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ABSTRACT: Electrochemical CO, reduction to formic acid, powered
by renewable electricity, enables a sustainable carbon cycle by
providing a versatile chemical feedstock and energy carrier. Bismuth-
based catalysts are known for their high formate selectivity but face
challenges in balancing selectivity and stability at industrial current
densities. In this study, we present a two-step approach that combines
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ampere-level current densities. Spectroscopic evidence combined with
theoretical calculations validated the role of grain boundaries in
promoting CO, adsorption and activation, thereby enhancing the overall catalytic performance. Moreover, when deployed in a solid-
state electrolyte reactor, GB-Bi demonstrated outstanding stability, continuously producing a high-purity formic acid solution at
—200 mA for over 210 h.
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By leveraging surplus renewable electricity, the electro-
chemical reduction of CO, (CO,RR) enables the
conversion of CO, into a spectrum of high-value chemicals
and fuels, contributing to the reduction of CO, emissions and
facilitating the establishment of a circular carbon economy.' ™
Among the various products of the CO,RR, formic acid
(HCOOH) has emerged as a particularly compelling target
because of its high energy density, nontoxic nature, and easy
storage.7_9 As a versatile chemical intermediate, formic acid
plays a crucial role in applications such as hydrogen storage,
direct formic acid fuel cells, and pharmaceutical synthesis.'”""
Additionally, techno-economic analysis suggests that formic
acid is among the most economically and technically viable
products of the CO,RR, with the highest profitability per
electron transferred.'” These findings underscore the vast
potential of CO,-to-formic acid conversion for large-scale
industrial deployment, bridging renewable energy integration
with chemical manufacturing.'>"*

The CO,RR process typically begins with the adsorption
and activation of CO, on the catalyst surface, followed by a
sequence of electron transfer and proton-coupled steps that
yield intermediates such as *OCHO or *COOH."® The nature
of these intermediates dictates the selectivity of the reaction
toward the desired products; for example, *OCHO inter-
mediates lead to the formation of HCOOH, whereas
alternative pathways may direct the reaction toward carbon
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monoxide (CO), methane (CH,), or multicarbon (C,,)
products.'®"” However, the high thermodynamic stability of
CO, molecules and the competitive hydrogen evolution
reaction (HER) present significant challenges in achieving
efficient and selective CO, reduction.'® This necessitates the
development of advanced catalysts that can effectively lower
the activation barriers and direct the reaction pathway toward
the desired products.'” ™'

Bismuth (Bi)-based catalysts have garnered considerable
attention as promising candidates for CO,-to-formate con-
version, because of their environmental friendliness, low
toxicity, and inherent selectivity toward formate.”* Addition-
ally, their low activity for the competing HER makes them
particularly advantageous in aqueous systems.”’ Despite these
advantages, Bi-based catalysts are hindered by their relatively
low catalytic activity, suboptimal partial current density for
formate production (jycoon), and limited operational
stability.”*~*° These challenges arise primarily from the modest
kinetics of CO, activation on Bi surfaces and structural
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Figure 1. Structural characterization of the GB-Bi catalyst. (a) Schematic illustration of the synthetic process for the GB-Bi catalyst. (b) SEM image
of the GB-Bi precursor. (c) SEM image of the GB-Bi precursor after electroredcution. (d) HRTEM image of the GB-Bi catalyst. (e) XRD patterns
of the GB-Bi precursor and GB-Bi catalyst. (f) In-situ EXAFS spectra at the Bi L;-edge of GB-Bi catalysts under formate evolution conditions. The
Bi,0; and Bi metal are shown as references. All the potentials were calibrated to the RHE scale.

degradation during prolonged operation. This presents
significant barriers to the large-scale industrial application of
Bi-based catalysts, and approaches to increase their intrinsic
activity and durability are needed.

Recent advances in defect engineering have demonstrated
that introducing grain boundaries (GBs) can significantly
enhance catalytic performance by providing abundant active
sites and improving the adsorption and activation of reaction
intermediates.””” " For example, a high density of GBs in
metallic copper (Cu) supports a high density of active
undercoordinated sites, which improves the C,, selectivity of
7 nm Cu nanoparticles (NPs).”’ Adding GBs to Au
nanoparticles can si§niﬁcantly increase the catalytic activity
for CO production.”’ Generally, a nonequilibrium crystal-
lization process favors the enrichment of GBs, and strategies
including annealing precursors in specific atmospheres, pulsed
laser ablation, and steam treatment have been developed
accordingly.”** However, replicating these methods for the
synthesis of GB-rich Bi catalysts is challenging. Owing to the
low melting point of Bi and its aerobic nature, controlling its
structural evolution is particularly difficult.’® Recently,
strategies such as high-pressure treatment and rapid thermal
shock have been employed to introduce GBs into Bi-based
catalysts.*>*” Nevertheless, these methods demand specialized
equipment and face scalability challenges.

