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ABSTRACT: Massive production of practical metal or alloy based Thermal Shock W HCOOH
electrocatalysts for electrocatalytic CO, reduction reaction is usually limited 1200 °C |

by energy-extensive consumption, poor reproducibility, and weak adhesion Porosity Domod

on electrode substrates. Herein, we report the ultrafast thermal shock CucBiyZn,sheet Engineering ~ CuBinanofoam

synthesis and porosity engineering of free-standing Cu—Bi bimetallic €0,
nanofoam electrocatalysts with 3D hierarchical porous structure and easily

adjustable compositions. During the thermal shock process, the rapid heating and cooling steps in several seconds result in strong
interaction between metal nanopowders to form multiphase nanocrystallines with abundant grain boundaries and metastable CuBi
intermetallic phase. The subsequent porosity engineering process via acid etching and electroreduction creates highly porous Cu—Bi
structures that can increase electrochemically active surface area and facilitate mass/charge transfer. Among the Cu—Bi nanofoam
electrodes with different Cu/Bi ratios, the Cu,Bi nanofoam exhibited the highest formate selectivity with a Faradaic efficiency of
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92.4% at —0.9 V (vs reversible hydrogen electrode) and demonstrated excellent operation stability.

KEYWORDS: Thermal shock synthesis, Porosity engineering, Free-standing metal/alloy nanofoam electrodes,
3D hierarchical porous nanostructures, Electrocatalytic CO,-to-HCOOH conversion

lectrochemical CO, reduction (CO,RR) is a mild and

controllable approach to realize carbon neturality and
produce renewable energy.lf6 However, the low activity of
metal catalysts remains an obstacle for their practical
application in CO,RR due to high overpotential and low
selectivity.” ' To overcome this challenge, researchers have
been utilizing nanoengineering and alloying techniques to
enhance the selectivity and activity of metal-based electro-
catalysts."' ~'* Copper (Cu) is a common component in alloy
owing to its excellent conductivity and intermediate adsorption
behavior."> Additionally, bismuth (Bi) could suppress the
hydrogen evolution reaction (HER) and exhibit an enhanced
formate selectivity during the CO,RR.'® Notably, recent
studies have reported Faradaic efficiencies approaching 100%
for formate production using bismuth nanoflakes.'” Besides,
there are opportunities to enhance the overall performance and
stability of Bi-based electrocatalysts for a broader range of
applications through the formation of dual-metallic alloys,
which benefits from the synergetic effects.'® However,
synthesizing these alloy materials often involves complex
procedures to precisely adjust their nanostructure, which
impede the reproducibility of large-scale production and result
in excessive energy consumption.lg_21 Furthermore, many
electrocatalysts have to be loaded onto electrode substrates
such as carbon paper, glass carbon, and copper foam; the weak
adhesion between the substrates and catalysts can result in
detachment and instability.”> Hence, it is crucial to prepare
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free-standing electrodes integrated with nanomanufacturing.
Currently, scalable synthesis methods such as ultrafast high-
temperature sintering and thermal shock have been developed
to produce multiphase materials with enhanced mechanical
properties.”” > These manufacturing techniques show prom-
ise for the fabrication of functional electrodes for the CO,RR.

The 3D hierarchical Cu,Bi-NF electrodes were fabricated
using commercially available Cu, Bi, and Zn powders through
industrially feasible processes based on thermal shock
treatment, acid etching, and subsequent electrochemical
reduction (Figure 1a). Initially, various mole ratios of Cu, Bj,
and Zn powders (Cu:Bi:Zn = 45:45:36, 60:30:36, 72:18:36,
80:10:36, 90:0:36, and 80:20:0) were blended through ball-
milling and tableted to form Cu,Bi,Zn, sheets (namely
Cu,Bi,Zn,-MX, where x:y:z is the feeding mole ratio of Cu,
Bi, and Zn powders, Supporting Information (SI), Figure Sla).
The X-ray diffraction (XRD) patterns of these Cu,Bi,Zn,-MX
sheets were shown in SI, Figure S1b and Slc. Then, the
Cu,Bi,Zn,-MX samples were melted and solidified through
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Figure 1. (a) Schematic illustration of the synthetic process of 3D hierarchical Cu,Bi-NF electrodes. (b) Time-dependent temperature and current
plots during the thermal shock synthesis process of Cu,Bi,Zn_-TS sheets. The inset shows an optical photograph of the homemade thermal shock

instrument. (c,d) SEM and (e) HRTEM images of Cu,Bi-NF.

