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Recent advances in dynamic reconstruction
of electrocatalysts for carbon dioxide reduction

Jianfang Zhang, " Shuai Xia," Yan Wang,'** Jingjie Wu,”* and Yucheng Wu'-#>

SUMMARY

Electrocatalysts undergo structural evolution under operating electrochemical CO, reduction reaction
(CO2RR) conditions. This dynamic reconstruction correlates with variations in CO,RR activity, selectivity,
and stability, posing challenges in catalyst design for electrochemical CO,RR. Despite increased research
on the reconstruction behavior of CO,RR electrocatalysts, a comprehensive understanding of their dy-
namic structural evolution under reaction conditions is lacking. This review summarizes recent develop-
ments in the dynamic reconstruction of catalysts during the CO,RR process, covering fundamental princi-
ples, modulation strategies, and in situ/operando characterizations. It aims to enhance understanding of
electrocatalyst dynamic reconstruction, offering guidelines for the rational design of CO,RR electrocata-
lysts.

INTRODUCTION

The continual rise in CO, emissions from fossil fuel consumption has unleashed severe environmental pollution and triggered alarming global
climate change.'” The direct conversion of CO, into carbon-based chemicals can help achieve carbon cycling in the environment.® In this
regard, electrochemical CO, reduction reaction (CO,RR) driven by clean and renewable electricity offers an efficient route to convert CO,
into value-added fuels and energy-dense products.*” The electrocatalytic CO,RR process can be typically operated under ambient temper-
ature and pressure conditions, use H,O as the hydrogen source, and produce Cy,., products, offering distinct advantages over technologies,
such as thermocatalysis and photocatalysis.®

Despite notable progress in electrocatalytic CO,RR over the past few decades, the realization of industrial applications faces numerous
challenges, including limited productivity and selectivity of a specific product, low carbon efficiency due to carbon crossover, and reduced
stability resulting from salt precipitates and flooding.” The productivity and selectivity of target products are intricately tied to the catalysts
and reaction environment.'®"'? The catalyst dictates the reaction pathways leading to the formation of C; to multi-carbon (C,,) products.'”
Despite numerous efforts to design highly active catalysts that enhance the activity and selectivity of CO5RR, the dynamic structural evolution
and surface reconstruction observed on various catalysts under CO,RR conditions pose additional hurdles.'*~'® The minor changes in the
catalyst structure during the reconstruction process may substantially alter the reaction pathways and reactivity of CO,RR. It is important
to note that these changes and their influencing factors are always intertwined, which complicates the discovery and design of effective cat-
alysts. For instance, the dynamic morphology evolution of catalysts triggers surface changes to rougher or smoother, resulting in changes in
phase, surface facets, and chemical states. These morphological reconstructions usually induce the alteration of local pH near the catalyst
surface, which seriously affects the catalytic performance. Besides, various metal-based catalysts, particularly their oxides, undergo substan-
tial atomic rearrangement and composition changes during reduction, leading to the reconstruction of new active sites, such as vacancy de-
fects, grain boundaries (GBs), twin boundaries (TBs), and interfaces.” " Compared with the intrinsic structure and active ingredients of the
original catalysts, the regenerated active sites in the reconstructed catalysts play more important roles in the activity, selectivity, and stability
of CO,RR, and their advantages and disadvantages need to be analyzed dialectically. It should be pointed out that the dynamic structure
evolution will also lead to the degradation and poisoning of the catalysts. The potential-driven reconstruction can induce structural distortion
and collapse, chemical components change, and agglomeration or dissolution, leading to the deactivation of the catalysts.””*” The in-depth
understanding of catalyst degradation under dynamic evolution is expected to provide guidance for enhancing the stability of CO,RR.

Therefore, unveiling the genuine active sites of reconstructed catalysts becomes crucial for understanding the reaction mechanism of
CO,RR.7*?* Advanced in situ/operando techniques have been explored in recent years to investigate the dynamic reconstruction behavior
of catalysts and correlate them with real-time CO,RR activity and selectivity.”>*® For example, the employment of in situ electrochemical mi-
croscopy techniques such as scanning tunneling microscopy (STM), atomic force microscopy (AFM), scanning electron microscopy (SEM), and
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Figure 1. Overview of major topics discussed in this review.
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transmission electron microscopy (TEM) can reveal the dynamic morphological evolution of catalysts under reaction conditions. Operando
X-ray diffraction (XRD) and X-ray absorption spectroscopy (XAS) provide direct evidence for the transformation of phase structure and compo-
sition of reconstructed catalysts. Moreover, the chemical state and active species on the catalyst surface can be detected by quasi-in situ X-ray
photoelectron spectroscopy (XPS) and in situ Raman spectroscopy. Besides, in situ/operando spectroscopy, such as Raman, Fourier transform
infrared (FTIR), and UV-Vis adsorption spectra, probes the adsorbed species on the catalyst surface with characteristic peaks/bands. Moni-
toring the adsorbed reaction intermediates contributes to disclosing the reconstruction behavior of the catalysts during the catalytic reaction
as the adsorption configuration is sensitive to surface active sites. More importantly, when combined with density functional theory (DFT) com-
putations, these techniques can shed light on the structure-property relationship of reconstructed catalysts, providing a deep understanding
of the reaction mechanism based on the adsorption of reaction intermediates on the active sites.”” ' The previous work has reviewed the
dynamic reconstruction with a focus on the changes of the catalyst structure and the reaction environments during CO,RR.** However,
due to the rapid development of catalysts and catalytic technologies for CO,RR, it is necessary to timely review the latest advances in dynamic
catalysis, new catalytic processes and modulation strategies to control dynamics, and in-situ/operando techniques to track the dynamics.

Herein, we present an overview of recent advances in the dynamic reconstruction of CO,RR electrocatalysts, placing special emphasis on
fundamentals of reconstruction behavior, modulation strategies for catalyst surface evolution, and in situ/operando techniques for moni-
toring reconstruction processes (summarized in Figure 1). Firstly, we provide a concise examination of fundamental principles of dynamic
reconstruction, encompassing thermodynamics, and kinetics aspects. Following that, we systemically outline typical strategies for modulating
catalyst surface evolution, covering the regulation of catalyst composition, electrolyte type and catalytic process (e.g., pulsed electrolysis).
Thirdly, several in situ/operando techniques are introduced to track the reconstructing process, including structural characterizations, chem-
ical states analysis, and reaction intermediates detection. Finally, we critically assess future opportunities and challenges pertaining to catalyst
reconstruction in electrocatalytic reactions, summarizing potential advancements, and prospecting forthcoming developments. This review
aims to advance understanding of the dynamic reconstruction of catalysts in CO,RR, inspiring the catalyst design to meet the requirements of
productivity and selectivity toward a single product.

FUNDAMENTAL UNDERSTANDING OF DYNAMIC RECONSTRUCTION

The dynamic evolutions of the catalysts have been widely observed during the CO,RR process. In general, the dynamic reconstruction process
under CO2RR conditions usually causes multiple changes of the catalysts, including the phase, chemical state, and morphology (facet, shape,
and size) (Figure 2). The atomic migration in the reconstructed catalysts often results in highly active sites such as interfaces (e.g., homo- or
heterojunction, terrace, step), and defects (e.g., grain boundary or twin boundary, pore or vacancy, doping).** Understanding the reconstruc-
tion behavior of the catalysts are crucial for elucidating the source of catalytic activity and selectivity. In this section, we focus on the funda-
mentals of electrochemical reconstruction behaviors in terms of thermodynamic and kinetic and the classification of the reconstruction
mechanisms.

Redox transformation

The catalysts potentially undergo redox transformation involving phase transition and chemical state evolution under CO,RR conditions. The
connection between thermodynamic and kinetic behavior is essential to trace the origin of dynamic reconstruction.® From a thermodynamic
perspective, the phase transition of a metal-based catalyst hinges on its standard redox potentials.* Referencing the well-known Pourbaix
diagram, the stable phase of an element is contingent on pH and potentials in the aqueous electrochemical system. Generally, the oxidation
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Figure 2. Summary of catalyst reconstruction behavior.

state of metal elements occupies a relatively positive potential region, transitioning into a metallic state at more negative potentials. The pH
value complicates matters by influencing the oxidation species and dissolution of the metal element. The Pourbaix diagram suggests that
metal oxides can supposedly undergo spontaneous reduction at cathodic potentials, forming thermodynamically stable metallic phases un-
der CO,RR conditions. Yet, the intricacies and potential pitfalls associated with these thermodynamic considerations must be critically
evaluated.

