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Figure 1 Schematic depiction of carbon cycle
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Table 1 Thermodynamic equilibrium potentials of CO,RR main products (vs. RHE, pH=7)

Ak 2 S g 2 HAL/V
1 CO,+e —>CO; —1.49
2 CO,+2H +2¢ =-CO+H,0 —0.11
3 CO,+2H +2¢ —HCOOH —0.20
4 CO,+4H +4e —HCHO+H,O —0.10
5 CO,+6H"+6e —CH;OH-+H,O 0.03
6 2C0O,+9H,0+12¢ -CH,CH,OH+H,O —0.77
7 CO,+8H"+8e —CH,+H,O 0.17
8 2CO,+14H"+8e —C,H;+4H,0 0.14
9 2CO,+12H +12¢ -C,H,+4H,0 0.07
10 2H +2¢ —H, 0.00
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Figure 2 Schematic depiction of operando RS
electrochemical reaction device
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Figure 3 Schematic depiction of Operando ATR-IRAS
electrochemical reaction device
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Figure 4 Schematic depiction of operando XAS
electrochemical reaction device
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Figure 5 Schematic depiction of DEMS, sourced
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(a)—SnO, ) ATR-IRAS #t## ; (b)—SnO, i & CO,RR ¥ Sz i HLHE R 7 P4
(a)—operando ATR-IRAS data of SnO, ; (b)—schematic depiction of the reaction mechanism of SnO, cata-

lyzed CO,RR.
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Figure 6 ATR-IRAS spectra of SnO, and schematic diagram of the reaction mechanism of CO,RR
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Figure 7 Evolution of the surface composition of a Sn electrode during CO,RR
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(a)—operando ATR-IRAS spectra of Bi thin film electrode at different CO,RR potentials(with each
spectrum differing by 50 mV potential) ; (b)—operando RS of (BiO),CO,/Bi,04 composite catalyst

in CO,RR process, sourced from reference.
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Figure 9 Operando ATR-IRAS and operando Raman studies on the evolution of Bi based

electrodes during CO,RR process
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Figure 10 Heatmap of Raman spectra, current density, and Faraday efficiency of Bi-GDE catalyzed CO,RR
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Figure 11 Time-dependent operando XRD pattern of BiO, at —1.15 V(vs. RHE),and operando XANES-

BiL, spectra,first derivative heatmap,linear fitting results
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Abstract: Electrocatalytic CO, reduction reaction (CO,RR) driven by renewable electricity is able to convert CO, to valuable
fuels or chemicals, so that it is considered to be a key technique to close the carbon cycle, and to achieve the goals of carbon
neutrality. The techno-economic analysis suggests that the production of formic acid (HCOOH) via CO,RR could generate
higher value while consuming less energy. Thus, the CO,RR to HCOOH has received extensive attention from academia and
industry. P-block metals, such as Sn, Bi, In, and Pb, can be used as electrocatalysts for CO,RR to HCOOH with a high
Faradaic efficiency. The understanding of reaction mechanisms and active sites facilitates the development of practicable
electrocatalysts and the optimization of the reaction environment. This work summarizes the operando techniques, which have
been used to investigating the CO,RR on p-block metals. The operando techniques include Raman spectroscopy, infrared
absorption spectroscopy, X-ray absorption spectroscopy, and differential electrochemical mass spectroscopy. Utilizing in-situ
observation technology, we can not only analyze fingerprint information such as chemical bonding, molecular structure, and
crystallinity on the catalyst surface, but also conduct qualitative or quantitative analysis of gaseous or volatile products resulting
from electrochemical reactions with millisecond time resolution during the potential dynamic scanning process. Through the
experimental data obtained under in-situ conditions, the catalytic components of CO,RR were identified, and the reaction
pathway diagram was constructed, laying the groundwork for the further design of high-performance and high-stability
catalysts. Additionally, alloying is one of the main strategies to improve the performance of catalysts. In this paper, the
effects of p-block metal alloying on electronic structure, surface properties and catalytic effect are briefly discussed. This
review emphasizes the importance of operando spectroscopic technology in the research of p-block metal catalysts, and provides
a solid foundation and innovative ideas for the engineering development of CO,RR.

Keywords: p-block metals; CO, reduction reaction; formic acid; operando techniques; Raman spectroscopy; infrared absorption

spectroscopy ; X-ray absorption spectroscopy ;differential electrochemical mass spectroscopy
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