thermal shock process in a homemade Joule heating instru-
ment (the inset of Figure 1b), where carbon fiber felt acted as
the thermal source. The thermal shock produced multiphase
Cu,Bi,Zn, sheets (namely Cu,Bi,Zn,-TS) were fabricated
through three repeated rapid heating—cooling steps. The
reaction temperature and time were carefully adjusted to
facilitate the promotion of interphase reactions and prevent
over melting of sheets. Three heating pulses ensured a
relatively comprehensive reaction while minimizing the loss
of components with lower melting points, resulting in a
complete sheet with high mechanical strength. Figure 1b
illustrates the time-dependent temperature and current profiles
of the thermal shock process. The rapid heating step took only
0.6 s to raise the temperature to around 1200 °C and the
cooling step took approximately 2.5 s. The XRD patterns of
Cu,Bi,Zn,-TS sheets are shown in SI, Figure S2a. Notably, the
magnified XRD patterns (SI, Figure S2b) for CugBiyZn,-TS
sheets exhibit two weak peaks at around 30.3° and 32.7°,
which are assigned to metastable CuBi intermetallic phase.”®
These two peaks do not exist in the XRD patterns of
Cu,Bi,Zn,-MX samples (SL, Figure Slc), indicating that the
intermetallic phase is formed during the thermal shock process.
The formation of the intermetallic phase certifies the strong
interaction between the Cu and Bi species. Subsequently, the
as-prepared Cu,Bi,Zn_-TS sheets were etched in 1 M H,S0,
aqueous solution under ultrasonication and then electrochemi-
cally reduced in 0.1 M KHCOj aqueous solution to remove Zn
and metal oxides species, as well as induce pores in the
electrode. After the acid etching and electroreduction process,

the final 3D hierarchical Cu,Bi-NF and Cu-NF electrodes are
formed, where x is the simplified feeding mole ratio of Cu:Bi
(e.g., the Cu,Bi-NF was produced from Cu,,Bi;5Znss-TS and
the Cu-NF was produced from CugoBiyZn;s-TS). As a contrast
sample without pore-engineering, the Cug(BiyyZn, sheet was
only electrochemically reduced without acid etching to form
the reduced Cu,Bi sheet (namely R-Cu,Bi).

The morphological features of the samples were investigated
by scanning electron microscopy (SEM). As shown in Figure
Ic,d and SI, Figure S3, pore structures could be clearly
observed in all the samples after porosity engineering. By
comparing the SEM image of R-Cu,Bi (SI, Figure S4a),
Cu;,Bi;5Zn;5-TS (SI, Figure S4b, the precursor of Cu,Bi-NF)
and Cu,Bi-NF (Figure lc,d and SI, Figure S4c), it could be
concluded that the quantity and hierarchy of pores obviously
increased after etching. The uniform distributions of Cu and Bi
species in Cu,Bi-NF and R-Cu,Bi are also proven by energy-
dispersive X-ray spectroscopy (EDX) elemental mappings (S,
Figure SS).

The crystal phase characteristics of Cu,Bi-NF were explored
by high-resolution transmission electron microscopy
(HRTEM), as shown in Figure le. The finger lattices of
0.328 and 0.209 nm are indexed to the Bi (012) and Cu (111)
planes. The selective area electron diffraction (SAED) pattern
of Cu,Bi-NF (the inset in Figure le) exhibits several bright
dots, which are assigned to the Bi (012), Bi (104), and Cu
(111) planes, respectively. The grain boundary depicted in
Figure le clearly confirms the copresence and perfect fusion of

