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Abstract: Electrochemical CO; reduction reaction (CO2RR) to highly-valued chemicals is a
sustainable solution to address environmental issues caused by excessive CO:z emissions.
Generally, the CO2RR is challenging to achieve high efficiency and selectivity simultaneously due
to multi-proton/electron transfer processes and complex reaction intermediates. Among studied
formulations, bimetallic catalysts have attracted significant attention with promising activity,
selectivity, and stability. Engineering the atomic arrangement of bimetallic nanocatalysts is a
promising strategy for rationally designing structures (intermetallic, core/shell, and phase-

separated structures) to improve catalytic performance. This review summarizes the recent
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advances, challenges, and opportunities in developing bimetallic catalysts for the CO2RR. In
particular, we firstly introduce the possible reaction pathways on bimetallic catalysts concerning
the geometric and electronic properties of intermetallic, core/shell, and phase-separated structures
at the atomic level. Then, we critically examine recent advances in crystalline structure engineering
for bimetallic catalysts, aiming to establish the correlations between structures and catalytic
properties. Finally, we provide a perspective on future research directions, emphasizing current

challenges and opportunities.

1.Introduction

Carbon dioxide (CO») is a greenhouse gas. Its increasing concentration in the atmosphere is the
leading cause of global warming, responsible for destructive environmental consequences such as
more frequent extreme weather events and sea-level rise.!*? The accelerated consumption of fossil
fuels has led to excessive emission of CO2, with global CO> emissions from the burning of fossil
fuels reaching 36.8 billion tons at the end of 2019.% Also, in the early 1800s the atmospheric CO:
concentration was ca. 270 ppm (parts per million), but has reached 407.8 ppm in 2018.* Taking
into account that the safety limit of CO> concentration in the atmosphere is estimated at 350 ppm,
reducing the atmospheric CO; content is imperative.””’ In recent years, to reduce the content of
CO: in the atmosphere and convert it into value-added chemicals, various strategies such as
thermochemical, electrochemical, and photochemical reductions have been extensively studied.®

12 In particular, during the electrochemical CO2 reduction reaction (CO2RR), the change of
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electrode potential could directly affect the adsorption of ions and the solvent's orientation at the
electrode/solution interface, thereby regulating adsorption behaviors of reactants/intermediates
and reducing the activation energy required for the CO2RR.!* Furthermore, utilizing high efficient
catalysts and optimal electrode potential can control the adsorption/desorption and electron
transfer steps, allowing for tailoring reaction pathways and product selectivity.

CO is a linear molecule with two equivalent C=0O bonds (bond length = 1.12 A).” Since C=0
has a high bond energy of 750 kJ mol ™!, breaking C=0O bonds needs to overcome a substantial
energy barrier and requires impractically high overpotentials.” '*Additionally electrochemical CO»
reduction involves multiple reaction intermediates and complicated proton-coupled electron
transfer steps, leading to a broad product distribution including C; (e.g., CO,'> HCOOH,'® CH4,"”
CH30H, and HCHO), C: (e.g., C2Hz, C2Hs, C2HsOH, and CH;COOH'® %), C; (e.g., C3H;0H?"),
C4 (e.g., C4aH1¢*! and C4Hg?"), and Cs (e.g., CsH12?!) products. To this end, efficient electrocatalysts

are the key to lower the reaction barrier and improve catalytic activity and selectivity.?>2

Among studied catalyst formulations,*-3?

numerous metallic catalysts for CO2RR have been
explored, which can be divided into the following three types according to their main products:
CO (on Ag, Au, Zn, etc.),>>>* formate (on Bi, Sn, Hg, In, etc.),>>*” and hydrocarbons (on Cu).'3 38
In principle, the catalysts' electronic and geometric structures could determine the adsorption
energy of reaction intermediates, which can significantly affect the reaction pathway and the

resulting products of the CO2RR. For example, the p-electron distribution dominant metals such

as Bi, In, Sn, Pb, and their oxides lead to strong adsorption of CO, and prevents its further

3
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reduction, resulting in the preferrable generation of HCOOH.?> 3% 4* Ay and Ag can selectively
produce CO due to their weak adsorption towards the *CO intermediate.** Cu can produce
hydrocarbons due to its moderate binding energies with *CO that makes subsequent hydrogenation
and C-C coupling possible.!® However, the efficiency and selectivity of most monometallic
catalysts for the CO2RR are unsatisfactory.®”> ! #? Therefore, extensive studies on bimetallic alloy
catalysts with disorderly solid solution structures were explored for the CO,RR.*** To further
improve catalytic performance, engineering the atomic arrangement of bimetallic alloy
nanocatalysts for rationally designing are promising strategies concerning three major categories:
(1) intermetallic ordered structure, (2) core/shell structure, and (3) phase-separated structure.
Intermetallic ordered structures are generally more thermodynamically stable than their disordered
counterparts and could provide a unique electronic structure and well-defined coordination
environment, thereby enhancing catalytic activity and stability.***® The core/shell structure is
another kind of atomic configuration to regulate catalytic properties via surface strains caused by
the lattice mismatch between core and shell.!® The induced surface strain can effectively modulate
electronic structures of shell components and enhance the catalytic activity. In phase-separated
structures, the two phases are separated by distinct grain boundaries. The phase boundary may be
distorted or defective due to the lattice mismatch of the two phases. There may be a synergistic
effect between the two phases at the interface, which could offer specific adsorption sites for
COz/intermediates and improve the electrocatalytic efficiency.

This review elaborates on the principles and applications of improving CO2RR performance

4
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via atomic arrangement engineering of bimetallic electrocatalysts. Firstly, the possible reaction
pathways of the CO2RR on bimetallic catalysts are introduced concerning three atomic
arrangement engineering strategies (intermetallic, core/shell, and phase-separated structures).
Secondly, recent advances in enhancing CO2RR activity and selectivity are critically examined,
focusing on bimetallic catalysts' engineering atomic arrangements. Finally, current challenges,

perspectives, and opportunities in developing bimetallic catalysts for the CO2RR are outlined.

2. Mechanism and atomic arrangement engineering

2.1 Mechanism of the electrochemical reduction of CO?

The product selectivity of the CO2RR depends not only on the type of catalyst and its surface
electronic/geometric configurations but also directly related to the electrodes' potential. At room
temperature and a pH of 7, the primary reactions of the CO2RR and their corresponding redox
potentials are shown in Table 1. Various C;-C3 products can be obtained through 2, 4, 6, 8, 12, and

18 electron transfer pathways.

