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Electrochemical CO, reduction reaction (CO,RR) has been regarded as one of the most promising solutions to achieving “zero
carbon emission”. In most of the CO,RR-related studies, high-purity CO, has been employed as the feed gas; however, in
practice, CO, is generally emitted in low concentrations, so it is of great significance to realize high-selectivity electroreduction
of low-concentration CO, with large concentration fluctuation. In this work, we constructed a dual-active-site catalyst and
successfully achieved CO, local enrichment and conversion for low-concentration CO,. Operando experiments reveal that the
catalyst has one type of site for activating CO, and one type of site for binding the reaction intermediates. The dual-active-site
catalyst displays a selectivity for formic acid consistently above 97% over a broad potential window (from —0.9 to —1.6 V vs.
RHE). Even when fed with a low-concentration CO, stream (volume ratio from 50% down to 10%), the dual-active-site catalyst
could display high activity and selectivity (>91%). In particular, the selectivity is still above 85% when the CO, volume ratio is as
low as 5%. This work offers a feasible route for converting low-concentration CO, via a synergistic effect for dual-active-site
catalysts.
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1 Introduction

The excessive emission of CO, has led to a range of issues
regarding the environment and energy, and the notion of
“zero emission” has been generally acknowledged. The
electrochemical CO, reduction reaction (CO,RR) technique
has garnered extensive attention as it could achieve CO,
reduction under ambient conditions [1] and afford value-
added products [2-10]. In most of the CO,RR-related stu-
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dies, pure CO, gas is employed as the feed gas; however, in
practice CO, is generally emitted in low concentrations (for
example, the volume fraction of CO, in flue gas is typically
15%), thus requiring complex procedures such as CO, cap-
ture, concentration and purification [11,12]. It could be en-
visioned that directly using low-concentration CO, as the
feed gas for CO,RR would have profound techno-economic
implications [13].

Among the CO,RR pathways, the formic acid route fea-
turing two-electron transfer is considered to have great po-
tential for practical application [14]. Bi-based catalysts have
been known to show high selectivity for formic acid/formate
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in CO,RR [15-19]. However, hydrogen evolution reaction
(HER) would compete with the production of formic acid via
CO,RR [20,21]. The HER could be restrained by selective
doping engineering [22-25] and oxidation treatment [26,27].
It could be envisioned that enriching CO, at the catalyst
surface would be conducive to the selectivity toward CO,
RR. Introducing basic groups into the catalyst structure could
potentially help to concentrate the dilute CO,. Chen et al.
[28] presented a Cu-polyamine hybrid catalyst, which sig-
nificantly increases the selectivity for ethylene production.
Li et al. [29] demonstrated that the enhanced CO, adsorption
capability of Bi-based catalysts through L-histidine integra-
tion plays a key role in boosting highly selective and efficient
formate production. Gao et al. [30] synthesized the CdS
needle catalyst with high-curvature tips, which generate local
electric fields for concentrating alkali metal ions and CO,,
resulting in enhanced CO,RR efficiency. Zhao et al. [31]
prepared a microporous Bi-based metal-organic framework,
which can not only efficiently capture CO, from the dilute
CO, stream, but also catalyze the electroreduction of the
adsorbed CO, into formic acid with a high Faradaic effi-
ciency (FE). Introducing organic species would lead to a high
cathodic potential, adversely influencing the catalytic ac-
tivity; in addition, the CO, concentration in flue gas may
fluctuate over time, thus requiring the catalyst to display high
selectivity and activity over a wide CO, concentration range.
Therefore, it would be of immense techno-economic sig-
nificance to achieve high-activity and high-selectivity con-
version of low-concentration CO,.

