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Nitrogen Coordinated Single Atomic Metals Supported on Nanocarbons:
A New Frontier in Electrocatalytic CO, Reduction

Fuping Pan, Xianmei Xiang and Ying Li*

The rising level of atmospheric CO, caused by increased fossil energy consumption is linked to global warming effects. Electrochemical CO, reduction (CO,RR)
can convert CO, into value-added chemical fuels by using renewable energy-generated electricity as the energy input, providing a promising solution to mitigate
the CO, emissions. Compared to conventional precious metal catalysts for CO,RR, carbon-based catalysts are made of earth-abundant elements and less expen-
sive, with great potential for large-scale applications. In this Review, recent advances of designing and synthesizing nitrogen coordinated single atomic transition
metals supported on nanocarbons (M-Nx-C; M=Fe, Ni, Co) as electrocatalysts for CO,RR are reviewed from both experimental and computational aspects. The
catalytic mechanisms and design principles are highlighted, and the correlations of catalyst synthesis-structure-performance relationships are discussed. The dispar-
ities in catalytic activity between noble metal catalysts (Ag and Au) and M—Nx-C catalysts suggest that there is still much room to develop more ad-
vanced M—Nx-C catalysts. Therefore, several strategies, including mechanism exploration, M—Nx sites and carbon supports engineering, and large-scale
fabrication of atomically dispersed catalysts and reactor systems design are proposed to propel the use of M—Nx-C for achieving high-efficient and cost-

effective CO,-to-fuels conversion.
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1. Background and motivation

The heavy dependency on fossil fuels for the production of energy
and the increasing human activities lead to the massive emissions of
greenhouse gases, mainly CO,, into the atmosphere. The atmospheric
concentration of CO, has rapidly increased from 322 ppm in 1967 to
407 ppm in 2017, which is estimated to reach 600 ppm by 2100.'
The ever-increasing CO, emissions have disastrous consequences on
global warming, climate change, human’s health, and extinction of
species. The ideal approach to mitigate these changes caused by CO,
emissions is to convert CO, into harmless or useful products, which re-
quires the development of green and sustainable strategies for efficient
and massive CO, conversion.

Various CO, conversion approaches have been developed and
pursued intensively, including thermochemical reforming,>™ biochemical
conversion,™¢ photocatalysis,” ' and electrocatalytic reduction.''™'*
Among these techniques, the electrocatalytic CO, reduction in aqueous
media is believed to be a more promising route because of the follow-
ing advantages: easy manipulation at ambient conditions, low-cost
process only using abundant water and CO, as feedstock, and high
viability of large-scale applications.'>'>'® More attractively, the CO,
electrolysis process can be powered by clean electricity generated from
solar, wind, geothermal, and tidal energy, and thus this technology can
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not only mitigate atmospheric CO, concentrations but also store inter-
mittent renewable energy in the form of transportable fuels simulta-
neously. In this case, the carbon-neutral society could be achieved,
which will be beneficial to the sustainable development.'”

However, this desired CO,-to-electrofuels solution imposes great
technological challenges because CO, is a fully oxidized and thermo-
dynamically stable molecule because of its linear and centrosymmetric
molecular structure, which makes CO, reduction reaction (CO,RR)
very difficult to occur and requires large overpotentials.'*'®'* Com-
bined with challenges of possible multiple products and competition
over hydrogen evolution reaction (HER), a suitable catalyst is thus
essential to achieve a sustainable CO, reduction process with high
efficiency, selectivity, and stability. Through screening catalysts with
different topography, compositions, and structures by experimental and
theoretical routes, to date, a variety of electrocatalysts have been de-
signed and fabricated, including noble metals,>®? transition metal
oxides/chalcogenides,'*#>*
nitrogen coordinated metals supported on carbons (M-Nx-C).26% Up

metal-free carbons,'?

and single atomic
to now, there have been several excellent reviews that systematically
summarized and commented the advancements and progresses achieved
on these heterogonous catalysts except M—Nx-C because M—Nx-C was
very recently discovered for CO, reduction."'*** Taking advan-

31-33

tages of low-cost carbon as supports, maximum atom efficiency

of isolated M,>”** and optimal binding strength between M—Ny and
CO intermediate,35 high-efficient and selective reduction of CO, to CO

has been demonstrated on M—Nx-C,**"*¢ making M—Ny-C promising
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electrocatalysts for future large-scale CO, electrolysis. Therefore, it
is important and necessary to summarize and discuss the current
achievements in the design, preparation, catalytic activity and mech-
anism of M—Nx-C for CO, reduction, which will provide insights
on the fabrication of next-generation M—Nx-C catalysts for realizing
an efficient and cost-effective electrochemical CO,-to-fuels process.

