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a b s t r a c t 

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 CO2 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. 
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. Introduction 

The urgent need to upgrade and transform energy structures has

risen from the global energy crisis and worsen environmental prob-

ems [ 1 , 2 ]. Therefore, the utilization of renewable energy sources and

fficient energy conversion are pivotal in addressing these challenges

 3 , 4 ]. With advancements in electrochemical catalysis technology, CO2 

an be electrically converted into high-value chemicals, enabling prod-

ct selection through catalyst design and regulation. Additionally, this

ethod enables the conversion of electricity generated by renewable

nergy sources to chemical energy, providing a promising strategy for

ddressing energy shortages and achieving carbon neutrality. However,

imited by the high thermodynamic stability of CO2 molecules, com-

etitive hydrogen evolution reactions, and complexity of products, the

election and design of catalysts play crucial roles in effectively improv-

ng product selectivity and energy efficiency utilization [ 5-8 ]. 

Functional nanoparticles (NPs) dispersed on conductive carbon car-

iers offer significant benefits for enhancing the efficiency and selectiv-

ty of CO2 reduction [ 9 ]. These conductive carriers not only enable effi-

ient electron and heat transfer but also effectively disperse and stabilize

Ps to prevent aggregation [ 10 ]. Currently, there are two common syn-

hetic strategies for fabricating functional NPs dispersed on conductive

arbon carriers: synthesis-assembly and top-down methods [ 11 ]. In the
∗ Corresponding author. 

E-mail address: jtzhang@sdu.edu.cn (J. Zhang) . 
# These authors contributed equally to this work. 

ttps://doi.org/10.1016/j.chphma.2024.06.002 

eceived 31 March 2024; Received in revised form 5 June 2024; Accepted 13 June 2

vailable online xxx 

772-5715/© 2024 The Authors. Publishing Services by Elsevier B.V. on behalf of Ke

Y-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

Please cite this article as: W. Guo, X. Cao, A. Zhou et al., Rapid Joule-heatin

dioxide reduction, ChemPhysMater, https://doi.org/10.1016/j.chphma.202
ormer approach, metal NPs are prepared using wet chemical methods,

ollowed by impregnation and drying to combine them with carbon car-

iers. Although it allows for the effective regulation of nanoparticle size

nd phase composition, residues from ligands and surfactants influence

he surface-active sites on the catalysts, lowering catalytic activity. Ad-

itionally, weak interactions between metal NPs and carriers hinder the

atalyst stability, leading to the aggregation and redistribution of metal

Ps [ 12 , 13 ]. On the other hand, the top-down synthesis strategy can fa-

ilitate strong interactions between metal carriers, but its limitations re-

trict the applicability. For instance, the design of precursors is relatively

ntricate, and the synthesis of MOF primarily involves hydrothermal and

n situ pyrolysis processes. Simultaneously, the inevitable accumulation

r volatilization of metal NPs during thermal decomposition results in

he loss of active sites, reducing the activity of the catalyst [ 14-18 ]. 

In this study, polyaniline (PANI) impregnated with metal salts was

sed as the organic carbon carrier. Through rapid thermal shock treat-

ent, a uniform dispersion of metal nanoparticles on a carbon substrate

M-PANI-T) was achieved. The short duration of thermal shock limits the

igration of metal atoms, and defects on the carbon carrier generated

y pyrolysis play a crucial role in effectively anchoring metal nanopar-

icles. Therefore, a series of carbon-based catalysts were prepared to

nvestigate their electrocatalytic performance in carbon dioxide reduc-

ion reaction (CO RR). Different temperatures were adjusted by varying
2 
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he treatment time to further explore their impact on catalytic perfor-

ance. Electrochemical analysis revealed that the Bi-PANI-2, In-PANI-3,

nd Sn-PANI-3 catalysts exhibited excellent Faraday efficiency (FE) for

ormate in flow cells. The combination of electrochemical and in situ

haracterization techniques further explored the influence of the metal

ctive sites and calcination temperature on catalyst activity and revealed

he reaction mechanism. This study provides a feasible approach for the

apid synthesis of efficient CO2 reduction electrocatalysts. 

. Results and discussion 

The carbon carrier PANI was prepared via oxidant-initiated aniline

olymerization under acidic conditions (Fig. S1) [ 19 ]. PANI was then

omogeneously mixed with a specific proportion of the metal salt in

thanol, and the solvent was evaporated to obtain the carbon-loaded

etal salt precursors. Subsequently, a carbon-loaded metal nanoparti-

le catalyst was prepared using rapid thermal shock via Joule heating

 Fig. 1 (a)). Typically, a high temperature of 1100 °C could be reached

ithin just 0.65 s ( Fig. 1 (b)). This universality was further investigated

y changing the type of metal salt and the calcination temperature. This

ime-saving method restricts the migration of metal atoms owing to the

apid heating process over a short period, thereby inhibiting nanoparti-

le aggregation and improving the dispersion of active sites [ 20 ]. 