Here in this paper, we constructed a Bi-based dual-active-
site catalyst and successfully achieved CO, local enrichment
and conversion for low-concentration CO, feed gas. The
catalyst features one Lewis-base active site that could help to
enrich and activate the CO, even in low concentration, and
one highly selective catalytic site for CO, conversion.
Structural characterizations and CO, adsorption measure-
ments reveal that the dual-active-site catalyst has a high
adsorption affinity for CO,, and the basic site has a high
capability of activating CO,. In CO,RR performance tests in
flow cells, the catalyst displays a formic acid selectivity
consistently above 97% over a broad potential window from
—0.9 to —1.6 V (vs. RHE). Operando attenuated total re-
flection surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) reveals that the catalyst has a type of site for
activating CO, and a type of site for binding the OCHO*
intermediates. Compared with the single-active-site coun-
terpart (without the basic active site), our dual-active-site
catalyst could display high activity and selectivity (>91%)
when fed with reactant gas with a CO, volume ratio from
50% down to 10%. In particular, the selectivity is still at 85%
when the CO, volume ratio is as low as 5%. The competing
reaction HER was effectively suppressed over a broad range
of CO, concentrations. This work offers a feasible route for

converting low-concentration CO,, and demonstrates an ef-
fective strategy for the design and preparation of dual-active-
site catalysts.

2 Results and discussion

2.1 Synthesis of dual-active-site catalyst

The dual-active-site catalyst of bismuth oxide/magnesium
hydroxide catalyst (Bi,O;_/Mg(OH),) with a heterogeneous
structure was synthesized following the procedure shown in
Figure la (for details, see Experimental section in Support-
ing Information online). The morphology and elemental
distribution of Bi,0;_,/Mg(OH), were examined via scan-
ning electron microscopy (SEM) and high-resolution trans-
mission electron microscopy (HRTEM). It was revealed that
Bi,0;_,/Mg(OH), has a nanoflower-like morphology (Figure
1b). The detailed structure is further revealed in the TEM
(Figure 1c) and HRTEM (Figure 1d) images. Figure Ic
shows that the particle was made of small nanosheets. The
heterogeneous structure could be found from the HRTEM
image; it shows the characteristic lattice spacings of crystal
planes (201) for Bi,O; and (001) for Mg(OH), as 0.32 and
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Figure 1 (Color online) Synthesis and characterizations of dual-active-
site catalyst Bi,O;_/Mg(OH),. (a) Schematic illustration for the synthesis
procedure of Bi,O; ,/Mg(OH),. (b) SEM image. (¢, d) TEM and HRTEM
images. (¢) EDS mapping results for Bi, Mg, and O.
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0.48 nm, respectively, consistent with the results obtained
from XRD (Figure S1, Supporting Information online) [32—
34]. The actual contents of Bi and Mg were determined via
inductively coupled plasma mass spectrometry (ICP-MS),
and the results are summarized in Table S1 (Supporting In-
formation online). The elemental distribution was further
examined via energy-dispersive X-ray spectroscopy (EDS).
The EDS mapping results in Figure 1e demonstrated the even
distribution of Bi, Mg, and O elements in the selected area.
The Mg and Bi elements were found to accompany the O
species, indicating that the dual-active-site catalyst has been
successfully prepared.

In order to investigate the electronic structures and local
coordination configurations of Bi,O;_,/Mg(OH),, we con-
ducted synchrotron-radiation-based X-ray absorption fine
structure (XAFS) at the Bi L3-edge for Bi,0;_,/Mg(OH),,
the corresponding reference samples including Bi powder
and Bi,0;. X-ray absorption near-edge structure spectroscopy
(XANES) revealed that the Bi L3-edge of Bi,0;_/Mg(OH),
was similar to that of Bi,0;, indicating that the oxidation
state of Bi was predominantly +3 (Figure 2a). In addition,
extended X-ray absorption fine structure spectroscopy
(EXAFS) was conducted, and the results are shown in
Figure 2b, characterizing Bi,0;_,/Mg(OH), with reference to
Bi,0; standard samples and Bi powder, with the peak at
1.5 A corresponding to the Bi~O bond [35]. The chemical
states of elements were confirmed via X-ray photoelectron
spectroscopy (XPS) (Figure S2). Two sets of peaks
were observed in the Bi 4f XPS spectrum (Figure 2¢) [33],
corresponding to Bi'", indicating that the oxidation state of
Bi in the Bi,0; ,/Mg(OH), catalyst was mainly +3, con-
sistent with the XAFS results. The Auger spectrum of
Mg (Mg KLL) in Figure S3 shows a characteristic peak at
305.0 eV, indicating that the Mg in Bi,0;_/Mg(OH), is in an
oxidized state (characteristic peak of oxidized Mg, around
306.0 eV). Subsequently, Mg 2p XPS spectrum was recorded
(Figure 2d), with a characteristic peak around 49.0 eV
corresponding to Mg2+ [36,37]. In combination with the
XRD results (Figure Slc) [34], it could be concluded that
the Mg species in the oxidized state is in the form of
Mg(OH),.

