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ABSTRACT: The past decade has witnessed substantial progress in understanding nontrivial band topology and discovering exotic
topological materials in condensed-matter physics. Recently, topological physics has been further extended to the chemistry
discipline, leading to the emergence of topological catalysis. In principle, the topological effect is detectable in catalytic reactions, but
no conclusive evidence has been reported yet. Herein, by precisely manipulating the topological surface state (TSS) of Bi,Se,
nanosheets through thickness control and the application of a magnetic field, we provide direct experimental evidence to illustrate
topological catalysis for CO, electroreduction. With and without the cooperation of TSS, CO, is mainly reduced into liquid fuels
(HCOOH and H,C,0,) and CO, exhibiting high (up to 90% at —1.1 V versus reversible hydrogen electrode) and low Faradaic
efficiency (FE), respectively. Theoretically, the product and FE difference can be attributed to the TSS-regulated adsorption of key
intermediates and the reduced barrier of the potential-determining step. Our work demonstrates the inherent correlation between
band topology and electrocatalysis, paving a new avenue for designing high-performance catalysts.

B INTRODUCTION In principle, in a comparative measurement for the same
catalyst with and without TSS, the product and efficiency will
provide a smoking-gun signature to distinguish the intrinsic
TSS effect in topological catalysis. Theoretically, the TSS can
be simply eliminated by turning off the spin—orbit coupling
(SOC).'™® However, the relativistic SOC effect cannot be
artificially turned off in real experiments, making this
comparison impossible. It is well-known that the SOC-

Topology, a mathematical concept for continuous trans-
formation, presents a new way to classify the electronic states
in solid-state materials. Based on the topological band theory,
topological materials are characterized by symmetry-protected
topological surface states (TSSs), which are immune to local
perturbations without breaking the bulk topology.'™® TSS-

relevant quantum phenomena have been intensively studied by eliminated TSS is induced by a band-inversion mechanism,
the physics community."”” Recently, with the application of which controls the topolo§ical phase transition between trivial
topological materials in the field of chemistry, a new and nontrivial states.'®”*° This indicates that if we can
interdiscipline called topological catalysis has appeared.®”" precisely suppress the TSS while keeping the local surface
In heterogeneous catalysis, the reactant adsorption, electron environment unchanged in a catalytic reaction, it is also
transfer, and product desorption are highly sensitive to the possible to detect the intrinsic TSS effect. As one of the three-
surface environment, so a robust TSS offers an exciting

opportunity to design high-performance catalysts. Currently, Received: October 8, 2023 =JACS
although a variety of topological semimetal enhanced catalytic Revised:  February 6, 2024

reactions'* ™' are reported in oxygen and hydrogen evolution Accepted: February 7, 2024

reactions (OER and HER), direct experimental evidence to Published: February 27, 2024

identify the intrinsic TSS effect in topological catalysis is still

lacking.
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Figure 1. Design strategy for identifying the intrinsic TSS effect in topological catalysis. Schematic CO, electroreduction over thick Bi,Se; with (a)
TSS, (b) thin Bi,Se; without TSS, and (c) thick Bi,Se; in a magnetic field without TSS. The target products and byproducts are labeled with green
and red colors, respectively. The magnetic field is denoted by vertical arrows. (d) PDOS of *COOH adsorbed on 4-QL Bi,Se; with and without
TSS. The insets display the top view of the adsorption configuration and Bi—C bond length. (e) PDOS of HCOO* adsorbed on 4-QL Bi,Se; with
and without TSS. The insets display the top view of the adsorption configuration and Bi—O bond length. To guide the view, the PDOS of Bi,Se; is

rescaled to the adsorbate in (d, e).

dimensional topological insulators, bismuth selenide (Bi,Se;)
contains active Bi species for CO, electroreduction, where the
TSS of Bi,Se; could be experimentally regulated via extrinsic
methods.”"”” Following this guideline, three complementary
experimental schemes are designed to reveal the mysterious
topological catalysis toward CO, electroreduction. In the first
experiment (Figure 1a), we choose a thick Bi,Se; with a TSS.
In the second experiment (Figure 1b), we choose a thin Bi,Se;
without a TSS, where the TSS is eliminated by quantum
confinement.”’ In the third experiment (Figure 1c), we choose
a thick Bi,Se; but perform the catalytic reaction under a
magnetic field, where the time-reversal symmetry-protected
TSS is broken by a magnetic field.”” Obviously, if the catalytic
activity and/or dominant product in the second and third
experiments are similar but different in the first experiment, it
is straightforward to confirm that the intrinsic TSS effect is to
tune the catalytic activity and/or selectivity.

