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Abstract

Electrochemical carbon dioxide (CO-) reduction powered by renewable electricity offers a path to
produce valuable products from CO, —this earth-scale human waste— and to store intermittent
renewable energy in the form of chemical fuels. Recently, single metal atoms (SMAs) immobilized
on a conductive substrate have been shown as effective catalysts for the electrochemical CO»
reduction, opening the door to a generation of low-cost and high-performance catalysts for fuel
and chemical production. The unique physical and chemical properties of a single-atomic
structure, the homogeneity of the active sites, combined with tunable coordination environments,
are essential for realizing highly active and selective catalysts. In this review, we focus on the
structure-performance relationship in SMA catalysts for CO> reduction from both theoretical and
experimental aspects. We discuss why SMA catalysts exhibit distinct catalytic performance
compared to their counterpart nanoparticles. Recent strategies for improving the CO> reduction
selectivity and activity by tuning the nature and coordination environment of SMA active sites are

described. Finally, we highlight potential applications of SMA catalysts in practical CO> reduction



conditions, critical challenges, and the path toward efficient electrochemical CO; reduction

catalysis based on SMAs.
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1. Introduction

Reducing greenhouse gas emissions is a major international research priority to avoid the effects
of climate change. Achieving this target requires reducing total carbon dioxide (CO2) emissions
by shifting the consumption paradigm from the traditional fossil fuels to low-carbon energy
sources such as nuclear, hydro, wind, and solar,!? with the latter two the most abundant renewable
energy sources. However, the intrinsic intermittency of solar or wind resources requires long-term

and large-scale storage for their further deployment as replacements of fossil fuels.>*

Electrochemical CO; reduction (ECR) to fuels and chemicals offer a path to simultaneously
address both the CO, emission and renewable energy storage challenges.*> ECR enables
producing value-added products from CO2 while enabling the storage of renewable energies
in the form of liquid fuels, which can be readily integrated into current infrastructures. The low
carbon footprint fuels produced from CO; and renewable electricity would play an important role
in decarbonizing heavy industries, including chemicals, cement, steel, and transportation, which
account for up to 40% of the total CO; emission. Converting CO, into chemical feedstock enables

the sequestration of CO; into valuable and long-lifetime products such as polymers.5

In ECR, COz> is reduced to chemicals at the surface of a catalyst on the cathode of an
electrochemical cell. The efficiency of this process strongly depends on the performance of the
catalyst. An efficient catalyst for the ECR should drive CO: reduction at high current density with
high selectivity and stability, and at a low overpotential.” Currently, metal nanostructures are the
most dominant ECR catalysts.® Different types of metals have been used to produce a variety of
carbon-based products. For example, Ag and Au based catalysts have been demonstrated as
efficient catalysts for CO production with high selectivity and activity.!!> Selective reduction of
CO; to formate can be achieved using Pd, Sn, Bi, and Pb-based catalysts.!%>° Hydrocarbon and
oxygenated products beyond C; compounds —i.e., compounds with more than one carbon in their

chemical structure— have been achieved via ECR using various Cu-based materials.” 1%

The interaction of the CO2 molecule and other reaction intermediates with the surface of the
catalyst determines the efficiency of the ECR. These interactions influence the reaction pathways,
and therefore, the activity and selectivity of the ECR process.” 282° Several approaches have been
developed to fine-tune the interaction between the reactants and the catalyst, including controlling

the physical and chemical properties of the catalyst surface, as well as the local reaction



environment. The surface properties of the catalyst can be governed via doping with heteroatoms
and controlling particle morphologies or the exposed facets of the catalyst.>*3* Tuning the reaction
microenvironment can be attained through electrolyte engineering or coating the catalyst surface
with an overlayer.2!">* These approaches have been particularly effective in controlling the product

distribution in ECR using Cu-based catalysts.

Very recently, single metal atom (SMA) catalysts have emerged as a promising class of
catalysts for ECR.%* These catalysts involve SMAs dispersed on a conductive support,
predominantly carbon-based materials. Because the size of the catalytic metal species reaches the
atomic level in SMA, the unsaturated coordination environment effectively tunes the interaction
of CO2 molecules and reaction intermediates with the active sites. Consequently, SMA catalysts
behave very differently from their nanoparticle counterparts in ECR. For example, Ni and Fe
nanoparticles exhibit very low CO> electroreduction selectivity, producing H» as the main product.
However, Ni and Fe atoms dispersed on carbon support are highly selective for CO:
electroreduction to CO.*-*° Compared to nanoparticulate catalysts, SMA catalysts exhibit higher
atom utilization efficiency because all metal atoms are potentially active sites, and can be
envisioned as a bridge between heterogeneous and homogeneous catalysis.*! In addition, the
reaction microenvironment in SMA catalysts can be tailored by changing the coordination of active

metal sites.*>** These features make SMAs promising catalysts for highly efficient ECR.

This review focuses on the structure-performance relationship of SMA catalysts for ECR.
Particularly, we discuss how the nature of active sites and its coordination environment govern the
activity and selectivity of ECR. We start with a brief introduction about the structure and synthesis
of SMA catalysts, followed by describing recent advances in improving both activity and
selectivity of the SMA catalysts by tuning the nature of the active site and its coordination
environment. We then explain the catalytic properties of SMA catalysts in ECR based on density
functional theory (DFT) calculation. Next, we briefly discuss the potential practical application of
SMA catalysts by highlighting recent results on industrially relevant ECR systems. Finally, we
highlight critical challenges and the path toward efficient ECR catalysis based on SMA catalysts.



2. Single-metal-atom catalysts

2.1. Catalyst structure

SMA catalysts are materials that contain single atoms of metal dispersed on a support without any
appreciable interaction between the atoms. For electrocatalytic applications, supports are
predominantly carbonaceous substrates, including carbon nanotubes, graphene, and amorphous
carbon, although metal oxide substrates have also been reported.** Carbon supports exhibit high
electrical conductivity for fast electron transport and high surface area which enables high active
catalyst loading (Figure 1a). In addition, carbon-based supports exhibit very low activity toward
hydrogen evolution reaction (HER), which is a critical property of the support for ECR
applications. Due to their high surface energy, metal atoms need to chemically bond to the surface
of the support to be stable. Active metals for ECR are mainly Ni, Co, Fe, Cu, and Zn, which bind
weakly to the carbon atom on the substrate. Thus, stabilization of metal atoms is often achieved

via the binding with defect sites or dative bonds to other heteroatoms on the carbon support such

as N, S, P, and O (Figure 1b).

a)

Figure 1. a) Single-metal-atom catalyst (yellow balls) immobilized on substrates with different
morphologies; b) different coordination configurations of SMAs on the support. Yellow balls are

SMAs, blue balls are coordination elements, and grey balls are carbon atoms.



The coordination of metal atoms with the surface not only prevents their aggregation but also
changes the electronic and geometric structures of the metal active sites. For example, the strong
or weak electron-donating effect from the heteroatoms on the carbon substrate to the SMA might
alter the interaction of the metal atom with CO2 and reaction intermediates. It can also be
envisioned that the catalytic activity might be different for a metal atom that possesses symmetric
versus asymmetric geometry or is positioned in-plane versus out-of-plane of the substrate. Tuning
the metal-support interaction is, therefore, a powerful tool to improve the catalytic performance of

SMA catalysts.

SMAs are usually undercoordinated, which renders them electrochemically active material.
Therefore, besides the nature of the coordination atoms, the coordination number, which affects
the electronic structure of the active site, also plays a crucial role in tuning the activity of SMA
catalysts. Decreasing the coordination number is often observed (but not always) to enhance the
interaction between the metal atom and CO» and reaction intermediates:* however, this can be a
trade-off for the stability of SMAs on the support. DFT calculations considering the optimized
configuration of N-doped graphene towards stable SMAs suggested that the coordination number
< 2 is not likely to provide sufficient binding energy to metal atoms to stabilized SMAs, whereas
a coordination number 4 can allow immobilization of late transition SMAs such as Fe, Co, Ni, and
Cu.* It is worth noting that increasing the coordination number by introducing an additional axial
ligand is also a strategy to tune the energy level of d orbitals and the energy barrier for CO> binding,

allowing for improving the catalytic activity of SMAs.

2.2. Synthesis

The synthesis of SMA catalysts for ECR involves the deposition of metal atoms and coordination
elements on conductive carbon-based substrates. Many methods, such as electrochemical
deposition, physical deposition, and wet-chemistry pyrolysis, have been used to achieve this goal.
The synthesis of SMAs can involve multiple steps, including the precursor preparation and the
formation of the support, the active sites, and coordination elements. In this review, we categorize
the synthesis of SMAs into three main routes based on the sequence of physical and chemical
processes involving the formation of metal active sites and the coordination elements. They
include (1) Deposition of SMAs on modified carbon support: the SMAs and coordination elements

are deposited on support in two separate processes; (2) Co-deposition of SMAs and coordination



elements on carbon support: the SMAs and coordination elements are formed simultaneously in a
single process; and (3) One-pot synthesis of SMAs and carbon support: the SMAs, coordination

elements, and carbon support are formed simultaneously in a single process.

2.2.1. Deposition of SMAs on modified carbon support

This approach involves the preparation of carbon support containing coordination elements in the
first step, followed by the deposition of metal atoms on the support in the second step. The
deposition of SMAs on modified carbon support has the advantage of controlling the active metals,
coordination elements, and carbon support separately, enabling catalysts with fine-tuned structure
and composition. The synthesis of carbon support modified with coordination elements can be
achieved via a direct synthesis or a post-treatment approach. For example, N-doped graphene can
be grown by chemical vapor deposition using Hz, and methane (CH4) and ammonia (NH3) as
carbon and N sources, respectively. This method gives rise to graphitic-N as the major
configuration, whereas pyridinic-N and pyrrolic-N were found to be minor species.*’ The structure
and composition of the modified carbon support depend on both carbon and nitrogen sources and
reaction temperature. Luo et al. achieved pure pyridinic-N by using H», ethylene, and ammonia
gas with an N content of up to 16 wt%,* which is much higher than the content of a few wt% often
observed in N-doped graphene materials. Wang et al. successfully modulated the configuration of
N atoms in N-doped graphene to pyrrolic-N using imidazole (C3HsN2) and poly(methyl
methacrylate) as N and C sources.*” The post-treatment method in which N atoms are doped into
a preformed carbon support, was also found to be an effective method for producing N-doped
carbon with controllable N-configuration. The three most common approaches to introduce N into
pristine graphene upon post-treatment are ammonia exposure,’® nitrogen ion implantation,”' and
nitrogen plasma.>? Graphene materials functionalized with groups such as cyanide and carboxylic

acid can also be prepared via the post-treatment of the fluorographene.>

The deposition of metals on a modified carbon substrate can be achieved via various methods,
including physical deposition, photochemical reduction, mechanical ball-milling, and thermal
treatment. Atomic layer deposition (ALD), which is based on the sequential exposure of the
substrate’s surface to gaseous precursors, is one of the common physical deposition methods. A
typical example of loading SMAs onto N-doped graphene using ALD was reported by Stambula

et al.>* The authors observed Pt-SMAs and clusters up to 150 ALD cycles without the formation



of nanoparticles. Similarly, Cheng et al. observed a large amount of Pt-SMAs up to 100 ALD
cycles of deposition. After 100 cycles, a considerable amount of Pt particles appeared due to
aggregation.>® It is worth noting that the applicability of the ALD technique for large-scale

synthesis of catalysts is limited, inhibiting its use for commercially relevant applications.