In this work, we report the development of polycrystalline Bi
catalysts with rich exposed grain boundaries (GB-Bi) through a
two-step process that combines molten salt synthesis and in-
situ reduction during the CO,RR. This approach uses the
simplicity, scalability, and nonequilibrium advantages of the
molten salt method to synthesize uniform-sized Bi oxide

nanoparticle precursors, which facilitate the aggregation and
formation of abundant grain boundaries during the subsequent
reduction process. The resulting GB-Bi catalysts demonstrate
outstanding performance in the CO,RR, enabling high activity
for formate production at —1 A cm™ with a Faradaic efficiency
(FE) of ~95%. When integrated into a solid-state electrolytic
reactor, GB-Bi enables the continuous production of a high-
purity formic acid solution at —200 mA for 214 h. In-situ
spectroscopic analysis and theoretical calculations reveal that
the grain boundaries enhance the adsorption and activation of
key intermediates (*CO, and *OCHO)), significantly increas-
ing the catalytic performance.

The molten salt synthetic method serves widely as an
efficient way to fabricate nanomaterials with uniform geometric
structures.”” As reported, molten salts provide not only a
uniform liquid environment at high temperatures but also
strong polarity forces, which create favorable conditions for
nucleation and attachment.*”*° In light of these advantages, we
intended to introduce grain boundaries in Bi through a two-
step strategy, as shown in Figure 1a.

Initially, the molten salt synthetic step enables the
production of GB-Bi precursors with a uniform size of
approximately 200 nm, as revealed by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) characterization (see Figure 1b, as well as Figures S1
and S2). Driven by strong polarity forces, these nanoparticles
adhere to each other, providing multiple interfaces for grain
formation. The follow-up in-situ electroreduction of the
precursors under CO,RR conditions at a constant current
density of —300 mA cm™ yields the GB-Bi catalyst. SEM
images indicate that severe coalescence of the nanoparticles

B https://doi.org/10.1021/acs.nanolett.5c03829

Nano Lett. XXXX, XXX, XXX-XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c03829/suppl_file/nl5c03829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c03829/suppl_file/nl5c03829_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03829?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03829?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03829?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03829?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c03829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

120 -0.3

[JHCOOH[JCO [_JH, —e—jV

100
80

60

FE (%)
E (V vs. RHE)

40

20

400 900 300 400 500 600 700 _g00 9004000

Jiotat (MA cm?)

b

—0— Commercial Bi

—0— GB-Bi F <

-200

-400

-600

jformale (mA Cm-z)

-800

-1000

1 1 1 1 1 1 1

-1.0 -09 -08 -0.7 -06 -05
E (V vs. RHE)

[ Flow-cell test

E (Vvs. Hg/HgO) O

FE (%)

H, ® CO ® HCOOH

L !
100 120

SSE-cell test
-4

Eoell (V)

mA cm2
S

Q)

100
80
60
40
20

FE (%)

.
100

60 80

1 1 1 1

W

200

120 140 160 180

Time (h)

Figure 2. CO,RR performance of the GB-Bi catalyst. (a) FEs of all products

at different current densities and the corresponding j—V curves of the

GB-Bi catalyst. (b) Partial current density of HCOO™ under different applied potentials for GB-Bi and commercial Bi. (c) Stability test at a

-2

constant current density of —100 mA cm™ in a flow cell. (d) Stability test at

reactor.

-2

a constant current density of —50 mA c¢m™ in a solid-state electrolyte

occurred after electroreduction (Figure 1c). The abundance of
the grain boundaries was also evidenced by high-resolution
transmission electron microscopy (HRTEM) (Figure 1d). The
lattice fringes with interplanar spacings of 0.32 and 0.23 nm
were assigned to the (012) and (110) facets of rhombohedral
Bi, respectively. These lattice fringes containing multiple
orientations were clearly interconnected by grain boundaries.
X-ray diffraction (XRD) analysis revealed that the GB-Bi
precursors are mainly composed of the Bi,O; phase, revealing
its transformation into metallic Bi after electroreduction
(Figure le).