The apparently comprehensive Pourbaix diagram, although widely referenced, tends to oversimplify the complex reality of metal-based
catalysts under CO,RR conditions. Contradictory experimental results frequently emerge, highlighting the idealized diagram'’s limitations
that fail to account for various influencing factors. Therefore, to address the discrepancies and constraints of the Pourbaix diagram, the ki-
netics behavior must be considered.” > The reduction of metal oxide invariably alters the chemical state of metal elements, often resulting
in the removal of oxygen from the catalysts. However, the depletion of oxygen anions from the surface to the catalyst's interior becomes chal-
lenging, introducing obstacles to total oxygen removal due to energy barriers associated with migration. Consequently, from a kinetics
perspective, the thermodynamically unstable oxidation phase persists on a cathodic basis. Adding to the intricacies, the reconstruction pro-
cess occurs under a broad spectrum of reaction conditions, such as electrolyte, temperature, and reaction microenvironment, resulting in
different phases and surface oxidation states.’**® These structural evolutions contribute to a heightened kinetic barrier for oxygen removal,
further aiding in the stabilization of the oxidation state within the catalyst.

Atomic migration

Atomic migration induces atomic rearrangement accompanied by size, facet, and atomic distribution alterations. The initial consideration in
analyzing atomic rearrangement or migration involves thermodynamic propriety, where changes in Gibbs free energy (AG,.,) can be ex-
pressed as follows:

AG,m = AHm — TASim + Ay, A

Where AH, ., AS,m, and Ay, represent the enthalpy, entropy, and specific surface energy differences before and after atomic migration,
respectively. T denotes the absolute temperature, and A is the surface area of the catalyst.*”*° Atomic migration is more likely to occur in
systems with a more negative AG,,,. The structure characteristics, including composition, size, and shape, of catalysts with different atomic
bonding strengths and surface energies play a pivotal role in determining the favorability of atomic migration. Diverse vacancy formation
energy arising from varying atomic bonding strengths of metals leads to distinct trends in reconstruction under CO,RR conditions. In addition
to single metals, the presence of multiple components in metal alloys introduces complexity to the atomic arrangement, complicating
element redistribution during atomic migration. The reconstruction behavior is also associated with the morphological structure of catalysts.
According to the perspective of Ostwald ripening, size-dependence surface energy induces the solubility difference, resulting in substance
migration and size changes in nanoparticles.”’ Small particles are initially dissolved into the electrolyte to reduce system energy, followed by
the re-deposition of dissolved atoms onto larger particles. Furthermore, the shape of the catalysts typically undergoes evolution with the
reconstruction of the surface facet and redistribution of coordinated atoms.”® Concerning rearrangement, the atomic migration process is
inclined to form thermodynamic stable surfaces. In particular, atomic migration is more likely to occur on high-index facets due to more un-
stable and undercoordinated sites.””
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The study of atomic migration behavior can also be approached through kinetic characteristics, as described by the Arrhenius equation:
kam = ko exp(— Eam / RT)

where k,m, ko, and E,, are the migration rate constant, preexponential factor, and atomic migration energy barrier, respectively.43 Clearly, the
value of k., or the rate of atomic arrangement heavily relies on the migration barrier (E,.,). The intrinsic properties of the catalysts exert a
substantial influence on E,n, in the context of single metal atoms or alloy atoms.***> The exposed surface facets contribute to different
E.m. exemplified by the Pd (110) surface with the highest E,, preventing atomic detachment from the catalyst surface.’® Beyond catalyst struc-
ture, the presence of reaction intermediates such as *H and *CO adsorbed on the catalyst surface can alter the E,, of surface atoms.”” The
surface adsorption of CO,RR intermediates decreases the E,,, and facilitates the atomic evacuation from the catalyst surface.”® Moreover, the
reaction environment conditions also impact the catalysts’ atomic migration. According to the Arrhenius equation, the value of k., can be
modulated by the reaction temperature. Increasing the reaction temperature enhances the atomic vibration near the equilibrium position,
enabling the crossing of the migration barrier."” The applied electrical field, by contrast, holds great potential to drive atomic migration in
specific directions.”® The electric field on the catalyst surface or at the electrode-electrolyte interfaces can trigger structural transformations
such as surface roughening, size changes, and grain evolution.’® The electrolyte also plays a crucial role in the dynamic evolution of catalysts,
regulating the activity and selectivity of CO,RR.”"** The proton depletion at the cathode surface in the CO,RR process causes the pH changes
along with the distance from the electrode to the electrolyte.””*** The dynamic variation of local pH alters the surface energy between the
electrolyte and catalyst surface, leading to the structural evolution of the catalyst. Additionally, the type and concentration of the cations and
anions in the electrolyte affect the activity and stability of catalysts.>>*° The specific adsorption of anions (such as halide ions) can induce the
electrochemical reconstruction of the catalyst.””*® Moreover, additives in the electrolyte may stabilize the surface oxidation state of the cata-
lyst, in return driving the structural evolution under CO,RR conditions.*

It should be emphasized that atomic migration is closely linked with the redox transformation. During redox reactions, metal ions can be
triggered to leach from the pre-catalyst surface into the electrolyte, where they are subsequently reduced to metal atoms and redeposited on
the electrode under cathodic voltage conditions. Additionally, oxygen desorption from metal oxides creates vacancies in the lattice, facili-
tating atomic diffusion, reducing system energy, and inducing structural reconstruction of the catalysts. Therefore, the phase transition
and chemical state evolution are often accompanied by atomic rearrangement with structural evolution in morphology (size, shape, facet),
interfaces, and defects. These general phenomena can be observed in the metal/metal oxides and heteroatom-incorporated metal com-
pounds, which will be discussed in detail in section 3.

Catalyst classification
Cu-based catalysts

Since Cu-based catalysts are favorable for the conversion of CO; to C,, products, their structural evolution has received extensive atten-
tion.®>*? The relevant works mainly focus on understanding the dynamic structural evolution of Cu-based catalysts, including redox-induced
chemical state and phase transitions, as well as atomic migration in morphology, interfaces, and defects. Yang's group revealed the structural
evolution of Cu nanoparticles into active Cu nanograins during CO, reduction through operando electrochemical scanning transmission elec-
tron microscopy (EC-STEM) studies.'® Taking 7 nm Cu nanoparticles as an example, parts of nanoparticles were already aggregated after the
linear sweep voltammetry (LSV) scan from 0.4 to 0 V. The aggregated nanoparticles were further grown into Cu nanograins with a size of 50-
100 nm after the initial state of electroreduction at 0 V. When exposed to air, O atoms were inserted into tetrahedral sites of the Cu lattice in
small Cu nanoparticles, evolving into Cu,O nanocubes. The transformation of the polycrystalline Cu surface to Cu (111) and Cu (100) facets
was observed under the surface reconstruction process during CO, reduction, which could reasonably explain the selectivity of the CO,RR
product.?’ The adsorption of H or CO intermediates was considered to be the driving force for the restructuring of Cu surfaces.®’*® The
changes in shape and size have also been widely reflected in the morphology evolution of Cu catalysts. Recent advancements in understand-
ing catalyst surface evolution involving in-situ electron microscopy experiments shed light on reconstruction behavior. For instance, electro-
chemical transmission electron microscopy (EC-TEM) measurements have depicted Cu,O cube fragmentation and redeposition into nano-
particles (Figure 3A).%* Additionally, a potential-driven nano-clustering phenomenon of differently sized Cu nanocubes has been associated
with the degradation mechanism observed in metallic catalysts during electrochemical CO,RR (Figure 3B).%° These investigations also under-
scored the critical relationship between the product selectivity of CO,RR and the initial size of catalysts.

The alteration in the chemical state inevitably accompanies the structure change during the dynamic reconstruction process, leading to the
668 Typical reconstruction process can be observed on Cu compounds such as oxides,
sulfides, halides, phosphides, etc. These reconstructed Cu catalysts offered potential promising for enhancing CO, reduction to C,, prod-
ucts. The reconstruction process tends to trigger the in-situ generation of the Cu*/Cu® interface, deemed a high catalytic site for CO,RR. This
interface in oxide-derived Cu catalyst provides adjacent Cu* and Cu® surface sites suitable for *CO adsorption in two different configurations
of atop-bound *CO (CO,4p) and bridge-bound *CO (CObridge).(’g'70 The enhanced adsorption of *CO at Cu* and CuO sites ensures a high
*CO coverage for CO dimerization, favoring the kinetics of CO,RR to Cy. proolucts.”'/2 Nonetheless, achieving a stable Cu*/CuWl interface
on Cu catalysts remains challenging due to the rapid reduction of Cu* species under CO,RR conditions. Our recent research has revealed that
GB-rich Cu nanosheets derived from CuO nanosheets possess numerous low-coordinated Cu atoms across GBs.”” These low-coordinated Cu
cluster atoms have a more negative electrochemical standard reduction potential than bulk metal, maintaining the oxidation state to form
stable Cu*/Cu® interfaces during CO,RR (Figures 3C-3E). Compared to Cu GBs and Cu,O GBs, these reconstructed Cu*/CuW0 interfaces

creation of more active defective sites and interfaces.
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Figure 3. Structural evolution of Cu-based catalysts

(A) Morphology evolution of CuO cubes during CO,RR. Reproduced with permission.®* Copyright 2021, Springer Nature.