Table 1. Typical CO2RR pathways to produce various products and their corresponding redox

potentials.
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Reaction Potential
CO; + H,O + 2¢ — CO + 20H -0.52 V vs. SHE
CO; + H,O + 2¢ — HCOO + OH -0.43 V vs. SHE
CO; + 3H, O + 4¢ — HCHO + 40H -0.51 V vs. SHE
CO; + 5H,O + 6e — CH;OH + 60H -0.38 V vs. SHE
CO; + 6H,O + 8 — CHs + 80H -0.24 V vs. SHE
2CO; + 8H,O + 12¢ — C;Hs + 120H -0.34 V vs. SHE
2CO; + 9H,O + 12¢ — C,HsOH + 120H -0.33 V vs. SHE
3CO; + 13H,O + 18¢ — CsH;OH + 180H -0.32 V vs. SHE

Generally, the CO2RR involves three primary elemental steps. The first is the CO2 adsorption on
active sites with optimal strength. Then CO; is activated along with electron/proton transfers to
form various intermediates and products. Next, desirable product desorption occurs to recover
active sites for a new cycle.?’ Fig. 1(a-c) summarizes the reaction mechanisms of CO: reduction
at different catalyst surfaces. Pb, T1, Sn, Hg, In, Cd, and Bi can catalyze CO> to form formic acid.*"
52 The adsorbed CO: obtains one electron. It interacts with *H (on Pb, Bi)> or *OH (on Sn, In)**
to generate adsorbed bicarbonate species further reduced to either *OCHO or *COOH.*° Then it
gets another electron and desorbs from the catalyst surface to form HCOOH or HCOO (Fig. 1a).>>-
57

CO can be obtained by using Au, Ag, Zn, Pd, and Ga as catalysts.?* 3+ 3-¢1 CO, molecules are
adsorbed at the surface of the catalyst and form C terminal intermediates. Reduction of CO> to CO
proceeds through a *COOH intermediate.®® The formation of this intermediate can occur in one of
the following ways: (i) one-step proton-coupled electron transfer (PCET), or (ii) a single electron

transfer to form *COO", and further protonation to obtain *COOH.®* Then *COOH is

6

Page 6 of 42



Page 7 of 42

ChemComm

hydrogenated and then dehydrated to form *CO and H»O, which desorbs from the catalyst surface
to form the gas-phase CO (Fig. 1b).*"%’

Cu used to be the only catalyst that can generate hydrocarbons due to its moderate adsorption
of *CO intermediates.*> *+%7 The *CO intermediate obtains one electron and interacts with *H (on
Cu) to generate the *COH intermediate or *CO, followed by direct dimerization to form *OCCO.
The *COH intermediate and *CO intermediate are coupled through C-C to form *COCOH, which
is then hydrogenated and dehydrated before desorbing from the catalyst surface to form C>Ha.
Alternatively, a *COH intermediate can also form C>H4 by direct hydrogenation and then
dimerization. The *OCCO intermediate obtains electrons and interacts with *H to form C2HsOH
or dehydrates to form CoHs. CoHs can be generated by *COH intermediate dimerization after
complete hydrogenation or CoHa hydrogenation (Fig. 1¢).** 87! According to the above possile
mechanisms of the CO;RR, the electronic/geometric structures of catalysts are the key to
determining the adsorption behaviors of CO2 and intermediates, which can be regulated through

atomic arrangement engineering.
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Fig. 1. The reaction mechanisms of the CO2RR on different catalysts to produce (a) formate, (b)

CO, and (c) hydrocarbons. Reproduced with permission.”? Copyright 2018, Elsevier. (d) Schematic

illustration of four kinds of atomic engineering arrangements for the CO2RR.

2.2 Tuning adsorption and electronic effects through atomic arrangement

The adsorption strength of molecules at the surface of metal catalysts is usually expressed by

adsorption energy (AE) or binding energy (BE) as follows:”

AE:EM—A_EM_EA

Among them, Em-a is the energy of the system after bonding the adsorbate with the metal surface,
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while Em and Ea are the energy of the metal surface and the adsorbate, respectively. Hammer and

Norskov’+ 7

proposed the d-band center theory that the catalyst's catalytic activity is determined
by the binding energy of the surface and the reaction intermediate, which is closely related to the
d-band center of the catalyst. According to this principle, a secondary metal is usually introduced
into the pristine one to adjust the d-band center of the binary alloy and modify intermediates'
binding energies, which can optimize catalytic activity and selectivity.

Engineering the atomic arrangement of general binary alloys through forming disordered
solid solution structures could fine-tune the local electronic and geometric structures of active sites
towards catalytic performance enhancement. The schematic illustration of four types of atomic
engineering arrangements is shown in Fig. 1d. For instance, as a long-term ordered structure,
intermetallic compounds show different physical and chemical properties from the disordered ones.
The following formula can explain the Gibbs free energy change of disorder-order transformation

AGy., =AHy,, — TAS4.,

Where d and o represent disordered and ordered phases, respectively. Disordered alloys have
a negative value of TAS,_,, due to the higher entropies than ordered ones. ’® As a result, at high
temperatures TAS,;_,, dominates and is not favorable for the disorder-order transition. At
relatively low temperatures, AG,4_,, is determined by AH,_,,, related to composition and bond

energy as given below:”

AHd—>O = XAXBE



ChemComm

€=¢p — E(SAA + €pp)

where X4 and Xp are molar fractions of A and B in the A-B alloy, respectively; ¢ represents
the bond energy difference between the average energies of A-A (e44) and B-B (e35) bonds and A-
B bond (e45). In ordered structures, the strong d orbital interaction and A-B bonds lead to negative
values of ¢ and thus AH,_,,. The above two equations indicate that AH,;_,, and the corresponding
AG,_,, will be determined by the type and composition of A-B alloy.