In this review, we present the recent progresses of CO,RR on
single-atomic M—Nx-C and perspectives on the rational design of
advanced catalysts. We first start with an introduction of the funda-
mental theory regarding atomic configurations, catalytic mechanisms,
and design principles of M—Nx-C for CO,RR. We then discuss three
types of M—Nx-C classified by metal centers including Fe, Ni, and Co,
and correlate their structure and compositions with activity and selec-
tivity to unveil the underlying catalytic role of various metal centers.
Finally, the challenges and opportunities on the design of advanced
M-Nx-C in this emerging area are discussed.

2. Identification of the atomic structure
of M—-Ny sites

The M—Ny sites are comprised of the electronic coordination between
M centers and N atoms inserted into carbon lattices.”” As for N struc-
tures, it has been widely accepted that N doping can occur either via
substituting carbon atoms in the graphitic structure or reacting between
gaseous N-based sources with oxygen-containing functionalities of
carbons, which commonly leads to the formation of edge-like pyridinic
N, five-membered heterocyclic rings-like pyrollic N, and bulk-like
graphitic N.**** Among them, it was demonstrated that metals ions
preferentially coordinate with pyridinic N rather than graphitic N due
to the existence of lone-pair electron on pyridinic N.?*** When a
chemical bond between M and N is formed, the binding energy of
pyridinic N shifts to a higher value owing to the introduction of an ion
withdrawing effect caused by the replacement of a proton on pyridinic
N by a metal ion. This change in the electronic environment of N
atoms has been experimentally confirmed by X-ray photoelectron
spectroscopy (XPS) a.nalyses.%’45’46

It has been demonstrated that M—Ny complexes can be formed by
the electronic interaction between M and N atoms during the annealing
of M,N,C-containing precursors at high temperatures.*’™*° However,
since the single M atoms tend to aggregate during the high-temperature
process due to their high mobility, the metallic phases can be commonly
generated simultaneously.”®> Thus, the accurate recognition of single-
atomic M—Ny is relatively difficult caused by the co-presence of multiple
heterogeneous components, which commonly requires the use of ad-
vanced electron microscopy and spectroscopy to distinguish the M—N
coordination from metallic clusters and particles. High-angle angular
dark-field scanning transmission electron microscopy (HAADF-STEM)
is a powerful technique to image isolated M atoms. By using HAADF-
STEM, Chung et al.>* realized the direct identification of the atomic
structure of Fe-Ny. The STEM image in Figure 1a shows single atoms
dispersed across the carbon surface with dots exhibiting bright contrast,
which were confirmed to be primarily Fe by electron energy loss
spectroscopy (EELS) (Figure 1b). However, the EELS spectrum was
recorded from a very limited area of ~1 to 2 A combined with the in-
stability of the individual Fe atom, and the weak signal makes it im-
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possible to determine the valence states of the individual Fe from EEL
fine-structure analysis.

To further identify the chemical state of M centers and their local
coordination with N, X-ray absorption spectroscopy (XAS) is com-
monly performed using synchrotron radiation sources, including ex-
tended X-ray absorption fine structure (EXAFS) and X-ray absorption
near edge structure (XANES).?”>*7 These methods are very powerful
for discriminating M—N, M-C, and M-M bonds. Fei et al.>® conducted
thorough analyses of various M-Nyx moieties (M=Fe, Co, Ni) by com-
paring experimental and simulated EXAFS spectra on M-Nx-C cat-
alysts. From their results (Figure 1c), the single M centers with four
N atoms and one adsorbed O atom in the first coordination sphere and
four C atoms in the second coordination sphere were confirmed. This
directly reveals the formation of M—N, moiety, where the M is bonded
with four N atoms embedded in the carbon lattices. On the other hand,
Mossbauer spectroscopy has also been used to discriminate the geo-
metric structure of Fe—Nx. Recent findings manifested that two kinds
of Fe-N,4 could be generally formed in Fe—Ny-C synthesized by
thermal treatment of Fe, N, and C-containing precursors.”®> One is
the bulk-hosted Fe—N, moieties (Figure 1d), which embeds in the bulk
of a graphitic layer and is fully encapsulated by carbon atoms. Another
is the edge-hosted Fe-N,,, (Figure le), where two N-doped graphitic
layers are connected by a Fe atom bonded with two N atoms at the
edges of each graphitic layer. The formation of Fe—N,,, also leads
to a distortion of carbon plane environment that causes the out-of-
plane position of Fe, while the Fe—N, maintains the in-plane struc-
ture.>®>% In addition, many kinds of Fe-Nyx (x=2, 5, 6)%°7%2 and
Co-Nyx (x= 2, 3, 4)***% structures have also been proposed as pos-
sible configurations in M—Nx-C. Although these advancements on
identifying the structure of M—Ny have been achieved, there is still a
debate for the structural configurations of M—-Nx because various
synthetic routes and parameters will give a broad possibility on the
formation of different M—Ny moieties. Future works are suggested
to combine above-mentioned characterization techniques together to
determine the detailed structure of M—Ny in a specific catalyst.