(B) Schematic illustration of the degradation of Cu nanocubes during CO,RR. Reproduced with permission.®® Copyright 2018, Springer Nature.
(C-E) Ex situ STEM image of CuO nanosheets (C) before and (D and E) after CO,RR. Reproduced with permission.73 Copyright 2022, Wiley-VCH.

are more conducive to the formation of *CO intermediates and promote the *CO dimerization to C,H4 with a 62.5% FE and a partial current
density of 173 mA cm ™2 at a potential as low as —0.52 V vs. reversible hydrogen electrode (RHE, thereafter). The Cu,.,S derived Cu nanopar-
ticles exhibited high performance of C,H4 production through a *COCHO pathway.®” The desulphurization and surface reconstruction pro-
cess contributed to creating rich high-index facets, which acted as surface active sites for the C-C coupling. The anodic halogenation of Cu
followed by electroreduction could create a high density of defect sites with relatively low roughness, which promoted the adsorption of car-
bon intermediates and facilitated C-C coupling to C,, products.”*

Furthermore, the surface reconstruction of pre-catalysts with different morphologies often exposes specific crystal facets, significantly
influencing the catalytic performance of CO,RR. Notably, selective exposure of Cu (100) facets promotes CO dimerization toward Cy., prod-
ucts with C;H,4 as the dominant product. For example, various morphology-dependent Cu,O pre-catalysts were reduced to Cu catalysts with
distinct ratios of crystal planes.”” The prevalence of Cu (100) facets in the Cu nanosheet catalyst facilitated CO adsorption, resulting in
increased *CO surface coverage, thereby exhibiting superior selectivity of CO,RR toward C,. products compared to Cu (110) and (111) facets.

Other metal-based catalysts

In addition to Cu-based catalysts, non-Cu metal catalysts such as Ag, Au, Pd, Bi, Sn, In, and Zn are also widely used for catalyzing CO, reduc-
tion. In general, CO and formate are the major products of these catalysts. The hydrogenation of *CO intermediate to CHy can also be
achieved by regulating their electronic structures. However, the activity and selectivity of C,, products of these catalysts are still severely
limited. When compared with Cu catalysts, noble metals exhibit relatively inert activity due to higher vacancy formation energy or atomic
migration barriers in the lattice. As a result, noble metals undergo moderate structural evolution under typical reaction conditions. Nonethe-
less, some relevant dynamic structural evolutions in morphology, facet, phase, and chemical state have always occurred on Pd, Au, and Ag
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(A) Schematic depiction of the morphological evolution of Pd/PdH, catalysts. Reproduced with permission.”® Copyright 2024, Springer Nature. SEM images of (B)
Bi@Bi,O3 nanodendrites and (C) Bi nanoflowers. Reproduced with permission.?’ Copyright 2023, Wiley-VCH.

(D) Schematic illustration of synthetic procedure and restructuring of the SnS, nanoflowers. Reproduced with permission.®” Copyright 2024, Elsevier.

(E) Schematic illustration of the preparation process for Bigln, nanotube. Reproduced with permission.” Copyright 2024, Elsevier.

catalysts. The defect-rich ultrathin hexagonal Pd nanosheets with dominant (111) facets were transferred to irregularly crumpled structures
with active (100) sites under a dramatic surface reconstruction process during CO,RR. The increase of active sites and the decrease of CO
binding strength on Pd surfaces promoted the selectivity of CO, conversion to CO with FE up to 93%.”® The phase transition of Pd to
PdH, phase was observed as a function of electrode potential under CO2RR conditions. The formation of a hydrogen-adsorbed Pd surface
on the mixture of the a- and B-phases of the PdH, core above —0.2 V was conducive to the formation of formate, whereas the formation of a
metallic Pd surface on a B-phase PdH, core below —0.5 V promoted CO production.”” A recent study revealed a similar evolution of Pd/PdH,
catalyst, involving morphology change and phase transformation (Figure 4A). The switchable product selectivity from formate to CO/H, was
attributed to potential-dependent reaction energetic changes rather than the PdH, lattice expansion.”® Vertical standing Ag nanosheet shells
were grown on the outer surface of Ag hollow fiber by an electrochemical surface reconstruction approach, which achieved a high FE of CO,
to CO over 97% at a current density of 2.0 A cm™2."7

As for the main group p-block metals, such as Bi, Sn, and In, structural evolution occurs frequently under a potential-driven reconstruction
process. Similar to Cu, the metallic phase derived from the electroreduction of their compounds acted as the real active site for CO,RR. The in
situ reconstruction of Bi(OH); nanosheets into Bi nanosheets resulted in forming a large number of coordinatively unsaturated sites, which was
favorable to stabilize the *OCHO intermediates and facilitate the reaction kinetics for the formate production.® The Bi@Bi,O3 nanodendrites
were reconstructed to Bi nanoflower through in situ electroreduction in KHCO3 solution (Figures 4B and 4C). By maximizing the exposed
active sites and Bi° species, the resultant Bi nanoflower exhibited high selectivity to the formate production with an FE of 92.3% at —0.9
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Figure 5. Evolution of molecular and single-atom catalysts
(A) The schematic of structural evolution process of CuPc and (B) backscattered electron images of CuPc catalyst after 13 min of CO,RR at various potentials in
0.1M KHCO3. Reproduced with permission.®® Copyright 2023, American Chemical Society.

V.8 The dynamic structural evolution of SnS; nanoflowers under CO,RR conditions led to the formation of Sn nanocluster on SnS; substrate
(Figure 4D). The interfacial boundary between the Sn nanocluster and SnS, substrate promoted the hydrogenation of CO, to *OCHO inter-
mediate instead of the dissociation of H,O to *H, resulting in high selectivity of formate production.?” Similarly, in situ electrochemical reduc-
tion of In;O3 enabled the formation of In/In,O3 heterointerface with stable In-O species, which could regulate the electronic structure of the
electrode and accelerate the protonation of CO,RR intermediates, thereby improving the electrocatalytic performance.®® The construction of
abimetallicinterface or doped heteroatom is also an effective way to regulate the electronic structure of catalysts. A hollow-structured Bigoln;
nanotube was obtained by in situ restructuring the Bigoln,Og3 precursor under CO,RR conditions (Figure 4E). Benefiting from the In-doping
modulated electronic structure and hollow nanotube structure, the reconstructed Bigoln; catalyst achieved an ampere-level current density for
formate production.®® In addition, the metal Zn was considered to be the active catalyst for CO,RR to produce CO. For instance, the oxygen-
derived Zn catalyst from the reconstruction of ZnO precursor exhibited great potential for reduction of CO, to CO with high activity, selec-
tivity, and stability.®

Molecular and single-atom catalysts

Molecular catalysts with various ligands and metal centers are used for CO,RR due to their unique structure, electronic, and catalytic prop-
erties. The predominantly metal centers (Cu, Fe, Ni, Bi, In, etc.) were coordinated with ligands such as porphine, polymer, and phthalocyanine.
These molecular catalysts are usually unstable and tend to undergo reconstruction under CO,RR conditions. A dynamic evolution of Cu
phthalocyanine (CuPc) was observed during CO,RR with successive procedures from the demetallation of CuPc to Cu atoms followed by
the agglomeration of Cu atoms to Cu clusters and finally Cu nanoparticles (Figures 5A and 5B). The CuPc-derived Cu nanoparticles with expo-
sure of rich GBs showed a maximum FE of 70% for C,, products with a high current density of 800 mA cm™2 at —0.73 V¥ The indium coor-
dination polymer precursor was transformed to indium nanosheets (In-NSs) through the electrochemical reconstruction process, which ex-
hibited a high FE of 96.3% for formate production with a partial current density exceeding 360 mA cm™2 and a long-term stability for
140 h with negligible degradation.?” Moreover, metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) are typical mo-
lecular catalysts with multiple coordination centers in organic frameworks. The electrochemical reconstruction of MOFs or COFs precursors
can produce highly active metal sites for CO,RR. For example, the Cu/Cu,O nanoclusters were prepared by in situ electrochemical recon-
struction of Cu-N coordinated MOFs precursor, which achieved an FE of 70% toward CyH, synthesis.88 The Bi-MOFs derived Bi-based cat-
alysts introduced unsaturated surface Bi atoms sites for highly active and selective formate production.’””° Atomically dispersed Co?* was
grafted in a redox-active COF for the selective electroreduction of CO, to ethanol. The oxidation state and coordination environment of a
single Co site undertaken transiently changes during the CO,RR process.”’