Due to their definite composition and structure, intermetallic structures could provide
predictable control over local coordination environments (e.g., bond length) and electronic
structures of bimetallic catalysts. In our study, the intermetallic structure, as a thermodynamically
stable structure’’, may not only render strain effects during the disorder-order transition, but also
tune the bond length in such a way to optimize the catalytical activity.”® For example, in L1o-PtZn
intermetallic catalysts, biaxial strains including a compression along <011> and <101> directions
and a tension along <110> direction are induced after fcc-L1o phase transformation, thereby
promoting their oxygen reduction reaction (ORR) activity.”® Besides, the Pt-Pt bond length in L1,-
PtCoW (2.707 A) is shorter than that of Pt foil (2.765 A). The shortened Pt-Pt bond and the
resultant compressive strain on the surface could weaken the Pt-O bonding and enhance the ORR
activity.®’ The ordered Pt;Co’s unit cell comprises a periodic square array where eight Pt atoms
surround each Co atom, which has a favorable d-band center and spin density distribution
compared to the disordered ones, leading to enhanced activity for the ORR.3!-#2 Furthermore, since

the order of intermetallic phase arises from the high mixing enthalpy, a higher chemical and

10
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structural stability can be expected than disordered alloys. 5% 78-80. 83-87

Constructing core/shell structures is another atomic arrangement engineering, which receives
great attention. The strong ligand and strain effects between the core and shell provide an effective
way to modulate the surface environment's electronic structure.®® The lattice mismatch at the
core/shell interface will produce a strain effect, bring compressive or tensile to the surface atoms. %"
92 Surface ligand effect is a short-range effect, mainly existing in the two or three atomic layers on
the surface. In addition to the above two effects, there are also geometric effects that can regulate
the surface reactivity, such as vacancies and defects.>>>* Through surface engineering, shell layers
with abundant vacancies or specific metal dopants can be accurately constructed, improving
CO2RR activity and selectivity.”*

Phase separated structure is the creation of two distinct phases from a single homogeneous
mixture. Heterogeneous phases with different chemical properties could form a synergistic effect
and reduce the electron migration distance at the phase interface, resulting in improved catalytic
activity and product selectivity. Heterogeneous synergies can be expressed as follows:

Mg-Agq + My-Boqg = Mg+ My, + Agg—Bag

Where Aad, Bad denote two different adsorption intermediates and Ma, My denotes two
different metal adsorption sites. The prerequisite for completing this reaction is that the catalyst's
surface requires multiple adsorption sites (or reaction sites) to participate in the reaction. The phase
separation structure induces a heterogeneous synergistic effect at the two-phase interface to

influence the catalytic performance.!”°° For instance, in the Pd-Rh nanobox catalyst, the migration

11
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of Pd between Rh columns in the shell creates a phase-separated and strained heterostructure,
which lowers the d-band center, promotes the desorption of *O and *OH from the metal surface
and thus enhances the activity.”®

With the development of atomic arrangement engineering, the structure, size, composition,
and morphology of the catalyst can now be designed to achieve high-efficiency catalysis. This
review focuses on the recent three types of nanocatalysts with atomic arrangements engineering

and highlights their morphological/structure-dependence on CO2RR electrocatalysis.

3. Intermetallic bimetallic nanocatalysts for the CO:RR

3.1 Au-based intermetallic nanocatalysts

Precious metal catalysts, such as Au and Ag, can reduce CO; to CO due to their weak adsorption
capability to *CO intermediates. However, its high cost and negative onset potential still need to
be resolved. Introducing non-noble metals can adjust the d-band center to tune metal and
intermediates' binding and reduce catalyst cost. Ordered AuCu intermetallic nanoparticles (NPs)
of 1:1 atomic ratio with 7 nm were synthesized by the reduction of Cu(CH3COO)> on the pre-
formed Au seeds.”” The degree of ordering in Au/Cu NP structures is controlled by reaction
temperature and duration (Fig. 2a). The superlattice peaks in the X-ray diffraction (XRD) pattern
(Fig. 2b), which do not exist in the disordered AuCu alloy (d-AuCu), become more evident in the
ordered NPs. High-angle annular dark field-scanning transmission electron microscopy (HAADF-

STEM) images of ordered intermetallic AuCu (o-AuCu) sample clearly shows a periodic

12
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oscillation of intensity due to the Z-contrast difference between Au (bright atom) and Cu (dark
atom) in an ordered lattice (Fig. 2c). During the CO2RR, 0-AuCu has the highest Faradaic
efficiency of CO (FEco) (75%) at -0.77 V vs. reversible hydrogen electrode (RHE) compared to
other samples with less ordered structures (Fig. 2d). Moreover, the o-AuCu NP catalyst is more
stable than d-AuCu NPs, with no apparent FE drop after a 12 h test. Comparing the thermodynamic
limit potential (Ur) for CO2 reduction and H» evolution of three model systems, U (COz) and
(UL(CO2)-UL(H2)) of the 0-AuCu NP is the most positive compared to Au and d-AuCu, which

accounts for its highest CO» to CO conversion activity and selectivity.

13
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Fig. 2. (a) TEM images and (b) XRD patterns of AuCu NPs with different ordering degree. (c)
HAADF-STEM image and magnified STEM image of o-AuCu. (d) FEco of AuCu NPs with
different ordering degrees at -0.77 V vs. RHE. Reproduced with permission.”” Copyright 2017,

American Chemical Society.

An intermetallic AuzCu alloy nanocrystal (NC) catalyst was prepared and studied for the
CO2RR.% By controlling the amount of Au in the precursor, the prepared AusCu alloy NC size can

be adjusted in a range from 15 to 30 nm. The onset potential of AuzCu NCs (-0.9 V vs. Ag/AgCl)

14
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was more favorable than those of the Au NPs (-1.15 V vs. Ag/AgCl), significantly enhancing the
COzRR activity. At - 1.6 V, AuzCu NCs have a distinctive selectivity toward CHs with 40% higher
FE than Au NPs. Besides, AuSn intermetallic NPs at the size of 23-33 nm were prepared by
chemical reduction of Sn precursor in the presence of pre-made Au NPs.”® The onset potential of
formate on the intermetallic AuSn was significantly shifted to a positive potential (-0.4 V vs. RHE),
compared with that of Sn foil (-0.8 V vs. RHE). At -1.1 V vs. RHE, the total current density on the
intermetallic AuSn reaches 12 mA cm™, which is twice and three times that of Au and Sn foils,
respectively. Raman spectroelectrochemistry and isotopic labeling experiments prove that
bicarbonate anions at the electrode surface are the primary CO and formate source. The improved
catalytic performance on the intermetallic AuSn might be related to the changes of adsorption sites,

surface energy, and orientation of adsorbates.