SMAs can also be deposited on modified carbon substrates via the photochemical reduction
method, which often involves the use of ultraviolet light to reduce metal ions. Li et al. reported the
photochemical solid-phase synthesis of platinum single atoms on N-doped carbon without the
formation of clusters or nanoparticles.>® In this method, N-doped carbon was first dispersed into
an aqueous solution containing Pt precursor, allowing the adsorption of Pt precursor onto the N-
doped carbon surface. [lluminating the resulting solid with ultraviolet light gave rise to Pt SMAs.
This method allowed for achieving relatively high Pt loading (up to 3.8 wt %); however, it is not

employed for non-noble metals, mainly due to the limited reducing capability of ultraviolet light.

The ball milling method relies on high-speed moving balls that transfer their kinetic energy to
the material, allowing for reconstructing the material’s surface and inducing chemical bonding.
For example, the ball-milling of a mixture of iron phthalocyanine (FePc) and N-doped graphene
yielded Fe-SMAs with a loading content of 4 wt%, which is relatively high since the loading
reported for Fe-SMAss is often less than 2 wt%. The utility of FePc was up to 90%, suggesting that
the ball-milling process provides sufficient input energy to break the chemical bond of the metal
precursor to form isolated Fe atoms on N-doped graphene. This method was further extended to

synthesize other SMAs such as Mn, Co, Ni, and Cu.”’

The chemical deposition is a rather benign method to introduce SMAs on a modified carbon
substrate. This method involves the deposition of a metal precursor on a modified carbon support,
followed by the reduction of the metal cations via a chemical reduction process or a thermal
treatment under a reducing environment. SMAs of a variety of metals, including Co, Ni, Fe, Bi,
and Cu, with precise control over the metal loading, have been achieved using the chemical
deposition method (Figure 2a). 33! The simplicity of this impregnation method is encouraging

for designing SMA catalysts in a controlled fashion and with different metal active sites.
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Figure 2. a) Schematic illustration of surface immobilization of transition metal ions on N-doped
graphene via ion adsorption. The inset compares the structure of Ni**@NG and Ni(II)-cyclam
complex. Reproduced with permission from reference *°. Copyright 2018 Wiley; b) Co-deposition
of Ni and N on activated carbon black (CB) to Ni SMA catalysts. Reproduced with permission

from reference %2. Copyright 2019 Elsevier.

2.2.2. Co-deposition of SMAs and coordination elements on carbon support

In this approach, metal atoms and coordination elements are formed on carbon support in a single
process. One of the precursors is often predeposited on the carbon support, followed by a thermal
treatment via pyrolysis or microwave radiation in the presence of another precursor to

simultaneously incorporate metal and coordination elements into the matrix. For example, Zheng



and coworkers used commercially available carbon blacks (CBs) with an activated surface to
adsorb Ni cations in the first step. Treatment of the Ni/CB with urea as the N source produced Ni
SMA catalyst (Ni-NCB) (Figure 2b).®> Zhao et al. reported an approach to synthesize a wide range
of atomically dispersed M-Ny on carbon support (M =Mn, Fe, Co, Ni, Cu, Mo, Pt).% The
preparation involved the chelating of the metal precursor on glucose, which was grounded with
melamine as the N source, followed by a pyrolysis process at 800 °C. Alternatively, gases
containing the coordination element precursors, such as ammonia and hydrogen sulfide, can be
used for the co-deposition of metal and coordination elements on carbon substrates. This method
was introduced by Tour and coworkers for the first time in 2015 for the preparation of Co-SMAs
on N-doped graphene.®* It has also been employed for the preparation of SMAs of Ru, Ni, Fe, and

Mn 65-68

The thermal annealing method often involves prolonged heating treatment, which can cause
aggregation of metal atoms. Microwave radiation is an alternative method that allows for obtaining
SMAs in a much shorter period, e.g., a few seconds, reducing side reactions as well as metal
aggregation. For example, Fei et al. performed microwave irradiation on a freeze-dried mixture of
amine-functionalized graphene and a trace amount of Co precursor to achieve Co-SMAs on N-
doped graphene. This method was also adopted to synthesize Cu- and Ni-SMAs.® Despite its
simplicity and rapid synthesis, this method is barely investigated by other research groups so far.
The extension of this method to obtain either other types of SMAs or higher SMAs loading needs

to be considered further.

2.2.3. One-pot synthesis of SMAs on carbon support

In the one-pot synthesis, precursors of metal, carbon, and coordination atoms are mixed and
undergo thermal treatment to form SMAs on substrates. A common strategy is the employment of
metal-organic frameworks (MOFs), which are crystalline porous materials that often exhibit large
surface area and tunable chemical structure.’® The ability to dope different metals and tailor the
ligand as the source for both carbon and coordination atoms makes MOFs appealing for the
preparation of SMAs. It has been shown that the thermal decomposition of MOFs in a suitable
atmosphere leads to the formation of carbon-based materials with MOF-like structures, inheriting
most of MOFs properties, including large surface area and porosity.”!””> Upon high-temperature

thermolysis, metal ions or clusters, which are periodically distributed in MOFs, can migrate along
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the surface of mesoporous carbon and associate with defects on the carbon network such as
vacancies or adatoms (N, S) to form SMAs. To date, N adatoms (N-defects) have been
demonstrated to be the most active sites for SMAs to be stabilized on MOF-derived carbon

materials (MOF-NCs).

To confine SMAs on MOF-NC:s, factors in the design of MOFs, including the proper amount
of metal ions, types of metal ions, MOF cages, and N species, need to be thoroughly considered.
In addition, pyrolysis conditions such as temperature and atmosphere should be taken into account.
The first attempt to obtain SMAs on MOF-NCs was carried out by Zitolo et al. in 2015.7° The
synthesis of Fe-SMAs on MOF-NCs was completed via two steps. First, a composite powder
comprises of Zn** zeolitic imidazolate framework (Bassolite Z12000 (ZIF-8)), Fe** acetate, and
1,10-phenanthroline was ball-milled in a zirconium oxide crucible to obtain a homogeneous
precursor. In the next step, highly pure Fe-SMAs on MOF-NCs were achieved by annealing of the
prepared precursor at 1050 °C in an Ar or NH3 atmosphere. Other efforts to improve the SMA
loading on MOF-NCs have been recently reported. For example, Jiao et al. utilized mixed ligands
comprised of Fe-tetrakis (4-carboxyphenyl)porphyrin (Fe-TCPP) and H>-TCPP to render the Fe
atom into the PCN-222 MOF (PCN stands for porous coordination network ) (Figure 3a).”* The
percentage of Fe in PCN-222 can be modulated by varying the Fe-TCPP and H>-TCPP ratio. The
pyrolysis of an optimized Fe-PCN-222 MOF yielded Fe-SMAs in MOF-NCs. Chen et al. came up
with another strategy by covering Fe(acac)s precursors within the cages of ZIF-8 (Figure 3b).”
The cages inhibited the immigration of Fe atoms upon pyrolysis, resulting in Fe-SMAs on MOF-
NCs. In another work that was also conducted by this group, they discovered that the ionic
exchange takes place at a high temperature during pyrolysis while preparing Ni-SMAs (Figure
3¢).’® Typically, Ni ions were impregnated into ZIF-8, followed by a pyrolysis process. At hight
temperature (ablove1000 °C), Zn** tends to be reduced and evaporated, leaving MOF-NCs with
high N defects. These defects subsequently attract nearby Ni** to form Ni-SMAs. However, if an
excessive amount of Ni ions were incorporated into ZIF-8, Ni nanoparticles were inevitably
generated instead of Ni-SMAs. Because of this limitation, the loading of Ni-SMAs on MOF-NCs
was reported to be around 1.53 wt%. More recently, a work by Yin et al. improved the loading of
SMAs on MOF-NCs up to 4 wt% using Zn/Co bimetallic MOFs.”” The authors hypothesized that

the Zn>* in MOFs is devoted to the defect formation upon evaporation. Moreover, because Zn and
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Co are homogeneously distributed in the MOF structure, Zn acts as a fence to impede the

aggregation of Co into nanoparticles, thus promoting a high loading of Co-SMAs.
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Figure 3. a) Illustration of the fabrication of Fe-SMAs/N-C catalyst via a mixed-ligand strategy.
Reproduced with permission from reference 7*. Copyright 2018 Wiley; b) Schematic illustration
of the formation of Fe-SMAs/MOF-NCs via cage encapsulated-precursor pyrolysis. Reproduced
with permission from reference 7°. Copyright 2017 Wiley; c¢) Scheme of the formation of Ni-

SMAs/MOF-NCs via ionic exchange. Reproduced with permission from reference . Copyright
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2017 American Chemical Society; d) Schematic diagram of synthesis and activation process of the
Ni-SMAs/MOF-NCs via electrochemical activation. Reproduced with permission from reference
78 Copyright 2016 Nature; e) Scheme of the transformation of NPs to single atoms and structural
characterizations of Pd single atoms; f-j) HAADF-STEM images and high-resolution HAADF-
STEM images (insets) of Pd-NPs@ZIF-8 (f), intermediate I (g), intermediate II (h) and Pd single
atoms (i-j). The scale in (j) is 2 nm. Reproduced with permission from reference . Copyright

2018 Nature.

Besides tuning the MOF’s structure, modulation of pyrolysis conditions also has a critical
impact on the formation of SMAs in MOF-NCs.” Wei and co-workers found that prolonged
thermal treatment of M-ZIF-8 (M: Pd, Pt, Au) resulted in the conversion of metal nanoparticles to
SMAs (Figure 3e).”” The atomization of nanoparticles to SMAs can be interpreted into 3 steps. At
the initial stage in which the temperature reaches 900 °C, the diameter of the nanoparticles
gradually increases, whereas the number of nanoparticles decreases, suggesting the coexistence of
sintering and atomization. When the temperature is further increased up to 1000 °C, either the
sintering or atomization rate rapidly enhances. At this high temperature, these nanoparticles are
supposed to vaporize, ultimately disappear. The mobile M-atoms subsequently diffuse through the
surface of MOF-NCs and are captured by N-defects in MOF-NCs. Another strategy to get SMAs
in MOF-NCs is to use electrochemical activation, which was reported by Fan et al. (Figure 3d).”®

However, this method is scarcely investigated by other groups so far.

Besides the employment of MOF structures, the combination of other precursors of metal,
carbon, and the coordination atoms for the preparation of SMAs was also demonstrated. For
example, Zhu et al. discovered that the decomposition of the silk cocoon protein resulted in highly
doped N with pyridinic-N and pyrrolic-N as main products.® Thus, several types of SMAs such
as Co, Ni, and Fe were immobilized on to N-doped graphene by annealing metal salts and silk
fibroin composite under the Ar atmosphere at 900 °C. In the one-pot synthesis method, metal salts
are usually used as metal precursors while glucose and amine compounds can be used as carbon
and nitrogen sources, respectively. This method has been used for the synthesis of SMAs of various
metals, including Pt, Pd, Ni, Co, and Fe. While the one-pot synthesis is simple, precise control

over the structure of the SMAs is difficult to achieve with this method. 3!

3. Structure-performance relationship of SMA catalysts in ECR

13



The performance of SMAs depends on two key factors: the nature of the active metals and the

nature of the coordination environment, including coordination elements and coordination number.

3.1. Effect of the nature of active sites

The identity of the SMA active site has a significant impact on the selectivity of the products. A
common structure of SMAs is the metal atom coordinated by four pyridinic N atoms from the N-
doped carbon substrate. Below, we review several SMA catalysts with this configuration and

discuss their performance for ECR.

