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Carbon-loaded metal nanoparticles (NPs) are widely employed as functional materials for electrocatalysis. In this
study, a rapid thermal shock method was developed to load various metal nanoparticles onto carbon supports.
Compared to conventional pyrolysis processes, Joule heating enables rapid heating to elevated temperatures
within a short period, effectively preventing the migration and aggregation of metal atoms. Simultaneously, the
anchoring effect of defective carbon carriers ensures the uniform distribution of NPs on the carbon supports.
Additionally, nitrogen doping can significantly enhance the electronic conductivity of the carbon matrix and
strengthen the metal-carbon interactions, thereby synergistically improving catalyst performance. When used
as electrocatalysts for electrocatalytic CO, reduction, bismuth-, indium-, and tin/carbon-carrier-based catalysts
exhibit excellent Faraday efficiencies of 92.8%, 86.4%, and 73.3%, respectively, for formate generation in flow
cells. The influence of different metals and calcination temperatures on catalytic performance was examined to
provide valuable insights into the rational design of carbon-based electrocatalysts with enhanced electrocatalytic

activity.

1. Introduction

The urgent need to upgrade and transform energy structures has
arisen from the global energy crisis and worsen environmental prob-
lems [1,2]. Therefore, the utilization of renewable energy sources and
efficient energy conversion are pivotal in addressing these challenges
[3,4]. With advancements in electrochemical catalysis technology, CO,
can be electrically converted into high-value chemicals, enabling prod-
uct selection through catalyst design and regulation. Additionally, this
method enables the conversion of electricity generated by renewable
energy sources to chemical energy, providing a promising strategy for
addressing energy shortages and achieving carbon neutrality. However,
limited by the high thermodynamic stability of CO, molecules, com-
petitive hydrogen evolution reactions, and complexity of products, the
selection and design of catalysts play crucial roles in effectively improv-
ing product selectivity and energy efficiency utilization [5-8].

Functional nanoparticles (NPs) dispersed on conductive carbon car-
riers offer significant benefits for enhancing the efficiency and selectiv-
ity of CO, reduction [9]. These conductive carriers not only enable effi-
cient electron and heat transfer but also effectively disperse and stabilize
NPs to prevent aggregation [10]. Currently, there are two common syn-
thetic strategies for fabricating functional NPs dispersed on conductive
carbon carriers: synthesis-assembly and top-down methods [11]. In the
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former approach, metal NPs are prepared using wet chemical methods,
followed by impregnation and drying to combine them with carbon car-
riers. Although it allows for the effective regulation of nanoparticle size
and phase composition, residues from ligands and surfactants influence
the surface-active sites on the catalysts, lowering catalytic activity. Ad-
ditionally, weak interactions between metal NPs and carriers hinder the
catalyst stability, leading to the aggregation and redistribution of metal
NPs [12,13]. On the other hand, the top-down synthesis strategy can fa-
cilitate strong interactions between metal carriers, but its limitations re-
strict the applicability. For instance, the design of precursors is relatively
intricate, and the synthesis of MOF primarily involves hydrothermal and
in situ pyrolysis processes. Simultaneously, the inevitable accumulation
or volatilization of metal NPs during thermal decomposition results in
the loss of active sites, reducing the activity of the catalyst [14-18].

In this study, polyaniline (PANI) impregnated with metal salts was
used as the organic carbon carrier. Through rapid thermal shock treat-
ment, a uniform dispersion of metal nanoparticles on a carbon substrate
(M-PANI-T) was achieved. The short duration of thermal shock limits the
migration of metal atoms, and defects on the carbon carrier generated
by pyrolysis play a crucial role in effectively anchoring metal nanopar-
ticles. Therefore, a series of carbon-based catalysts were prepared to
investigate their electrocatalytic performance in carbon dioxide reduc-
tion reaction (CO,RR). Different temperatures were adjusted by varying
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the treatment time to further explore their impact on catalytic perfor-
mance. Electrochemical analysis revealed that the Bi-PANI-2, In-PANI-3,
and Sn-PANI-3 catalysts exhibited excellent Faraday efficiency (FE) for
formate in flow cells. The combination of electrochemical and in situ
characterization techniques further explored the influence of the metal
active sites and calcination temperature on catalyst activity and revealed
the reaction mechanism. This study provides a feasible approach for the
rapid synthesis of efficient CO, reduction electrocatalysts.