We also verified the phase transfer under CO,RR conditions
through in-situ X-ray absorption spectroscopy (XAS) studies.
As shown in Figure 1f, the spectrum of the GB-Bi precursor
exhibited Bi—O paths closely matching those of Bi,O; at the
open circuit potential (OCP). Upon the application of
reductive potentials, the scattering feature corresponding to
the Bi—O paths diminished. Two peaks associated with the
Bi—Bi paths in metallic Bi arise, indicating the transformation
of Bi,O; into metallic Bi under CO,RR conditions. These
results correspond well with the TEM and XRD results,
indicating the successful fabrication of a grain-boundary-rich Bi

catalyst through the combination of molten salt synthesis and
in-situ electroreduction.

We evaluated the CO, reduction reaction (CO,RR)
performance of the GB-Bi catalyst with a conventional three-
electrode flow-cell setup (Figure S3; see the Supporting
Information for details). A 1 M KOH solution was used as the
electrolyte. Anion chromatography was employed to analyze
the liquid products, and gas chromatography (GC) was used
for gaseous product identification. Linear sweep voltammetry
(LSV) measurements revealed a dramatic increase in current
density under a CO, atmosphere compared with a N,
atmosphere (Figure S4), indicating that GB-Bi has more
favorable activity toward the CO,RR than toward the HER.
During the CO,RR, the GB-Bi catalyst predominantly
produces formate as the liquid product, with negligible
amounts of CO and H, (<3%). At a potential of —0.50 V
versus the reversible hydrogen electrode (vs. RHE), the partial
current density for formate (jgumae) reached —98.0 mA cm™2,
achieving a maximum formate Faradaic efficiency (FEq.) of
approximately 97% (Figure 2a). Across the applied potential
range from —0.50 to —0.73 V vs. RHE, the FEq .
consistently exceeded 90%, whereas the FEy, was suppressed
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Figure 3. Mechanistic studies. (a) FEs of all products at different current densities over AGB-Bi. (b) ECSA-normalized partial current densities for
formate. (c) Tafel plots for formate production over GB-Bi and AGB-Bi. (d) In-situ ATR-SEIRAS spectra during the CO,RR over AGB-Bi in a
potential window from —0.5 V to —1.0 V. (e) In-situ ATR-SEIRAS spectra during the CO,RR over GB-Bi in a potential window from —0.5 V to

-1.0 V.

to less than 3%. Notably, GB-Bi achieved a high activity up to
—1 A cm™? at approximately —0.73 V vs. RHE while
maintaining an FE¢, ... of ~95%. In comparison, commercial
bismuth nanoparticles (Figures S5 and S6) presented a limited
FE(ymate Of ~80%, and a much higher overpotential is required
to drive CO,-to-formate conversion (see Figure 2b, as well as
Figure S7). This high-performance CO,-to-formate conversion
by GB-Bi surpasses the performance of previously reported
state-of-the-art Bi-based electrocatalysts in alkaline electrolytes
(see Figure S8 and Tables S1 and §2).29*17% Moreover, we
evaluated the long-term stability of GB-Bi in a flow cell at a
constant current density of —100 mA cm™>. Strikingly, the
results show that GB-Bi maintained an FEg .. exceeding 90%
after 122 h of operation (Figure 2d), which is also superior to
that of previously reported Bi-based catalysts (see Figure S9
and Table §3),15/41A43—4547-49

Generally, it is believed that the applied negative potential
triggers the reduction of bismuth oxide precursors and the
reconstruction of the catalyst structure with the elimination of
lattice oxygen. The structural properties of the precursors and
the reduction conditions are two main aspects that affect the
formation of GBs. To investigate the influence of the precursor
structure, we varied the annealing duration (1, 2, and 4 h) for
the molten-salt treatment, which is believed to affect the grain
size of the Bi,O; precursor and the density of oxygen
vacancies. As shown in Figures S10a and S10b, increasing
the annealing duration increased both the grain size of the
Bi,0; precursor (from 47.6 nm to 66.3 nm) and the oxygen
vacancy content (from 59.8% to 69.0%). For precursors of
different annealing durations, the reduction current was fixed

—300 mA cm™ As revealed in Figure S10c, these variations,
in turn, lead to an increased overpotential for HCOOH
production. These results highlight the importance of the
structural properties of the precursor for rich GB formation.
We suspect that a larger grain size decreases the GB density
and that a greater content of oxygen vacancies increases the

mobility of the lattice oxygen, which would facilitate the
reduction process of Bi,O; to Bi and the rearrangement of Bi
atoms to an energetically stable state.”