3.2 Cu-based intermetallic nanocatalysts

Currently, Cu is probably the only metal electrocatalyst to reduce CO: to hydrocarbons but
typically has an undesirably wide range of product distribution. Norskov et al.!? predicted that the
bimetallic Cu-based catalyst might break the scaling relationship and stabilize the reaction
intermediate to reduce the overpotential and improve the selectivity. For example, alloying with a
high oxygen affinity metal that geometrically interacts with the plane geometry of the *CHO site
but not with the plane geometry of the linear *CO site could stabilize complex compounds.

Therefore, such Cu alloys catalysts could reduce the energy of CHO* relative to CO* and

15
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favorably improving the selectivity to C; or Cz hydrocarbon products. This section summarizes
the current research on binary Cu-base intermetallic compounds and highlights their merits in
improving product selectivity and efficiency.

The effect of different CuPd structures on catalytic performance and product selectivity for
the CO2RR was recently explored.®> CuPd NPs of 1:1 atomic ratio with disordered, ordered, and
phase-separated structures were prepared through co-reduction of Pd(II) acetate and Cu(II) acetate
by using NaBH4. High-resolution transmission electron microscope (HR-TEM) image and XRD
(Fig. 3a-b) show that the intermetallic CuPd NP contains the ordered B2 structure, '°! consisting of
interconnected crystals with a particle size of ~50 nm. During the CO2RR, the ordered CuPd
catalyst shows the highest FEco of 80% at -0.53 V (vs. RHE), while the phase-separated CuPd
mainly produced C:Hs4 with a FE of 50% at -0.74 V (Fig. 3c-d). Surface valence band
photoemission spectra indicated that, besides the catalysts' d-band position, geometric/structural

effects such as orientations of the intermediate on the Cu-Pd surface leads to different selectivities.

16
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Reproduced with permission.%>, Copyright 2017, American Chemical Society.

3.3 Ni-based intermetallic nanocatalysts

Recently, certain intermetallics that do not contain Cu were identified for reducing CO> to multi-
carbon products. Studies on intermetallic NixGay film demonstrated that the Ni-based ordered alloy
could reduce CO> to C, products.!®® Three different phases (e.g., NiGa, NisGa and NisGas)

consisting of aggregated intermetallic particles in a size range of 1-5 um were prepared by using

17
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the drop-casting method. The onset potential of NisGas to reduce CO> to C; products (ethylene and
ethane) is 250 mV positive than that of polycrystalline Cu and is approximately equal to that of
single-crystalline Cu. Specifically, polycrystalline Cu produced only CO and HCOO in the range
of -0.5 V to -0.85 V, while NixGay intermetallic phases generated CH4, C2Hs, and C;Hg within an
identical potential range. The introduction of Ga into the Ni films could weaken the Ni-CO
interaction, mitigate surface poisoning, and improve the yield of highly reduced products.'%3

Intermetallic NizAl alloy thin films as CO2RR catalysts were synthesized on glass carbon
(GC) substrate by sing drop-casting and furnace reduction procedure method.'® Intermetallic
NizAl film could reduce CO: to hydrocarbon products, with 1.9 + 0.3% of FE1_propanol and 1.0 £
0.2% of FEmethanot at -1.38 V vs. Ag/AgCl. Also, the Ni3Al film can reduce CO; to CO with an FE
of 33% at -1.38 V. When CO is fed as the reactant instead of CO2, the production rate of methanol
increases exponentially. However, the propanol's production rate is limited to the accumulation of
three neighboring adsorbed *CO molecules at the catalyst surface. Thus, the rate still presents a
linear trend. Exactly how to eliminate the rate-limiting step of conversion from CO> to CO is a key
to improving the efficiency of the NizAl catalyst.

The catalytic properties of recently reported bimetallic intermetallics for the CO2RR are
summarized in Table 2. In this section, we discuss three categories of intermetallic compounds as
catalysts for CO2RR. Among them, Au-Cu and Cu-Pd systems reveal excellent catalytic efficiency

and product selectivity towards the CO. Although the Ni-based intermetallic catalysts could

produce hydrocarbon products, efficiency and selectivity need to be further improved. Generally,

18

Page 18 of 42



Page 19 of 42

ChemComm

the progress of applying intermetallic catalysts for the CO2RR is still in the early stage. The main
reason for the low efficiency of hydrocarbon production on intermetallic catalysts may be the lack
of accurate atomic structure controls. The bulk structure is converted into an ordered one, but
surface layers are still partially disordered. The binding energy of the key reaction intermediate for
generating hydrocarbons, such as *CO, may be not optimized yet, making the subsequent
hydrogenation and/or C-C coupling difficult to proceed. In future research, the electronic and
geometric structures of the intermetallics' catalyst surface should be fine-tuned, aiming to tailor
the adsorption/desorption energy of key intermediates and the resulted reaction pathways. Surface
segregation or defects should be explored to create new active sites. Bulk intermetallic structures
can affect the surface catalytic properties by ligand and/or strain effects. Importantly, theoretical
predictions are critical for rational catalyst design and synthesis with improved catalytic activity

and selectivity for the CO2RR.

Table 2. Summary of representative intermetallic catalysts for CO2RR.

Intermetallics ~ Main products  Efficiency Potential Refs.
AuCu CO 75% -0.77 V vs RHE 89
AusCu CH4 40% -1.6 V vs Ag/AgCl 90
AuSn HCOOH 42% -1.1 Vvs RHE 91

CuPd CcO 80% -0.53 Vvs RHE 58
NisGas CH4 2% -0.88 V vs. RHE 94
C2He 1.75% -0.88 V vs. RHE

19
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NizAl CsH,0H 1.9+ 0.3% -1.38 Vvs 96
Ag/AgCl
CO 33% -1.38 Vvs
Ag/AgCl

4. Core/shell structured bimetallic nanocatalysts for CO2RR

4.1 Metal/metal core/shell structures

Core/shell structures with different metal cores and shells are a common catalyst configuration.
For instance, Au and Pd can both reduce CO» to CO individually. At the Au surface, the activation
of CO2 to *COOH has a large energy barrier, but the desorption of *CO is easier. In contrast, at
the Pd surface, the trend is reverse.!%’ Aiming to improve the activity and selectivity for the CO
formation by using both metals in a single catalyst, 7.5 nm Au/Pd core/shell NPs with 2-3 atomic
layered Pd shells were synthesized by using a one-pot method (Fig. 4a-b).!% As for the CO.RR
(Fig. 4c), the FEco of Au/Pd NPs with different Au/Pd compositions were all greater than 90% in
a wide potential range, of which the FEco of AugoPd4o NPs reaches a maximum of 96.1% at -0.7
V vs. RHE, significantly better than individual Au or pure Pd metal catalysts. DFT calculations
(Fig. 4d) predicted that, compared to pure Pd (0.18 eV) and Au (0.98 eV), the associated free
energy change of CO; to *COOH in AuPd NPs (0.08 eV) is significantly reduced. Additionally,
the adsorption energy of hydrogen deviated more negatively by 0.06 eV in AuPd NPs than on Pd,

which could suppress the HER.