In this work, we focus on three-dimensional (3D) TI
Bi,Se;”’"** for CO, electroreduction to illustrate the
topological effect in topological catalysis. Theoretically, we
found that TSS is capable of regulating the adsorption of key
intermediates in CO, electroreduction. Experimentally, we
found that thick Bi,Se; (6 nm) nanosheets with TSS mainly
boost CO, reduction into liquid fuels, characterized by a high
geometrical current density (j) of 46.9 mA-cm™ at —1.1 V
versus reversible hydrogen electrode (vs RHE) with a Faradaic
efficiency (FE) of 60% for HCOOH and 30% for H,C,0,.
However, thin Bi,Se; (2 nm) and thick Bi,Se; (6 nm)
nanosheets under a magnetic field, both without TSS, mainly
facilitate CO, reduction into CO, characterized by a decreased
geometrical j and FE. This conclusive experimental evidence
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directly identifies the intrinsic TSS effect in topological
catalysis. Moreover, the mechanism behind the tunable
catalytic activity and selectivity are also revealed by first-
principles calculations, which originated from the TSS-reduced
barrier of the potential-determining step (PDS). Our results
establish an internal correspondence between TSS and
electrocatalysis and introduce a universal extrinsic method to
explore the topological effect in topological catalysis.

B RESULTS AND DISCUSSION

Investigation of the TSS Effect on the Adsorption of
Intermediates. Before performing the electrochemical
measurement, we carried out first-principles calculations for
*COOH and HCOO* on four quintuple-layer (4-QL) Bi,Se,
with and without TSS to determine whether or not the TSS
has a notable effect on the adsorption of intermediates for CO,
electroreduction (Figure S1). The projected density of state
(PDOS) for *COOH and HCOO* is shown in Figure 1d,e,
respectively. Comparing the PDOS with and without TSS, one
can see that the TSS upshifts the occupied states of *COOH
and HCOO* toward the Fermi level, indicating a weakened
adsorption behavior. This conclusion is also supported by the
calculated bond length and adsorption energy (E,). For
*COOH adsorption, the TSS increases the Bi—C bond by 0.04
A and decreases the E 4 by 0.07 eV (inset of Figure 1d and
Table S1). For HCOO* adsorption, the TSS increases the Bi—
O bond by 0.08 A and decreases the E,4 by 0.03 eV (inset of
Figure le and Table S1). Therefore, the TSS of Bi,Se; has a
considerable effect on the adsorption of intermediates, making
it feasible to detect the TSS-regulated catalytic activity and
selectivity experimentally.

https://doi.org/10.1021/jacs.3c11088
J. Am. Chem. Soc. 2024, 146, 6536—6543


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11088/suppl_file/ja3c11088_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11088/suppl_file/ja3c11088_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11088/suppl_file/ja3c11088_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11088?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11088?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11088?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11088?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c11088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

a
‘,
A
-~
-
6 nm 300 nm
b
S 100 nm

E-E (eV)

(o}

E-E, (eV)

0.0
ke (A

0.3

Figure 2. Characterizations of 6 and 2 nm Bi,Se; nanosheets. TEM images of (a) 6 nm and (b) 2 nm Bi,Se; nanosheets. Insets of (a) and (b)
display HAADF-STEM images. ARPES spectra of (c) 6 nm and (d) 2 nm Bi,Se; nanosheets. The white dashed lines in (c) and (d) are used to

guide the TSS and bulk state.