In addition, atomically dispersed single-atom catalysts are often dynamically reconstructed under the driven force of potential to form
clusters or nanoparticle catalysts. The potential-dependent transformation between the single atom and the clusters was reported reversible.
Taking the atomic Cu catalyst as an example, Xu et al. revealed that the carbon-supported dispersed Cu atoms were reconstructed into Cu,,
clusters (n = 3 and 4) with a reversible transformation under the CO,RR conditions. Cuj, clusters achieved a record selectivity of CO; to ethanol
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Figure 6. Incorporation of metal heteroatoms into catalysts
(A) Scheme for dissolution and redeposition mechanism of Cu,O-Zn catalysts under CO,RR.

(B and C) Activation barrier diagram of C-C coupling via OC-CHO and OHC-CHO pathways on (B) Cu,O and (C) Zn-doped Cu,O. Reproduced with
permission.” Copyright 2023, Wiley-VCH.

(D and E) Scheme of CO,RR mechanism on (d) ZnO and (E) Cu-incorporated ZnO surface. Reproduced with permission.” Copyright 2023, Elsevier.

conversion with a high FE of 91% at —0.7 V in an H-cell.”” Their further research uncovered the relationship between the active site structure
and properties of these atomically Cu catalysts. Comprehensive structural analysis revealed that the Cu atoms first aggregated to form Cu,,
clusters or nanoparticles under the reduction condition, and then decomposed into smaller oxidized clusters after electrolysis. The activity
and selectivity of CO,RR were related to the size of the reconstructed Cu,, clusters or nanoparticles. Small-size Cu,, clusters (n = 3~6) were
more active for CO and ethanol formation, while large Cuy, particles (n > 55) were responsible for CH, and formate production.” The change
of morphology and structure of a single-atom catalyst can adjust the adsorption and electron transfer properties of the catalyst, so as to
change the reaction pathways. Tracking the dynamic evolution process of reconstructing single-atom catalysts is crucial to uncovering the
reaction mechanism of CO,RR, which requires advanced in situ/operando characterization techniques such as electron microscopes and
spectroscopy techniques.

MODULATION STRATEGIES FOR SURFACE RECONSTRUCTION

The structural evolution of the catalysts is a common phenomenon in electrocatalysis and plays an important role in regulating catalytic ac-
tivity, selectivity, and stability. The construction of high-performance electrocatalysts by rational reconstruction process has become a hot
research topic in the field of electrocatalysis. Accordingly, we discuss some modulation strategies for surface reconstruction in this section,
including heteroatom incorporation, electrolyte effect, pulsed electrolysis, and so on.

Heteroatom incorporation

The incorporation of metal heteroatoms into catalyst lattices commonly initiates surface reconstruction under electrocatalytic reaction con-
ditions. This metal doping-induced surface reconstruction yields highly active components and modulates the electronic structure of metal-
based catalysts.” For instance, in the case of Zn-doped Cu,O nano-octahedrons catalyst, surface reconstruction occurs through leaching and
redeposition of Zn during CO2RR, creating abundant Cu-Zn bimetallic sites at the surface (Figure 6A). This Zn doping also increases the
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Figure 7. Incorporation of non-metal heteroatoms into catalysts

(A) Preparation process of reduced Cu catalysts. Reproduced with permission.”* Copyright 2020, Springer Nature.

(B) Product distribution of X-Cu at —1100 mA cm~2.

(C) Adsorption energy of *CO at various sites on X-Cu and Cu (100) surfaces. Reproduced with permission.''® Copyright 2022, American Chemical Society.

percentage of Cu® species on the surface of the reconstructed Cu,O-Zn catalyst, consequently leading to the formation of more Cu%/Cu*
interface. Benefiting from the Cu-Zn bimetallic site and Cu%Cu* interface, the introduction of Zn to Cu,O promotes the C,H, formation
through the OHC-CHO pathway rather than the OC-CO and OC-CHO pathways (Figures 6B and 6C).”> Another example involves Cu-incor-
porated ZnO. A metallic phase is in situ generated on the surface, which prevents the formation of Zns(CO3),(OH), and Zn(OH), components
during the CO,RR process.” The segregation of Cu ions on the surface leads to the formation of stepped Cu sites in the reconstruction pro-
cess (Figures 6D and 6E). These reconstructed Cu steps improve reactant adsorption/activation and intermediate stabilization, thus promot-
ing the conversion of CO, to CO. The leaching of S elements from CuS-Bi,S3 heterojunction precursor during CO,RR results in the formation
of Cu-doped Bi catalyst. An electron-rich surface of Cu-doped Bi can be formed by upshifting the Fermi level, which is beneficial to the elec-
tron injection of CO, to generate CO,* intermediate and then promote the formation of *XOCHO.?” The resultant Cu-doped Bi catalyst
achieved an industrial-compatible current density of 1.1 A cm™ and a high formate formation rate of 21.0 mmol h™" em™2 at —0.86 Vin a
flow cell. More importantly, it also realized over 90% FE and superior long-term stability for more than 100 h at 400 mA cm ™2 in the membrane
electrode assembly (MEA) electrolyzer. Moreover, recent findings indicate the formation of abundant Pb-rich Cu GB sites on the recon-
structed Pb-doped Cu catalyst, effectively increasing *CO surface coverage on the Cu surface.”” The structurally flexible Pb-Cu catalyst
possessed a high conversion of CO to n-propanol with an FE of 47% and a half-cell energy conversion efficiency (EE) of 25% in a flow cell.
Besides, a stable FE above 30% of n-propanol production with a full-cell EE of over 16% was maintained for over 100 h in the MEA electrolyzer.
In the dynamic reoxidation-reduction process, the atomic interdiffusion of Cu and Ag on a bimetallic CuggAgs, nanowire promoted the for-
mation of CuAg alloy. The reconstructed CuAg alloy phase not only mitigated the reoxidation of Cu but also induced tensile strain with opti-
mized d-band center, which enhanced the bonding of *CHO intermediates for CH, production.”® A similar reconstruction process was
observed on an epitaxial Au-Cu heterostructure, which was dynamically restructured from phase-separated bimetals to AuCu alloy-supported
core-shell nanoclusters through the oxidation-reduction of Cu at the interface.”” Recent studies revealed that Cu atoms in AgCu catalyst ex-
hibited high mobility under CO,RR conditions.’*"'%? Cu atoms could migrate to the catalyst surface, detach from the catalyst, and aggregate
into new particles. The separation of Cu and Ag contributed to the formation of AgCu phase boundaries with Cu-rich and Ag-rich grains. The
metallic Cu state in the AgCu catalyst acted as the catalytic active sites for CO,RR.'%

Other efforts to trigger the surface reconstruction of pre-catalysts have been made by incorporating non-metallic elements, such as
halogen, sulfur, nitrogen, phosphor, and boron.”'% In contrast to the active components introduced by metal doping, the incorporation
of non-metal atoms usually creates defect sites and alters the surface roughness of the reconstructed catalysts.'**'%> Copper halide catalysts
containing halogens (e.g., F, Cl, Br, and ) have been extensively investigated for electrocatalytic CO,RR toward C,. produc’cion?‘l’106 For
instance, Wang's group presented a fluorine-modified copper catalyst prepared by the electroreduction of a Cu(OH)F precursor, achieving
highly active and selective C,. generation through hydrogen-assisted C-C coupling reaction. The presence of F anion on the Cu surface pro-
motes H,O activation through interaction with hydrated cations. The F modification also increases surface Cu®* sites, enhancing the CO
adsorption and the subsequent hydrogenation to CHO intermediates.’”’ Similarly, the Cu_KX (X = Cl, Br, and |) catalysts, obtained by anodic
halogenation, oxidation, and electroreduction process (Figure 7A), undergo abrupt changes in morphology and chemical composition. This