20
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(c) The FEco of all synthesized Au-Pd core/shell NPs. (d) DFT calculations, free energy diagrams

Reaction Coordinate

for CO2RR. Reproduced with permission.!? Copyright 2019, American Chemical Society.

180 + 20 nm Ag/Cu core/shell NPs were prepared by reducing mixtures of AgNO3 and

Cu(OAc)2-H>0 in ethylene glycol in the presence of PVP at 180 °C.!% Cu shells with a thickness
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of 15 + 3 nm were partially overgrown on the Ag core for Ag/Cu-20 (20 min of heating time). In
electrochemical performance tests, the Ag/Cu yielded the highest FEco of 82% at-1.06 V vs. RHE,
better than Ag NPs with 78% of FEco. Under the same potential, Ag/Cu has 28.6% ethylene
generation, showing higher selectivity than Ag. When the Cu content is low, the stability of
*COOH can be enhanced with Cu content, which manifests itself in the improvement of CO
efficiency. Due to the formation of a certain thickness of Cu shells, the lattice mismatch between
Ag and Cu atoms generates tensile stress at the surface, resulting in an enhancement of *CO
adsorption and the subsequent hydrocarbon formation. This similar phenomenon can also be
observed in the Au/Cu core/shell NPs.!% It has the highest ethylene selectivity with 7-8 layers of
Cu and the highest methane selectivity at 15 layers of Cu. When the number of Cu layers is smaller,
the tensile strain will increase *CO and the subsequent CoHs formation. With an increase in the
number of Cu layers, tensile strain is weakened, and methane would be obtained as the dominant

product.

4.2 Metal/metal compound core/shell structures

Apart from the metal shell, metal compounds can also have synergistic effects with the metal
core to affect the performance of the CO2RR. Compared to the metal/metal core/shell structure,
the metal/metal compound core/shell structures may create new active sites due to the
electrochemical reduction of the metal compound shells during the CO2RR.

Cu-SnOz2 could be reprocessed to form different structures to study their structure-dependent
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CO2RR performance. The prepared Cu-SnO; core/shell NPs were annealed at 250 °C for 1 h with
three strategies: (1) in air, (2) in Ho/N», and (3) firstly in air then in H2/N> to obtain hollow
heterostructure, core/shell structure, and hollow Janus structure, respectively (Fig. 5a).!% As
shown in Fig. 5b-c, the Cu-SnO; catalyst with hollow heterostructure had the best product
selectivity and efficiency, reaching a 70% FEco and 71.5% FEncoon at -0.7 and -1.0 V vs. RHE,
respectively. During the CO2RR, the reaction free energy of COOH* species was decreased at a
large number of Cu/SnO; interfaces, thus improving the selectivity of HCOOH. DFT calculations
(Fig. 5d) predicted that the interfaces of Cu/SnO; can reduce the free energy of *COOH species
formation to 0.52 eV, lower than those of the Cu (111) surface (0.71 eV) and SnO> (110) surface
(2.32 V). Therefore, it can quickly transform *COOH to *CO and then desorb to form CO at a
lower free energy of -0.13 eV. Also, the core/shell Cu/SnO2 nanowire structures were prepared by
annealing it in air, H> /N2, and N> (Fig. 5¢).°* Cu/SnO: core/shell NWs after annealing in air
achieved the best HCOOH selectivity than the samples annealed in H2/N2 and N> at -1.0 V vs.

RHE, with the maximum FEncoon reaching 90.2%.
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Fig. 5. (a) XRD patterns, TEM images, and elemental mappings of Cu/SnO2 NPs after different
annealing treatments. (b-c) FEs for CO, H> and HCOOH at (b) -0.7 V vs. RHE and (c) -1.0 V vs.
RHE for different catalysts. (d) Free energy profiles of two pathways for CO; electroreduction on
Cu/SnO; interfaces. (a-d) Reproduced with permission.!” Copyright 2018, Nature Publishing
Group. (e) XRD patterns and elemental mappings of Cu/SnO> nanowires after different annealing

treatments. Reproduced with permission.!''’ Copyright 2019, Elsevier.

We designed Cu/SnO; core/shell structured catalysts and studied their SnO> thickness-
dependence on CO2RR activity.'> Monodisperse core/shell Cu/SnO> NPs were prepared by using
a seed-mediated method via a reduction of Sn(acac): in the presence of 7 nm Cu NP seeds at 250°C
for 1 h (Fig. 6a). The CO2RR activity and selectivity of the Cu/SnO> NPs are closely related to the
thickness of the SnO> shell (Fig. 6b-c). The thinner SnO> (0.8nm) layer is selectively active for the

formation of CO, and its FE reaches 93% at -0.7 V vs. RHE. In contrast, Cu/SnO> NPs with thicker
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SnO; (1.8 nm) shells tend to predominantly form HCOOH like SnO> (FE of 85% at -0.9 V vs.
RHE). DFT calculations (Fig. 6d) elucidated that the excellent CO selectivity on the 0.8 nm SnO>
shell is due to the synergistic effects between 10% uniaxial lattice compression and Cu atom
doping lowers the energy barrier for CO formation. Such a synergistic effect was also observed on

7 nm core/shell Cu/InO3 NPs for tunable syngas formation from the CO2RR..!!!