2. Results and discussion

The carbon carrier PANI was prepared via oxidant-initiated aniline
polymerization under acidic conditions (Fig. S1) [19]. PANI was then
homogeneously mixed with a specific proportion of the metal salt in
ethanol, and the solvent was evaporated to obtain the carbon-loaded
metal salt precursors. Subsequently, a carbon-loaded metal nanoparti-
cle catalyst was prepared using rapid thermal shock via Joule heating
(Fig. 1(a)). Typically, a high temperature of 1100 °C could be reached
within just 0.65 s (Fig. 1(b)). This universality was further investigated
by changing the type of metal salt and the calcination temperature. This
time-saving method restricts the migration of metal atoms owing to the
rapid heating process over a short period, thereby inhibiting nanoparti-
cle aggregation and improving the dispersion of active sites [20].

With an increase in thermal shock temperature, Raman spectroscopy
analysis revealed that the degree of defects in the graphite peak grad-
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ually increased, promoting the conductivity of the catalyst (Fig. 1(c))
[21]. Scanning electron microscopy (SEM) images demonstrate that the
calcined PANI exhibited interconnected particles, enhancing the sur-
face area for dispersing active sites on the carbon support (Fig. 1(d)).
As shown in Figs. 1(g)—(e), Bi-PANI-2 exhibits a particle size distribu-
tion of 10-20 nm. However, Bi-PANI-1 predominantly consists of larger
nanoparticles, possibly due to aggregation. During the high-temperature
treatment, the size of indium and tin metal NPs increased (Figs. S2 and
$3). With prolonged heat treatment, an increase in the migration time of
metal atoms results in aggregation. Nevertheless, the size of the In-PANI-
1 nanoparticles was maintained at approximately 25-50 nm even when
subjected to the highest temperature. Thus, the NPs size can be changed
by both the nature of the metal and the heating duration [22,23]. Dif-
ferent metals exhibit distinct dispersion states on carbon carriers due to
their different boiling points. Moreover, the heating duration affected
the activity of the catalysts by influencing the conductivity and aggre-
gation state of the carbon carriers.

Transmission electron microscopy (TEM) images (Figs. 2(a)—(c)) re-
veal the uniform distribution of nanoparticles on the Bi-APNI-2 carbon.
Similarly, In-PANI-3 and Sn-PANI-3 exhibit the coexistence of smaller
NPs within the bulk structure, consistent with the SEM observations.
High-resolution transmission electron microscopy (HRTEM) indicates
uniform distributions of NPs with a small size of approximately 5 nm,
further demonstrating that rapid thermal shock enabled the distribution
of metal active sites (Figs. 2(d)—(f) and S4). Compared with traditional
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Fig. 1. (a) Scheme illustrating the synthesis process for M-PANI-T. (b) Temperature evolution during thermal shock. (c) Raman spectra of polyaniline (PANI) after
thermal treatment at different temperatures. Scanning electron microscopy (SEM) images of (d) PANI-2, (e) Bi-PANI-1, (f) Bi-PANI-2, and (g) Bi-PANI-3.
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Fig. 2. (a)-(c) Transmission electron microscopy (TEM) images, (d)-(f) High-resolution transmission electron microscopy (HRTEM), and (g)-(i) Energy-dispersive

X-ray spectroscopy (EDS) mapping of Bi-PANI-2, In-PANI-3, and Sn-PANI-3.