10141 https://doi.org/10.1021/acs.nanolett.3c02380

Nano Lett. 2023, 23, 10140—-10147


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02380/suppl_file/nl3c02380_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02380/suppl_file/nl3c02380_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02380/suppl_file/nl3c02380_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02380/suppl_file/nl3c02380_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02380/suppl_file/nl3c02380_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02380/suppl_file/nl3c02380_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02380/suppl_file/nl3c02380_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02380/suppl_file/nl3c02380_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02380?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02380?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02380?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02380?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

a 50 b 0.15
2 —— Desorption Cu,Bi-NF : ; Cu,Bi-NF
& 401 —— Absorption 4 g It
> 7 | goo{ [%
] S s ]
Ve v o) b
7 D 1
©20; . so0s5{ | |
£ ~ o ¥ g R
510 / o [ LW A
5 S LN
> o 19 o
o] £ 0.00{
00 02 04 06 08 1.0 0 5 10 15 20 25 30 35
Relative Pressure (P/P) Pore width (nm)
C
g meta:;ble g gs _ Bi Eg Bi A1g
3| intermetalic @ a % S:T é M
= ase | | IS ] N ey Cu-NF
CR i T | W SR | W) - TWILW S S .
8 [RCuBi ) L B & N\ N\ CugBi-NF
% Bl U Z Cu,Bi-NF
e, A (n i-
E, CugBi-NF § o I
£ [EUENF| | 1L \ = M
Cu,BI-NF . /-/\—Mﬂ:_
u,Bi-NF
20 25 30 35 40 45 50 55 6 40 60 80 100 120 140
e 206 (degree) f Raman Shift (cm™")
Cu 2p,, Cu 2py; Bi 4f ' Bi3* B3+
A 4 RCugBi BO AN B RCuBi
35 A A CuNF S5 : ] Cu-NF
© © 1 H
}’ A ) o CugBiNF ; JA\ A CugBi-NF
g A L CuBiNF % r/A\ M. cusiNF
E| A s CuBHNFl T _/A\ M. CuBiNF
A i CuBiNF Y U W
928 936 944 952 960 156 158 160 162 164 166 168 170

Binding Energy (eV)

Binding Energy (eV)

Figure 2. (2) N, absorption—desorption isotherms and (b) pore distribution of Cu,Bi-NF. (c) XRD patterns, (d) Raman spectra, and (e,f) High-
resolution XPS spectra at (e) Cu 2p and (f) Bi 4f regions of Cu,Bi-NF, Cu-NF, and R-Cu,Bi samples.

Cu and Bi nanograins, which could potentially enhance
electron transfer during electrochemical reactions.”’

The porosity features of Cu,Bi-NF and R-Cu,Bi were
investigated in detail via the Brunauer—Emmett—Teller (BET)
method. N, adsorption—desorption isotherms revealed a
specific large surface area of 74 m*g~' for Cu,Bi-NF (Figure
2a). The total pore volume was calculated to be 6.723 x 1072
cc-g™!, and the pore size distribution indicated the presence of
mesopores and cavities mainly ranging from 2 to 35 nm
(Figure 2b). In contrast, R-Cu,Bi displayed a significantly
lower surface area of 11 m>g™" and a total pore volume of
1.500 x 1072 cc'gSI_l. Supporting Information, Figure S4e,
illustrates that R-Cu,Bi displays a distinctive stepped
adsorption process, typical of a type VI adsorption isotherm.*®
This suggests that these steps may result from successive
multilayer adsorption on a relatively smooth surface.
Comparing SI, Figure S4f, to Figure 2b reveals that the
porosity engineering process has enriched the Cu,Bi-NF
sample with a more diverse pore structure, resulting in a
significant increase in pore capacity, size distribution, and
overall catalyst-specific surface area enhancement. Based on
the results of SEM and BET characterizations, it can be
concluded that 3D hierarchical porous structure exist in the
Cu,Bi-NF, which could enhance the electrochemical reaction
kinetics.””