iScience 27, 110005, June 21, 2024 9




¢? CellPress iScience
OPEN ACCESS

process generates a high density of under-coordinated atoms on the surface of the reconstructed Cu_KX catalysts, fostering CO,RR toward
C,. products by suppressing HER and C; production.”* Furthermore, iodide-derived Cu (ID-Cu) catalyst is capable of altering localized ge-
ometry by adjusting defect density (residual | ions, Cu”, and uncoordinated Cu) and surface roughness, influencing the CO,RR pathways. The
high-density defects of residual I ions or Cu™ alter the d band center of Cu sites, thereby strengthening the adsorption of *CO intermediates.
Moreover, increased surface roughness prolongs the residence time of *C-H intermediates and reduces the formation energy of *OCOC and
*CH3CH,0O intermediates, thus facilitating the production of C,, compounds.'® Another example is Cul per-catalyst prepared by anodizing
Cuisland in a Kl-containing solution. Cul was reduced back to Cu under CO,RR conditions. The morphology of Cu transferred from islands to
fragmented filaments during the dynamic reconstruction process, favorable for the stabilization of Cu™ species. The stable Cu™ species in the
filamentous structure led to the formation of Cu*/Cu interfaces, which improved the selectivity of Cy.. products.'”” Aside from halogen atoms,
Cu catalysts derived from electrochemically reconstructed heteroatom-incorporated pre-catalysts have also shown promise in promoting C-C
coupling for Cy, production. For example, Qiao’s group reported that Cu-based compounds with nonmetallic atoms (Cu,X, X=N, P, S, and
O) can be reduced to heteroatom-engineered Cu (X-Cu) catalysts with significant structural reconstruction under CO,RR. The type of hetero-
atoms had a profound influence on the selectivity of CO,RR, in which the N-Cu catalyst achieved ampere-level current densities of CO,RR to
Co4 products with an FE of over 70% at —1.15 Vin a flow cell (Figure 7B). Notably, *CO adsorption was greatly enhanced on N-tailored Cu sites
in the N-Cu catalyst (Figure 7C), ensuring sufficient *CO coverage to accelerate the C-C coupling rate.’'°

The incorporation of high-electronegative non-metal atoms into metals can effectively modulate the adsorption ability of the key interme-
diates, particularly in the production of formate, through electronic structure modulation. One such example is the generation of active
S-adsorbed Cu sites via the electrochemical reduction of S-doped Cu,O catalysts during the CO,RR. This process leads to the creation of
S-adsorbed Cu surfaces, which stabilize the crucial *OCHO species while inhibiting the adsorption of *H and *COOH intermediates. Conse-
quently, this facilitates the CO,RR toward formate production.'”" In addition to Cu-based materials, main-group metals also exhibit high ac-
tivity and selectivity in CO, conversion to formic acid/formate. Mai's group reported the electrochemical reconstruction of Biy9BrsS,; pre-
catalyst into Bi nanosheets, where edge defect sites coordinated with S promote CO,RR selectivity toward formate production. The binding
of S to the Bi edge site functions to reduce coordination-unsaturated Bi sites for *H adsorption and regulate the electronic states of neigh-
boring Bi sites for enhancing *OCHO adsorption.'” Similarly, the valence state of Sn catalysts can be effectively increased after halogen incor-
poration, which augments the adsorption of key *OCHO intermediate for selective CO,RR toward formate, while concurrently suppressing
the adsorption of *H and *COOH intermediates.''* These modifications in catalyst composition show promise in influencing the selectivity
and efficiency of CO,RR toward formate generation.

Electrolyte effect

The electrocatalytic reaction occurs at the electrode-electrolyte interface, where electrolyte properties play a pivotal role in CO,RR perfor-
mance. The local electrolyte microenvironment at the catalyst surface undergoes dynamic changes during CO,RR, prompting dynamic recon-
struction of the catalyst. These electrolyte-induced changes can lead to variations in morphology and composition, creating active catalytic
sites on the surface. These sites are just as important as those caused by the potential-driven reconstructing of intrinsic catalyst structures.
Recent studies have explored the significance of electrolyte-derived surface reconstruction during CO,RR, revealing the substantial impact
of electrolyte cations and anions on the activity and selectivity of the CO,RR process.”'*""* For instance, the coexistence of Cs* cation and |~
anion in the electrolyte promotes dynamic reconstructing of the CuO, surface, fostering more stable Cu™ species during the reaction and
enhancing Cy, selectivity.'"” Similarly, surface reconstruction of Ag foils in choline halide solutions leads to morphological evolution and
increased surface roughness, culminating in high CO, to CO selectivity.''

The pH of the electrolyte has greatly influenced the surface reconstruction of the catalyst, steering the CO,RR reaction pathway and selec-
tivity of products. With the reaction between CO, and OH™, the concentrations of HCO3~ and CO3%" inthe electrolyte undergo fluctuation,
resulting in changes in local pH near the electrode surface.''”"'"® Importantly, the change of local pH has a great effect on the dynamic recon-
struction of the catalyst."'”"'?° For instance, pH-induced surface reconstruction of polycrystalline Cu electrode leads to the formation of ox-
ygen-containing surface phases such as CuO,/(OH), and Cu,CO3(OH),, which changes the preferential binding site of adsorbed CO on the
Cu electrode.'” Conversely, the morphology evolution of the catalyst altered by the dynamic surface reconstruction causes variation in local
pH. Jiang et al. found that the Cu,O superparticles underwent complicated structural evolution under CO,RR conditions.?! The building
blocks inside the superparticles fused to generate numerous GBs, while those in the outside shell detached to form many nanoscale or
sub-nanoscale spacings between Cu facets. This nanogap structure could efficiently confine OH™ to produce high local pH, leading to
achieving superior performance for C,, production with a high FE of 74.2%. The reconstruction-induced phase transition also changes the
local pH of the reaction microenvironment in the electrolyte. A good example is the dynamic evolution of a Bi-based catalyst under acidic
CO,RR conditions.'?” In a long-term stability test of acidic CO,RR, the pristine BIOCI catalyst was degraded by reduction and dechlorination
reactions, reacted with CO, and OH™ to form the Bi,O,COj transient phase, and then completely reduced to the Bi phase. Because the
competitive adsorption between the K™ and proton was affected by the surface charge property of the dynamic catalyst, the local pH changed
from neutral to acid during the dynamic evolution of BiOClI to Bi, resulting in the FE of HCOOH dropping from 91 to 34% within 10 h. To
improve the stability of acidic CO,RR, a pulsed electrolysis technique was developed to regenerate the original phase of the BiOCl catalyst
in a chloride-containing electrolyte. This finding suggests that pulsed electrolysis can regulate the dynamic reconstruction of active catalysts
by preventing poisoning or degradation. Although the trend of local pH is not given, local pH also can be modulated by pulsed potentials.
More on pulsed electrolysis will be discussed in the subsequent Section 3.3.
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Figure 8. Electrolyte-induced reconstruction

(A) Structures of PT-, MPA-, CA-, and GSH-functionalized Cu Catalysts. Reproduced with permission.'”® Copyright 2022, American Chemical Society.

(B) Schematic illustrations of possible reactions on the MT-Cu and pure Cu electrodes. Reproduced with permission.'”” Copyright 2020, American Chemical
Society.

(C) Schematic of in situ formation of a Cu catalyst. Reproduced with permission.’" Copyright 2023, American Chemical Society.

(D) Schematic illustration of surfactant configuration at the electrified interface. Reproduced with permission.’* Copyright 2022, American Chemical Society.

Molecular modification strategies offer an effective route to functionalize the surface atoms of metal catalysts.'**'** Particularly, adding
organic ligands to electrolytes is a common method for surface functionalization of metal catalysts.'”>~'?’ Shi et al. utilized glutathione ligands
to modify Cu catalyst, influencing the local microenvironment at the Cu surface through ligand functional groups (Figure 8A). The carboxyl and
amino groups regulate the *CO adsorption configurations and local *H concentration, thus promoting the protonation of *CO to CH,.'?®
Similarly, modifying Cu electrodes with methanethiol monolayers induced reconstruction, forming Cu” species on the roughened Cu surface
(Figure 8B), which enhances *CO adsorption and dimerization to Cs, products.'?’ Surfactants have also been used as electrolyte additives to
regulate the interfacial microenvironment at the electrode-electrolyte interface.”*® For example, adding ethylenediamine tetraacetic acid
disodium salt (EDTA) to the sea salt electrolyte resulted in dendritic Cu catalyst formation with a rougher surface and active sites favoring
highly selective CO,RR toward C,H4 production (Figure 8C)."*" Apart from the regulation of the catalyst reconstruction, the surfactant itself
can be constructed into a specific structure during the CO,RR process. Ge et al. demonstrated that quaternary ammonium cationic surfactant
underwent dynamic structural evolution, transitioning from a random distribution to a nearly ordered assembly at the electrified electrode-
electrolyte interface (Figure 8D). Such an ordered surfactant assembly establishes an aerophilic-hydrophobic interfacial microenvironment on
the Ag electrode surface, contributing to decreasing water dissociation activity and thus boosting CO,RR selectivity toward CO."*?