As shown in Figure S4, the dual-active-site catalyst
Bi,0;_/Mg(OH), displayed a larger Brunauer-Emmett-
Teller (BET) surface area than Bi,O;_, for N, adsorption-
desorption isotherms. Furthermore, we recorded the CO,
adsorption isotherms to compare the physisorption capacities
of CO, on Bi,0;_,/Mg(OH), and Bi,0;_, (Figure 2¢). It can
be seen that Bi,0;_/Mg(OH), has a higher CO, adsorption
capacity than Bi,O;_, does. These results indicate that the
addition of Mg(OH), is beneficial for CO, adsorption on the
catalyst [38]. Since CO, adsorption isotherms are mainly
used to evaluate the physisorption of CO,, further tests such
as CO, temperature-programmed desorption (CO,-TPD) are
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Figure 2 (Color online) (a) Normalized XANES y(E) spectra for Bi.
(b) Radial distance y(R) space spectra of Bi. (¢, d) High-resolution XPS
profiles of Bi and Mg. (e, f) CO, adsorption isotherms and CO,-TPD for
Bi,0;_,/Mg(OH), and Bi,O4_,.

needed to determine whether the basic sites (Mg(OH),) in the
catalyst play a substantial role in chemisorption of CO,. As
shown in Figure 2f, CO,-TPD reveals a distinct desorption
peak at 550 °C for Bi,03 ,/Mg(OH),, whereas no desorption
peak could be observed for Bi,O5_, in the temperature range
of 30 °C-650 °C. These results indicate that introducing
Mg(OH), as basic sites in the catalyst could promote the
capture and enrichment of CO,, which is beneficial to sub-
sequent CO,RR.

2.2 Assessment of CO,RR performances

The CO,RR performances of the catalysts were assessed
using a standard three-electrode setup in an H-type cell, with
CO,-saturated 0.5 mol L™ KHCO; solution as the electro-
lyte. As shown in the linear sweep voltammetry (LSV)
curves (Figure 3a), Bi,0O;_/Mg(OH), displays the lowest
onset potential and the highest current density for CO,RR
(Figure S5). The products were monitored via online gas
chromatography (GC), 'H nuclear magnetic resonance
(NMR), and ion chromatography (Figures S6—S8). As shown
in Figure 3b and d, compared with the other three catalysts
(Bi,05,, Bi,0;_/Mg(OH),-low, Bi,0;_/Mg(OH),-high),
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Figure 3 (Color online) CO,RR performance in H-type cell. (a) LSV,
(b) Comparison of FEs, (¢) jucoon, and (d) FEycoon for Bi,Os; /Mg(OH),
catalyst and comparison catalysts in CO,-saturated in 0.5 mol L’ KHCO;
solution. (e) Long-term test and the corresponding FEycoon of Bi,Os-/
Mg(OH), at —0.90 V vs. RHE.

the FEycoon for Bi,O5_,/Mg(OH), is consistently above 90%
over the broad potential window from —0.9 to —1.5V (vs.
RHE), and the highest FE for HCOOH (FEycoon) is 98% at
—1.1 V (vs. RHE). The partial current densities are sum-
marized in Figure 3c. Bi,0;_,/Mg(OH), catalyst displays the
highest partial current density, and jycooy reaches a max-
imum of about 140 mA cm ~ at —1.6 V (vs. RHE), showing
the best catalytic activity. Furthermore, the Tafel slope for
Bi,0,_/Mg(OH), is 162.1 mV dec ' (Figure S9), the smal-
lest among all samples (234.3 mV dec " for Bi,05,, 179.7
mV dec”' for Bi,0;_/Mg(OH),-low, and 183.0 mV dec ' for
Bi,0;_/Mg(OH),-high). These data indicate that Bi,O;_,/
Mg(OH), features a favorable reaction kinetics for producing
HCOOH.

