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ABSTRACT: Electrocatalytic CO, reduction reaction is regarded P

as an intriguing route for producing renewable chemicals and fuels, ® — — o,
but its development is limited by the lack of highly efficient and "M ® Ho
stable electrocatalysts. Herein, we propose the pipet-like bismuth ; Bi-NRs@NCNTs .G

(Bi) nanorods semifilled in nitrogen-doped carbon nanotubes (Bi-
NRs@NCNTs) for highly selective electrocatalytic CO, reduction.
Benefited from the prominent capillary and confinement effects,
the Bi-NRs@NCNTSs act as nanoscale conveyors that can
significantly facilitate the mass transport, adsorption,and concen-
tration of reactants onto the active sites, realizing rapid reaction — IR R e
kinetics and low cathodic polarization. The spatial encapsulation Potential (Vs RHE)
and separation by the NCNT shells prevents the self-aggregation

and surface oxidation of Bi-NRs, increasing the dispersity and stability of the electrocatalyst. As a result, the Bi-NRs@NCNTs exhibit
high activity and durable catalytic stability for CO,-to-formate conversion over a wide potential range. The Faradaic efliciency for
formate production reaches 90.9% at a moderate applied potential of —0.9 V vs reversible hydrogen electrode (RHE).
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B INTRODUCTION selectivity, stability, or excess overpotentials. Bismuth (Bi)
based electrocatalysts have been considered as an alternative
choice for CO,RR, exhibiting high free energy for hydrogen
adsorption that can effectively suppress the HER.”'™*?

In the past decades, the issues of greenhouse effect and global
warming have deteriorated due to the increased CO,
emissions. Gaseous CO, can be converted into carbohydrates

through the natural photosynthesis process in plants, but the Numerous studies on metallic Bi were focused on it524C_2072RR
energy conversion efficiency is relatively low (normally less activity in ionic liquids with CO as the major product, but
than 2%)."” The design of bioinspired artificial photosynthesis its application in aqueous solution is limited by the high
systems has attracted wide attention.” Especially, electro- overpotential and low durability. To address this problem, it is
catalytic CO, reduction reaction (CO,RR) has been regarded rewarding to fabricate Bi-based electrocatalysts at the nano-
as a promising strategy for converting CO, to value-added scale, such as constructing different Bi nanostructures (e.g.,
carbonaceous chemicals or renewable fuels via moderate nanowires, nanorods, and nanosheets** ") with high electro-
reaction routes.””® Formate, as a typical liquid-phase product chemical surface area (ECSA) and abundant active sites.

of CO,RR, can be used in formate fuel cells as the hydrogen To further improve the electrocatalytic performances of Bi-
carrier 7V§’ith the merits Of. eaﬁy/ safe transportation and based materials for CO,RR, we suggest that further combining
storage.”” However, the activation and reduction of CO, Bi nanostructures with carbon nanomaterials to form a
molecule is difficult due to its thermodynamically stable rationally constructed composite matrix and interface will be

traits.”'? Suffering from the high energy barriers for CO,

activation and intermediate absorption/adsorption, the devel-

opment of the electrocatalytic CO,RR process is restricted by

the large overpotential, low catalytic efficiency, and competing ]

hydrogen evolution reaction (HER)."'™"? Rec.e“’ed: January 31, 2021
Among the candidates of earth abundant electrocatalysts for Re‘"?ed‘ February 22, 2021

CO,-to-formate production, Sn, Co, and Cu based materi- Published: March 12, 2021

als"*~*° have attracted extensive attention due to the preferable

*OCHO formation and weak *HCOOH binding capability

toward formate formation, but with the limitation of inferior

very helpful to enhance the conductivity and cycle stability.
Herein, a pipet-like composite of Bi nanorods semifilled in
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Figure 1. (a) Schematic illustration of the synthetic process of Bi-NRs@NCNTs. (b—d) SEM images of (b) precursor Bi,S; NWs, (c) polymer-
coated Bi,S; NWs, and (d) Bi-NRs@NCNTs. (e) SEM image and corresponding EDX elemental mappings of Bi-NRs@NCNTs. The insets in (c)
and (d) are the TEM images of polymer-coated Bi,S; NWs and Bi-NRs@NCNTs, respectively.