Construction of Model Catalysts. In order to exper-
imentally identify the intrinsic TSS effect in topological
catalysis, the high-quality single-crystal Bi,Se; nanosheets are
synthesized by a solvothermal method.”” The sample quality is
determined by X-ray diffraction (XRD) (Figure S2), Raman
spectroscopy (Figure S3), X-ray photoelectron spectroscopy
(XPS) (Figure S4), and inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) (Table S2), where the
characterized modes are consistent with previous work.”® The
gapless TSS only exists in Bi,Se; with enough thickness;”"*"**
otherwise, it will be gapped by surface coupling. As such, we
prepare two different kinds of Bi,Se; nanosheets (6 nm with
TSS ~6-QL and 2 nm without TSS ~2-QL) to perform the
comparative electrochemical experiments, where the thickness
is determined by atomic force microscopy (AFM) measure-
ment (Figure SS). The 6 and 2 nm Bi,Se; nanosheets are
characterized by transmission electron microscopy (TEM)
(Figures S6 and 2ab), selected area electron diffraction
(SAED) (Figure S7), and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
(insert Figure 2a,b) measurements, showing the high quality of
single crystals with hexagonal structure stacking along the
(001) direction. To directly identify the TSS in the as-prepared
samples, angle-resolved photoelectron spectroscopy (ARPES)
measurements are performed.?’*%’34 In the ARPES spectra, the 6
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nm Bi,Se; nanosheets exhibit a TSS with a Dirac cone of
around —0.5 eV below the Fermi level (Figure 2c), which is
characterized by the spectral peak in its energy distribution
curve (EDC) at the I" point (Figure S8), whereas the 2 nm
Bi,Se; nanosheets exhibit a gapped state below the Fermi level
(Figure 2d). The ARPES spectral feature of 6 nm Bi,Se,
nanosheets is in accordance with that of bulk single-crystalline
Bi,Se; (Figure S9). These features are also consistent with
ultraviolet photoelectron spectroscopy (UPS) measurements
(Figure S10), where the 6 nm Bi,Se; nanosheets with TSS
exhibit a larger signal than the 2 nm Bi,Se; nanosheets without
TSS near the Fermi level. Accordingly, the TSS of Bi,Se;
nanosheets is successfully switched by regulating the thickness.

Catalytic Performance of Model Catalysts. Based on
high-quality Bi,Se; nanosheets with and without TSS, we
further evaluate the catalytic performance. In CO, electro-
reduction, the gaseous products of H, and CO are determined
by online gas chromatography measurement (Figure S11),
while the liquid products of HCOOH and H,C,0, are
determined by nuclear magnetic resonance (Figure S12) and
ion chromatography (Figure S13) analyses, respectively. Figure
3a shows the geometrical current density (j) for CO,
electroreduction over 6 and 2 nm Bi,Se; nanosheets. The
geometrical j monotonically increases with increasing potential,
where the 6 nm Bi,Se; nanosheets show larger values at all

https://doi.org/10.1021/jacs.3c11088
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Figure 3. Catalytic performance of 6 and 2 nm Bi,Se; nanosheets toward CO, electroreduction. (a) Geometrical j and (b) FE over 6 and 2 nm
Bi,Se; nanosheets. (c) 27 h durability test of 6 nm Bi,Se; nanosheets at the potential of —1.1 V vs RHE. (d) Geometrical j and FE of 6 nm Bi,Se,
nanosheets under different magnetic fields at —1.1 V vs RHE. The scale bar represents the standard deviations for three separate tests.