By controlling the
thickness of the shell layer and the applied potential (-0.4 to -0.9 V vs. RHE), a wide H2/CO ratio

(4/1 to 0.4/1) can be obtained with a FE of the syngas greater than 90%.
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Fig. 6. (a) HRTEM image and elemental mapping of a 0.8 nm SnO; shell Cu/SnO; core/shell NP.
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(b-c) FEs for CO, H> and HCOOH on (b) C-Cu/Sn0O-0.8 nm and (c) C-Cu/SnO»-1.8 nm catalysts.
(d) Calculated free energies of two reaction paths on a 0.8 nm-SnO> shell with 2 Cu atoms on the
surface and 10% uniaxial compression. Reproduced with permission.'* Copyright 2017, American

Chemical Society.

Designing core/shell structured catalyst with Cu compound in the shell has been studied for
the CO2RR due to the high selectivity towards C» products in valence Cu surface. A core/shell
Cu/Cu20 nanorod catalyst with Cu/Cu’” interface was prepared by exposing Cu to air at ambient
conditions for three weeks.!!> The Cu/Cu2O core/shell nanorod has a coral-like microstructure with
a diameter of 100 nm. Previous research suggests that the C atom of the intermediate *CO at the
Cu" surface is positively charged, while the C atom on the Cu® surface is negatively charged.!!?
Thus, in the core/shell Cu/Cux0O catalyst, the two kinds of C atoms may exhibit electrostatic
adsorption to form a dimer (Fig. 7a). The Cu/Cu,O catalyst shows that the total FE of C products
can reach 50% under -1.0 V vs. RHE and the maximum yield of ethylene can reach 45% (Fig. 7b).
A possible issue is that the surface Cu" can be easily reduced to Cu’ during the CO2RR. The
introduction of heteroatoms could stabilize surface Cu'. Sargent's team prepared Cu/CuB
core/shell nanostructures by wet-chemical methods and reported the effects of different Cu
oxidation states on hydrocarbon production.®® With the change of B's doping concentration, the
average oxidation state of Cu can be adjusted in the range from 0 to +1 due to the electron transfer

from Cu to B in CuB. The electrochemical test shows that Cu with an average valence state of
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+0.35 has the best performance, and the FE of C» products reached 79%. In the 40h electrochemical
test, the ethylene FE remains stable (keeping above 45%) (Fig. 7c). DFT calculations suggest B's
doping can inhibit the reaction path to C; products and increase the rate-limiting step's energy
requirement (CO* + H* — CHO*). On the contrary, the energy barrier of the speed limiting step

for CoHy production (CO* + CO* — OCCO*) is reduced. (Fig. 7d)
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Fig. 7. (a) Schematic illustration for C» production at surface Cu*/Cu® sites on Cu-Cu,O catalyst.

27



ChemComm

(b) FE for all products on Cu/Cuz0 nanorods. (a-b) Reproduced with permission.!'? Copyright
2019, Elsevier. (¢) FE of ethylene on Cu(B)-2, Cu(C), and Cu(H) in long-time testing. (d) DFT
calculations on reaction energy diagrams for CO> conversion to CHs, CoH4, and C2HsOH on a pure
Cu (111) facet and a B-doped Cu (111) surface. (c-d) Reproduced with permission.®> Copyright

2018, Nature Publishing Group.

Metal/metal compounds core/shell catalysts (such as Sn) with compound shell reduced to
zero-valent metals during the reaction may increase the number of active sites for the CO2RR.
Sn/SnS; core/shell nanosheets produced formic acid at low potentials of -0.23 V vs. RHE with FE
up to 84.5% at -0.68 V vs. RHE."'* The reduced metallic Sn from SnS, under cathodic conditions
serves as the catalytic site. The increase in formic acid yield was attributed to the residue of SnS»,
where the sulfide ion (S?) adsorbed on the metal surface would inhibit the adsorption of *COOH
intermediate. Since CO> reduction to CO;  is the rate-determining step at metallic Sn electrodes'!>,
DFT calculations indicated that, when CO> bonds a p-block element like S, a separately occupied
p orbital can stabilize the electrons localized in the 2p, orbital of C associated with CO» .

Core/shell nanowire arrays with Ag cores and metal shells might produce better performance
than spherical NPs due to efficient electron transfer.!'® Vertical Ag/AgCl core/shell nanowire
(Ag/AgClx CSNW) arrays were prepared on the Ag foil through low-temperature nano-imprinting
technology and rapid surface chlorination to form thin AgCl shells. The FEco of Ag/AgClx CSNWs

can reach 91% at the low overpotential of -0.46 V vs. RHE, and approximately 20% can be
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detected at the initial potential of -0.3 V vs. RHE. The high conductivity of Ag promotes electron
transfer, and the partially reduced AgClx shell exposes a large number of active sites (grain
boundaries and defects). DFT calculations indicated that AgCl is more favorable for adsorption of

*COOH as opposed to Ag.

4.3 Metal compound/metal or metal compound core/shell structures

Designing a metal compound core to adjust the metal or metal compound shell's oxidation state
and electronic structure is another strategy to improve CO2RR performance. 8.5 nm core/shell NPs
composed of a CuzS core and a Cu vacancy shell were synthesized and can improve C»+ alcohol
products (ethanol and propanol), with the FE of C,+ alcohols reaching 32 + 1% (Fig. 8a-b).!” DFT
calculations illuminated that, in pure copper, ethylene's kinetic energy barriers (0.560 eV) and
ethanol (0.645 eV) generation are quite similar. When a Cu vacancy exists, and S is introduced
into the subsurface (Cu,S/Cu core/shell structure), the kinetic energy barrier of ethylene increases
significantly (1.148 eV), but that of ethanol is mostly unaffected (0.427 eV), thereby improving
the selectivity of alcohol products.

In the previous section, we showed that the Cu” surface could improve the efficiency of multi-
carbon products. Introducing N into the core to regulate the metal surface's oxidation state and
electronic structure is a feasible method.!'” A 3 nm Cu surface layer was deposited on CusN and
Cu20 to prepare CusN/Cu (Fig. 8c) and Cu20/Cu core/shell NPs. For CusN/Cu, the content of Cu’

is increased and that of CusN is decreased during the initial 60 min electrolysis. After that, the
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catalyst gradually reaches a stable surface composition with a partial oxidation state of the surface
Cu layer (+0.25 valence state). At -0.95 V vs. RHE, the Cu3;N/Cu gives the highest C>+ production
(FEc2+ = 64%, where FEcthylene = 39%, FEcthanot = 19%), much higher than those of pure Cu and
Cu20/Cu catalysts (Fig. 8d-e). Cu at the surface of a CusN/Cu catalyst produces the highest
oxidation state and could reduce C-C dimerization's energy barrier, which was significantly lower
than the Cu and Cuz0/Cu structures.