With an increase in thermal shock temperature, Raman spectroscopy

nalysis revealed that the degree of defects in the graphite peak grad-
ig. 1. (a) Scheme illustrating the synthesis process for M-PANI-T. (b) Temperature 

hermal treatment at different temperatures. Scanning electron microscopy (SEM) im

2

ally increased, promoting the conductivity of the catalyst ( Fig. 1 (c))

 21 ]. Scanning electron microscopy (SEM) images demonstrate that the

alcined PANI exhibited interconnected particles, enhancing the sur-

ace area for dispersing active sites on the carbon support ( Fig. 1 (d)).

s shown in Figs. 1 (g)–(e), Bi-PANI-2 exhibits a particle size distribu-

ion of 10–20 nm. However, Bi-PANI-1 predominantly consists of larger

anoparticles, possibly due to aggregation. During the high-temperature

reatment, the size of indium and tin metal NPs increased (Figs. S2 and

3). With prolonged heat treatment, an increase in the migration time of

etal atoms results in aggregation. Nevertheless, the size of the In-PANI-

 nanoparticles was maintained at approximately 25–50 nm even when

ubjected to the highest temperature. Thus, the NPs size can be changed

y both the nature of the metal and the heating duration [ 22 , 23 ]. Dif-

erent metals exhibit distinct dispersion states on carbon carriers due to

heir different boiling points. Moreover, the heating duration affected

he activity of the catalysts by influencing the conductivity and aggre-

ation state of the carbon carriers. 

Transmission electron microscopy (TEM) images ( Figs. 2 (a)–(c)) re-

eal the uniform distribution of nanoparticles on the Bi-APNI-2 carbon.

imilarly, In-PANI-3 and Sn-PANI-3 exhibit the coexistence of smaller

Ps within the bulk structure, consistent with the SEM observations.

igh-resolution transmission electron microscopy (HRTEM) indicates

niform distributions of NPs with a small size of approximately 5 nm,

urther demonstrating that rapid thermal shock enabled the distribution

f metal active sites ( Figs. 2 (d)–(f) and S4). Compared with traditional
evolution during thermal shock. (c) Raman spectra of polyaniline (PANI) after 

ages of (d) PANI-2, (e) Bi-PANI-1, (f) Bi-PANI-2, and (g) Bi-PANI-3. 



W. Guo, X. Cao, A. Zhou et al. ChemPhysMater xxx (xxxx) xxx

ARTICLE IN PRESS
JID: CHPHMA [m5GeSdc;June 27, 2024;18:25]

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. 

c  

t  

r  

b  

d  

i  

T  

t  

p  

c  

c  

t

 

m  

d  

(  

l  

c  

p  

t  

c  

r

N  

N  

1  

c  

n  

c  

s  

a  

l

(  

t  

t  

C

 

A  

r  

s  

l  

a  

s  

i  

a  

b  

p  

e  

t  

d  

i  

N  

b  

t  

g  

a  

i  

S  

T  

d  

p  

s  

c  

T  

a

 

s  
alcination, obvious aggregation of nanoparticles results in larger par-

icle sizes of 50–500 nm (Fig. S5). The lattice spacing of 0.33 nm cor-

esponds to the Bi (012) lattice, suggesting the formation of a metallic

ismuth phase ( Fig. 2 (d)) [ 24 ]. Meanwhile, In-PANI-3 and Sn-PANI-3

isplay lattice spacings of 0.28 and 0.20 nm respectively, correspond-

ng to In (101) and Sn (211) lattices, respectively ( Figs. 2 (e)(f)) [ 25 , 26 ].

hese results demonstrate that carbon also functions as a reducing agent

o convert metal salts into metal NPs during pyrolysis. The EDS map-

ing images confirm the homogeneous distribution of C and N with the

orresponding metal elements. Nitrogen doping improves the electronic

onductivity of the carbon matrix and regulates the electronic state of

he local environment of the active site ( Figs. 2 (g)–(i)) [ 27 ]. 