To compare the samples in terms of intrinsic activity, the
electric double-layer capacitance (C;) was deduced via
cyclic voltammetry (CV). Bi,0;_,/Mg(OH), displays the
highest C,; value (8.54 mF cm_z), which is 3 times higher
than that of Bi,O;_, (2.98 mF cmfz) (Figure S10). In addi-
tion, the long-term stability and corresponding FEcqoi Were
tested for 36 h on Bi,0;_,/Mg(OH), at —0.9 V, and the results
indicated an excellent stability for CO,RR (FEcoon > 90%),
as shown in Figure 3e.
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2.3 Operando Atr-SEIRAS and XAFS spectroscopy

To further investigate the key intermediate species involved
in the electrocatalytic CO, reduction to formic acid/formate
over Bi,0;_,/Mg(OH), and Bi,05_,, operando ATR-SEIRAS
was conducted. As shown in Figure 4a, b, the peak near
2350 cm' is attributed to the asymmetric stretching of ad-
sorbed CO, [39]. Thus, the characteristic peak at 1391 cm’'
for Bi,0;_/Mg(OH), corresponds to the stretching vibration
of O—C-0 in OCHO#*, confirming the predominant presence
of the OCHO¥* intermediate during the reaction, leading to
the formation of formic acid [39]. For adsorbed CO, with the
characteristic peak at 2350 cm ', the peak intensity for
Bi,0;_, is rather weak at open-circuit potential (OCP)
(Figure 4b), and became barely detectable at more negative
potentials. This indicates that the small amount of adsorbed
CO, had been consumed as the potential went more cathodic.
By comparison, as the potential went more negative, the peak
for Bi,0;_/Mg(OH), did not become weak but rather was
kept almost unchanged with applied potential. This implies
that Bi,0;_,/Mg(OH), has the capability of adsorbing CO,
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Figure 4 (Color online) ATR-SEIRAS spectra on the surfaces of
(a) Bi,05_,/Mg(OH), and (b) Bi,0s_, catalysts in CO,-saturated 0.5 mol L'
KHCO; solution. Corresponding contour maps of Bi,O;_/Mg(OH), and
Bi,0;_,. (¢) Normalized XANES for Bi,0;_,/Mg(OH), under CO,RR from
OCP, —0.9, —1.1, —=1.3 V (vs. RHE), Bi foil. (d) Magnified local absorption
edge of XAFS region of (c).
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and enriching its local concentration, providing sufficient
reactant molecules for CO,RR. From the above analysis, we
found that Bi,0;_/Mg(OH),, benefiting from its capability
of adsorbing CO,, could promote the formation of OCHO*
intermediates. The comparison suggests that the Mg(OH), in
Bi,0;_/Mg(OH), plays a crucial role in promoting CO,
adsorption and the generation of *OCHO intermediate spe-
cies. Thus, it could be inferred that the Bi,0;_/Mg(OH),
would display a high selectivity during the CO,RR process.

Furthermore, operando XAFS data of Bi,0;_/Mg(OH),
were collected under CO,RR conditions. The Bi L3-edge
XANES spectra for the catalyst were recorded at the fol-
lowing four potentials: open-circuit potential (OCP, where
the system remains unreacting), and a negative potential
(=0.9 V vs. RHE), the optimum potential (—1.1 V vs. RHE),
and the most negative potential (—1.3 V vs. RHE). As shown
in Figure 4c, d, the absorption edge is located at higher en-
ergy under OCP. With more negative potentials applied, the
absorption edge gradually shifts to lower energy (with slight
changes) [40], implying the catalytic site for CO, was re-
tained under reaction conditions. From the analysis above, it
could be inferred that in the dual-active-site catalyst Bi,Os_,/
Mg(OH),, one site could help to enrich the local CO, con-
centration, providing sufficient reactant molecules for the
catalytic conversion, and the other site could promote the
CO,RR process, guaranteeing a high catalytic activity and
high selectivity for the target product [41-43]. The two sites
work synergistically to boost the catalytic activity for
CO;,RR [44] under low CO, concentrations.