nitrogen-doped carbon nanotubes (Bi-NRs@NCNTs) is
demonstrated as a high-performance electrocatalyst with
significant nanocapillary and nanoconfinement effects for
boosting CO,-to-formate conversion. The metallic Bi nanorods
with low *OCHO formation energy and *HCOOH binding
energy are conducive to highly selective CO,-to-formate
conversion. Owing to the high-aspect-ratio structure, the Bi-
NRs@NCNTs exhibit enhanced electronic conductivity and
surface contact ability, thus lowering the cathodic polarization.
The spatial restriction by NCNT shells can efliciently prevent
the self-aggregation and surface oxidation of Bi nanorods,
efficiently maintaining the catalytic activity and durability.
Moreover, the capillarity and confinement effects of Bi-NRs@
NCNTs significantly enhance the transport, adsorption, and
concentration of the reactants and reaction intermediates,
leading to a rapid reaction rate. As a result, the Bi-NRs@
NCNTSs achieve a high Faradaic efficiency for formate
production (90.9% FEp,.....) with a current density of 6.0
mA cm™? at a moderate potential (—0.9 V vs reversible
hydrogen electrode, RHE) in an aqueous solution as well as
long-term stability for CO,RR.

B RESULTS AND DISCUSSION

The Bi-NRs@NCNTSs were synthesized via the coating of a
polymer layer on Bi,S; nanowires (Bi,S; NWs) and the
subsequent thermal treatment processes, as illustrated in
Figure la. The Bi,S; NWs with the average diameter of
~300 nm and the lengths up to several millimeters were
prepared via a convenient solvothermal method (Figure 1b).
Then, the polymerization of L-cysteine, resorcinol, form-
aldehydes, and ammonia hydroxide were in situ triggered on
the surface of Bi,S; NWs, leading to the formation of polymer-
coated Bi,S; NWs (Figure 1c). The polymer-coated Bi,S; NWs
were thermally treated to realize the reduction of Bi,S; NWs
into Bi-NRs and the carbonization of the polymer layer into
NCNTs, finally forming core—shell nanostructured Bi-NR@
NCNTs (Figure 1d). Compared with precursor Bi,S; NWs,
the Bi-NRs encapsulated in NCNT shells are randomly
separated and shrunken in volume due to the Rayleigh
instability effect (details in Figure S1).”* Scanning electron
microscopy (SEM) confirms that the pipet-like Bi-NR@
NCNTSs have large internal cavities and void space. Energy-
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dispersive X-ray spectroscopy (EDX) elemental mappings of
Bi-NRs@NCNTs were collected (Figure le). The outer
NCNT shells show a homogeneous distribution of C and N
elements, and the inner Bi-NRs show evenly distributed Bi
species. Moreover, the complete removal of the S element is
confirmed by the EDX spectrum (Figure S2).

Transmission electron microscopy (TEM) images show that
the as-produced Bi-NRs possess a smaller diameter than the
precursor Bi,S; NW, and the inner void space exists between
two separated Bi-NRs (the insets in Figure 1c,d). As shown in
Figure 2a,b, the Bi-NRs have a diameter of ~247.0 nm and the

a

Figure 2. (a—d) TEM and HRTEM images of Bi- NRs@NCNTs at
different magnification degrees. The corresponding SAED pattern in
the inset of (d) reveals the high crystalline feature of metallic Bi.

NCNT layer possesses a thickness of ~17.6 nm. The high-
resolution TEM (HRTEM) images (Figure 2c) display that
the Bi-NRs@NCNTs are composed of outer NCNT shells and
inner cores of highly crystalline Bi-NRs. The HRTEM image
(Figure 2d) and the corresponding SAED pattern (the inset of
Figure 2d) measured on the core Bi-NRs of Bi-NRs@NCNTs
show a lattice spacing of 0.328 nm, which is assigned to the
(012) planes of metallic Bi, indicating the high crystalline
nature.
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Figure 3. (a) XRD patterns of precursor Bi,S; NWs, polymer-coated Bi,S; NWs, and Bi- NRs@NCNTs. (b—d) XPS spectra of the (b) Bi 4f, (c) C

Is, and (d) N 1s regions of Bi-NRs@NCNTs.