The X-ray powder diffraction (XRD) patterns show that the bis-

uth, indium, and tin-based samples exhibit the phase of the stan-

ard 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-

ic peak first increased and then decreased, contributed to enhanced

rystallinity and volatilization of bismuth with gradual increase in tem-

erature. For indium and tin metals with higher boiling points, the in-

ensity change of the peaks was not significant (Figs. S6(b)(c)). The

hemical composition of the catalyst surface was then analyzed by X-

ay photoelectron spectroscopy (XPS) (Figs. S7–S9). The existence of C–

 (285.7 eV), pyrrolic (400.4 eV), pyridinic (398.6 eV), and graphitic

 (402.5 eV) was clearly observed in the analysis of the C 1s and N

s peaks. Nitrogen doping enhances the electrical conductivity of the

arbon matrix and effectively adsorbs specific cations through coordi-

ation principles, thus effectively promoting the dispersion of NPs on

arbon materials ( Figs. 3 (b)(c)) [ 28 , 29 ]. From Fig. 4 (d), Bi 4f is re-

olved into typical peaks for Bi0 (162.6 and 157.4 eV) and Bi3 + (164.6

nd 159.4 eV). Similarly, the peaks exhibited by indium and tin be-

ong to Sn2 + (495.4 and 487.0 eV), Sn0 (493.4 and 485.0 eV), and In3 + 

453.0 and 445.5 eV), respectively. The noticeable oxidation peaks in

he corresponding metallic spectra can be attributed to the oxidation of
3

he sample surface due to exposure to air, which is reduced during the

O2 RR [ 30-33 ]. 

The catalysts were initially evaluated in H-type electrolytic cells.

s shown in Figs. S10(a)(d), Bi-PANI-2 demonstrated the highest cur-

ent density and FEs (FEC1(HCOOH + CO) of 93.9% and FEHCOOH of 90.1%),

uggesting favorable selectivity towards formate production [ 34 ]. Simi-

arly, indium and tin-based catalysts exhibited comparable performance,

chieving maximum FEHCOOH of 80.5% and 60.2% (Figs. S10(b)(c)), re-

pectively, with a small amount of CO as a by-product [ 35 ]. As shown

n Figs. 4 (a)–(c), Bi-PANI-2 exhibited the optimal partial current density

nd FE for formate, highlighting the excellent electrocatalytic activity of

ismuth metal in the CO2 RR. Comparing different heat treatment tem-

eratures for the same series of catalysts reveals that the factors influ-

ncing catalytic activity are multifaceted. For instance, in the case of

he Bi-PANI-T sample, the dispersion of catalytical active sites plays a

ominant role; a better dispersion of NPs on the carbon support results

n better electrocatalytic performance (Fig. S11). Despite an increase in

Ps size with prolonged heat treatment time for the indium- and tin-

ased catalysts, they still exhibited favorable catalytic activity owing

o the coexistence of ultrafine nanoparticles. Meanwhile, the increased

raphitic defects on the carbon substrate at higher temperatures acceler-

te electron transfer and enhance catalytic performance [ 36 ]. For var-

ous electrocatalysts including cadmium, antimony, and copper (Figs.

12–S14 ) , no discernible NPs were observed on the surface of Cd-PANI-

 due to the rapid volatilization of cadmium with its low boiling point

uring the thermal shock process. Consequently, Cd-PANI-1 exhibited

oor catalytic performance with a total FE for C1 products of 48.2%,

ignificantly lower than those of the bismuth-, indium-, and tin-based

atalysts (Fig. S11(d)). In addition, Sb-PANI-T (Fig. S13 ) and Cu-PANI-

 (Fig. S14) catalysts showed similar aggregation states but poorer cat-

lytic activity compared to Sn-PANI-T catalysts [ 37 , 38 ]. 

A flow cell system equipped with a gas diffusion electrode was as-

embled to address the mass transfer limitation of CO2 ( 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, (c) N 1s, and (d) corresponding metallic 

spectra for Bi-PANI-2, In-PANI-3, and Sn-PANI-3. 

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 KHCO3 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. 

4
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Fig. 5. (a) Electrochemical Impedance Spectroscopy (EIS), (b) Cdl , 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. 
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nabling direct contact between the catalyst and CO2 gas, thus facilitat-

