the high FE¢ymate and Jormate and stabi-
lity in a wide potential window, makes it among the best Bi-
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based electrocatalysts (e.g., f-Bi,03,** Au-Bi,03,*> etc.) toward
electrochemical conversion of CO, to formate (Table S17).

In addition, the benefits of the 3D porous network structure
and Cu decoration to the much enhanced CO,RR performance
in P-Cu-BiNF were further explored. As shown in Fig. S13,}
P-Cu-BIiNF exhibits a similar Tafel slope compared with P-Bi,
indicating that Cu decoration has little effect on the reaction
kinetics. Meanwhile, the Tafel slopes over these samples are
close to 118 mV dec™", implying that the rate-determining step
for formate production should be the initial electron
transfer.’”*® Moreover, electrochemical impedance spec-
troscopy (EIS) was conducted to analyse the electron transfer
behaviours during the CO,RR process. The smallest semicircle
diameter of P-Cu-BiNF depicted in Fig. 5a reflects the smallest
charge-transfer resistance owing to its conductive network,
which is beneficial to the rapid electron-transfer during the
CO,RR process.”” Furthermore, the electrochemically active
surface areas (ECSAs) of the samples were also investigated.*®
Their double-layer capacitances (Cq;) were firstly evaluated,
which has a positive correlation with the ECSAs. It was appar-
ently suggested in Fig. 5b and S14} that P-Cu-BiNF possesses
a much higher ECSA than those of P-Bi and bulk Bi.
Specifically, the calculated Cyg; of P-Cu-BiNF is about 3.15 mF
cm ™2, which is 3.28 and 19.69 times higher than those of P-Bi
(0.96 mF cm™?) and Bi (0.16 mF cm™?), respectively. In
addition, in order to gain accurate ECSAs of the samples, the
ECSA was further measured by chronoamperometry according
to the Cottrell equation (Fig. S15 and $181).*° The ECSAs of
bulk Bi, P-Bi and P-Cu-BiNF were assessed to be 0.0044,
0.0048 and 0.032 cm?®, respectively. And the ECSAs of P-Cu-
BiNF-0.5, P-Cu-BiNF and P-Cu-BiNF-10 with different Cu con-
tents were 0.020, 0.032 and 0.0065 cm?, respectively. These
results show that P-Cu-BiINF has the largest ECSA.
Consequently, the combination of the accelerated charge-
transfer rate and much enlarged ECSA originating from the
synergistic effect of the 3D porous network structure and Cu
decoration endows P-Cu-BiNF with an impressive CO,RR per-
formance. Additionally, the CO,RR performance of P-Cu-
BiNF-x varied with the amount of introduced Cu, despite them
sharing similar morphologies, which may be associated with
their different degrees in the promotion of charge transfer and
the exposure of active sites via the incorporation of different
amounts of Cu (Fig. S14-187).
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Fig. 5 (a) Electrochemical impedance plots and (b) capacitive Aj (=), —
Jjo) against scan rate for P-Cu—BiNF, P—Bi and bulk Bi.
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4. Conclusions

In summary, a porous Cu-decorated Bi/Bi,O; nanofoam as an
efficient electrocatalyst was prepared for the first time via a
facile fast-reduction method. Characterizations demonstrate
that P-Cu-BiNF features a 3D porous network architecture
composed of interconnected nanoparticles with a uniform size
of around 15-20 nm. The incorporation of Cu into P-Cu-BiNF
can regulate both the morphology and local electronic state of
Bi/Bi,O3, which consequently much improves its CO,RR per-
formance. Remarkably, P-Cu-BiNF possesses a high faradaic
efficiency exceeding 90% for CO,-to-formate in a wide poten-
tial range from —0.78 to —1.08 V. Meanwhile, it can deliver a
high formate partial current density (62.7 mA cm > at —1.18 V)
and long-term stability. This work provides a Bi-based electro-
catalyst for the high-efficiency conversion of CO,-to-formate
and also gives valuable guidelines for the development of
efficient electrocatalysts for CO, reduction and other electro-
chemical syntheses.
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