10142

According to the XRD patterns shown in Figure 2c, the
Cu,Bi-NF and R-Cu,Bi samples are composed of metallic Bi
and metallic Cu, indicating that metal oxides are removed from
these samples by electroreduction. No solid solution phase of
Cu—Bi exists because Cu and Bi are mutually insoluble.’
However, magnified XRD patterns (SI, Figure S6) show two
weak peaks at 30.3° and 32.7° for Cu,Bi-NF, Cu,Bi-NF,
CugBi-NF, and R-Cu,Bi samples, suggesting that the
metastable CuBi intermetallic phase produced by thermal
shock process still remained. Raman spectra prove the
existence of metallic Bi in the Cu,Bi-NF electrodes, as
shown in Figure 2d. Two characteristic peaks of metallic Bi
at 71 cm™" (E, mode) and 98 cm™' (A,, mode) can be clearly
observed, and no signal of Bi** species can be found.”’ The
elemental compositions and valence states of the samples were
probed by X-ray photoelectron spectroscopy (XPS). All of the
XPS results have been corrected according to the standard C
Is peak at 284.6 eV. The normalized Cu 2p XPS spectra
(Figure 2e) show that the characteristic peaks correspond to
either Cu’ or Cu*. Negative shifts of Cu binding energy could
be clearly distinguished for the Cu,Bi-NF, Cu,Bi-NF, CugBi-
NF, and R-Cu,Bi when compared with the Cu-NF. These
shifts indicate an electron transfer from Bi to Cu, which is
conducive to promoting the synergistic effect.”” The
normalized Bi 4f XPS spectra (Figure 2f) could be fitted to
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Figure 3. (a) LSV curves of Cu,Bi-NF and R-Cu,Bi measured in 0.1 M CO,- or Ar-saturated KHCOj electrolyte, respectively. (b,c) Faradaic
efficiencies of the reduction products generated by (b) Cu,Bi-NF and (c) R-Cu,Bi in 0.1 M CO,-saturated KHCOj; aqueous solution at different
applied potentials. (d) Total current density (j,,) and partial current density for formate production (jimate) of CuyBi-NF and R-Cu,Bi in 0.1 M
CO, saturated KHCO, aqueous solution at different applied potentials. (&) Nyquist plots of Cu,Bi-NF, CugBi-NF, Cu-NF, and R-Cu,Bi samples in
0.1 M CO,-saturated KHCOj solution at —0.9 V vs RHE. (f) Non-Faradaic charging current density differences (Aj) vs scan rates of Cu,Bi-NF,

CugBi-NF, Cu-NF, and R-Cu,Bi samples.

two pairs of doublets associated with Bi’ and Bi**. The XPS
signals of Bi oxidation states in these samples were derived
from surface oxidation of the catalyst due to exposure to air.

To verify the electrocatalytic activity of the samples, the
linear sweep voltammetry (LSV) curves of these working
electrodes were sequentially measured in 0.1 M Ar- and CO,-
saturated KHCO; electrolytes (Figure 3a, and SI, Figure S7a).
In the CO,-saturated electrolyte, a notably higher current
density was observed for the Cu,Bi-NF, CugBi-NF, R-Cu,Bi,
and Cu,Bi ¢Zn;5-TS within the potential window of —0.6 to
—1.3 V vs RHE, indicating significant high CO,RR catalytic
activity of Bi species. As for the Cu-NF, the current density
curve in the CO,-saturated electrolyte is lower than that of the
Ar-saturated electrolyte prior to —0.7 V and the current density
remains similar after —0.7 V, indicating that there was no
obvious enhancement for the Cu-NF to reduce CO,. However,
the current density of the Cu-NF reaches its maximum
capacity earlier than other samples, demonstrating lowered
impedance by Cu. Moreover, it was found that the Cu,Bi-NF
exhibited higher current densities compared to R-Cu,Bi in
both Ar- and CO,-saturated electrolytes, indicating a decreased
mass transfer resistance due to the pore structure.

The CO,RR catalytic activities of the samples were
measured in a 0.1 M CO,-saturated KHCO; electrolyte
solution using a two-compartment electrochemical cell

10143

separated by a Nafion-117 ion exchange membrane. The
chronoamperometry curves at different working potentials are
shown in SI, Figure S7b—S7h. The quantities of produced CO
and H, gas were detected by gas chromatography (GC) and
the quantity of produced formate was measured by anion
chromatography. The calibration curve of HCOO™ is
presented in SI, Figure S8a. The Faradaic efficiencies for
different electroreduction products at various applied poten-
tials are detailed in Figure 3b,c and SI, Figure S8b—S8f. It is
evident that all the samples containing Bi species exhibited a
priority toward reducing CO, to HCOOH. The high
selectivity toward formate could be attributed to the
stabilization of *OCHO on Bi species, which ultimately
transf(z);:ms into HCOOH, as described by the following
steps:

CO,(g) + * + H*(aq) + e~ —» *OCHO (1)
*OCHO + H*(aq) + ¢~ — *HCOOH )
*HCOOH — HCOOH(aq) + * (3)

The FEg . 0f Cu;,BijgZnye-TS exhibits a slightly lower
value compared to other Bi-containing samples due to the
presence of competing reactions that produce CO. This is
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Figure 4. (a) Time-dependent current density and FEg,,,.. of the Cu,Bi-NF during long-term CO, electroreduction test for 32 h at an applied
potential of —0.9 V vs RHE. (b) Corresponding SEM image and (c) XRD pattern of Cu,Bi-NF after the long-term CO, electroreduction test for 32

h.

because Zn species tend to stabilize *COOH, which eventually
transforms into CO, as shown in following:*’

CO,(g) + ™ + H*(aq) + e - *COOH (4)
*COOH + H*(aq) + e~ = *CO + H,0(]) ()
*CO - CO(g) + * (6)

On the other hand, the Cu-NF is not suitable for the CO,RR
because of the high FEy, even though it exhibits a relatively
high current density (SI, Figure S7a,S7f). This observation
aligns with previous research findings, which have consistently
indicated that Cu® exhibits lower proton reduction activity
when compared to CuO, and various copper alloys in the
context of electrocatalytic CO, reduction.”* " The maximum
FE¢mate for Cu Bi-NF and R-Cu,Bi are 92.4% and 93.7% at
—0.9 V vs RHE, which is significantly higher than Cu,Bi-NF
(86.1%), Cu,Bi-NF (86.3%), CugBi-NF (86.8%), and
Cu,,Bi §Zn,6-TS (75.6%). Furthermore, it is observed that
only the FEg,. .. of the CuBi-NF and R-Cu,Bi samples
remained consistently high at over 85% within a wide potential
range spanning from —0.7 to —1.0 V. Besides, the Cu,Bi-NF
and Cu,Bi-NF were disintegrated into pieces after long-term
CO,RR tests, which indicated that they were not suitable for
long-time applications due to the weak mechanical strength
and integrity. Based on these findings, it could be concluded
that the optimal feeding ratio of Cu to Bi is 4:1. The high
selectivity of Cu,Bi electrocatalysts for the electroreduction of
CO, to formate could be ascribed to the synergetic effect
between Cu and Bi nanograins and the metastable CuBi
intermetallic phase. The observed enhancement in formic acid
selectivity by the Cu—Bi catalysts can be attributed to several
interconnected factors resulting from the interaction of copper
and bismuth.****** One of the foremost impacts of this
interaction lies in its potential to significantly influence the
electronic structure of the catalyst. Notably, because bismuth
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exhibits a higher electronegativity than copper,*’ this
interaction serves to modulate the distribution of electron
density within the catalyst, instigating a process of electronic
restructuring, as discerned from the XPS results presented in
Figure 2ef. Such electron restructuring may yield stabilized
reaction intermediates that favor the production of formic acid
while concurrently depressing competing HER reaction or the
formation of alternative carbon-based products.”'~** More-
over, the interplay between copper and bismuth has been
previously acknowledged for its potential to impact the nature
and distribution of active sites on the surface of catalysts.*"****
This effect can lead to the creation or modification of catalytic
sites, improving reactivity and enhancing the affinity for CO,
adsorption and conversion.

Additionally, due to the enhancement of mass transfer
kinetics by the 3D hierarchical pore structure, which
simultaneously accelerates both the CO,RR and HER,*
there is a slight decrease in FEg,,. for the Cu,Bi-NF
(92.4%) at —0.9 V vs RHE compared to the R-Cu,Bi (93.7%),
as a result of competition by the HER. Moreover, the total and
partial current densities were calculated from chronoamper-
ometry curves and FEg, ... for both Cu,Bi-NF and R-Cu,Bi
(Figure 3d). The Cu,Bi-NF exhibits the highest formate partial
current density (jiomate) Of 21.9 mA-cm™ at —1.0 V (vs RHE),
which is much higher than that of R-Cu,Bi (17.1 mA-cm™2),
demonstrating successful depression of overpotential by the
3D porous structure. To facilitate further comparison, we have
assembled the CO,-to-HCOOH conversion performance data
from other Bi-based and bimetallic electrocatalysts previously
reported (SI, Table S1). This compilation underscores the
competitive activity and selectivity of Cu,Bi-NF catalysts, as
demonstrated in this work, for the reduction of CO, in
HCOOH production.