Producing surface defects and/or forming surface oxidation are recently found to boost
CO2RR performance. 8.0 nm AuFe/Au core/shell NPs (AuFe-CSNP) were prepared by a hot
solvent method (produce AuFe alloy) and subsequent electrolysis to leach the surface Fe, which
can generate a large amount of CO at low potential (-0.2 V vs. RHE). The maximum FEco of these
AuFe-CSNPs reaches 97.6% at -0.4 V. >° Leaching the surface Fe leads to the formation of a
core/shell structure with a jagged surface enriching a large number of vacancies and active sites.
DFT calculations and analysis of free energy changes disclosed that the formation energy of
*COOH is decreased by 0.19 eV after the formation of sawtooth surfaces and vacancies, resulting
in the enhanced CO production. Jiao et al. prepared AgSn/SnOy core/shell NPs with a 1.7 nm SnOx
layer by a galvanic displacement method and its maximum FEncoon reached 87.2% at -0.9 V vs.
RHE.'""® Compared to the formation of *COOH, the formation of OCHO* is facilitated by the
presence of oxygen vacancies in surface SnOx, thereby improving the selectivity of HCOOH.
Cu20/SnO> core/shell nanocubes were prepared and the catalyst with a 5 nm SnO: shell

demonstrated the highest FEco, reaching 90.9% at -0.9 V vs. RHE.!"” The original cubic structure
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is not retained and decomposes into assemblies of smaller nanoparticles with distinctly exposed
Cu/Sn grain boundaries. The excellent performance for CO generation may be due to the
synergistic effect between Cu and Sn atoms.

This section discusses the core/shell structures for the CO2RR with three categories. Their
structure-dependent catalytic performance is listed in Table 3. Overall, with an optimization, the
introduction of strain effects could effectively change the catalyst surface's electronic structure to
lower the reaction energy barrier for the CO2RR. Besides, tuning the vacancies and valance states
of shell metals produces a synergistic effect with the corresponding core to tailor the reaction
pathway, especially for Ca+ product formation.

Table 3. Summary of representative core/shell structured bimetallic catalysts for CO2RR.

Core Shell Products Efficiency Potential Refs.
Metal/metal core/shell structures

Au Pd CO 96.7% -0.6 V vs. RHE 106

Pt Au CH,4 32% -1.0 V vs. RHE 120
CoHy 10% -0.8 V vs. RHE

Ag Cu-7 Cco 82% -1.06 V vs. RHE 107
Cu-20 C2H,4 28.6% -1.06 V vs. RHE

Au Cu CoHy 20% -0.6 V vs. RHE 108

Metal/metal compound core/shell structures

Cu Sn0O, CO 70% -0.7 V vs. RHE 109
HCOOH 71.5% -1.0 Vvs. RHE

Cu SnO» CoO 90.2% -1.0 V vs. RHE 4

Cu Sn0,-0.8nm CO 93% -0.7 V vs. RHE 13
SnO»-1.8nm HCOOH 85% -0.9 V vs. RHE

Cu In, 05 syngas ~90% t

Ag SnO» HCOOH 75.1% -0.9 V vs. RHE 60
CO 88% -0.7 V vs. RHE

Cu Cu0O C, 50% -1.0 V vs. RHE 12

Cu CuB CoHy 52+2% -1.1 Vvs. RHE 8
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C,HsOH 27£1% -1.1 Vvs. RHE
Sn SnyS HCOOH 84.5% -0.68 V vs. RHE o7
Ag AgCl CoO 91% -0.46 V vs. RHE 16
Metal compound/metal or metal compound core/shell structures
CuzS Cu CoHy 42% -1.1 Vvs. RHE 19
C;HsOH 15+1% -0.95 V vs. RHE
C;H,0OH 8+0.7% -0.95 V vs. RHE
CusN Cu C,H,4 39+2% -0.95 V vs. RHE 17
C;HsOH 19+1% -0.95 V vs. RHE
C;H,0OH 6£1% -0.95 V vs. RHE
AuFe Au Co 97.6% -0.4 V vs. RHE 59
AgiSn SnO» HCOOH 87.2% -0.9 V vs. RHE 18
Cu0 Sn0O, CoO 90.9% -1.0 V vs. RHE 1o

Core/shell structured catalysts have been extensively studied for the CO2RR and a wide range
of catalytic products (basically covers all products of C; and C>) have been reported. Generally,
the selectivity of CO and HCOOH can reach 90% based on SnO; shell, and the highest C»+ product
can reach 80% with a shell of Cu-based catalysts. Most of the above-mentioned core/shell
structured catalysts are composed of oxide or sulfide shells, which are not stable and would be
reduced during the CO2RR testing. Such reduction process would lead to the reconstruction of

catalyst surface and generate low valence state or metallic metals, vacancies, and defects, which,

in turn, serve as new active sites. However, it will also bring complexity to the mechanism research.

In the future, in-situ spectroscopic and structural characterizations can be utilized to identify and
determine the actual catalytic sites evolved during the reaction and the reaction mechanism. For
industrial applications under high current densities, the reduction of surface compounds might be

intensified, which would cause the collapse of the core/shell structures and the change of active
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species. Improving the structural stability of catalysts and achieving industrial standards will be

future directions.
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Fig. 8. (a) Schematic and (b) atomoc model of the CuxS-Cu-V structure. (c) FEs of ethylene, ethyl
alcohol and propyl alcohol on Cu2S-Cu-V. (a-c) Reproduced with permission.!® Copyright 2018,
Nature Publishing Group. (d) Schematic of the Cu3N/Cu catalyst. (e) FEs of C, and C3 products
on the Cu3zN/Cu catalyst. (f) Comparison of FE for C»+ and the ratio of C2+/CHg at-0.95 V vs. RHE

on Cu, Cu20/Cu, and CusN/Cu. (d-f) Reproduced with permission.'!”, Copyright 2018, Nature

Publishing Group.