A violent prereduction condition also favors the generation
of a high-energy metastable GB structure.””' As shown in
Figure S10d, the GB-Bi catalyst prereduced at a lower current
density (—150 mA cm™2) exhibited a slightly larger over-
potential for formate production. Indeed, it is reported that the
density of GBs can be easily tuned by the reduction potential,
and a more negative reduction potential results in a higher GB
density.”> A larger prereduction current density or a more
negative potential provides additional driving forces and
energy for stabilizing the metastable GB structure.

The resulting formate product from the CO,RR using a
conventional flow-cell setup is generally mixed with electrolyte
salts (e.g, KOH). Additional separation and purification
processes are required to obtain formate salt or formic acid
in high purity.””*® These steps significantly increase energy
consumption and operational costs, posing a major obstacle to
the commercialization of CO,RR techniques. To address this
issue, we implanted the GB-Bi catalyst into a solid-state
electrolyte reactor (SSE), as we previously developed, to
realize the direct production of electrolyte-free formic acid.”” A
schematic illustration of the structure of the SSE is provided in
Figure S11. Once CO, is reduced into HCOO™ at the cathode
side, driven by the electric field, the negatively charged
HCOO™ travels through the anion exchange membrane into
the middle solid-electrolyte layer. At the same time, the
protons (H*) generated by water oxidation at the anode side
move across the cation exchange membrane to compensate for
the charge. The HCOOH formed through the combination of
HCOO™ and H' in the middle solid-electrolyte layer is then
released by the deionized water stream. Remarkably, the
integration of the GB-Bi catalyst and SSE reactor resulted in
stable production of a pure formic acid solution at a fixed
current density of —S0 mA cm™ (200 mA) for 214 h (see
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Figure 2d, as well as Figures S12—S14). The FEycoon
remained higher than 80%.

We further revealed the impact of grain boundaries on the
CO,RR performance. As reported previously, thermal
annealing has been proposed as an efficient method to
eliminate grain boundaries.”’ We annealed GB-Bi at 320 °C for
4 h in an argon atmosphere and obtained a grain-boundary-free
Bi catalyst (denoted as AGB-Bi). SEM images revealed that
AGB-Bi retained the morphology of GB-Bi after the annealing
process, featuring abundant particle aggregations (Figure S15).
HRTEM analysis revealed that metallic Bi(110) facets
dominated AGB-Bi, and negligible grain boundaries were
observed (Figure S16). CO,RR tests performed in a flow cell
revealed that although AGB-Bi exhibited high FEycoon
(>95%) toward the CO,RR, its activity was significantly
constrained at high overpotential regions, compared with that
of GB-Bi (see Figure 3a, as well as Figure S17). Even after
excluding the influence of differences in the electrochemically
active surface area (ECSA), GB-Bi exhibited an enhanced
intrinsic CO,RR performance compared with that of AGB-Bj,
highlighting the critical role of grain boundaries (see Figure 3b,
as well as Figure S18). To gain deeper insights into the impact
of grain boundaries on CO,RR kinetics, we performed Tafel
slope analysis. As shown in Figure 3¢, GB-Bi and AGB-Bi
exhibited Tafel slopes of 173.7 and 2352 mV dec”’,
respectively. Generally, it is believed that these large Tafel
slopes (>118 mV dec™) indicate that the first electron transfer
to CO, is the rate-determining step (RDS).”” GB-Bi displayed
a smaller Tafel slope than AGB-Bi did, which indicates
facilitated electron transfer kinetics and CO, activation
capability in the presence of grain boundaries.™

We also conducted in-situ attenuated total reflection surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS)
experiments to monitor the reactive intermediates generated
during the CO,RR on GB-Bi and AGB-Bi. As shown in Figures
3d and 3e, a characteristic infrared band located at
approximately 1400 cm™ was observed for both GB-Bi and
AGB-Bi. This band can be assigned to the vibration of O—C—
O in the adsorbed *OCHO intermediate, with the oxygen side
adsorbed on the catalyst surface.’*>* In contrast, negligible
bands were found in the range of 1900—2100 cm™' over GB-
Bi, indicating the weak adsorption of CO* intermediates on
the surface (Figure $19).°° These observations are consistent
with previously reported works, which propose that HCOO™ is
generated through the hydrogenation of C atoms by forming
*OCHO intermediates and that CO is generated through the
hydrogenation of O atoms and cleavage of C—O bonds by the
formation of CO* intermediates. Interestingly, GB-Bi ex-
hibited a pronounced increase in the intensity of the band at
approximately 1250 cm™ with increasing overpotential (Figure
3d). This band can be assigned to asymmetric —COO~
stretching of activated *CO,~ species;42’57’58 however, it was
not detected on AGB-Bi throughout the potential range,
further indicating that GB-Bi is more favorable for CO,
adsorption and activation. These findings align with the
Tafel slope analysis, indicating that the grain boundaries in
GB-Bi significantly enhance its ability to adsorb and activate
*CO, ™.