To further clarify the origin of CO,RR performance
differences for these samples, the electrochemical impedance
spectra (EIS) of Cu,Bi-NF, CugBi-NF, Cu-NF, and R-Cu,Bi
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samples were tested in 0.1 M CO,-saturated KHCO; solution
at —0.9 V vs RHE (Figure 3e). The Nyquist curves can be
fitted by the equivalent circuit (see the inset of Figure 3e). The
Cu,Bi-NF exhibited an equivalent series resistance (R.) of 9.1
Q, which is obviously smaller than that of CugBi-NF (12.0 Q)
and R-Cu,Bi (21.2 Q), illustrating the faster catalytic kinetics
of Cu,Bi-NF. The Cu-NF exhibited the lowest R, of only 3.9
€, indicating that charge transfer impedance could be highly
decreased by Cu metal, which is identical to the results of LSV.
Moreover, the CV curves at different scan rates were compared
(SI, Figure S9). The double-layer capacitance (Cy) values of
Cu,Bi-NF (30.8 mF-cm™), CugBi-NF (38.2 mF-cm™2), Cu-
NF (332 mF-cm™), and R-Cu,Bi (16.5 mF-cm™2) were
calculated by linearly plotting the corresponding charging
current density differences against the scan rates at the open-
circuit potential, ensuring the non-Faradaic process. The above
Cq values suggest that the Cu,Bi-NF and Cu-NF samples
possess a greater electrochemically active surface area (ECSA)
than the R-Cu,Bi because the ECSA is proportional to the Cy;.
These electrochemical analysis results illustrate that the 3D
hierarchical pore structure could greatly increase the number
of effective active sites and accelerate the mass transfer process
during the CO,RR.

The electrocatalytic stability of Cu,Bi-NF was evaluated by a
long-term CO,RR test in 0.1 M CO,-saturated KHCO;
electrolyte for 32 h (Figure 4a). The FEq... for liquid
products were analyzed between the cycles of 4 h. The FEg, ...
remained above 90% throughout 8 cycles with no significant
attenuation in current densities. The surface morphology of
Cu,Bi-NF after long-term CO,RR test was investigated by
SEM (Figure 4b), which revealed that the pore structure was
well maintained. Furthermore, the main peaks in XRD patterns
(Figure 4c) are identical with those before the CO,RR test
(Figure 2c). Only a weak decrease of Bi (012) intensity and a
slight increase of Bi (015) intensity were observed, which
might be caused by the crystal phase transition during the
CO,RR. The metastable CuBi intermetallic phase still can be
clearly distinguished, indicating stable interaction between Cu
and Bi. These results confirm that Cu,Bi-NF exhibits excellent
electrocatalytic durability and structural stability for the
CO,RR.

In summary, we report a rapid and controllable strategy for
the fabrication of a series of free-standing 3D hierarchical Cu—
Bi nanofoam electrodes through thermal shock synthesis and
porosity engineering toward highly selective electrochemical
reduction of CO, to HCOOH. Among these samples, the
Cu,Bi-NF exhibits the best electrocatalytic performances
owing to the synergetic effect between Cu and Bi, which
efficiently decreases charge transfer impedance. Additionally,
the Cu,Bi-NF has a larger ECSA than R-Cu,Bi sheet, which
decreases the overpotential for CO,RR toward HCOOH
product due to the mass transfer kinetics enhanced by 3D
porous structure. The Cu,Bi-NF electrode also demonstrates
excellent long-term catalytic durability. These findings offer a
robust pathway to efficiently produce scalable metal-/alloy-
based free-standing 3D hierarchical porous nanofoam electro-
des, which can also be broadly extended to other domains
within clean electrochemical energy conversion.
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