5. Phase separated bimetallic nanocatalysts for the CO:RR

Phase-separated structures can also enhance the CO2RR through heterogeneous synergistic effects.
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First, the active sites st the two-phase interfaces have the advantages of small steric hindrance and
short migration distance, which is beneficial for the coupling of varied intermediates. Second,
lattice distortion at the interfaces provides a large number of active sites and charge accumulated,
which is a feasible way to optimize the binding of intermediates. CuPd phase-separated NPs were
prepared through co-reduction of Pd(II) acetate, and Cu(Il) acetate by using NaBHj4 as a reducing

agent® The phase-separated samples consist of two aggregates with different morphologies: (1)

spherical particles with ~ 50 nm and (2) an interconnected structure composed of ~ 20 nm particles.

The phase-separated CuPd NPs exhibited a maximum FEc2 of 63%, superior to homogeneous
CuPd NPs. The neighboring characteristics of Cu atoms existing in the phase-separated CuPd NPs
can provide suitable molecular distance and small steric hindrance, facilitating the dimerization of
adjacently adsorbed CO to C, products.

Phase separated Cu3zSn/CusSns catalysts were developed by electrochemical deposition of Sn
on Cu foam (to form intermetallic Cu-Sn with atomic ratios of 3/1 and 6/5) followed by a thermal
annealing (Fig. 9a-b).>” The Cu3Sn/CusSns phase-separated structure demonstrated a maximum
FEncoon of 82% at -1.0 V vs. RHE with good stability. In contrast, the main products on the
individual CuszSn and Cue¢Sns alloy catalysts are primarily H> under the same conditions. DFT
calculations predicted that, on the CuszSn/CusSns, the adsorption energy of HCOO* was more
negative than that of COOH* and the energy difference between HCOO* and COOH* for the
phase-separated structure is larger than that for the individual Cus3Sn or CusSns. Also, the Gibbs

free energy of the HER on the Cu3Sn/CusSns (-0.28 eV) is less negative than CuzSn (-1.09 eV)
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and CueSns (-0.52 eV) (Fig. 9¢c-d), suggesting an inhibition to the HER.

Phase separated structures can produce a two-phase interface containing a heterogeneous
synergistic effect to influence reaction intermediates' adsorption behaviors and the favorable
reaction pathway. Although few studies on the phase-separated structure can achieve a selectivity
of more than 60% in the preparation of Cz products. There are two kinds of the active site in the
phase-separated structures: the surface of each phase and the interface between the two phases.
However, the interaction of these two types of active sites on the catalytic pathways is still unclear.
Advanced phase separated structures with more favorable sites/inferaces exposed should be
designed and prepared in the future. Also, in-situ characterizations could elucidate the synergistic

effect on the two-phase interface and its impact on reaction mechanisms.
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Fig. 9. (a) Schematic illustration of heterostructured CuzSn/CusSns preparation on Cu foam. (b)
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HRTEM image of CuSn phase-separated structure. (c-d) Calculated free energy diagrams of (c)
CO2RR and (d) HER on Cu3Sn/CusSns. (a-d) Reproduced with permission.®” Copyright 2019,

Royal Society of Chemistry.

6. Summary and Outlook

Electrochemical conversion of CO; into highly-valued chemicals is a promising strategy to
alleviate environmental issues by mitigating excessive CO2 content in the atmosphere. To achieve
highly efficient and selective electrocatalytic CO> reduction, rationally designed electrocatalysts
with optimized electronic and geometric structures are incredibly essential. In this review, we focus
on bimetallic catalysts, one of the most promising catalysts for the CO2RR, including intermetallic,
core-shell structure, and phase-separated catalysts concerning atomic arrangement engineering.
Intermetallic catalysts are thermodynamically stable and have unique electronic structure and well-
defined coordination environments, thereby efficiently catalyzing CO> reduction with enhanced
activity, selectivity, and stability. In core/shell structures, adjusting surface electronic structures by
the strain effect and introducing more active sites by tuning shell vacancies/valence states could
generate a favorable synergistic effect to enhance the CO2RR. For phase-separated structures, the
existence of heterogeneous phase interfaces with different chemical properties may assist in the
combination of different intermediates and reduce the electron migration distance at the phase
interface, resulting in improved catalytic activity and product selectivity.

Although current progress in developing various bimetallic catalysts is very encouraging,
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there is still a large gap between the currently achieved efficiency and the possible commercial
applications. Future researches on the CO2RR will focus on the following aspects:

(1) Due to the complexity of the CO2RR, it is necessary to have a deeper understanding of the
reaction mechanism and provide theoretical guidance for the design of high-performance catalysts.
Full descriptions of the interactions involving active sites, surrounding reactants/solvents, and
adsorbed intermediates are still very challenging. With theoretical calculations and modeling, it
will be easier to acquire a more detailed understanding of critical products' reaction pathways and
determine various intermediates' thermodynamic parameters.

(i1) Regarding working conditions under reductive potentials, structure changes of catalysts during
the CO2RR should be more scrutinized. In-situ and operando characterization such as X-ray
absorption spectroscopy could provide more insight into the catalyst structure's evolution
throughout the catalytic process. Overall, the correlated investigation on theory and
characterization is crucial to moving this field forward.

(ii1) Based on increased awareness of the reaction mechanism and structure evolution, the synthesis
of a catalyst with precisely designed composition, morphology, and structure is essential. Preparing
model catalysts with well-defined surface electronic and geometric structures at the atomic level
should be significantly considered, which is beneficial for progressing the study of relationships
between structure and properties.

(iv) Catalyst researches cannot be limited only to the traditional aqueous electrolytes. Although

some of the reported catalysts show excellent performance in an H-cell, there is still a significant
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gap to a more realistic solid-state electrolyzer device by using gas diffusion electrodes that can
operate at a higher current density. In industrial applications, the minimum current density required
for flow cell configurations is estimated to be ~200 mA cm 2, product selectivity greater than 90%,
with acceptable stability over thousands of hours.'?!" 122 At present, a part of bimetallic catalysts
can maintain high selectivity over 10 h under the condition of high current densities. Long-term
durability, which is the biggest problem hindering the applications of catalysts from the laboratory
to the industry, would focus on future research. Cost is another consideration for catalyst
industrialization, which currently ranges from $0.21 to $2.1 kg™! for typical CO2RR products (such
as CO, HCOOH, CH4, C,Ha4, etc.).'?? Reducing precious metal usage and designing efficient and

durable non-precious metal catalysts is a feasible way to mitigate catalyst cost.
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