Pulsed electrolysis

Pulsed electrolysis techniques have been developed as a novel approach for CO,RR toward a target product with enhanced selectivity and
stability.”*® The benefits of pulsed electrolysis over conventional steady-state (potentiostatic/galvanostatic) electrolysis are mainly reflected in
the control of the oxidate state of the catalysts and the local pH environment near the catalyst surface.’>* Generally, the application of a pe-
riodic oxidative potential to the electrolysis process can induce the reoxidation of the catalyst after the reductive pulse, thus triggering the
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dynamic reconstruction of the catalyst. Especially for oxidates, pulse electrolysis is also beneficial to the regeneration of the catalyst and im-
proves the catalytic stability."*” Consequently, the surface dynamics can be modified by local reaction environment through pulsed electrol-
ysis that regulate of concentration of H*, OH™ ions and the coverage CO or carbonate, resulting in the changeable of CO,RR selectivity.'*~'*®

Starting in the 1990s, pulsed electroreduction of CO, was performed on Cu electrodes, and the FEs of CH4 and C;H,4 gaseous products
were constant during the long-term electrolysis process.*” But for galvanostatic electroreduction, the Cu electrode may be poisoned, result-
ing in an inevitable sharp decline in FEs. Following the Cu electrode, other electrodes such as Ag and Cu-Ag alloy were employed for pulsed
CO; electroreduction, also showing improved selectivity compared to galvanostatic electroreduction.’’'*" However, the exact reason for
the difference in selectivity between pulsed and galvanostatic electroreduction was not clear at that time. The researcher later found that
the formation of an oxide layer on the metal surface through anodic polarization during pulsed electrolysis helped prevent poisoning or deac-
tivation of the metal electrode.'*”"** With further study of the pulsed electrolysis, the enhanced selectivity of CO,RR could be attributed to
the suppression of hydrogen evolution reaction by controlling pulsed duration. The pulsed potential leads to a rearranged surface coverage
of hydrogen and CO,-related intermediates (CO and carbonate) on the catalyst surface.'**"'*® The dynamic changes of local pH and CO,
concentration near the electrode under pulsed potential also affect the product selectivity of CO,RR." These emerging studies suggest
that pulsed electrolysis can change the reaction environment near the catalyst surface and regulate the adsorption ability of the reaction in-
termediates, thereby improving the selectivity and durability of CO,RR.

The pulse can adjust the active components of the catalysts through dynamic reconstruction. Since pulsed electrolysis usually involves
oxidation (at anodic potential) and reduction (at cathodic potential) reactions, the catalysts will undergo structure reconstructing during
the redox process. The concomitant presence of morphological features, electrochemically active surface area, exposed facets, and compo-
sition factors should be also considered at the same time. The significant advantage of pulsed electrolysis is that the anodic potential and

195148 The in situ formed partially oxidized spe-

duration can be reasonably adjusted to obtain oxidation state species on the catalyst surface.
cies could switch the adsorption ability from *H to carbonaceous intermediates, which facilitates the achievement of highly selective CO,RR
performance. Particularly, for the Cu catalysts, the stabilized Cu™ species by the pulsed electrolysis combined with Cu° site synergetic pro-
mote CO, reduction to C,. products.'*” Cuenya et al. observed the evolution of the morphology and composition on a Cu (100) electrode
under pulsed electrolysis conditions. The ex situ AFM showed that the continuous oxidation and reduction of Cu resulted in cubic islands
creating some step-edge defects. The dynamic applied anodic and cathodic potential led to the partial oxidation of the Cu (100) surface
to create stable Cu" species, as revealed by quasi-in situ XPS. The defects and the stable Cu" species derived from structure evolution on
the Cu (100) surface synergistically promote the reduction of CO, to C,. products.'*® They further studied the dynamic balance between
the oxidized and reduced surface species on Cu,O nanocubes by adjusting the pulsed durations. The average concentration of Cu(l) and
Cu(ll) species and their ratios were closely related to anodic pulse duration (At,) and cathodic pulse duration (At). At a larger At the
Cu,O was completely reduced to metallic Cu, and the FEs of the products was similar to those under static CO, reduction. As the At.
decreased, the oxide species were created on the catalyst surface and their fractions were affected by the At,, which steered the product
distribution of CO,RR." Li et al. found that pulsed electrolysis can regulate the selectivity of CO,RR by controlling the surface Cu,Q/Cu
composition and reaction intermediates (Figure 9A). In situ Raman spectra have well demonstrated that Cu,O species were formed during
the anodic duration and rapidly reduced to metallic Cu at the cathodic potential. However, the adsorption of CO on the catalyst surface could
be only detected during the cathodic duration. Consequently, a volcano shape dependence between the CO adsorption and the surface
Cu,O/Cu ratio was achieved by controlling the duration of anodic/cathodic potential. The optimal surface Cu,O/Cu ratio was favorable
for CO adsorption, thus adjusting the selectivity of CO,RR."®" Besides, the Cu complex catalysts also undergo structural reconstruction under
electrochemical CO, reduction conditions. Usually, the Cu complex would be constructed into the Cu clusters during the reaction. Zhang
et al. found that the oxidation state of Cu in the Cu-dimethylpyrazole complex-based clusters could be modulated by tailoring the asymmetric
duration of anodic/cathodic potential in pulsed electrolysis (Figure 9B). The oxidation state of Cu™ in the Cu clusters favored the C,H4 product
and the mixed Cu™ and Cu?* species were conducive to CH,4 production. It is also worth noting that the periodic oxidation process in the
pulsed electrolysis could prevent the aggregation of Cu-based clusters, thereby improving the stability of CO,RR.">?

In situ/operando techniques for analyzing reconstruction

The dynamic reconstruction of catalysts presents a formidable challenge in comprehending the structural evolution, chemical states, and re-
action intermediates involved in CO,RR. In situ/operando characterization techniques serve as invaluable tools offering tangible evidence for
surface evolution of catalysts under operational conditions. Advancement in situ/operando spectroscopy particularly provides a robust
means to monitor intermediates and reaction steps in CO,RR. This section aims to provide a summary of utilizing in situ/operando techniques
to uncover the dynamic reconstruction process of catalysts under CO,RR conditions.

Monitoring morphological evolution

Morphological change is a hallmark of reconstructed behavior that has garnered significant attention from researchers. Cutting-edge in situ/
operando electrochemical microscopy techniques, such as SEM, AFM, TEM, and STM, are utilized to monitor the evolution of morphological
structure under potential-driven CO,RR conditions. For example, in situ electrochemical SEM images reveal the transformation of an electro-
deposited Cu electrode from a smooth surface to a rough one, characterized by crevices and channels, thus creating numerous uncoordi-
nated sites that augment CO,RR activity and selectivity.'>* Employing in situ electrochemical AFM techniques, Cuenya'’s group observed
the morphological transformation of the Cu surface during CO,RR."*%"%15¢ As the potential shifts from —0.5 V to —1.0 V, the surface
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Figure 9. Pulsed electrolysis for dynamic reconstruction

(A) In situ Raman spectra of Cu during pulsed electrolysis of CO reduction. Reproduced with permission.”>' Copyright 2023, American Chemical Society.

(B) Scheme illustration of asymmetric low-frequency pulsed strategy for the Cu complex catalysts. Reproduced with permission.'*” Copyright 2023, American
Chemical Society.

morphology transitions from a mound-pit structure with atomic-scale terraces and steps to straight terrace edges with right angles (Fig-
ure 10A)."° In situ TEM analysis allows real-time monitoring of morphological changes in Cu nanoparticles, including immediate shape,
size, and crystal structure. A proposed dissolution and redeposition mechanism during the initial state of CO,RR involves the generation
of Cu ions from the dissolution of Cu,O under open circuit conditions. These Cu ions are then released into the electrolyte, reduced to
Cu, and redeposited onto the working electrode, leading to an apparent growth in particle size under constant reduction potential.'® Simi-
larly, potential-driven morphological changes in Cu single-atom catalysts result in the reconstruction into Cu clusters (Figure 10B), generating
dynamic low-coordinated configuration sites that efficiently catalyze CO,-to-CO conversion.'*® Operando electrochemical STM techniques
have also been developed to scrutinize the atomic-scale surface restructuring of Cu-based CO,RR catalysts.’"">” By employing in situ STM,
the nanoclustering phenomenon on the Cu (100) electrode under CO,RR conditions was observed, as shown in Figure 10C. These nanoclus-
ters formed near the onset potential of CO, reduction and disappeared as the potential returned to the positive range. Through combined in
situ STM and Raman spectroscopy results, a mechanism was proposed where the ordered carbonate adlayer on a smooth Cu surface be-
comes disordered at a potential below 0V, forming carboxylate intermediates. A further potential decrease to below —0.2 V reduces these
intermediates to CO, inducing the formation of Cu adatoms and surface vacancies, ultimately leading to the development of Cu nanoclusters
and vacancy islands. These nanoclusters persist on the surface at larger negative potentials but decay to isolated adatoms when the potential
returns above —0.2 V. This dynamic restructuring process results in the irreversible formation of low-coordinated Cu surface species, closely
associated with specific CO,RR reaction pathways.'*’

Identifying composition and surface states
The dynamic surface reconstruction of catalysts often induces changes in composition and surface chemical states, which are also directly
associated with the activity and selectivity of CO,RR. Under CO,RR conditions, phase transitions and surface oxidation in reconstructed cat-
alysts have been widely observed through in situ XRD, XPS, XAS, and other techniques.