2.4 CO,RR performances at low concentration

The CO,RR performances of the dual-active-site catalyst
Bi,0;_/Mg(OH), were measured for formic acid generation
from low-concentration CO, feed gas in a flow cell. Figure
Sa shows the LSV curves for Bi,0;_/Mg(OH), and Bi,05_,,
indicating that Bi,0;/Mg(OH), exhibits higher current
density in pure CO,. As shown in Figure 5b, the comparison
in terms of the FE for the products at different working
potentials for the two catalysts shows that Bi,0;_/Mg(OH),
maintains over 97% FE over a wide potential window (—0.9
to —1.6 V vs. RHE), whereas Bi,0;_, exhibits lower se-
lectivity for CO, electroreduction to formic acid. When a
series of low-concentration CO, (50 vol%, 40 vol%, 30 vol%,
20 vol%, 10 vol%, 5 vol%, CO,/(CO,*+N,) V/V) was used as
the feed stream, the FEycoony values for dual-active-site
catalyst Bi,0;_/Mg(OH), still keep almost the same as that
under high-purity CO, atmosphere. The FEycoon values
display high selectivity (>91%) when the catalyst was fed
with gases with CO, concentrations from 50 vol% to
10 vol%. In particular, the selectivity is still above 85% when
the CO, concentration was as low as 5vol%, and the
FEticoon values for Bi,O;_/Mg(OH), are only slightly lower
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Figure 5 (Color online) CO,RR performance in flow cell. (a) LSV curves
of Bi,0;_/Mg(OH), and Bi,O;_,. (b) FEycooy of Bi,0;/Mg(OH), and
Bi,05, in 1.0 mol L' KOH solution at different potentials. (¢) FEycoon
and (d) FEy, for Bi,O;_,/Mg(OH), and Bi,O;_, with the low-concentration
CO, feeding (100 vol%, 50 vol%, 40 vol%, 30 vol%, 20 vol%, 10 vol%,
5 vol%). (e) Long-term test and the corresponding FEy ooy of Bi,O5-/Mg
(OH), at 100 mA cm > (10 vol%).

than that under high-purity CO, atmosphere (Figure 5c). The
competing reaction could be effectively suppressed over a
broad range of CO, concentrations (Figure 5d). In contrast,
the FEycoon for Bi,O5-, without Mg(OH), decreases rapidly
with the CO, concentration decreasing, and the FEy;, value
reaches 52%, indicating that HER becomes the dominant
reaction under low-concentration CO, conditions. Further-
more, stability test of the Bi,O; /Mg(OH), catalyst under
10 vol% CO, atmosphere demonstrated a stable operation for
450 min (FE = 90%) (Figure 5e). The catalytic selectivity is
less affected by CO, concentration, and it displayed high
selectivity among the broad range (from 50 vol% to 5 vol%)
of low-concentration CO,. These results confirm the ad-
vantages of the dual-active-site catalyst of Bi,0;_/Mg(OH),
in CO, capture and CO,RR at low-concentration CO, con-
ditions.
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3 Conclusions

In this work, we constructed a dual-active-site catalyst
Bi,0;_,/Mg(OH), with a feasible method. The Bi,O;_/Mg(OH),
displayed a nano-flower-like morphology, and its hetero-
geneous structure was determined via HRTEM. The electron
structure and local coordination configurations of Bi,0;_,/
Mg(OH), were characterized via XAFS and XPS. The CO,
adsorption behavior of Bi,0;_,/Mg(OH), was monitored by
CO, adsorption isotherms and CO,-TPD test. It indicates that
introducing Mg(OH), as basic sites could promote the cap-
ture and enrichment of CO,, which is beneficial to sub-
sequent CO,RR. The FEycqon for Bi,O; /Mg(OH), was
above 90% over the broad potential window from —0.9 to
—1.5V (vs. RHE) in CO,RR, and the highest FEycqon Was
98% at —1.1 V (vs. RHE). The operando ATR-SEIRAS re-
sults suggest that the Mg(OH), in Bi,0;_,/Mg(OH), plays a
crucial role in promoting CO, adsorption and the generation
of *OCHO intermediate species. Even when fed with re-
actant gases with CO, concentrations ranging from 50 vol%
to 10 vol%, our catalyst could display a high activity and
selectivity (>91%). In particular, the selectivity is still above
85% for very dilute CO, (5 vol%). The competing reaction
was effectively suppressed over a broad range of CO, con-
centrations. This work offers a feasible route for converting
low-concentration CO, using dual-active-site catalysts.
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