X-ray diffraction (XRD) and Raman and X-ray photo-
electron spectroscopy (XPS) techniques were used to analyze
the compositions and crystalline structures of Bi-NRs@
NCNTs. As shown in Figure 3a, the precursor Bi,S; NWs
were first synthesized, and all the XRD peaks (black line) are
perfectly assigned to the orthorhombic Bi,S;, which are
consistent with the standard data (JCPDS No. 17-0320),
indicating the high purity of the precursor Bi,S; NWs. Then,
the polymer-coated Bi,S; NWs were obtained, and most of the
XRD peaks (red line) matched well with the orthorhombic
Bi,S;, while the remaining peaks were assigned to the resin
shell. Finally, the polymer-coated Bi,S; NWs were transformed
into Bi-NRs@NCNTs. The XRD peaks of Bi-NRs@NCNTs
(navy blue line) were well indexed to rhombohedral Bi
(JCPDS No. 44-1246), and no indication of oxidized Bi
components was detected; meanwhile, the broad diffraction
peak of the outer NCNT shells indicated the partially graphitic
nature. The presence of NCNTs is further confirmed by a
Raman spectrum (Figure S3a). The Raman peaks centered at
1345.5 cm™" (D band) and 1592.3 cm™" (G band) are assigned
to the characteristic peaks of carbon material, and moreover,
the value of ip/ig in the Raman spectrum is calculated to be
0.87, further confirming the partially graphitic feature of the
NCNTs. The elemental compositions of Bi-NRs@NCNTs
were further detected by XPS. The main peaks of Bi 4f;,,
(164.0 eV) and Bi 4f,, (158.6 eV) are assigned to Bi(0)** and
further verify the presence of metallic Bi (Figure 3b). The
three peaks located in the C 1s region are indexed to the
characteristic peaks of C—C, C—N, and C—O bonds (Figure
3c),” respectively, which further confirm the presence of
NCNT shells. The appearance of the N 1s peak proves the N
element has been doped in carbon nanotubes since L-cysteine
and ammonia hydroxide were used as precursors to synthesize
the polymer layer that covered the Bi,S; NWs. The XPS
spectrum in the N Is region presented three main peaks,
corresponding to graphitic N, pyridinic N, and quaternary N,*?
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respectively (Figure 3d). The atomic contents of the C, N, and
Bi species in Bi-NRs@NCNTs are measured to be 80.3%,
4.1%, and 15.6%, respectively. The synergistic effects of the
conductive carbon layer and N heteroatom doping can
improve the electron transfer and bring abundant electron-
rich defects/active centers, which also benefits the electro-
chemical activity of Bi-NRs@NCNTs. Meanwhile, N dopants
can adjust the electronic structures of Bi-NRs@NCNTs to
optimize the adsorption capacities of the reaction intermediate
and thus facilitates the catalytic kinetics.** The N, adsorption—
desorption isotherms reveal the specific surface area of Bi-
NRs@NCNTs (10.6 m*> g™') via the Brunauer—Emmett—
Teller (BET) method (Figure S3b). The as-calculated pore-
size distribution indicates the presence of mesopores and
cavities on the surface of the Bi-NRs@NCNTs (Figure S3c),
which can enhance the reaction kinetics and improve the
product selectivity toward CO,RR. The reasons are listed as
follows. First, the mesopores and cavities can provide an
abundant curved internal surface, which not only increases the
density of the active centers or undercoordinated sites to
facilitate the rapid transport of reactants but also realizes the
improved binding ability of the reactants and intermediates.*
Second, an appropriately designed mesoporous structure can
take full advantage of the transport characteristics of the
reaction species. Especially, during the CO,RR, the mesopores
can bring about the effect of the diffusion gradients, which
effectively suppresses the competing HER driven by the
increased alkalinity that developed within the mesoporous
network. In comparison, CO, reduction is able to be more
resistant to the transport limitations than HER and thereby
facilitate the CO, conversion efficiency. For better comparison,
Bi granules (Figure S4) and pristine NCNTs (Figures SS and
S6) as two control samples were also prepared, as detailed in
the Experimental Section. As confirmed by the CO, adsorption
isotherms at 273 K (Figure S 3d), the Bi-NRs@NCNTs
exhibit a larger CO, uptake capacity than that of the Bi
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Figure 4. (a) LSV curves of Bi-NRs@NCNTs, Bi granules, and pristine NCNTs measured in CO,- or N,-saturated 0.1 M KHCO; aqueous
solution, respectively. (b) The calculated Jpoumye Values of Bi-NRs@NCNTs, Bi granules, and NCNTs. (¢, d) The CV curves of (c) Bi-NRs@
NCNTs and (d) Bi granules measured in N,-saturated 0.1 M KHCO, aqueous solution. (e) The plots of charging current density differences (Aj)
vs scan rates and (f) the Nyquist plots of Bi-NRs@NCNTs and Bi granules, respectively. The inset in (f) is the magnified Nyquist plots of Bi-