calcination, obvious aggregation of nanoparticles results in larger par-
ticle sizes of 50-500 nm (Fig. S5). The lattice spacing of 0.33 nm cor-
responds to the Bi (012) lattice, suggesting the formation of a metallic
bismuth phase (Fig. 2(d)) [24]. Meanwhile, In-PANI-3 and Sn-PANI-3
display lattice spacings of 0.28 and 0.20 nm respectively, correspond-
ing to In (101) and Sn (211) lattices, respectively (Figs. 2(e)(f)) [25,26].
These results demonstrate that carbon also functions as a reducing agent
to convert metal salts into metal NPs during pyrolysis. The EDS map-
ping images confirm the homogeneous distribution of C and N with the
corresponding metal elements. Nitrogen doping improves the electronic
conductivity of the carbon matrix and regulates the electronic state of
the local environment of the active site (Figs. 2(g)-(@1)) [27].

The X-ray powder diffraction (XRD) patterns show that the bis-
muth, indium, and tin-based samples exhibit the phase of the stan-
dard metal peaks, indicating that the metal NPs function as active sites
(Fig. 3(a)) [24-26]. As decipted in Fig. S6(a), the intensity of Bi metal-
lic peak first increased and then decreased, contributed to enhanced
crystallinity and volatilization of bismuth with gradual increase in tem-
perature. For indium and tin metals with higher boiling points, the in-
tensity change of the peaks was not significant (Figs. S6(b)(c)). The
chemical composition of the catalyst surface was then analyzed by X-
ray photoelectron spectroscopy (XPS) (Figs. S7-S9). The existence of C—
N (285.7 eV), pyrrolic (400.4 eV), pyridinic (398.6 eV), and graphitic
N (402.5 eV) was clearly observed in the analysis of the C 1s and N
1s peaks. Nitrogen doping enhances the electrical conductivity of the
carbon matrix and effectively adsorbs specific cations through coordi-
nation principles, thus effectively promoting the dispersion of NPs on
carbon materials (Figs. 3(b)(c)) [28,29]. From Fig. 4(d), Bi 4f is re-
solved into typical peaks for Bi® (162.6 and 157.4 eV) and Bi3* (164.6
and 159.4 eV). Similarly, the peaks exhibited by indium and tin be-
long to Sn%* (495.4 and 487.0 eV), Sn® (493.4 and 485.0 eV), and In3*
(453.0 and 445.5 eV), respectively. The noticeable oxidation peaks in
the corresponding metallic spectra can be attributed to the oxidation of

the sample surface due to exposure to air, which is reduced during the
CO,RR [30-33].

The catalysts were initially evaluated in H-type electrolytic cells.
As shown in Figs. S10(a)(d), Bi-PANI-2 demonstrated the highest cur-
rent density and FEs (FEc; coon+co) of 93.9% and FEycooy of 90.1%),
suggesting favorable selectivity towards formate production [34]. Simi-
larly, indium and tin-based catalysts exhibited comparable performance,
achieving maximum FEycoop of 80.5% and 60.2% (Figs. S10(b)(c)), re-
spectively, with a small amount of CO as a by-product [35]. As shown
in Figs. 4(a)-(c), Bi-PANI-2 exhibited the optimal partial current density
and FE for formate, highlighting the excellent electrocatalytic activity of
bismuth metal in the CO,RR. Comparing different heat treatment tem-
peratures for the same series of catalysts reveals that the factors influ-
encing catalytic activity are multifaceted. For instance, in the case of
the Bi-PANI-T sample, the dispersion of catalytical active sites plays a
dominant role; a better dispersion of NPs on the carbon support results
in better electrocatalytic performance (Fig. S11). Despite an increase in
NPs size with prolonged heat treatment time for the indium- and tin-
based catalysts, they still exhibited favorable catalytic activity owing
to the coexistence of ultrafine nanoparticles. Meanwhile, the increased
graphitic defects on the carbon substrate at higher temperatures acceler-
ate electron transfer and enhance catalytic performance [36]. For var-
ious electrocatalysts including cadmium, antimony, and copper (Figs.
S$12-S14), no discernible NPs were observed on the surface of Cd-PANI-
T due to the rapid volatilization of cadmium with its low boiling point
during the thermal shock process. Consequently, Cd-PANI-1 exhibited
poor catalytic performance with a total FE for C; products of 48.2%,
significantly lower than those of the bismuth-, indium-, and tin-based
catalysts (Fig. S11(d)). In addition, Sb-PANI-T (Fig. S13) and Cu-PANI-
T (Fig. S14) catalysts showed similar aggregation states but poorer cat-
alytic activity compared to Sn-PANI-T catalysts [37,38].