3.1.1. Ni SMA catalysts

Ni-based SMAs are the most studied among SMA catalysts for ECR, with CO being the main
product. One of the early works describing exclusive Ni-pyridinic N4 sites on N-doped graphene
(Ni-N4-C) for ECR was reported by Li et al. ** (Figure 4a). The single-atom sites were confirmed
by extended X-ray absorption fine structure (EXAFS) measurements and visualized by the
HAADF-STEM image (Figure 4b). With Ni-Ny-C as the electrocatalyst, the authors observed that
the HER was significantly suppressed, which is drastically different from Ni nanoparticles that
favor the H> production. DFT calculations revealed that the introduction of Ni—Nj sites favors the
formation of *COOH on Ni—N4—C compared to that of N—doped graphene alone (Figure 4c).
Moreover, the difference between the thermodynamic limiting potentials for CO2 reduction and
H; evolution (UrL(CO2) — UrL(H»)) is more positive for Ni-N4—C, suggesting the higher selectivity
for the reduction of CO2 to CO than for the competitive H> evolution. This prediction was
experimentally demonstrated, as high selectivity near unity for CO formation was obtained for
Ni—N4—C, and the current density reached 28.6 mA cm 2 at -0.81 V. This performance is equal or
even better than that of electrocatalysts based on noble metals such as Ag and Au with similar
electrochemical cell settings.'*"'* Similar performance of Ni-pyridinic N4 SMAs for ECR was also
observed in Ni>*@NG and Ni** on N-doped carbon nanotubes (NiSA-N-CNTs) reported by Bi et
al. and Cheng et al., respectively.”® # Notably, the high Ni loading content in the latter, of 20 + 4
wt% compared to less than 1 wt% in the former, did not show an improvement of catalytic activity,
suggesting that not all SMAs are catalytically active as these sites might be buried within the
substrates. Comparing to the pristine carbon substrates, which can also catalyze the ECR reaction
to CO, the Ni single-atom catalysts exhibit enhanced catalytic activity due to their much lower

interfacial charge-transfer resistance as shown in the Nyquist plot (Figure 4d), which facilitates
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the kinetics of CO» reduction.” In all cases, the Ni single-atom catalysts are relatively stable,
displaying retention of a current density and Faradaic efficiency for tens of hours, and the
atomically dispersed Ni atoms did not show noticeable aggregation. When Ni?* ions were replaced
by Fe** or Co?*, the CO selectivity decreased following the order Ni** > Fe**> Co?*. This trend
was explained based on the different interactions between these active sites and CO, with Co**
exhibiting a strong CO binding, poisoning the active sites, and hence favoring the competing

HER.
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Figure 4. a) Fourier transformation of the Ni K-edge EXAFS oscillations of Ni—-N4—C (the
structure is shown in inset); b) HAADF-STEM image of Ni—N4—C; c) Calculated free energy
diagram of CO; reduction for Ni-N4—C and N—C. Reproduced with permission from reference *.
Copyright 2017 American Chemical Society; d) Nyquist plots of Ni** @NG in comparison with
N-doped graphene. The inset shows a locally amplified view. Reproduced with permission from

reference *°. Copyright 2018 Wiley.
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3.1.2. Co SMA catalysts

Co SMAs are often studied for CO2 reduction to CO, but the Co-Nj sites with pyridinic N atoms
have been observed to have lower activity compared to that of the Ni counterparts.’® 3% 84
Nevertheless, Co-Njy sites are still interesting catalytic sites for the formation of other products
besides CO, such as methanol (MeOH), due to the strong interaction between the Co single atoms
and the reduction intermediates. Wu et al. prepared Co-SMA-based catalysts by depositing cobalt
phthalocyanine (CoPc) complexes on CNTs (Figure Sa, b) and found that the CoPc/CNT
produced MeOH with FEmeon of 44%, together with CO and H».% This level of selectivity toward
MeOH is rarely observed besides the Cu-based SMAs,*® and is fundamentally interesting although
it is still low for practical applications. The domino mechanism for the formation of MeOH was
proposed (Figure Sc), in which CO; first undergoes a two-electron reduction to CO, and then
further reduced through a four-electron—four-proton process. CoPc/CNT was found to be not stable
for long-term electrolysis, with the FEmeon significantly diminished to 0.6% after 5 hours, which
was attributed to the hydrogenation on the pyrrole rings of Pc. To tackle this issue, the authors
introduced four electron-donating —NH> groups to the B positions of the Pc ligand (Figure 5d),
lowering the reduction potential of CoPc. The CoPc—NH2/CNT catalyst exhibited similar
performance to that of CoPc/CNT (Figure Se), while the stability of the catalyst was improved,

as the measured FEmeon remained stable after 12 hours of electrolysis (Figure 5f).
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Figure 5. a) STEM-HAADF image of CoPc/CNT; b) Atomic-resolution STEMH-AADF image
of CoPc/CNT. The circled bright spots correspond to the Co center of individual CoPc molecules.
Scale bars, 50 nm (a) and 5 nm; ¢) Domino process of CO»-to-MeOH conversion via CO, catalyzed
by CoPc supported on carbon nanotubes (CNT); d) CoPc—NHbz; e) Potential-dependent product
selectivity; f) Product selectivity and total current density for a 12-hour electrolysis of CO>
reduction catalyzed by CoPc-NH2/CNT at —1.00 V vs. RHE. Reproduced with permission from
reference ®°. Copyright 2019 Nature.

3.1.3. Fe SMA catalysts

The Fe-Njy sites with pyridinic N atoms have also been demonstrated for CO; reduction to CO,
with a slightly lower catalytic activity compared to that of the Ni-Nj sites;** 3% 8 but more reactive
than other transition metals such as Co, Mn, and Cr.?” Besides the focus on the metal sites’ activity,
studying of Fe SMAs also provides interesting insights into the mechanism of the CO» reduction
on metal sites embedded in carbon substrates. For example, Zhang et al. reported the atomic
dispersion of Fe’* on N-doped graphene (Fe/NG), with the Fe-pyridinic N4 configuration.*® DFT
calculations revealed that when two graphitic N atoms are doped nearby the Fe-Nj site, the energy

barrier for *COOH decreases from 0.63 eV (only Fe—N4 motif in graphene) to 0.29 eV, and the

17



CO adsorption energy decreases from 0.5 to 0.3 eV (Figure 6). This explains the higher activity
of Fe/NG compared to that of the molecular FePc, since the former also contains graphitic N atoms
that are not present in the latter, suggesting the synergistic effect of the Fe—N4 moieties and N-

doping on the graphene surface for ECR.
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Figure 6. Theoretical calculations and proposed mechanism on the N-coordinated Fe catalytic site.
a) Free energy diagram for electrochemical CO; reduction to CO on Fe—-N4 moieties embedded on
graphene sheets; b) Top view of the optimized structures for Fe—N4 moieties embedded on
graphene layer and potential N-substitution. Reproduced with permission from reference .

Copyright 2018 Wiley.

3.1.4 Cu SMA catalysts

Similar to Cu metal, some Cu SMAs enable COz electroreduction into products with more than 2-
electron transfer; however, the low selectivity of the products has always been the main issue with
these catalysts. The Cu-Ny sites with pyridinic N atoms have been shown to catalyze the CO>
reduction to methanol. For example, the catalyst which was prepared by Yang et al. containing N-
doped through-hole carbon nanofibers (TCNFs) with dispersed Cu single atoms (CuSAs/TCNFs)®
catalyzed the methanol formation with a maximal FEmeon of 44%; the other product is CO (FEco
= 56%). This selectivity is similar to the one obtained with the Co SMA previously mentioned.%
Interestingly, with less amount of through-holes, the catalyst’s activity toward methanol decreased,
suggesting that the holes in the carbon substrate adequately expose the Cu single atoms on the

surface, allowing efficient diffusion of CO; to Cu active sites (Figure 7). The reason for the
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production of MeOH on CuSAs/TCNFs, while other SMAs such as Ni mainly produce CO, was
revealed by DFT calculations. The *COOH intermediate on the catalysts’ surface can be converted
into a *CO species, which can desorb to form CO in the case of Ni-N4. For Cu—N4, however, the
CO desorption has a slightly positive free energy (0.12 eV), indicating an endergonic step.
Therefore, the *CO intermediate on Cu—Njy is not released from the surface and can be further
reduced to methanol.

CuSAs/CNFs CuSAs/TCNFs

Figure 7. CuSAs/CNFs and CuSAs/TCNFs, the latter having through-holes. Reproduced with

permission from reference 3¢. Copyright 2019 American Chemical Society.

3.1.5. Other metals

Zn SMA catalysts for ECR are not as common as those based on previously mentioned transition
metals. Nevertheless, a couple of Zn SMA catalysts have been reported for catalyzing the ECR to
CO. Yang et al.%® and Chen et al.* prepared Zn-coordinated N-doped graphene materials via the
co-deposition method, with the majority of the Zn site in these materials being Zn-N4. In both
reports, CO was obtained with maximal FEco > 90%, but the current densities are only about few

mA cm which are lower than those reported for other SMAs of Ni and Fe 3% 5% 84

Besides the transition-metal SMAs, some post-transition metals have also been investigated as
catalysts for ECR, with the M-N4 configuration also being observed in some cases. Zhang et al.
prepared an N-doped carbon framework with dispersed Bi single atoms (Bi SAs/NC).*® The CO,
electroreduction activity of Bi SAs/NC is comparable to that of Zn SMAs when measured in a
similar reaction condition. DFT calculations comparing Bi-N4, Bi-C4 and Bi moieties showed that
the Bi-Ny site has a much lower Gibbs free energy for *COOH formation, and a more positive
UL(CO2) — UL(H2) value than those of the latter two sites, indicating its higher activity and

selectivity for CO; reduction to CO. A similar catalytic performance was also observed for a Sn-
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based catalyst (AD-Sn/N-C1000) reported by Zhao et al.”! It is worth noting that using Sn metal
as a catalyst for ECR often results in the formic acid product; however, the single Sn atom catalyst
in this work gives CO as the main product. This illustrates the drastic difference between metal

catalysts in the bulk and the single-atom forms.

3.2. Effect of the coordination environment
3.2.1. N as coordination element

The coordination environment around the metal site in the N-doped carbon substrate is not always
M-N4 with four pyridinic N atoms, as discussed above. Other configurations such as M-NxCa.x or
M-N4 with a different type of N atom have been observed. These changes can significantly affect
the activity, selectivity, and stability of the catalyst. Zhao et al. developed an electrocatalyst based
on Ni single atoms distributed in N-doped porous carbon (Ni SAs/N-C), with the local structure
of Ni fitted to a Ni-N3C coordination environment.’® The current density reaches a value of 10.48
mA cm™? at -1.0 V vs. RHE, and the maximal FEco is 71.9%. These values are inferior to those
obtained by Ni-Nj sites,” exemplifying the sensitivity of the metal sites on their coordination

environments.