NRs@NCNTs and Bi granules at low frequency.

granules, which lays the foundation of pipet-like Bi-NRs@
NCNTs for enhanced CO, adsorption and furthering the
CO,RR process.

The electrocatalytic activities of Bi-NRs@NCNTs, Bi
granules, and pristine NCNT's toward CO,RR were evaluated
in 0.1 M KHCO; aqueous solution. To evaluate the influence
of competing HER as a possible side reaction, linear sweep
voltammetry (LSV) curves of these samples were measured in
CO,- and N,-purged 0.1 M KHCO; aqueous solution,
respectively (Figure 4a). The Bi-NRs@NCNTs show much
higher current density in a CO,-saturated electrolyte than that
in the N, atmosphere, indicating that the Bi-NRs@NCNTs
could exhibit a high selectivity for CO,RR rather than HER. In
contrast, Bi granules and pristine NCNTs show lower current
densities in CO,-saturated electrolyte than that of Bi-NRs@
NCNTs, indicating their lower activity. Meanwhile, the current
densities of pristine NCNTs measured in CO,- and N,-
saturated electrolytes show a nonsignificant difference over the
whole potential range, indicating the occurrence of a
competing HER process. The Bi-NRs@NCNTs show higher
current densities for formate production (Jpoumae) Wwhen
compared with Bi granules (Figure 4b). The differences in
electrocatalytic activities between Bi-NRs@NCNTs and Bi
granules are also compared by the ECSA measured from cyclic
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voltammetry (CV) tests (Figure 4c,d) and the corresponding
curves of charging current density differences (Aj) vs scan
rates (Figure 4e). The ECSA shows a 3-fold increase from
micrometer-sized Bi granules to Bi-NRs@NCNTs, suggesting
that the nanocapillarity and nanoconfinement effects of Bi-
NRs@NCNTs makes an important contribution to provide
more catalytically active sites for the enhanced CO,RR
activity.'” Moreover, as displayed in the Nyquist plots and
the corresponding equivalent circuit measured by electro-
chemical impedance spectroscopy (EIS) analysis (Figure 4f),
the interfacial electron transfer resistance (R,) value of Bi-
NRs@NCNTs (12.0 Q) is much smaller than that of Bi
granules (25.2 Q), which can facilitate the occurrence of
electrocatalytic CO,RR.

The current densities of Bi-NRs@NCNTs, Bi granules, and
pristine NCNTs for electrochemical CO,RR have been
measured and summarized, as shown in Figure Sa—c. The
current density is expected to be increased when the applied
potential becomes more negative. When compared with Bi-
NRs@NCNTs, the current density of pristine NCNTs never
exceeds 10 mA cm™" until the applied potential is tuned down
to —1.2 V vs RHE. This phenomenon indicates that metallic Bi
plays a significant role to enhance the electrocatalytic
performance. In contrast, the Bi-NRs@NCNTSs show higher

https://dx.doi.org/10.1021/acs.nanolett.1c00390
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Figure 5. (a—c) Time-dependent current density curves of (a) Bi-NRs@NCNTs, (b) Bi granules, and (c) pristine NCNTs at different potentials.
(d—f) Faradaic efficiencies of the reduction products generated by (d) Bi-NRs@NCNTs, (e) Bi granules, and (f) pristine NCNTs after CO,RR
tests for 2 h at different potentials. (a) Capillary phenomenon of Bi-NRs@NCNTs played in CO,RR for the enhanced reactant transport. (b)
Contact angle test of the KHCO; aqueous solution on the Bi-NRs@NCNTs surface. (g) Long-term CO,RR tests of Bi-NRs@NCNTs and Bi

granules for 24 h. (h) Comparisons of FEg . for Bi-NRs@NCNTs with other electrocatalysts reported in the previous literature.