potentials. At —1.1 V vs RHE, the geometrical j for 6 nm
Bi,Se; nanosheets even increases up to 46.9 mA-cm ™2, which is
1.6 times as high as that (29.9 mA-cm™) for 2 nm Bi,Se,
nanosheets. The intrinsic activity for the 6 and 2 nm Bi,Se;
nanosheets is also investigated. Derived by the cyclic
voltammogram (CV) technique under different scan rates,
the electrochemical active surface area (ECSA) of the 2 and 6
nm Bi,Se; nanosheets is determined by measuring the double-
layer capacitance (Cy) (Figure S14). The geometrical j is
normalized by Cg for 2 and 6 nm Bi,Se; nanosheets toward
CO, electroreduction, where the normalized geometrical j for
6 nm Bi,Se; nanosheets is still higher than that of 2 nm Bi,Se;
nanosheets at all potentials (Figure S15). This is also
consistent with the electrochemical impedance spectroscopy
measurement, where 6 nm Bi,Se; nanosheets exhibit a smaller
charge-transfer resistance (Rcr) than 2 nm Bi,Se; nanosheets
(Figure S16). As shown in Figure S17, carbon black
nanoparticles exhibited an FE for H, higher than 95.3% at
all applied potentials, suggesting that carbon black nano-
particles do not contribute to the regulation of the catalytic
performance of Bi,Se; nanosheets. Generally, the size effect
can regulate the catalytic performance of nanocatalysts.”> ™’
To rule out this effect from our experiment, we further adopt
10 and 14 nm Bi,Se; nanosheets (Figures S18 and S19) as
catalysts toward CO, electroreduction. It is believed that thin
nanosheets with a large specific surface area will have a high
catalytic activity.”® However, our results demonstrate that the
catalytic activities for 6, 10, and 14 nm Bi,Se; nanosheets
follow the universal trend of size effect (Figures S20—S22),
whereas 2 nm Bi,Se; nanosheets do not follow this trend.
Therefore, the drastic activity difference between 6 and 2 nm
Bi,Se; nanosheets should be attributed to the presence and
absence of the TSS rather than the size effect.
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Besides the geometrical j, the product distributions of CO,
electroreduction are also sensitive to the thickness of the Bi,Se;
nanosheets. Three significant characteristics can be observed in
our measurement, as shown in Figure 3b. (1) For 6 nm Bi,Se,
nanosheets, the dominant product is liquid fuels (HCOOH
and H,C,0,) with high FE at all potentials, whereas for 2 nm
Bi,Se; nanosheets, the dominant product is CO with low FE at
all potentials. (2) For 6 nm Bi,Se; nanosheets, HCOOH exists
at all potentials, but H,C,0, exists only at high potentials
(=09, —1.0, and —1.1 V vs RHE). (3) For 2 nm Bi,Se,
nanosheets, HCOOH exists at all potentials, but H,C,0, does
not exist. At —1.1 V vs RHE, the FE for carbonaceous products
over 6 nm Bi,Se; nanosheets increases up to 94% (60%
HCOOH, 30% H,C,0,, and 4% CO), which is 1.9 times as
high as that (49%) for 2 nm Bi,Se; nanosheets, representing
one of the best catalysts for CO, electroreduction (Table S3).
Control electrolysis under an Ar atmosphere revealed that the
carbonaceous products originated solely from gaseous CO,
(Figure S23). Moreover, bulk Bi,Se; exhibited a distribution of
products similar to 6 nm Bi,Se; nanosheets, further suggesting
the regulation of TSS on CO, electroreduction (Figure S24).
To test the stability of 6 nm Bi,Se; nanosheets, a static
measurement is performed at —1.1 V vs RHE. During 27 h
continuous reactions, the decay of geometrical j is less than 6%,
and the FE values of HCOOH and H,C,0, remain higher
than 56% and 27%, respectively (Figure 3c). Based on both
post-reaction and in situ characterizations, the phase and
morphology for both 6 and 2 nm Bi,Se; nanosheets remain
intact during CO, electroreduction (Figures $25-528).
Furthermore, the CO, electroreduction over 6 nm Bi,Se;
nanosheets is in situ conducted under a magnetic field (Figure
$29). As the intensity of the magnetic field increases from 0 to
6 T at —1.1 V vs RHE (Figure 3d), the geometrical j decreases

https://doi.org/10.1021/jacs.3c11088
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Figure 4. Tunable catalytic activity and selectivity by TSS. Gibbs free energy diagrams for (a) CO, reduction into CO, (b) HCOOH, and (c)
H,C,0, with and without TSS. Thermodynamic limiting potential difference between (d) HCOOH and CO and (e) H,C,0, and CO with and

without TSS.