An example showing the effect of coordination elements on the selectivity of products was
demonstrated by Zu et al. The authors reported a catalyst based on atomically dispersed Sn atoms
on N-doped graphene, with each Sn atom coordinated with two pyridinic N and two C atoms, i.e.,
Sn-N,C; (Figure 8a).”> Formate and H, were found as the main products in the liquid and gas
phase, respectively, and the onset potential for the formate formation was quite low, with an
overpotential of only 60 mV. Notably, compared to the Sn-Ny sites reported by Zhao et al.
mentioned above,’! which produced CO, the Sn-N>C> coordination environment favors a different
product. This might be a topic for further investigation to understand the relation between the
structure and product selectivity in these catalysts. The low onset potential was explained via DFT
calculations, which illustrated that both the *CO>"~ and *HCOO™ formation processes for the Sn®*
atom on N-doped graphene are exergonic, and the desorption of *HCOO is the rate-limiting step
(Figure 8b). The desorption energy with Sn-N-doped graphene is much smaller than that for Sn-
graphene, which is expected from the effect of doping of N atoms since the presence of the stronger

Sn-N bonds weakens the bond between Sn and HCOO™, favoring the formate desorption at a low
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overpotential. In addition, the calculated bond lengths of Sn-N and Sn-C within the Sn-N>C; site
were shorter than that of the Sn-C bonds in Sn-graphene, justifying the high stability of the catalyst.
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Figure 8. a) The fitting curve of k>-weighted EXAFS spectra using the ARTEMIS module of
IFEFFIT. Inset gives the corresponding atomic model, Sn (red), N (blue), and C (brown); b)
Calculated free energy diagrams for CO; electroreduction to formate. Reproduced with permission

from reference °2. Copyright 2019 Wiley.

The three common configurations of N in N-doped graphene are pyridinic-N, pyrrolic-N, and
graphitic-N, with their proportion varying on different materials depending on the synthetic
conditions. Most previous works focused on metal-pyridinic N sites; however, recent works have
shown the advantages of having metal-pyrrolic Ny sites, including the significant improvement of
the catalyst’s stability and the ability to obtain Ca+ products, which were thought to be unlikely for
SMA:s. Gu et al. reported a catalyst (Fe-N-C) with dispersed single-atom Fe sites.** Different from
the Fe-Ny site reported by Zhang et al. mentioned above,* the Fe site in Fe-N-C has the +3
oxidation state (Figure 9a) and coordinated by four pyrrolic N atoms. CO was detected at a low
onset potential of only 80 mV (-0.19 V vs. RHE), and with high selectivity of ~90%. The catalyst
was found to be highly stable, even when tap water was used to prepare the electrolyte in place of
deionized water. This high stability is in contrast to the quick degradation of the common Fe?*-
pyridinic Ny sites, which was attributed to the pyrrolic type ligands in Fe**-N-C that are crucial to
keeping the Fe sites in the +3 oxidation state during CO: reduction at moderate overpotentials
(Figure 9b). Kinetics studies also revealed that for Fe’*~N-C, the rate-limiting step is the

protonation of the adsorbed CO™ to form an adsorbed “COOH intermediate and not the CO>
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adsorption as for other Fe>* SMAs. The fast CO» adsorption in Fe**~N—C explains its low onset

overpotential.
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Figure 9. a) Fe K-edge XANES spectra of Fe**~N—C (black), Fe;Os (blue dashed), Fe**TPPCl
(green dashed), FeO (pink dashed), and Fe foil (orange dashed). (Inset) The enlargement of the
main edges; b)The first derivative of the Fe K-edge XANES spectra of Fe>*~N—C as dry powder
(black) and loaded on glassy carbon electrodes at open circuit potential (OCP) (blue), —0.1 V (light
blue), —0.2 V (green), —0.3 V (dark green), 0.4 V (dark blue), —0.5 V (red), and —0.6 V (pink)

versus RHE. Reproduced with permission from reference **. Copyright 2019 Science.

Similar to the work by Gu et al.,** research on SMAs coordinated by pyrrolic N atoms for other
metals is drawing great attention. Recently, Zhao et al. reported the atomic distribution of Cu on
N-doped porous carbon (Cu-SA/NPC), with Cu species existed as Cu®* coordinated by four
pyrrolic N atoms.”® This catalyst produced both liquid and gas products, including formic acid,
acetic acid, methanol, ethanol, acetone, Hz, and CO. While the selectivity toward these products is
low, acetone was obtained as the major product, with the FEacetone reaching a maximum value of
36.7%. The proposed mechanism for CO> reduction to acetone involves the following steps:
CO2—*COOH—-*CO—-*COCO—*COCOH—*COC—*COCH—*COCH,—*COCH;3—*COC
OCH;3*—*COHCOCH;3—*CCOCH3—*CHCOCH;3—*CH2COCH3—CH3COCH3; (Figure 10a).
DFT calculations revealed that the reduction of COz to acetone is thermodynamically favorable on
the Cu-SA/NPC catalyst. The rate-limiting step is the activation of CO2 to form a *COOH

intermediate via a 1-electron transfer process, with the energy is much lower for the Cu-pyrrolic-
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Ny site than for the Cu-pyridinic-Ny site. Interestingly, the calculations also showed that the *CO
species could dimerize on a single atom Cu of the Cu-pyrrolic-Nj site, but not on the Cu-pyridinic-
Ny site (1.67 V) (Figure 10b), indicating the superiority of the Cu-pyrrolic-N4 site for CO»

reduction to Cz+ products.
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Figure 10. a) Optimized structures of all reaction intermediates involved in the pathways of

CO; reduction on the Cu-pyrrolic-Ny site (gray: C of catalyst; black: C of adsorbate; red: O;
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orange: Cu; blue: N; white: H); b) Free energy diagrams calculated at a potential of —0.36 V for
CO2 reduction to CH3COCH3 on Cu-pyridinic-N4 and Cu-pyrrolic-Ny sites of Cu-SA/NPC. Inset:

the computational models. Reproduced with permission from reference **. Copyright 2020 Nature.

It is worth noting that a family of Fe, Co, Ni, and Cu SMAs coordinated by four pyrrolic N
atoms have been recently reported by Wanzhen et al.** They were prepared via the pyrolysis of the
corresponding metalloporphyrin molecules with a polymer originated from the self-assembly of

1.3, in which

melamine and cyanuric acid. Different from the above-mentioned work by Zhao et a
the Cu-pyrrolic N4 sites were prepared via the ZIF-8 template, the Cu and the other catalysts in
this work only catalyzed the CO»-to-CO conversion. The Ni analog showed the highest activity
and selectivity although its performance was not improved compared to that of the Ni SMAs with
pyridine N atoms.?® %% 8% The selectivity toward CO in this work indicates that the preparation

method of SMAG is critical to tune the products.

3.2.2. 0, S, and halide as coordination elements

The presence of other heteroatoms besides N, such as O, S, and halides, is another approach that
has been used to improve the activity, selectivity, and stability of SMAs. For example, Jeong et al.
reported Ni SMAs on reduced graphene oxide (Ni-N-RGO).”> The Ni single atoms were
coordinated by four N atoms and one axial oxygen ligand, i.e., Ni-N4O. This catalyst displayed
high selectivity for CO production, with FEco reached 97%, and a maximal total current density
of 42 mA cm™ at -1.0 V vs. RHE. This performance is superior to those for Ni** @NG and Ni-Nu-
C with Ni-Nj sites previously mentioned.* > However, it is unclear why the presence of an axial

oxygen ligand results in such enhanced activity.

The catalytic activity enhancement by introducing S into the coordination environment was
observed by Yang et al., who prepared single-Ni-atom catalysts, A-Ni-NG and A-Ni-NSG, in
which the Ni sites display Ni-N4 and Ni-N3$S structures, respectively.”® The CO; reduction onset
potential of A-Ni-NSG was around 100 mV lower than that of A-Ni-NG, which was attributed to
the non-centrosymmetric environment around the Ni atoms, promoting better adsorption of
reactants and intermediates on the catalyst surface. Notably, the oxidation state of the Ni atoms in
both A-Ni-NG and A-Ni-NSG is +1, which is rarely observed and different from the +2 oxidation

state in other Ni single-atom catalysts. The strong interaction between the Ni* sites and CO»,
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manifesting as the charge transfer from Ni* to the carbon 2p orbital in CO; to form a CO2°~ species
(Figure 11), led to the enhanced catalytic performance of both A-Ni-NG and A-Ni-NSG for CO
production. These catalysts exhibited current densities of ~90-110 mA cm 2 compared to current

densities of 20-30 mA cm 2 displayed by other Ni-based SMAs.3% 384
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Figure 11. The displacement of Ni atom out of plane resulting from electron transfer from Ni atom
to CO.. The upper-right schematic shows the activation processes for CO2 molecules on the Ni*
site. A valence band structure, similar to metallic nickel, was used to simplify the schematic
illustration. The red arrow represents the electron transfer from the Ni* to adsorbed
COs. E'r and E%r are Fermi levels of A-Ni-NG before and after the formation of Ni-CO»’,
respectively. 17y and 27, are CO2 molecular orbitals. Reproduced with permission from reference

%_ Copyright 2018 Nature.

The presence of heteroatoms in the coordination environment of the metal sites can enhance

the catalytic performance of the catalyst, but this effect is not universal and depends on the nature
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of the metal. Zhang et al. prepared a Mn-based catalyst ((Cl, N)-Mn/G) in which each Mn atom
was coordinated with one CI atom and four N atoms, i.e., Mn-N4C1.** The CO production by ((Cl,
N)-Mn/G) was significantly better than that for Cl-free N-Mn/G (Figure 12a, b). The author also
prepared (Cl, N)-Fe/G and (Cl, N)-Co/G and found that the electrocatalytic activities of these
analogs were lower than that of (Cl, N)-Mn/G, suggesting that the effect of Cl coordination is less
significant for Co and Fe. XANES studies on (Cl, N)-Mn/G showed that the oxidation state of the
Mn sites was increased (Figure 12¢) upon exposure to CO», which was attributed to the charge
transfer from Mn to the carbon 2p orbital in COx to form a CO,® species. During the CO; reduction
process, the Mn K-edge shifted back to lower energy that was even lower than that of the original
(Cl, N)-Mn/G catalyst (Figure 12¢), and the Mn-Cl bond was enlarged, suggesting that the Mn is
positioned in the N4 plane after CO> binding. The release of CO allowed the Mn sites to return to
the original configuration (Figure 12d). The coordination of Cl and the out-of-plane Mn atoms
are critical to promote the adsorption of CO2 and intermediate species on the catalyst surface,

stabilize the low-energy transition state, and facilitate the product desorption.
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Figure 12. a) FEco at various applied potentials; b) Potential-dependent CO partial current density;
¢) Normalized XANES of (Cl, N)-Mn/G catalyst under various conditions (inset is the magnified
image); d) Structural evolution of the active site for (CI, N)-Mn/G in electrochemical CO2RR (Mn:
purple, Cl: green, N: blue, O: red, H: white and C: gray). Reproduced with permission from
reference *. Copyright 2019 Nature.

Most SMAs are incorporated into carbon-based materials, while metal oxide substrates are

rarely employed. Nevertheless, it is interesting to investigate the catalytic performance of SMAs
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for ECR with an M-O,, configuration. Wang et al. reported a catalyst (Cu-CeQO2) with single-atom
Cu ions doped on Ceria (CeO2).”” This catalyst produced a wide range of products, including CHa,
C2H,, CH5;COOH, C;Hs0H, CH30H, CO, HCOOH, and H», with their molar ratios strongly
dependent on the loading amount of Cu. The optimized sample with 4 wt% Cu loading (Cu-CeO»-
4%) produced CHs as the main product (58%); however, this performance was only stable for up
to ~2 hours of electrolysis. Apparently, there is a need to improve the selectivity and stability of

these M-O, catalysts.

3.2.3. Coordination number

The coordination number of the metal ion can affect its catalytic activity. This effect can be subtle
or significant, depending on the nature of the SMA. Cheng et al. employed a defect-rich microwave
exfoliated graphene oxide (MEGO) as the precursor to atomically disperse Ni single atoms on N-
doped graphene (Ni-N-MEGO).”® The Ni coordination environment was a combination of
unsaturated Ni-N2, Ni-N3, and Ni-Ny4 species. The current density and FE for CO are similar to
those of Ni—Ny catalysts abovementioned,* > indicating that the presence of unsaturated Ni-Na

and Ni-N3 species is not a decisive factor in the catalytic activity of Ni SMAs.