Several operando spectroscopy studies have delved into the structural evolution of Cu-based materials, examining the transformation of
crystal phases, chemical components, and surface-active species. For instance, on single-crystal Cu foil, operando grazing incidence XRD re-
vealed surface evolution-induced crystal facet formation (Figures 11A and 11B). The Cu(111) and Cu(110) crystal facets maintained stable
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Figure 10. In situ characterization of morphology evolution

(A) In situ AFM images of a Cu(100) electrode after different surface treatments and reaction settings. Reproduced with permission.'>> Copyright 2020, Wiley-
VCH.

(B) Dark-field STEM images at truly calibrated potentials vs. RHE with various durations from 0 to 160 s. Reproduced with permission.’*® Copyright 2023, Springer
Nature.

(C) Sequence of in situ STM images recorded during stepwise potential changes. Reproduced with permission.'*® Copyright 2023, Springer Nature.

during electrocatalytic CO,RR at a potential of —1.15V for 3 h, while the Cu(100) facet experienced a partial structural transformation from
Cu(100) to Cu(111) and the ratio of Cu(111) stabilized at 15% after 3-h electrolysis. Supplementary electron back-scattered diffraction (EBSD)
analyses facilitated estimations of intrinsic structure-function correlations, employing descriptors such as crystal facets, atomic coordination
numbers, and step-terrace angles.'®' Electrochemical reduction-oxidation-reduction pretreatment induces the reconstruction of Cu catalysts,
resulting in the formation of abundant undercoordinated Cu sites, oxygen vacancies, and grain boundary-derived Cu/Cu,O interfaces. Partic-
ularly, in situ synchrotron powder diffraction and Raman measurements showcased the dynamic transition of Cu species from CuO phase to
Cu,0 and metallic Cu.®” Operando XAS and quasi-in situ XPS measurements revealed a reversible transformation from dispersed CuO clus-
ters to Cup-CuN3 moieties (Figures 11C-11G). These in situ-generated Cu,-CuNj3 clusters act as highly dispersed charge-asymmetric sites,
promoting the formation of asymmetric ethanol with FE up to 51% and a partial current density of 14.4 mA cm™2 at —1.1V in CO,-saturated
0.1 M KHCOj3 solution.'®> Moreover, Cu-based catalysts also undergo dynamic reconstruction of the oxidation states during CO,RR. In situ
grazing incidence XAS and XRD results provided evidence of the complete reduction of the near-surface region of polycrystalline Cu thin
films, transitioning to metallic Cu with the surface reconstruction of Cu (100) in the presence of CO,.%

The dynamic structural evolution of other metal-based catalysts was also detected by in situ/operando techniques. In situ XRD and XAS
tests confirmed the transformation of metallic Pd catalyst into B-PdH phase during CO2RR. This active B-PdH phase exhibited weaker adsorp-
tion of *CO and *H, resulting in a highly selective reduction of CO, to syngas.'®® Furthermore, halides were found to promote the reconstruc-
tion of bismuth oxyhalide (BiOX) into metallic Bi catalyst in the electrochemical CO,RR process. In situ XRD measurements revealed that the
selective facet exposure of Bi catalyst was significantly influenced by the type of halide (Figures 12A-12C). The Br promotes the exposure of Bi
(003) while Cl and | guide the reconstruction to favor Bi (012) surface. Bi (003) exhibited higher activity and selectivity toward formic acid than Bi
(012). This halide-guided facet exposure was correlated with the reconstruction rate of BiOX, as demonstrated by in situ XAS spectroscopy
(Figures 12D-12F)."** Observations of phase transition were also made in Ag-based catalysts during the electrochemical reconstruction pro-
cess. Taking Ag hollow fiber (Ag HF) as an example, the electrooxidation process forms an AgCl nanosheet layer on the outer surface, fol-
lowed by transforming into an Ag nanosheet shell through in situ electroreduction. The ex situ XRD and operando Raman results clearly
demonstrated these phase transition processes between AgCl and Ag compositions during in situ reconstruction of the Ag HF catalyst.'®”
The surface morphology and chemical state of the SnO,/AgO, catalyst at different reduction conditions were monitored by quasi-in situ
XPS and operando X-ray absorption near-edge structure spectroscopy (XANES). The stable Sn®*/Sn species formed on the SnO,/AgO, sur-
face acted as a key site for CORR, resulting in high selectivity and long-term CO,-to-CO and formate conversion with a total FE of 95%.'*
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Figure 11. In situ/operando analysis of composition and chemical state

(A) Operando GIXRD images and (B) quantitative analysis of Cu(111), Cu(110), and Cu(100) under CO,RR. Reproduced with permission.“’1 Copyright 2021, Cell
Press.

(C-E) Operando XAFS characterization of Cu/Ng 14C. Quasi-in-situ XPS of (F) Cu 2p3/, and (G) Cu LMM for Cu/Ng 14C. Reproduced with permissiorm“’2 Copyright
2022, Springer Nature.

Detecting reaction intermediates

The electrochemical reconstruction of catalysts generates multiple active sites, influencing the adsorption patterns of key intermediates, and
finely tuning the activity and selectivity of CO, reduction. To gain a comprehensive understanding of the CO,RR mechanism toward a specific
product, it is essential to explore and characterize the adsorbed species and reaction intermediates on the reconstructed catalyst surface. In
recent years, the development of various advanced in situ/operando spectroscopic techniques has provided direct and valuable methods to
investigate these reaction intermediates.

Operando Raman spectroscopy has proven invaluable in not just identifying catalyst composition and phase evolution, but also in unrav-
eling critical information about the adsorbed reaction intermediates on the catalyst surface during catalytic reaction.'®’~'%” Regarding CO,RR
activity, particularly in C,, production on Cu catalyst surfaces, the adsorption of *CO intermediate plays a pivotal role.'’® By detecting the
rotation and stretching bands of *CO intermediates adsorbed Cu surface (Cu-CO) at wavenumbers of about 280 and 365 em ™, Sargent's
group found that the onset potential of *CO formation on the molecule-immobilized Cu (e.g., FeTPP[CI]/Cu) electrode was lower than
that of pure Cu electrode. The additional Fe-CO bending vibration signal on the FeTPP[CI]/Cu electrode was related to the interaction be-
tween CO and Fe in the iron porphyrin segment, which proved that a high concentration of *CO was produced on the molecule-metal catalyst
interfaces, thus providing sufficient CO supply for the C-C coupling to ethanol.’”! Analyzing in situ Raman data across various studies reveals
intriguing patterns. For instance, the peak intensity ratio of *CO rotation and stretching bands demonstrates a volcano-type trend concerning
applied potential.'’? Higher intensity ratios of *CO stretching to *CO rotation tend to have higher FE of C,, products.'”® Aside from the Cu-
CO rotation and stretching bands, the C=O stretching vibration of *CO intermediates also can be detected in the Raman spectra within the
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Figure 12. In situ/operando characterization of other metal-based catalysts

(A-C) Time-dependent in situ XRD patterns of (A) BiOBr, (B) BiOl and (C) BiOCI during CO,RR.

(D) Time-dependent in situ XANES spectra of BiOBr.

(E) The heatmap of corresponding first derivative.

(F) Corresponding linear combination fitting results. Reproduced with permission.'®* Copyright 2023, Springer Nature.

range of 1900-2100 cm~"."*"""* These C= O stretching bands typically comprise bridge-bound CO (COpyigde) and atop-bound CO (CO4t0p),
with CO4p further subdivided into terrace site-related low-frequency binding *CO (CO\rg) and defect site-related high-frequency binding
*CO (COprs) adsorption.””>'"® Sargent’s group discovered a volcano-shaped relationship between ethylene selectivity and the ratio of
CO.top t0 COpridge band intensity.'’” Additionally, they highlighted a linear relationship between C,, selectivity and the ratio of CO g to
COprg band intensity on various alkaline earth metal oxide/Cu catalysts, indicating that CO\gg significantly contributes to Cy. production.'’®
In short, the band intensity of adsorbed *CO intermediate in the Raman spectra showcases CO coverage while the band position reflects the
CO adsorption configuration and the adsorption sites, both exerting influence over the product’s selectivity, particularly in C-C coupling re-
actions on Cu catalysts.