We further performed isotope labeling experiments to reveal
the impact of GBs on the hydrogenation process in CO,-to-
HCOOH conversion. As shown in Figure S20, the GB-free
AGB-Bi catalyst exhibits a primary KIE value of ~14,
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indicating that the dissociation of water is involved in the rate-
determining step for formate production. The GB-Bi catalyst
exhibited a much larger KIE value of ~2.0, indicating more
sluggish kinetics for water activation, and the HCOOH
production rate was highly dependent on protonation
steps.””®" This phenomenon consists of improved CO,
activation on the GB-Bi surface compared with that on the
AGB-Bi surface, as evidenced by the above in-situ infrared
characterization. Apparently, the presence of GBs exerts a
greater effect on enhancing CO, activation than on inhibiting
water dissociation.

Density functional theory (DFT) calculations were further
performed to elucidate the influence of the grain boundaries on
the reaction path. On the basis of the HRTEM analysis, we
considered the CO,RR on the surfaces of Bi(110), Bi(012),
and the boundaries of Bi(012)/Bi(110) and Bi(012)/Bi(012).
Figures 4a-4b depict the reaction path for CO,-to-HCOOH
conversion on Bi(110) and Bi(012)/Bi(110). Both the
monodentate and bidentate adsorption configurations of
*CO, are considered. On the basis of the calculation results,
the activation of CO, with the highest Gibbs free energy
increase was identified as the rate-determining step, which is
consistent with the Tafel analysis results. The Gibbs free
energy for *CO, formation on the Bi(012)/Bi(110) grain
boundary was found to be 0.35 eV (Figure 4b), which was
significantly lower than that on the Bi(110) edge (0.41 eV),
Bi(110) surface (0.73 eV), or Bi(012) surface (0.58 eV) (see
Figure 4a, as well as Figures S21 and S22). The lowest Gibbs
free energy for *CO, formation (0.27 eV) was found at the
Bi(012)/Bi(012) boundaries, considering that CO, was
adsorbed on nonadjacent Bi sites (Figure S23). The hydro-
genation of *CO, to *OCHO is energetically favorable, which
requires a tiny Gibbs free-energy increase or even show
negative changes (see Figures 4a and 4b, as well as Figures
$21-S23).

We further analyzed the projected density of states (PDOS)
and p-band centers on different Bi sites to provide electronic
insights into the benefit of boundary sites on the adsorption of
key intermediates (Figure 4c). Apparently, the p-band center
for Bi sties on the top (012) edge of the Bi(012)/Bi(110)
boundary (—1.46 eV) is closer to the Fermi level than the p-
band center for Bi sties on the top (011) edge (—1.48 eV) and
plain Bi(110) surface (—1.67 eV). As reported previously, the
upshift of the p-band center could facilitate *OCHO formation
through p—p hybridization. Further Bader charge analysis
revealed enhanced interactions between boundary sites and
*OCHO adsorbers. As shown in Figures 4d and 4e, more
electrons are transferred to *OCHO at the Bi(012)/Bi(110)
boundary (0.75 e) than at the Bi(110) surface (0.72 e), which
correlates with a lower Gibbs free energy for the adsorption of
the *OCHO intermediate at the Bi(012)/Bi(110) boundary
(Figure 4b). The interaction on the Bi(012)/Bi(012)
boundary was also greater than that on the plain Bi(012)
surface (Figure S24). Overall, these results provide compelling
evidence that the presence of grain boundaries significantly
enhances the CO, activation and *OCHO formation processes
by optimizing the electronic structure and lowering the
activation barriers.

In summary, we have demonstrated an effective two-step
synthetic strategy for introducing rich grain boundaries into Bi
catalysts. The obtained GB-Bi catalyst demonstrates excellent
performance in CO,-to-HCOOH conversion, achieving
FEycoon values exceeding 90% at ampere-level current

densities. Experimental and theoretical analyses have suggested
that the grain boundaries in GB-Bi significantly enhance CO,
activation by modulating the adsorption energy of inter-
mediates and accelerating electron transfer processes. The
integration of GB-Bi catalysts with a solid-state electrolyte
reactor enabled long-term production of high-purity formic
acid for over 210 h at a constant current of —200 mA. This
work highlights the pivotal role of grain boundaries in
enhancing catalytic performance and opens up an appealing
approach to fabricate grain boundary rich catalysts for the
CO,RR.
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