The change in the coordination number showing enhanced catalytic performance has been
observed in Co SMAs. Pan et al. reported the atomically dispersed Co sites (CoPc) anchored on
polymer-derived hollow N-doped porous carbon spheres (HNPCSs).”” The N atoms on the surface
of the HNPCSs establish a dative bond with the Co atom of CoPc; thus, the Co site has a Co-Ns
coordination environment. The CO current density was around 15 times higher than that of the
molecular CoPc. The authors also prepared Co—N4/HNPCSs and Co—N3/HNPCSs and found that
the FEco for these catalysts with lower coordination numbers slightly decreased. It was not clear
why the selectivity for CO drops with the decrease of Co—Nx coordination in this case, which

might be the topic for further investigation.

Wang et al. also studied the effect of changing the coordination number around the single Co

atom on the catalytic activity. Opposite to what overserved by Pan et al.*

, they suggested that the
decreased coordinating N results in more unoccupied 3d orbitals of Co atoms, which might
facilitate the adsorption of the intermediates.*> The authors prepared Co-based catalysts in which
the coordination environment around the Co site changed from Co-N4 to Co-N3 and Co-N> (Figure

13a). When tested for CO2 reduction, Co-N2 exhibited a much higher catalytic activity and
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selectivity compared to that of Co-N3 and Co-Ns. The higher activity of Co-N> was supported by
its lowest charge transfer resistance among the three catalysts and the less endergonic formation
of CO,*-* (Figure 13b). Interestingly, even with low coordination, the Co-N> sites were shown to

be stable for at least 60 hours of electrolysis.
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Figure 13. a) EXAFS spectra confirm the atomic dispersion of Co atoms in Co-N2, Co-N3, and
Co-Ny, and also suggest the lowest N coordination number in Co-N3z; b) Calculated Gibbs free
energy diagrams for COz electroreduction to CO on Co-N2 and Co-N4. Reproduced with

permission from reference *°. Copyright 2018 Wiley.

4. Electrochemical CO: reduction mechanism on SMA catalysts
4.1. General overview of reaction mechanisms for the ECR

The reaction mechanism for the ECR is intensively studied during the last decades either through
in-situ spectroscopic means (e.g., in-situ Raman and IR) %1% or computational methods based on
the DFT’:37-98. 110-119 WWhjle there is still a distinct lack of consensus among researchers in this field
about some of the reaction steps, key reaction intermediates such as adsorbed CO (*CO) are
generally believed to be of deterministic role in the reaction pathway. In CO; reduction to multi-
carbon (Cz+) hydrocarbon, carbon-carbon (C-C) coupling is the most crucial step among three
possible bond formations i.e., C-C coupling, O-H, and C-H hydrogenation bond formations. On
the one hand, different mechanisms are proposed for the C-C bond formation, including *CO
dimerization (i.e., *OCCO formation), *CO coupling with hydrogenated *CO such as *CHO and
*COH (i.e., *OCCOH or *OCCHO formation), coupling of hydrogenated *CO (i.e., *HOCCOH

formation), or coupling of deoxygenated carbonaceous intermediates such as *C, *CH or *CHa> to
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form *CC, *HCCH, or *H>CCH,. By and large, the C-C coupling step is the most discussed and
yet controversial step in the proposed mechanisms for the ECR. Hydrogenation steps (O-H and C-
H bonds formation) are well categorized into two mechanisms '?°: the Eley—Rideal mechanism, in
which water molecule and electron are the reactants to provide the hydrogen; and the Langmuir—
Hinshelwood mechanism, in which catalyst surface adsorbed hydrogen (*H) is the reactant.
Therefore, the Langmuir-Hinshelwood mechanism requires additional catalytic active site for the
*H. This active site needs to be adjacent to the main active site that adsorbs the intermediate to
form the hydrogen bond (*C-H or *O-H). In contrast, in the Eley-Rideal mechanism, hydrogen is

provided through the bulk electrolyte, and there is no need for the additional catalytic active site.

This fact is of particular importance in SMA catalysts.

In most reaction mechanism perspectives, reaction pathways are split into C; and Cas
pathways, in which the former is divided into CO and formate pathways, while the latter one goes
mainly through *CO intermediate and the subsequent C-C coupling.” It is mostly agreed that
formate formation is through the *HCOO intermediate —i.e., one of the two possible intermediates
after CO; first hydrogenation— and is bound to the surface of the catalyst via both oxygen atoms.
Therefore, formate formation most likely requires two adjacent active sites with similar intrinsic
(catalytic) properties for oxygen adsorption. This fact might be a limiting factor in SMA catalysts
where there is only one single atom surrounded by coordination atoms of a quite different nature.
Thus, on those SMA catalysts that produce formate, the configuration of *CHOO intermediate on
the catalyst surface might be quite different than that on regular catalysts. In addition, on regular
catalysts it is documented that the electrolyte pH regulates the availability and source of hydrogen
for the first hydrogenation step.!! It is shown that surface hydrogen is favored compared to the
proton (H*) available in the electrolyte —mainly due to the polarity differences in the C-H bond

and the O-H bond— '?* which further limits the capability of SMA catalysts for formate formation.

CO formation, on the other hand, is shown to be through the carboxyl intermediate (*COOH),
which is formed via a proton coupled electron transfer (PCET) mechanism.!? This intermediate is
bonded to the catalyst surface via the C atom. Further dehydrogenation of this species leads to
*CO formation, which can desorb from the surface or undergo further reductions, depending on
its adsorption energy on the catalyst. The adsorption energy of *CO on different metal catalysts is

well correlated to the catalytic activity of these catalysts through the scaling relations.'?* These
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scaling relations demonstrate, for instance, that *CO is so strongly adsorbed on Ni and Pt that
poisons the active sites and results in HER as the main reduction reaction product. On the other
end of the spectrum, *CO is loosely adsorbed on Ag and Au and leaves the surface upon formation,
and CO is observed as the main product of the ECR on these metals. In between, metals like Cu
adsorb *CO neither too strongly nor too loosely to let it undergo further reduction. The main
question is what happens to these scaling relations when they are examined on SMA catalysts?
Due to the change in the electronic structure of the active sites because of their undercoordinated
feature and surrounding coordination atoms, different adsorption energies and scaling relations are
expected for SMA catalysts. Distinct electronic structure of SMA catalysts, thus, significantly
changes the reaction energetics of the ECR if not the reaction mechanism. In the following
sections, it is shown that despite the fact that SMA catalysts share similar pathways with their
regular counterpart bulk metals for the ECR products, they demonstrate quite different catalytic
activity, selectivity, and even stability. For instance, bulk metals such as Ni, Pt, and Fe generate
H; under the ECR condition due to their poor activity for the ECR,'*> however as SMA catalysts
hydrogen production is significantly suppressed and instead CO is generated along with formate,
methane, and methanol. As another example, Cu is considered as a unique catalyst for Ca4
hydrocarbon production;® '* however, Ca.+ products are rarely observed on Cu SMA catalysts.
Here we discuss: why the HER is significantly suppressed on SMA catalysts compared to their
regular counterparts; why CO is the ECR’s major product in most of SMA catalysts; why
producing Cz+ products are difficult on SMA catalysts; and why methanol is produced in a

considerable amount on some of SMA catalysts.

4.2. Suppression of the HER on SMA catalysts

While HER is a competing side reaction in the ECR and several metal catalysts such as Ni, Fe,
and Co produce mostly H> under the ECR condition, SMA catalysts behave differently and
hydrogen production is significantly suppressed. There are two mechanisms for the HER: the
Volmer-Tafel and the Volmer-Heyrovsky mechanisms.!?” The very first step of the HER is the
Volmer reaction, through which, a proton (from the electrolyte) and an electron (provided through
the catalyst) react (i.e., PCET mechanism), and consequently, the adsorbed hydrogen on the
surface (*H) is formed. The second step can proceed through either the Heyrovsky reaction or the

Tafel reaction. The former reaction is another PCET step, through which the adsorbed *H directly
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reacts with a solvated proton from the electrolyte and an electron from the catalyst to generate
Ha(g). The latter reaction, however, requires that the proton and electron generate a new adsorbed

hydrogen (*H), and then two adsorbed hydrogens undergo a coupling step to form Ha(g).

. _ Heyrovsky
H+H"+e~ —> H,(9)

Tafel
‘H+H* +e— 2'H —5 H, (g)

Skiilason and coworkers '?® performed DFT computations to study the HER on different bulk
metal catalysts and realized that the Tafel reaction is much more favorable than the Heyrovsky
reaction. They showed that the activation energy for the HER at zero applied bias (AE = 0) on Pt
(111), for instance, is 0.55 eV for the Tafel reaction (Figure 14a), while it is almost two times
larger (1.03 eV) for the Heyrovsky reaction (Figure 14b). Authors also investigated other metals
such as Au, Cu, Ni, Pt, and Co, and concluded that the Volmer-Tafel is the leading mechanism for
the HER on these catalysts, with the Tafel reaction as the rate-limiting step. '*® Since the Tafel
mechanism requires at least two adjacent active sites for the *H adsorption to occur, it will be
automatically precluded on SMA catalysts. Therefore, the Volmer-Heyrovsky mechanism with a
much higher activation energy barrier is the dominant reaction pathway for the hydrogen formation
on SMA catalysts, and thus, the HER is considerably suppressed on these catalysts compared to

their bulk metal counterparts.

a) b)

O HOR 111y HER: ¥= 0.45x + 0.55
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Figure 14. a) Activation barrier, E,, for HER on Pt(111) via the Tafel reaction as a function of the

reaction energy, AE. X=0.02; b) Activation barrier, E,, for the HER on Pt (111) via the Heyrovsky
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reaction as a function of the reaction energy, AE. X=0.15. Reproduced with permission from

reference '?%. Copyright 2010 American Chemical Society.

Similar rationale can be applied to the ECR first hydrogenation step. Both Tafel-like or
Heyrovsky-like steps can exist for CO2 hydrogenation to form *COOH. However, the Heyrovsky-

like mechanism deems to be more plausible on SMA catalysts.'?’

Tafel Tafel
C0, + *H — COOH*+*H — CO(g)

Heyrovsky Heyrovsky
_—

CO,+H*+e” *COOH + H* + e~ —— C0(9)

Computational studies >’ have assessed these two mechanisms on bulk Fe and its porphyrin-like
counterpart SMA catalyst. For the porphyrin-like structure, the Volmer-Heyrovsky mechanism is
the leading mechanism, while for the metal catalyst, Volmer-Tafel, which is also a more favorable
mechanism for the HER, proceeds the reaction pathway (Figure 15). Therefore, the HER is
significantly suppressed on the SMA catalyst of Fe.

Metals
(Volmer-Tafel)

Porphyrin-like
(Volmer-Heyrovsky)

H, co

- )(9)

Figure 15. Illustration of a metal surface (left) and a porphyrin-like structure (right). On the metal,
the HER can run via a Volmer—Tafel mechanism, while the porphyrin-like structure forces HER
or ECR to run as a Volmer—Heyrovsky mechanism. Reproduced with permission from reference

127_Copyright 2017 Elsevier.