from 46.9 to 30.3 mA-cm™> Meanwhile, the FE for liquid fuels
reduces from 90% (HCOOH and H,C,0,) to 18%
(HCOOH). Clearly, by applying the magnetic field, the
reduced activity and changed dominant product (from liquid
fuels to CO) makes 6 nm Bi,Se; nanosheets more similar to 2
nm Bi,Se; nanosheets (Figures S30 and S31). Nevertheless,
the catalytic activity and product distribution for 2 nm Bi,Se;
nanosheets remain almost steady in all applied magnetic fields
(Figure S32), revealing that the magnetic field itself cannot
change the catalytic performance. The comparison of total j for
both 6 and 2 nm Bi,Se; nanosheets with/without a magnetic
field revealed that the elimination of TSS significantly altered
the catalytic activity (Figure S33). Based on the analysis of in
situ attenuated total reflectance surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS) spectra, the variation
of product distribution is also related to different adsorbed
configurations of reaction intermediates on 6 and 2 nm Bi,Se;
nanosheets (Figures S34 and S3S5). This complementary
experimental evidence demonstrates that both the activity
and the selectivity of CO, electroreduction are tunable by the
TSS of Bi,Se; nanosheets, directly identifying the intrinsic TSS
effect in topological catalysis.

Theoretical Investigation of the Reaction Mecha-
nism. To gain theoretical insights into the TSS effect on CO,
electroreduction, we systematically calculate the variation of
Gibbs free energy (AG) in the conversion of CO, into CO,
HCOOH, and H,C,0,. The 4-QL Bi,Se; slabs with and
without the application of SOC are adopted to represent the
Bi,Se; with and without TSS, respectively. In our calculations,
the TSS is robust to all adsorbates® (Figure S36). The
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optimized structures and calculation parameters for the
adsorbed intermediates are presented in Figure S37 and
Tables S4—S6. Figure 4a—c shows Gibbs free energy diagrams
for the formation of CO, HCOOH, and H,C,0, on 4-QL
Bi,Se; slab with and without TSS, respectively. The AG for the
formation of *COOH is 0.40 eV on Bi,Se; with TSS, which is
0.14 eV higher than that of Bi,Se; without TSS (0.26 eV). In
contrast, the AG for the formation of HCOO* with TSS (0.13
eV) is 0.40 eV lower than that without TSS (0.53 eV). For the
formation of H,C,0,, two reaction paths, including CO,
coupling with *COOH (path-III) and coupling between
coadsorbed *COOH, are considered (Figure S38). As shown
in Figure 4c, the AG for the formation of H,C,0.* is
calculated to be 0.56 eV on Bi,Se; with TSS, which is 0.08 eV
lower than that of Bi,Se; without TSS (0.64 V). Therefore,
liquid products, including HCOOH and H,C,0,, are more
favorable than CO during CO, electroreduction on Bi,Se; with
TSS. The highest AG of PDS for the formation of H,C,0,
suggested that high potential is required for the formation of
H,C,0, over 6 nm Bi,Se; nanosheets.*”*' The thermody-
namic limiting potential difference between the target product
and byproduct (defined as AU, = U, (target product) — U
(byproduct), where U; = —AG/e (AG is the energy barrier of
PDS))** was further adopted to evaluate the product
selectivity. A more positive value of AUp corresponds to a
higher selectivity of the target product. Figure 4d shows the
AU, between HCOOH and CO, which are 0.27 and —0.23 V
vs RHE for Bi,Se; with and without TSS, respectively. Figure
4e shows the AU| between H,C,0, and CO, which are —0.16
and —0.34 V vs RHE with and without TSS, respectively. In
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both cases, the AU} is more positive with TSS than without
TSS, further supporting the fact that TSS tunes activity and
selectivity for CO, electroreduction.

B CONCLUSIONS

In conclusion, combining the electrochemical measurements
and first-principles calculations, we provide conclusive
experimental evidence to directly identify the topological
catalysis for CO, electroreduction and confirm the tunable
catalytic activity and selectivity by TSS. Our work not only
opens a new door for investigating topological effects in
topological catalysis but also paves a new way for searching
high-performance catalysts in topological materials.
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