37,44—52

overall current density values than that of Bi granules. To
divide the contributions from the CO,RR and the HER to the
overall current density, we further quantify the species and
amounts of individual reduction products (H, and carbona-
ceous compounds) at the selected potentials to evaluate the
accurate activity and selectivity of these catalysts toward
CO,RR. In virtue of the gas chromatograph (GC) and nuclear
magnetic resonance (NMR) analysis, the main products
generated by the above samples are measured to be formate,
CO, and H,, and the corresponding yield rates of these
products at different applied potentials are provided in Figure
S7. As shown in Figure 5d, the Bi-NRs@NCNTs tend to yield
formate as the predominant CO,RR product, while the
generation of CO and H, is also detected and the amounts
are varied at different potentials. At —0.7 V vs RHE, FEg_, ... is
only approximately 30%, together with the Faradaic efficiency
for H, production (FEy,) reaching above 50%, owing to the
competing side reaction of HER. When the applied potential
changes to —0.8 and —0.9 V vs RHE, FEg ... is significantly
increased. FEg,.... reaches a peak value of 90.9% at —0.9 V vs
RHE, associated with a stable current density of 6.0 mA cm™".
When the given potential becomes more negative, FEgy .
begins to decrease slowly since the mass transfer and supply of
reactant CO, molecules undergo a diffusion-limited process at
a larger current density, rather than the intrinsic activity
limitation of the catalyst itself. Moreover, FEy, is still
suppressed to small values (<15%) when the applied potential
becomes more negative and finally reaches —1.1 V vs RHE.
This result confirms that the Bi-NRs@NCNTs possess a high
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selectivity for formate production, and importantly, FEg ..
can be maintained at a high level over a broad potential range.
In contrast, as shown in Figure Se, the Bi granules exhibit
FEgomate Values relatively lower than those of Bi-NRs@NCNT's
at the potentials between —0.7 and —1.0 V vs RHE. The Bi
granules show a peak FEg, ... value of 88.5% until the
potential finally reaches —1.1 V vs RHE, which require a much
higher overpotential than the Bi-NRs@NCNTs.

We also have conducted the same control experiments by
using a commercial Bi powder with a bulk morphology (Figure
S8a,b). The of Bi powder only achieves FEp,..... values of
79.8% and 84.6% at —1.0 and —1.1 V vs RHE, respectively
(Figure S8c,d), which are much inferior than those of as-
synthesized Bi-NRs@NCNTs. In addition, when using the
pristine NCNTs (after the removal of Bi-NRs) as the
electrocatalyst (Figure S5), the main reduction product is
found to be H,, and the selectivity for formate generation is
much inferior (Figure Sf). The FEy, of pristine NCNTs is
retained at higher than 50% at a broad potential range from
—0.8 V to —1.2 V vs RHE. For pristine NCNTs, the current
densities are lower, and the HER acts as a significant
competing reaction when compared with the Bi-containing
samples.