4.3. Suppression of Cz+ products formation on SMA catalysts

There is a common consensus that SMA catalysts are unable to produce Cz+ products because
generating those products requires the dimerization of two or more C-based intermediates such as

*CO, *CHO, *COH, or *CHy.!!% 12130 In SMA catalysts, however, the metal atoms exist as
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atomically dispersed sites, and hence the interaction of two or more C; intermediates is not
plausible. Therefore, as for the HER, C». product formation is expected to be suppressed on SMA
catalysts, mainly due to the large diffusion energy barrier for the intermediates on active sites far
from each other. Notwithstanding, a very recent paper published by Zhao et al. reported that multi-
carbon products are achievable on SMA catalysts.”> Nevertheless, most experimental results
confirm that SMA catalysts (even Cu SMA) are not as capable as regular catalysts to generate Ca.

products.

4.4. Scaling relation and CO formation on SMA catalysts

Scaling relations, 1i.e., linear correlations between Gibbs energies (or in some cases
adsorption/binding energies) of two reaction intermediates of the ECR,'?* 13132 have been guiding
to understand the mechanism and limits of a reaction, as well as to predict the catalytic
performance of metals in high throughput analyses. Scaling relations, however, are mostly
developed for pure metal catalysts. The general aim is to break the scaling rules and develop
catalysts that go beyond the limitations imposed by these relations. For instance, it is of great
interest to change the binding energy of a specific intermediate while keeping those of others intact,
and thereby steer the reaction toward the desired product. But, breaking the scaling relation is not

an easy and straight-forward task.!

SMA catalysts possess a very distinct atomic environment and so a different electronic
structure compared to their regular metal catalyst counterparts. Back et al. '** demonstrated that
single (transition-) metal atoms such as Co, Fe, Cu, Ni, and Ir supported on TiC are capable of
breaking such a scaling relation. They calculated the limiting potential (U;) on M and M@d-TiC
(M stands for the transition metal) for the ECR, and observed that for the pure metal catalysts
either the first activation step (CO, + H* + e~ -»*COOH) or the protonation of the *CO
intermediate (*CO + H* + e~ - *CHO/*COH) is the potential determining step (PDS).
However, in contrast, the PDS on the M@d-TiC is one of the following steps:

(i) *COOH + H* + e~ - *CO + H,0
(i) *CHOH + H* + e~ - *CH + H,0

(iii) *CHO + H* + e~ > *CHOH
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(iv)*CH + H* + e~ - *CH,

Theoretical limiting potential (U;) for different M@d-TiC(100) is shown in Figure 16a.
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Figure 16. a) Theoretical limiting potential (U;) for different M@d-TiC(100); b) *COOH; and c)
*CHO binding energies plotted as a function of *CO binding energy for transition-metal (211)
surfaces (black) and M@d-TiC (blue); d) Free-energy profiles for CO, reduction reaction at 0 V
vs. RHE on TiC (black) and Ir@d-TiC (blue). PDS and corresponding free energy change are
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shown. Reproduced with permission from reference '**. Copyright 2017 American Chemical

Society.

As seen in Figure 16a, Ir@d-TiC has an extraordinarily low U; which makes it an ideal catalyst
for the ECR. To investigate the origin of such an activity, the scaling relation of binding energy of
two important, determining intermediates of the ECR, that is, *COOH and *CHO was plotted vs.
*CO (Figure 16b, ¢). The data revealed that M @d-TiC breaks the scaling relation, and the binding
energies of *COOH and *CHO are uncorrelated with that of *CO. For most SMA catalysts (except
Ag and Au), the binding energies of *CO decreased (i.e., became less negative) in comparison to
those on pure metal catalysts and approached the binding energy of the pure Cu catalyst.!>*
Therefore, *CO intermediate on Ir@d-TiC compared to Ir or TiC, for instance, was so destabilized

that its protonation is not the PDS anymore (Figure 16d). Authors ascribed the weakened binding

of *CO to the noticeably different electronic structure of pure metals catalysts and M@d-TiC ones.

According to the density of states of TiC, Ir(111), and Ir@d-TiC with adsorbed CO, it is
concluded that for both bare TiC and pure Ir(111), there are two localized energy states owing to
the interaction between C(p,) of TiC and C(p,) of *CO (denoted as (i) and (iii) in Figure 17a,
b). There is also one localized energy state originated from the interaction between C(py, p,) of
TiC and C(py, p,) of *CO (denoted as (ii) in Figure 17a, b). On [r@d-TiC, by contrast, there is
one localized energy state arising from the interaction between Ir(d,z) and C(p,) of *CO, and one
from the interaction between Ir(dy;, d,,) and C(py, py) of *CO (Figure 17¢). Therefore, the lack
of (i) type interaction between the Ir@d-TiC catalyst and the *CO intermediate is responsible for

the weakened binding, thereby leading to a considerably low limiting potential.'*3
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Figure 17. Density of states (DOS) of (a) TiC; (b) Ir(111); and (c) Ir@d-TiC interacting with *CO.
The *CO binds to the surface C for TiC but to Ir for Ir@d-TiC. We note that (ii), (ii*), and (i1**)
denote the equivalent bonding orbital, and similarly so for (iii), (iii*), and (iii**). Reproduced with

permission from reference '**. Copyright 2017 American Chemical Society.

Back et al. '** also performed a series of DFT computations for SMA catalysts of transition
metals supported on graphene with single and double vacancies. Most of the selected transition
metals were found to bind strongly enough to the graphene surface with single and double
vacancies. Therefore, no nanoclusters from metal atom aggregation would be expected. The fact

that single atoms remain intact and stable on the support is a potential explanation for the relatively
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high stability of SMA catalysts under the ECR condition. Using limiting potential criteria, the
authors concluded that Ni and Pt single atom catalysts at double vacancy are the best performing
ones for CH;OH production, while Os and Ru single metal atoms at double vacancy show the best
activities toward CH, formation. It is noteworthy that both Ni and Pt, as regular metal catalysts,
generate almost exclusively Hz under the ECR. According to the reaction free energy diagram, the
authors observed that reaction intermediates are more stable on Pt (211) than Pt@dv-Gr (Figure
18a); however, the difference between *CO binding energies on these two catalysts (i.e., 0.98 eV)
was the most considerable one, and that made Pt@dv-Gr had a noticeable lower limiting potential.
This difference is mainly attributed to the atomic ensemble and the resulting electronic structure.
139 Optimized geometries of adsorbed CO on Pt (211) and Pt@dv-Gr revealed that the carbon atom
of *CO intermediate bonds with two Pt atoms on Pt (211) (i.e., bridge site) that makes *CO
particularly stable with large binding energy (Figure 18c). However, the *CHO intermediate
bonds only with a single Pt atom on the surface (i.e., on-top site). As a result, converting *CO into
*CHO requires considerable energy to overcome. In contrast, on Pt@dv-Gr, thanks to the lack of
two Pt neighboring atoms, *CO could only bond with a Pt atom (i.e., on-top site) analogous to its
protonated product, *CHO. Therefore, *CO on Pt@dv-Gr exhibits a more positive free energy,

leading to a smaller energy barrier, and consequently, better performance as a catalyst for the ECR.
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Figure 18. a) Reaction free energy diagram for the ECR to CH4 and CH30H on Pt (211) and
Pt@dv-Gr, respectively, at zero applied voltage (vs. RHE); b) Correlation between E, [*CO] and
Eg[*CHOY] for transition metal (211) surfaces (black) vs. SACs (blue); ¢) Optimized geometries
of Pt@dv-Gr and Pt (211) before and after adsorption of *CO and *CHO. Reproduced with

permission from reference '*°. Copyright 2017 Royal Society of Chemistry.

Binding energies of *CO and *CHO adsorbed on regular transition metal catalysts are linearly
correlated; however, they diverge from the correlation line for the SMA counterparts (Figure 18b).
The authors found out that the electronic structure of the single atom played a paramount role in
such a difference. As seen in Figure 18b, Ag and Cu reveal a positive deviation from the trend
line, while other SMAs (e.g., Pt) show a negative deviation. According to the electron density of
states (DOS), the o bonding interaction along the z-direction for both Pt@dv-Gr and Cu@dv-Gr
was served as the main bonding interaction of *CO and the catalysts. Nonetheless, the overlap was
stronger on Pt@dv-Gr than Cu@dv-Gr, leading to the stronger binding energy of *CO on Pt@dv-
Gr with a negative deviation from the trend line. Moreover, a partial occupation of antibonding in
*CHO binding with Cu, Ag, and Au SMA catalysts weakened the *CHO bond, while *CO had not
faced this kind of antibonding, leading to the strong binding energy of *CO, i.e., a positive
deviation from the trend line for these SMAs. As a consequence, the free energy difference

between these two intermediates increased, leading to a larger limiting potential. On the other
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hand, such an antibonding did not appear for Pt@dv-Gr, resulting in a lower free energy difference

for *CO and *CHO intermediates, and consequently, a more favorable limiting poten‘tial.130

4.5. Methanol production on SMA catalysts

Cui et al. '*° investigated M@C,N (M=Ti, Mn, Fe, Co, Ni, Cu, Rh, and Ru) as SMA catalysts for
the ECR. They compared the *H formation with either *COOH or *OCHO formation.
Accordingly, the difference in the Gibbs free energy (AG) of the ECR intermediates were more
negative than that of the HER, suggesting the feasibility of such catalysts for the ECR and
suppressing H> production (Figure 19a). Nonetheless, at the N-site opposite of the C-site of CoN,
the AG for the HER was negative (-0.67 eV), indicating the possibility of N-site to act as an active

site for this reaction.

The binding energy of *CHO vs. *COH was also plotted, and all M@C;N SMA catalysts
showed that the protonation of *CO intermediate results in *CHO formation (Figure 19b).
Interestingly, in the next step, all M@CoN SMA catalysts generated *CH2O intermediate. While,
in the next hydrogenation step, Ti, Co, and Mn@C,N SMA catalysts formed *CH30 intermediate
(Figure 19¢) —bonded to the metal through its oxygen atom— other SMA catalysts formed
*CH20H intermediate —bonded to the metal through its carbon atom (Figure 19d). The relative
strength of carbophilicity and oxophilicity of the metal atom determines which intermediate should
be formed, which consequently makes Ni and Fe SMA catalysts, for example, selective for
methanol formation. M@C,N catalyst with *CH30 intermediate generated CH4 as the final
product, while others with *CH>OH intermediate generated CH3OH. It is worth mentioning that
reaction environment conditions such as electrolyte, electric field, and pH effects are neglected in
this study. Thus, the energetic picture of the reaction pathways provided here does not capture

these reaction environment effects.
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Figure 19. a) Gibbs free energy changes (AG) for the first protonation step of ECR vs. HER; b)
Gibbs free energy changes (AG) for *CHO formation vs. *COH formation; ¢) DFT-optimized
structures along the primary reaction pathway of ECR, forming CH4 via *COOH route on
Ti@C,N; d) DFT-optimized structures along the primary reaction pathway of ECR, forming
CH3;0H via *COOH route on Rh@C,N. Reproduced with permission from reference '%°.
Copyright 2018 Royal Society of Chemistry.