A flow cell system equipped with a gas diffusion electrode was as-
sembled to address the mass transfer limitation of CO, (Fig. 4(d)) [39],
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Fig. 3. (a) The X-ray powder diffraction (XRD) patterns and X-ray photoelectron spectroscopy (XPS) spectra of (b) C 1s, (¢) N 1s, and (d) corresponding metallic
spectra for Bi-PANI-2, In-PANI-3, and Sn-PANI-3.
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Fig. 4. The comparison of (a) linear sweep voltammetry (LSV), (b) Faraday efficiency (FE), and (c) partial current densities of formate for Bi-PANI-2, In-PANI-3,
and Sn-PANI-3. (d) Schematic of the flow cell. (e)(g) LSVs and (f)(h) FEs in 1 M KHCO5 and KOH for Bi-PANI-2, In-PANI-3, and Sn-PANI-3. (i) Stability tests and
corresponding FEs for formate of the catalysts in 1 M KOH.
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Fig. 5. (a) Electrochemical Impedance Spectroscopy (EIS), (b) Cy4, and (c) Tafel slope of Bi-PANI-2, In-PANI-3, and Sn-PANI-3. The in situ attenuated total reflection
Fourier transform infrared spectroscopy (ATR-FTIR) spectra for (d) Bi-PANI-2, (e) In-PANI-3, and (f) Sn-PANI-3.

enabling direct contact between the catalyst and CO,, gas, thus facilitat-
ing rapid mass transfer [40]. As shown in Figs. 4(e)(f), the implementa-
tion of the flow-cell system significantly improved the current density
and FE of formate within a wider potential window. Specifically, Bi-
PANI-2 exhibited the highest FEycoon of 92.9% at —1.0 V vs. RHE, su-
perior to In-PANI-3 (82.0%) and Sn-PANI-3 (78.1%). Moreover, when
tested in 1 M KOH electrolyte, the current densities further increased
to 113.4, 93.1, and 82.0 mA cm~2 for Bi-PANI-2, In-PANI-3, and Sn-
PANI-3 catalysts at —1.0 V, respectively, which are approximately four
times higher than those obtained from the H-type cell (Fig. 4(g)). The
FEycoon Of Bi-PANI-2 and In-PANI-3 surpassed 90% and 80%, respec-
tively, within the potential range from —0.3 to —1.5 V, achieving the
highest FE values of 92.8% and 86.4%. Meanwhile, Sn-PANI-3 exhib-
ited a significantly lower FE of 73.3% compared to the other two cat-
alysts but was still higher than the FE in the 0.5 M and 1 M KHCO;
electrolytes. Stability is also a crucial parameter for evaluating the per-
formance of the catalyst. After 12 h, only a marginal decrease in the
FE was observed, indicating the sustained high stability and activity of
all three catalysts (Fig. 4(i)). Based on the SEM images obtained after
the stability test (Fig. S15), no obvious aggregation was observed, fur-
ther indicating good stability. A comprehensive analysis revealed that
the anchoring of carbon defects, along with the Joule heating-induced
dispersion processes, facilitated the dispersion of active sites, ultimately
resulting in exceptional catalytic activity and stability.