The above experimental results confirm that the Bi-NRs@
NCNTs possess a high activity and selectivity for CO,RR,
which benefits from the vital functions of inner metallic Bi-NR
cores that can lower the *OCHO formation energy and
*HCOOH binding energy toward a preferable CO,-to-formate
conversion pathway.””*® Especially, the exposed high-index
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(012) planes of Bi-NRs (Figure 2d) can serve as a better
catalytic active site to significantly lower the activation barriers
for the element steps of the CO,-to-formate conversion
pathway,

* + CO, + [H" + e7] » *OCHO (1)

@)

thus, contributing to preferable formate production over other
CO,RR products.”” Moreover, the strong nanocapillary effect
of tubular nanostructures also plays an imfortant role, which
has been observed by previous studies”® ** on the enhanced
liquid transport in carbon nanotubes; detailed descriptions are
in Figure S9. Furthermore, owing to the nanoconfinement
effect of hollow Bi-NRs@NCNTs,* the reactant molecules
can bind more strongly on the interior surface of the NCNTs,
and the trapping of the reaction intermediates inside such
nanochannels could strengthen their contact with active sites,
thus increasing the reduction rate of CO, as well as the yields
of the CO,RR products. One the other hand, the one-
dimensional (1D) NCNT shells can efficiently prevent the self-
aggregation of adjacent Bi-NRs, since the encapsulation in such
nanosized channels can provide effective spatial separation for
Bi-NRs. Meanwhile, the protection of NCNT shells could
prevent the surface oxidation of metallic Bi and suppress the
deactivation of the electrocatalyst.

To evaluate the performance and structural stability of Bi-
NRs@NCNTs, a long-term CO,RR test was conducted in
CO,-saturated a 0.1 M KHCO; aqueous solution (Figure 5g).
During the electrolysis for 24 h at the potential of —0.9 V vs
RHE, the activity of Bi-NRs@NCNTSs shows no obvious
change over the entire process and the current density only
decreases by 0.11 mA cm™". The periodic fluctuations of the
current density are attributed to the generation, absorption,
and desorption of gas products on the surface of electrodes
when gaseous CO, is continuously purged into a cathodic
compartment with a flow rate of 20 mL min~". The possible
morphology and structure variations of Bi-NRs@NCNT's have
been analyzed by SEM, TEM, XRD, and XPS after the long-
term CO,RR test (Figures S10 and S11). These character-
izations verify the good structural integrity and unchanged
elemental compositions of Bi-NRs@NCNTs, proving the high
stability during the electrocatalytic process. Meanwhile, the
crystalline structure and valence state of metallic Bi(0) are well
maintained. In contrast, Bi granules exhibit an inferior stability
during the entire course of bulk electrolysis (Figure Sg). The
current density continuously decreases and then declines
sharply at the 21st hour, indicating an obvious activity decay.
These results indicate that the outer NCNT shells of Bi-NRs@
NCNTs not only provide a favorable capillary effect and
nanoconfined space for facilitating CO,RR but also protect the
inner Bi-NRs from degradation during long-term electrolytic
operation. For further comparison, we have summarized the
CO,-to-formate conversion performances of Bi-NRs@NCNT's
with other representative electrocatalysts reported in previous
literature (Figure Sh and Table S1).7* 2 1t suggests that the
Bi-NRs@NCNTs in this work exhibit competitive activity and
selectivity for CO,RR toward formate production.

*OQCHO + [H' + ¢7] » *HCOOH

B CONCLUSIONS

In summary, we report the use of a pipet-like Bi-NRs@NCNTs
catalyst with encapsulated Bi-NRs semifilled in NCNT shells
induced by Rayleigh instability. The 1D pipet-like nanostruc-
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ture of Bi-NRs@NCNTs can enlarge the ECSA and facilitate
electron transfer, effectively lowering the *OCHO formation
energy and *HCOOH binding energy for highly selective
CO,-to-formate conversion. Meanwhile, the favorable nano-
capillary and nanoconfinement effects synergistically facilitate
the mass transfer, adsorption, and concentration of reactant
CO, molecules onto the active sites, which promotes the
reaction rate and decreases the overpotential. The encapsula-
tion and spatial separation by NCNT shells effectively prevents
the Bi-NRs from self-aggregation and surface oxidation during
the CO,RR process, ensuring the structural integrity and
performance stability of the electrolyte. Benefiting from the
above merits, the Bi-NRs@NCNTs exhibit a high selectivity
(90.9%) and stability for CO,-to-formate conversion at a
modest applied potential (—0.9 V vs RHE). This work presents
a promising strategy to construct environmentally friendly and
low-cost electrocatalysts with a proper nanoconfined structure
and protective matrix for high-efficient electrocatalytic CO,RR
systems.
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