1. '3 considered 12 different transition metals as

In another computational study, Wang et a
SMA catalysts on the porphyrin-like graphene support. Their computational results revealed that

Co, Rh, and Ir SMA catalysts, possess a moderate *CO adsorption energy, suitable for the ECR.
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Comparing the cohesive energy of Co, Rh, and Ir in their bulk metals (-3.91, -5.08, and -5.13 eV,
respectively) with the adsorption energy of their single atoms embedded into porphyrin-like
graphene (-8.21, -7.55, and -8.53 eV, respectively), revealed that they are strongly adsorbed on the
porphyrin-like graphene support. Hence, enhancing the stability of such SMA catalysts. Among
these SMA catalysts, Co showed the strongest interaction with *CH>O intermediate, a key element
for methanol formation. Analyses of the electronic structure showed that the overlapping of the
metal d-orbital with p-orbital of the C or O atom of *CH,0 for CoNy, is relatively stronger (with
larger binding energy) in comparison to its counterparts RhN, and IrN,, leading to a stronger
intermediate-catalyst interaction. As a result, *CH,0 intermediate could be further reduced on
CoN,4 and generate CH3OH while, owing to its relatively weaker intermediate-catalyst interaction,

it desorbs as the final product from the surface of the RhN, and IrN, SMA catalysts.

4.6. Coordination atoms effect on the electronic structure of SMA catalysts

Cheng et al. *® performed DFT computations to comprehend the effect of coordination atoms on
the electronic structure of SMAs. They considered seven different saturated and unsaturated Ni-N
species (Figure 20a). The ECR mechanism toward CO production divided into three steps: a) the
adsorption step (CO, — *COOH) followed by converting carboxyl intermediate to *CO
(*COOH — *C0), and finally, the desorption step (*CO — CO(g)). The relation between these
steps showed a correlation with the binding free energy of CO on these catalysts (Figure 20b).
According to the Sabatier principle, the CO should bind to the catalyst’s surface neither too strong
nor too weak to improve the reaction rate. As seen in Figure 20b, the saturated Ni-N species such
as NiN4 (plane), NiN,(edge), NiN,(NH,),, and NiN;(NH,) possess quite high and unfavorable
reaction energy for the adsorption step. On the other hand, NiN, and NiN3(plane) possess
desirable adsorption energy, yet for the desorption step, they show poor activity. 3-coordinate
edge-anchored structures, however, thanks to their desired adsorption and desorption energy,

demonstrate the most active site for converting CO> into CO.”®

41



NiN,(edge) NiN;(NH,)  NiN,(NH,), NiN;(edge) NiN,(NH,) NiN,(NH) NiN,
b) n C) 3 — NilN (plane)
NiN, N
2L 2 — NiN (edge)
§ —— NiPe
2 = 2F —— NiN -NH,
- 3, —— NiN -2NH,
iﬂ 1r = —— NiN (edge)
) ol 1S
g NiN,(NH,) g
- TENT \{ %]
g 0 NiN,(NH) 4
= NiNy(NH;) L of
2 NiN,(NH,), ¥ = NIN.(NHL)
-3 VN .
-1 NiNy(edge) ... \ —— NiN(NH
=4 N;l‘c NiN,(plane) il \_H_H el N\] )
S < 2 ; i . \‘_I/ — NiN (plane)
-2 -1 0 1 CO,+*+ *COOH+ *CO+H,0 CO+*+
G.co(eV) 2H' +e) H' +e H,0

Figure 20. a) Different Ni-N active site structures on the edges of graphene sheets; b) The reaction
energy is in a linear relationship with the adsorption free energy of *CO (G+co) on the active sites.
Lower reaction energy indicates higher reactivity. Different Ni-N structures were located in the
lines. A lower Gxco indicates weaker adsorption. The region around the intersection point of the
higher adsorption and desorption steps (shown in yellow) indicates the optimal reactivity; c)
Reaction energy profile of different pathways. Reproduced with permission from reference °%.

Copyright 2019 Elsevier.

As shown in Figure 20c, *CO intermediate binds strongly to the catalyst for NiN, and
NiN;(plane) active sites. It makes the desorption of *CO and producing of CO(g) difficult, leading
to the poison of the catalyst. Conversely, the energy barriers for NiN,(plane), NiN,(edge),
NiN,(NH,),, and NiN3(NH,) are too high. Thus, such configurations could not serve as active
sites either.”® This study reveals the important role of the coordination atoms, their nature, and
number, in altering the electronic structure of the SMA and thereby the reaction mechanism of the
ECR on these catalysts. This opens a new window to further optimize the catalytic activity of SMA
catalysts by altering their coordination environment, rather than merely changing the identity of

the metal atom.
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4.7. In situ spectroscopy

Computational DFT studies are paramount to understand the reaction mechanism; nevertheless, it
is always more accurate when results are validated by the experiment. Therefore, the combined
use of computational DFT and experimental methods enables the accomplishment of a deeper
understanding of the reaction mechanism that cannot be achieved by the use of either approach
alone. In particular, observing reaction intermediates for a proposed reaction mechanism is
considered as strong evidence for that reaction pathway to exist. In recent years, several in situ and
operando Raman and IR studies are reported for the ECR but mostly are performed on regular
metal catalysts. '%° To the best of our knowledge, there are only a few operando Raman or IR
spectroscopy reports on SMA catalysts for the ECR,!%-1% which calls for further studies in this

area.

It is noteworthy that understanding of reaction pathways, as well as detecting of the reaction
intermediates via in situ spectroscopies, even on regular electrocatalysts are still challenging. This
because of the complicated nanostructured surface of the electrocatalyst and support, complicated
reaction environment as a result of the electrolyte, solvated as well as adsorbed species, applied
potential, and the transmutation of products—both gas or liquid ones—at the surface of the

catalyst.!3°

Moreover, as mentioned earlier in section 4.1, each product follows different
pathways, and there exist various complex intermediates with low concentration, which make it
extremely difficult to recognize them accurately. Furthermore, the reactions are faster than that it
would be practical for conventional spectroscopies to identify the evolutions of the intermediates

on the surface of catalysts.'?’

In addition, each method has its condition requirements, and
developing a system in which ECR could occur while satisfying those requirements is the major
challenge.!® For instance, X-ray photoelectron spectroscopy (XPS) is considered as a powerful
tool for investigation of the composition as well as electronic structures of solid materials,
however, conventional XPS work under ultra-high vacuum conditions, thus, inhibiting real-time
measurements, and the analysis is confined to before and after electroreduction reaction.'* %0 For
this particular example, to overcome conventional XPS problems, a new type of XPS has been
devised, which can operate at relatively higher pressures, known as near ambient pressure XPS

(NAP-XPS). NAP-XPS could be used for in situ measurements.'*® Also, X-ray Absorption

Spectroscopy (XAS) is another powerful tool which is able to provide beneficial information
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regarding local geometric and electronic structure at ambient conditions, but the attained
information is an average of bulk properties that might not be desired for SMA catalysts.'% In situ
vibrational spectroscopic methods such as Raman and IR have the potential to provide more
information about the reaction intermediates; however, it is worth mentioning that due to the nature
of the SMA catalysts—for having separated active sites— it would be difficult to distinguish

between adsorbates bound to the SMA and other atoms.

In a gas-phase CO; reduction study, Wang et al. 1% studied Pt SMA and Pt cluster anchored
on CeO, and observed quite different activity and selectivity for CO> conversion; while Pt as the
SMA catalyst produced CO(g) as the exclusive, final product, Pt cluster produced both CO(g) and
CH4(g), depending on the reaction temperature. They used in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) to delve deep into the mechanistic difference governing
the different selectivity and activity of Pt supported on CeO, as the single atom metal catalyst

(0.05Pt/Ce0,) and the cluster (2Pt/Ce0,).
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Figure 21. a) In situ DRIFTS spectra of 2Pt/CeO; and 0.05Pt/ CeO> during CO: reduction at

temperatures ranging from 200 to 450 °C, and neat CeO: and the Pt/CeO; catalysts during CO>

reduction at 220 °C (only the region between 2250 and 1900 cm! is shown to highlight CO

adsorption); b) CO> conversion rate for 0.05Pt/CeO, and 2Pt/CeO; catalysts evaluated based on

exposed Pt atoms; c¢) Catalytic performance selectivity of 0.05Pt/CeO and 2Pt/CeO> toward CO

and CHa4. Reproduced with permission from reference '%. Copyright 2018 American Chemical

Society.

The adsorbed CO is the very key intermediate, which can disclose the difference between

products of 0.05Pt/CeO> and 2Pt/CeO.. Hence, the authors explored the spectra between the 2250

and 1900 cm™~! wavenumber region. As seen in Figure 21a, both 0.05Pt/CeO, and 2Pt/CeO> show
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a peak at 2107 cm™?!

which is attributed to the linearly adsorbed CO on single atoms of Pt.
Furthermore, another band at 2071 cm™! can be seen on the 2Pt/CeQ,, which is ascribed to the
linearly adsorbed CO on Pt NPs. It is noteworthy that the CeO, spectra indicate no peaks in this
specific region, which states that the only adsorption sites for CO are Pt atoms/cluster. As shown
in Figure 21a, the 2Pt/CeO; catalyst displays stronger CO,4 peaks than those of the 0.05Pt/CeO.
catalyst, suggesting the weaker CO bond on the latter one, which is in good agreement with
observing CO() product as the exclusive product of this catalyst. The strong binding of adsorbed
CO on 2Pt/CeO>, however, allows further protonation steps and the formation of methane.
Noticeably, the adsorbed CO peak is more intense at lower temperatures for both catalysts,
especially for 2Pt/CeO; (Figure 21a). For the case of 2Pt/CeO-, such a strong bond poisons active
sites, and consequently lowers CO» conversion, which is corresponded to the experimental results
(Figure 21b). In addition, by increasing the temperature, the intensity of the CH4 peak on the
2Pt/CeO; increases, while the adsorbed CO peak decreases dramatically, which is compatible with
the observed selectivity of these products (Figure 21c¢). Therefore, it is evident that operando
spectroscopy is a viable and powerful method to detect reaction intermediates and understand the

possible reaction mechanism.

5. Electrochemical devices

Practical ECR usually requires electrochemical devices to operate at current densities higher than
200 mA cm™. To date, most of the SMA catalysts operate at a low current density range (<50 mA
cm?) because they are tested in an aqueous CO» reduction system (H-cell), where the reaction rate
is limited by the diffusion of CO; in aqueous media. To operate at high current densities, catalysts
are often deposited on a hydrophobic gas diffusion layer, forming a gas diffusion electrode
(GDE).5?-21-23 This electrode configuration significantly reduces the diffusion path length of CO»
to the catalyst surface, increasing CO» availability for a high reaction rate. In general, GDEs are
integrated into two types of CO» electrochemical devices: flow-cell and membrane electrode
assembly (MEA) electrolyzers. Here, we will briefly introduce these electrochemical devices and

highlight some recent progress on SMA operated at high current densities.
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5.1. Flow-cell

Flow-cell reactors comprise three main compartments for gas feedstock, liquid catholyte, and
liquid anolyte. The GDE separates the gas and catholyte compartments while an ion-exchange
membrane is usually used to separate the catholyte and anolyte chambers. During the reaction,
CO2 gas is flown through the gas chamber, and a flow of liquid electrolyte is pumped through the
catholyte chamber located between the GDE and the membrane. The gas products are diffused
back to the CO> gas phase while the liquid products enter the liquid electrolyte. The anolyte is
pumped through the anode chamber, bringing the O gas produced from the oxygen evolution
reaction at the anode together with the liquid electrolyte. The presence of the catholyte in flow
cells allows for fine-tuning the reaction environment to achieve high CO» conversion efficiency.!®
11.21. 12 The pH and nature of the cations in the electrolyte are important parameters that influence

the reaction on the cathode.