The local environment surrounding the catalyst surface, including local pH, significantly influences the activity and selectivity of the CO,RR.
In CO,RR with water as the proton source, OH™ ions are typically generated and then are neutralized by reacting with CO; to form bicarbon-
ate (HCO37) and carbonate (CO327). Changes in the equilibrium of these species in neutral or alkaline CO, electrolytes can significantly
impact the local pH near the electrode/electrolyte interface.'’” Estimating the concentrations of HCO3~ and CO5?~ can be achieved by inte-
grating peak areas in Raman spectroscopy. The relative peak area ratio of CO32"/HCO3~ provides insights into the surface OH™ concentra-
tion."”” The OH™ near the electrode will be fully consumed by CO, to form HCO3~ and CO5?~. This chemical reaction between OH™ and CO,
causes the local pH to be lower than that of the bulk electrolyte. Consequently, the local pH near the gas diffusion electrode surface declines
as the distance from the electrode decreases.'®® Using in situ Raman spectra, Wu et al. observed that the local OH™ concentration on the
tannic acid (TA) molecule-modulated Cu (CuTA) electrode surface surpassed that of CuO nanosheet surface. This heightened OH™ concen-
tration facilitated the adsorption of *CO, thereby enhancing *CO coverage on the reconstructed Cu (100) surface, resulting in elevated CO,-
to-Cyy seI(—:‘c'civity.181

Uncovering the Raman signal of reaction intermediates beyond *CO offers valuable insights into the pathways of the CO,RR process. In
their study utilizing in situ Raman spectra (Figure 13A), Liu's group identified two initial intermediates, *COO™ and *OCO~, adsorbed on the
nanoporous Ag surface, involving one carbon atom and two oxygen atoms, respectively. The diverse configurations of CO, adsorption led to
distinct reaction pathways in the subsequent protonation-reduction process (Figure 13B). Pathway | involves *COOH reduction to CO and
further C-C coupling to C;, products, whereas pathway Il directs *OCHO transforming into HCOOH. Electrodepositing Cu or Pd on the
Ag surface allowed control over reaction pathways, as reflected in the intensity of Raman peaks for *COOH™ and *OCO™~. Ag@Cu exhibited
a high Aoco./Acoon ratio, favoring pathway |, while Ag@Cu with a low ratio favored pathway II.'% Later research by the same group indicated
that HCO3™ in the electrolyte promoted the adsorption of *OCO™ over *COOH, thereby regulating the CO,RR pathway and influencing
product distribution.’®® Li's group explored facet-dependent CO,RR processes by identifying key intermediates, such as *COOH, *CO,
*OCCO, and *CH,CHO. Combined findings from in situ Raman analyses and theoretical calculations unveiled that the Cu (111) surface
favored CH, production via the formation of *COOH and *CO, while the Cu (110) surface led to C,. product generation by forming
*OCCO and *CH,CHO intermediates. A high HCO3™ concentration was conducive to the formation of *OCCO, thereby promoting the gen-
eration of C,, products.m
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Figure 13. In situ/operando spectra for detecting reaction intermediates

(A) In situ Raman spectra of CO,RR at np-Ag surface.

(B) Schematic depiction of two preliminary CO,RR pathways on np-Ag. Reproduced with permission.'®* Copyright 2020, American Chemical Society.

(C-E) In situ infrared spectra of different intermediates adsorbed on a PdIn@In,Oj catalyst surface during CO,RR. Reproduced with permission.'® Copyright
2020, American Chemical Society.

(F) Potential-dependent ATR-SEIRA spectra for Pd/C and Pd-Big33/C.

(G) Configurations and vibrational frequencies for formate adsorbed on Pd(111) and Pd(111)-Bi model surfaces. Reproduced with permission.w2 Copyright 2023,

Elsevier.

Operando infrared spectroscopy, complementary to Raman spectroscopy, also tracks the reaction intermediates during CO,RR.'® Ag,
Au, ZnO, and metal-nitrogen-carbon (M-N-C) single-atom compounds are commonly employed as CO-selective catalysts. During the reduc-
tion of CO, to CO, the important *COO~, *COOH, and *CO intermediates are frequently detected on the surface of these catalysts
(Figures 13C-13E). The recognized reaction mechanism of CO, reduction to CO, as demonstrated by several catalysts such as Ag,'®
PdIn@In,0O5,"® Cu/ZnO,"® and M-N-C,"®? follows the pathway of *CO,-*COOH-*CO-CO, as measured by operando attenuated total reflec-
tion FTIR (ATR-FTIR) studies. The development of HCOO* or OCHO* intermediate, which can be separated from the *COOH intermediate by
the FTIR signals, is thought to be the rate-determining step for formate/formic acid production in the CO,-to-HCOOH pathway.'”° The iden-
tification of HCOO* in operando ATR-FTIR spectra provides concrete proof to clarify the formate synthesis reaction process.'”! In contrast to
bidentate HCOOg?*, Jiang et al. suggested that monodentate bonded HCOO* (HCOOy*) was a dominant intermediate for formate synthesis
on the Pd catalyst (Figure 13F). The adsorption of HCOOw* was stabilized by modifying Bi on the Pb surface (Figure 13G), which favored the
CO,-to-HCOOH pathway.'?? Furthermore, in situ UV-Vis adsorption spectroscopy can be employed to detect reaction intermediates such as
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CO,* radical anion in CO,RR."”>"?* When CO,RR occurs on Bi nanosheets, the CO, * radical concentration increases with increasing
applied potential, suggesting that the high adsorption of CO, facilitates CO, reduction to formate.'”

Conclusions and perspectives

Electrochemical CO,RR technology holds promise for converting CO, into high-value fuels and chemicals. However, existing catalysts strug-
gle to achieve optimal CORR activity, selectivity, and stability. The dynamic evolution of catalysts further complicates the design of advanced
catalysts for CO,RR. The principles of reconstruction behaviors in electrocatalysis are first discussed in terms of thermodynamics and kinetics.
The changes in chemical state or phase of the catalysts and atomic rearrangement with size, shape, and atomic distribution have been re-
viewed as well as the classification of the catalysts. Then, common strategies for modulating the reconstruction process are discussed,
including heteroatom incorporation, electrolyte effect, and pulsed electrolysis. The structural evolution of the catalyst can induce different
active sites with distinguished facets, surface oxidation states, interfaces, and defects. The incorporation of heteroatoms can trigger atomic
rearrangements and composition changes in the reduction process. The electrolyte may drive reconstruction by interacting with the catalysts
to generate new active species while the catalyst reconstruction in turn alters the local environment of the catalyst surface. Pulsed electrolysis
with alternative positive and negative potentials can dynamically reconstruct the catalysts to form desired active sites and to effectively avoid
the degradation of catalysts. Finally, various advanced electron microscopy and spectroscopy measurements have provided the possibility to
trace the structural evolution of catalysts and identify the reaction intermediates adsorbed on the surface sites.

The dynamic evolution of catalysts is not only a common phenomenon in the electrocatalytic CO, reduction process, but also in other
electrocatalytic synthesis, for example, hydrogen evolution and nitrogen reduction reactions. Investigations into the structural evolution pro-
cess, the real active site reconstruction, and the reaction mechanisms of reconstructed catalysts for specific reactions are still in their early
stages. Despite researchers progressively realizing and extensively investigating the dynamic reconstruction behaviors of catalysts, the appli-
cation of reconstructed catalysts from the laboratory to industrialization has a long journey ahead. In particular, the dynamic reconstruction of
atomic-scale catalysts such as single-atom, dual-atom alloys, and clusters is less clear and more complex than that of other nanoscale cata-
lysts. In this regard, an in-depth understanding of the structural evolution and reconstruction mechanism remains a huge challenge, which
requires further development of in situ characterization methods to monitor the reconstruction process under operating conditions. Further-
more, the stability of reconstructed catalysts must be considered, as atomic leaching or migration may lead to structural collapse. Hence, for
the successful adaptation of reconstructed catalysts to the commercial level, more sophisticated structural and spectroscopic characterization
techniques must be developed to accurately establish the relationship between the pre-catalyst's structure and composition and the real
active site. These experimental techniques can cooperate with artificial intelligence-driven machine learning to streamline the catalyst design
process.
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