ng rapid mass transfer [ 40 ]. As shown in Figs. 4 (e)(f), the implementa-

ion of the flow-cell system significantly improved the current density

nd FE of formate within a wider potential window. Specifically, Bi-

ANI-2 exhibited the highest FEHCOOH of 92.9% at − 1.0 V vs. RHE, su-

erior to In-PANI-3 (82.0%) and Sn-PANI-3 (78.1%). Moreover, when

ested in 1 M KOH electrolyte, the current densities further increased

o 113.4, 93.1, and 82.0 mA cm− 2 for Bi-PANI-2, In-PANI-3, and Sn-

ANI-3 catalysts at − 1.0 V, respectively, which are approximately four

imes higher than those obtained from the H-type cell ( Fig. 4 (g)). The

EHCOOH of Bi-PANI-2 and In-PANI-3 surpassed 90% and 80%, respec-

ively, within the potential range from − 0.3 to − 1.5 V, achieving the

ighest FE values of 92.8% and 86.4%. Meanwhile, Sn-PANI-3 exhib-

ted a significantly lower FE of 73.3% compared to the other two cat-

lysts but was still higher than the FE in the 0.5 M and 1 M KHCO3 

lectrolytes. Stability is also a crucial parameter for evaluating the per-

ormance of the catalyst. After 12 h, only a marginal decrease in the

E was observed, indicating the sustained high stability and activity of

ll three catalysts ( Fig. 4 (i)). Based on the SEM images obtained after

he stability test (Fig. S15), no obvious aggregation was observed, fur-

her indicating good stability. A comprehensive analysis revealed that

he anchoring of carbon defects, along with the Joule heating-induced

ispersion processes, facilitated the dispersion of active sites, ultimately

esulting in exceptional catalytic activity and stability. 

The catalytic mechanism was further investigated through elec-

rochemical tests and corresponding in situ characterization. The

mpedance spectra ( Figs. 5 (a) and S15) showed that Bi-PANI-2 exhibited

he lowest charge transfer resistance, facilitating faster electron transfer,

hus accelerating the reaction process and improving the catalytic ac-

ivity [ 41 ]. Additionally, analysis of the double-layer capacitance ( Cdl )

evealed that the electrochemical activity surface area (ECSA) of the

atalysts within the same series generally increased with higher heat

reatment temperatures (Figs. S16 and S17). Combined with the BET

dsorption-desorption isotherms, the specific surface area of PANI after

arbonization reaches 307.08 m2 g− 1 , significantly higher than that of

ANI (31.92 m2 g− 1 ), which can be attributed to the defects induced

xposure of surfaces (Fig. S18(a)). Additionally, pore size analysis and

O2 adsorption isotherms indicated that the pyrolysis process led to a

ultistage pore structure in the carbon substrate, promoting mass trans-

er, enhancing CO2 adsorption on the catalyst surface, and ultimately

mproving catalytic reaction activity ( Figs. S18(b)(c) ) . Bi-PANI-2 exhib-

ted an ideal active surface area due to the synergistic effects between
5

he carbon carrier and the dispersed active sites. However, the ECSA

f Bi-PANI-3 decreased due to the loss of active sites ( Figs. 5 (b) and

19) [ 42 ]. Tafel slopes were obtained to investigate the kinetics of the

O2 RR, indicating that the rate-determining step of the reaction was the

eneration of a CO2 
∗− intermediate ( Fig. 5 (c)) [ 43 ]. A lower Tafel slope

uggested a faster rate of intermediate generation, facilitating protona-

ion and thereby enhancing catalytic activity [ 44 ]. In situ ATR-FTIR was

sed to observe the reaction intermediates and elucidate the reaction

echanism. For the series of catalysts, distinct absorption peaks were

bserved at 2360 and 1640 cm− 1 for CO2 and H2 O, respectively [ 45 ].

he O–C–O vibration peak at 1415 cm− 1 corresponds to two oxygen-

onded ∗ OCHO species on the Bi-PANI-2 surface ( Fig. 5 (d)), indicating

 rapid transformation process from CO2 
∗ − to ∗ OCHO. Similar vibra-

ion peaks at 1405 and 1358 cm− 1 were also observed for the In-PANI-3

 Fig. 5 (e)) and Sn-PANI-3 ( Fig. 5 (f) ) samples, confirming a favorable

ransformation pathway for formate formation [ 46,47 ]. Notably, both

n-PANI-3 and Sn-PANI-3 showed prominent absorption peaks in the

ange of 2000–2100 cm− 1 at lower potentials, indicating CO∗ genera-

ion during the CO formation process. The theoretical potential for CO

eneration was lower than that for HCOOH generation, implying the for-

ation of CO by-products at lower potentials. As the potential gradually

ncreased, formate production became dominant, leading to the gradual

isappearance of the CO∗ peak and confirming the excellent catalytic

erformance of these catalysts. 

. Conclusions 

In summary, a series of carbon-loaded nanoparticles (M-PANI-T)

ere synthesized using the Joule rapid thermal shock method, and their

lectrocatalytic performance was investigated. The rapid thermal shock

reatment effectively minimized the aggregation of metal atoms and

acilitated the uniform distribution of NPs on the carbon carrier by

everaging the anchoring effect of the defective carbon carriers. Electro-

hemical performance testing revealed that the bismuth, indium, and

in/carbon catalysts exhibited excellent Faraday efficiencies for formate

n flow cells, with values of 92.8%, 86.4%, and 73.3%, respectively. This

pproach presents a viable strategy for the rapid synthesis of catalysts.

dditionally, characterization revealed that the catalyst performance is

nfluenced by both the active sites and the carbon carrier, rather than

eing solely dependent on individual factors, providing valuable theo-

etical insights for future catalyst design. 
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