While it is still limited, SMA catalysts have been demonstrated as active and selective catalysts
for COz reduction to CO in a flow-cell. For example, Yang et al. incorporated Ni-single atom
catalyst into the carbon fiber membrane and used it as the gas diffusion electrode for CO; reduction
(Figure 22a).'*! Using an H-cell reactor, the SMA catalyst exhibited a high CO Faradaic efficiency
of up to 90%, but CO partial current density was limited to less than 60 mA cm™ (Figure 22¢, d).
When a flow-cell was employed, the CO partial current density increased to more than 300 mA
cm> while CO Faradaic efficiencies were maintained at higher than 80%. In this work, the catalyst
deposited on the carbon fiber acts as both catalysts and gas diffusion layers. Its high hydrophobicity
enables the catalyst to operate at 300 mA cm™ for 120 hours without any noticeable loss in
selectivity (FE for CO ~ 90%) (Figure 22b). In another work, Gu et al. deposited the catalyst Fe**—
N—C on a gas diffusion layer and the electrolysis conducted in a flow cell showed a CO partial
current density of 94 mA cm™ at an FE of 90%.%* These results show that SMA can be efficiently

operated at high current densities, indicating its potential for practical application.

47



a) b) 100 - NiSA/PCFM a
Al o
o\o 80 1 ?
3 o
= ’ GDE cell
(@) ] "
o 60
-Q@- H-type cell
40 -
-02 -04 -06 -08 -10 -12
E /V vs. RHE
C) : d)
NiSA/PCFM 300 L 100
300 - O0p O pOpOpgopOp0Opopo
¥ 240 o 2404 80 o
S g 180 | 60 E
< 180 < y '
1= - @ - H-type cell = : | L
< NiSA/PCFM
.8 120 4 —e— GDE cell g 120 1 : - 40 8
60 - N S B, 60 - 20
..o ® |
0L e ‘ - 0 : -0
-0.4 -0.6 -0.8 -1.0 -1.2 0 90 120
E/V vs. RHE

Time/h

Figure 22. CO: electroreduction on single-atom/porous carbonfiber membrane catalyst
(NiSA/PCFM) using a flow-cell reactor. a) Illustration of Ni SMA catalyst incorporated into
carbon fiber electrode; b) CO faradaic efficiencies; ¢) Partial current densities of NiSA/PCFM at
various cathode potentials in different cells; d) Long-term stability tests in flow-cell using 1 M

KOH electrolyte. Reproduced with permission from reference '*!. Copyright 2020 Nature.

In ECR using flow-cells, the oxygen evolution reaction in the anode side can be operated in
either alkaline or neutral media.** *!¥2 While the operating conditions at the anode side do not
affect directly the activity and selectivity of the CO: reduction in the cathode side, they influence
the kinetics of the oxygen evolution reactions, and thus the overall efficiency of the ECR process.
The kinetics of the oxygen evolution reaction is often slow in neutral media, requiring a high
overpotential to achieve the desired reaction rate.!*’ In addition, expensive noble metal-based
catalysts such as IrO; are needed for efficient and stable oxygen evolution reactions in neutral
media. In contrast, alkaline media are more favorable for oxygen evolution as they enable the
employment of active, stable, and earth-abundant oxygen evolution catalysts with low

overpotentials, such as a mixed metal oxide/hydroxide of Ni and Fe,'** which is critical for
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practical applications. However, operating the anodic reaction in alkaline media requires
employing either a bipolar membrane or an alkaline catholyte.?! The high transport resistance of
the bipolar membrane leads to large ohmic losses at high current densities'#*, while the degradation
of the alkaline catholyte due to the carbonate formation requires an additional electrolyte
regeneration process. Thus, optimizing the membranes and operating conditions for anodic

reactions is needed for practical ECR.

The flow-cell reactor serves a great model for studying the performance of SMA catalysts at
high current densities. The presence of the liquid catholyte is beneficial to controlling the reaction
environment,*? but it is also a source of instability in the system due to the potential penetration of
liquid electrolyte into the GDE, i.e., flooding. This liquid layer also increases the overall cell
resistance, leading to large total cell voltages at high current densities. This limitation can be

overcome by using MEA electrolyzers.

5.2 Membrane electrode assembly cell

In MEA cells, the GDE and anode catalyst is pressed on both sides of a membrane, forming a
multilayer configuration with zero-gap between cathode, membrane, and anode (Figure 23a). In
this configuration, no liquid electrolyte is used for the cathode side, and the water reactant is
provided through a vapor phase or water migration from the anode. The elimination of the
catholyte reduces the cell resistance due to Ohmic loss and, at the same time, minimizes the GDE
flooding issue.?* 46 MEA cells have been used for high-rate CO; electroreduction to CO using
SMA catalysts. For example, Jiang et al. prepared N-doped graphene atomically dispersed with Ni
atoms (Ni-NG) and investigated its performance using MEA system.%® The catalysts exhibited a
current density of ~50 mA cm, and a FEco of 97% (Figure 23b, ¢). This performance was shown
to maintain for at least 8 hours of continuous electrolysis and produce 630 mL of CO gas. Zheng
et al. used commercially available carbon blacks (CBs) with an activated surface to trap Ni single
atoms (Ni-NCB).®? The authors applied Ni-NCB into an anion MEA in which the humidified CO2
gas was supplied to the cathode. A high current density of 130 mA cm at the cell voltage of 2.7
V was achieved while the FEco remains at ~100% and the FEn> was suppressed to below 1%. To
demonstrate the practicability of this system for CO2 reduction to CO, the authors customized an
even larger cell, witha 10 x 10 cm? anion MEA. A current of 8.3 A (current density of 80 mA cm’

2) and FEco ~ 99% were recorded at the cell voltage of 2.8 V. Over 6 hours of continuous

49



electrolysis at the current of ~8 A, 20.4 L of CO was generated; however, the CO selectivity
decreased to ~90%.
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Figure 23. ECR performance on the Ni-NG catalyst by MEA cell. a) Schematic of the anion MEA,
with a cathode of Ni-NG for the CO: reduction and an anode of IrO; for the oxygen evolution
reaction; b) The steady-state current of Ni-NG on the 4 cm? electrode; ¢) Long-term electrolysis
under a full-cell voltage of 2.78 V, showing a stable current of 200 mA (current density of ~ 50
mA cm™) and a CO selectivity of ~95%. Reproduced with permission from reference . Copyright

2018 Royal Society of Chemistry.

From the application aspect, MEAs resemble the commercially existing polymer electrolyte
membrane fuel-cells and electrolyzers, allowing them to be readily integrated into these matured
technologies. To date, MEA cells are mainly used for CO production with SMA catalysts. For CO»

reduction to multiple carbon products, controlling the local environment on the surface of the

50



catalyst is a critical factor. The lack of liquid catholyte in the MEA system makes it difficult to
achieve this goal. Well-designed electrodes with the capacity of tailoring the local environment
are vital for MEA electrolyzers. In this aspect, SMA catalysts with the tunable local environment
of the active sites would be a potential candidate for hydrocarbon and oxygenate production using

MEA systems.

6. Summary and Outlook

The SMA catalysts with single atom active sites and tunable coordination environments could take
advantage of a selective homogeneous catalyst and the durability of a heterogeneous one. This
unique catalytic active site structure makes them exhibit different catalytic properties compared to
nanoparticle catalysts. SMA catalysts also allow for maximizing the use of the metal as an active
site for the reaction. The SMA catalysts for CO2 reduction are mainly based on inexpensive and
earth-abundant elements, making them a potential candidate for practical and widespread CO>
reduction applications.

In this review, we have discussed the relation between the structure and catalytic performance
of SMA catalysts in ECR. Various SMA catalyst synthesis approaches, including one-step or
multiple-steps, have been briefly described. We have also discussed important catalytic properties
of SMA in CO; reduction, including how competing HER 1s suppressed, the scaling relation that
makes SMA more selective for CO production, and the challenge in making multi-carbon products
using SMA catalysts. Recent strategies for improving the performance of SMA catalysts, such as
tuning the nature of the metal active site and its coordinating environment, have been reviewed.
Finally, we have briefly discussed the potential application of SMA catalysts in CO
electroreduction under practical conditions.

Though significant progress in SMA catalysts development has been made, improvements in
energy efficiency, selectivity, rate of reduction, and long-term stability remain on the path toward
their practical applications. In addition, most SMA catalysts produce CO or formate, and their
selectivity for hydrocarbons is still much lower compared to that of nanoparticle catalysts and is
far from a desirable target for practical application. Developing SMA catalysts that are active and
selective for multi-carbon product formation is crucial but still very challenging To achieve these
goals, further advances in synthesis approaches and understanding of the CO; reduction

mechanism on SMA are needed.
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The content of metal loading significantly influences catalytic activity, as the higher the
loading, the larger the number of active sites, and consequently, the higher the catalytic activity.
However, in most reported works, the amount of metal loading is only around a few weight
percent. In cases that we were able to achieve higher metal doping amounts, the metal sites were
buried within the substrates or the binding agent, rendering them catalytically inactive. Therefore,
there is still a need to explore effective methods to increase the loading of active metal atoms on
the substrate. Besides, increasing the porosity of the substrates might allow for more efficient
diffusion of CO; gas to the catalytic sites. The coordination environment around the metal atom is
crucial for the stability and performance of the catalyst and needs to be systematically studied. In
ECR, two or more active sites are usually required to effectively produce Ca; products. In this
context, the development of diatomic and triatomic catalysts might lead to unique catalytic
properties and might allow for the selective production of Cz4 products.

Compared to regular metallic catalysts used for the ECR, there are only a few mechanistic
studies on SMA catalysts. These studies, which are mostly based on DFT calculations, revealed
the underlying mechanism for the suppression of the competing HER. While suppression of the
HER is mainly due to the lack of similar active sites in close proximity, the main reason causes
the lack of multi-carbon formation on SMA catalysts. On the other hand, it is observed that SMA
catalysts can break the scaling rules and provide opportunities for steering the reaction path toward
desired products without being limited by the scaling relations. There are few studies on transition
metal SMA catalysts to provide the reaction energy diagram; however, these DFT computations
are often under the most simplistic simulation conditions without considering the reaction
environment. Therefore, to achieve a more realistic picture of the reaction energy diagram, it is
essential to include reaction environment parameters such as water (implicit or explicit), cations,
electric field, and pH in DFT computations. It is apparent that there is still a big gap in
understanding the ECR mechanism on SMA catalysts compared to their counterpart regular
catalysts, which might be filled by more intensive computational studies. These computations will
not only shed light on the reaction mechanism but also can provide a considerable number of data
for further data analysis through a machine learning approach to further guide the catalyst design.

In situ and operando spectroscopy are considered as another powerful technique that provides
a unique mechanistic and molecular level understanding of the reaction. While powerful, it is also

challenging to design the spectroscopy experiments, especially Raman and IR, so that to ensure
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the attained spectra are solely from the single active sites. However, the positive side is that active
sites on SMA catalysts are uniform and homogeneous, unlike regular catalysts. Therefore, once
the spectra are assigned to active sites, the concerns about differences in active sites, and their
possible effects on the spectra would be minimized. While it is shown that operando Raman or IR
can significantly improve the understanding of the reaction mechanism by detecting the reaction
intermediates, unfortunately, the number of these spectroscopic studies on SMA catalysts,

especially for the ECR, is very limited and needs more efforts on this matter.

Finally, although many selective SMA catalysts have been reported, most of them operate at
low current densities (<50 mA cm™) in aqueous systems. For practical applications, it is necessary
to perform COz reduction using a GDE, which allows attaining an industrially relevant current
density (> 300 mA cm). At high current densities, the local environment on the surface of the
catalyst drastically changes, affecting the overall CO2 reduction mechanism and performance.
Thus, the design and optimization of the SMA catalyst should be combined with GDE and system

optimization to bring this technology closer to practical applications.
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