The catalytic mechanism was further investigated through elec-
trochemical tests and corresponding in situ characterization. The
impedance spectra (Figs. 5(a) and S15) showed that Bi-PANI-2 exhibited
the lowest charge transfer resistance, facilitating faster electron transfer,
thus accelerating the reaction process and improving the catalytic ac-
tivity [41]. Additionally, analysis of the double-layer capacitance (Cy;)
revealed that the electrochemical activity surface area (ECSA) of the
catalysts within the same series generally increased with higher heat
treatment temperatures (Figs. S16 and S17). Combined with the BET
adsorption-desorption isotherms, the specific surface area of PANI after
carbonization reaches 307.08 m? g1, significantly higher than that of
PANI (31.92 m? g~1), which can be attributed to the defects induced
exposure of surfaces (Fig. S18(a)). Additionally, pore size analysis and
CO, adsorption isotherms indicated that the pyrolysis process led to a
multistage pore structure in the carbon substrate, promoting mass trans-
fer, enhancing CO, adsorption on the catalyst surface, and ultimately
improving catalytic reaction activity (Figs. S18(b)(c)). Bi-PANI-2 exhib-
ited an ideal active surface area due to the synergistic effects between

the carbon carrier and the dispersed active sites. However, the ECSA
of Bi-PANI-3 decreased due to the loss of active sites (Figs. 5(b) and
S19) [42]. Tafel slopes were obtained to investigate the kinetics of the
CO,RR, indicating that the rate-determining step of the reaction was the
generation of a CO,*~ intermediate (Fig. 5(c)) [43]. A lower Tafel slope
suggested a faster rate of intermediate generation, facilitating protona-
tion and thereby enhancing catalytic activity [44]. In situ ATR-FTIR was
used to observe the reaction intermediates and elucidate the reaction
mechanism. For the series of catalysts, distinct absorption peaks were
observed at 2360 and 1640 cm~! for CO, and H,0, respectively [45].
The O-C-O vibration peak at 1415 cm~! corresponds to two oxygen-
bonded *OCHO species on the Bi-PANI-2 surface (Fig. 5(d)), indicating
a rapid transformation process from CO,*~ to *OCHO. Similar vibra-
tion peaks at 1405 and 1358 cm~! were also observed for the In-PANI-3
(Fig. 5(e)) and Sn-PANI-3 (Fig. 5(f)) samples, confirming a favorable
transformation pathway for formate formation [46,47]. Notably, both
In-PANI-3 and Sn-PANI-3 showed prominent absorption peaks in the
range of 2000-2100 cm~! at lower potentials, indicating CO* genera-
tion during the CO formation process. The theoretical potential for CO
generation was lower than that for HCOOH generation, implying the for-
mation of CO by-products at lower potentials. As the potential gradually
increased, formate production became dominant, leading to the gradual
disappearance of the CO* peak and confirming the excellent catalytic
performance of these catalysts.

3. Conclusions

In summary, a series of carbon-loaded nanoparticles (M-PANI-T)
were synthesized using the Joule rapid thermal shock method, and their
electrocatalytic performance was investigated. The rapid thermal shock
treatment effectively minimized the aggregation of metal atoms and
facilitated the uniform distribution of NPs on the carbon carrier by
leveraging the anchoring effect of the defective carbon carriers. Electro-
chemical performance testing revealed that the bismuth, indium, and
tin/carbon catalysts exhibited excellent Faraday efficiencies for formate
in flow cells, with values of 92.8%, 86.4%, and 73.3%, respectively. This
approach presents a viable strategy for the rapid synthesis of catalysts.
Additionally, characterization revealed that the catalyst performance is
influenced by both the active sites and the carbon carrier, rather than
being solely dependent on individual factors, providing valuable theo-
retical insights for future catalyst design.
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