3. Fundamentals of CO,RR on M-Nx-C
3.1. Mechanism

Electrochemical CO, reduction is commonly conducted in a two-
chamber electrolyzer consisting of an anode and a cathode separated
with an ion conducting membrane to protect the re-oxidization of re-
duced products. At the anode, water is oxidized to oxygen and produce
proton (H"), whereas CO, is reduced to carbon-containing pieces at the
cathode. The overall process involves the formation of H" at the anode,
migration of H* through the electrolyte, and reaction of H* with CO,
at the catalytic sites of the cathode to form products.'? For CO,RR
on M-Nx-C, three major steps are commonly involved: i) chemical
adsorption of CO, on M sites; ii) CO, activation, electron transfer
and combination with H* to cleave C-O bonds and/or form C-H bonds;
and iii) configuration rearrangement of intermediates and products
desorption from M-Nx-C surface to electrolyte.'*® The molecular-
level insight into the activation and reduction of CO, on Ni-N,4 under
operando conditions has been investigated by Yang et al.>’ It was
found that the delocalization of the unpaired electron in the 3dy, y»
orbital and spontaneous charge transfer from monovalent Ni(1) to
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(a) HAADF-STEM image of individual Fe atoms (labeled 1, 2, and 3) in a few-layer graphene sheet. (b) EEL spectra of the N K-edge (Nk) and Fe L-edge (Fer) ac-

quired from single atoms (1 and 2) and few-layer graphene (3), demonstrating the presence of N around the Fe atoms. Reproduced with permission from ref. 54 Copyright
2017, Science. (c) Ni K-edge EXAFS analysis of an atomic M—-N4-C in R spaces. Curves from top to bottom are the Ni-N, Ni-O and Ni—C two-body backscattering signals
x* included in the fit and the total signal (red line) superimposed on the experimental signal (black line). The measured and calculated spectra show excellent agreement. The in-
set in d shows the structure of a Ni-N,4 moiety derived from the EXAFS result, where the teal, red, blue and grey spheres represent Ni, O, N and C, respectively. Reproduced
with permission from ref. 55 Copyright 2018, Nature. The proposed structures of bulk-hosted M—N, (d) and edge-hosted M—N,,, (e). Reproduced with permission from ref. 56
Copyright 2018, ACS. In the figure, the gray, blue, yellow, red, and white balls represent C, N, M, O, and H atoms, respectively.

the carbon 2p orbital in CO, to form a CcOo> species took place after
adsorbing CO, on Ni—-N, via bonding between Ni atoms of Ni—Ny
and C atom of CO,. DFT calculations further indicated that the in-
crease in the density of states around 3-6 eV below the Fermi level
results from the 1m orbital of the bent CO, molecules adsorbed on
Ni(i) and the delocalization of the Ni 3d orbital. During electro-
chemical CO, reduction, the recovery of low-oxidation-state Ni after
one cycle of CO, reduction took place, in which the CO was produced
through (Ni(1)*+ CO, + 2H* + 2¢” — Ni()*+ CO+ H,0), as shown
in Figure 2.

3.2. Selectivity

Since CO,RR generally involves a multiple proton/electron coupled
process, many kinds of products such as CO, CHy, HCHO, CH;0H,
CH.,, and C,HsOH could be produced.®* In addition, the thermody-
namic potentials between different CO,RR reactions are close and
comparable to that of HER. This leads to the fact that H, is the major
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side-product in CO,RR and that the product of CO,RR is usually not
a single species but mixed products containing several component
species, resulting in poor selectivity. As for CO,RR on M-N4 (M=Ccr,
Mn, Fe, Co, Ni), experimental results found that large amounts of H,
and CO can be produced with a tiny amount of CH,, and liquid
products are rarely detected by 'H Nuclear magnetic resonance
(NMR).?3364 The appealing selectivity of CO is because M centers
have a weak binding strength with CO intermediate, which makes the
adsorbed CO have a higher chance to desorb from catalyst surface
instead of being further reduced into hydrocarbons and oxygenates.?5*>
As for the HER competition, many studies have demonstrated that
metallic species work differently from M-Nx in catalyzing CO,RR
and HER, and it is generally accepted that metallic species prefers
to catalyze HER rather than CO, reduction.®>® Therefore, it is of
great importance to avoid the formation of heterogeneous metallic
structures in M—Nx-C catalysts to achieve highly selective reduction
of CO, to CO. In this case, the time-consuming and costly pro-
cesses for separating products in down-stream applications could
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Fig. 2 Structural evolution of the active site in electrochemical CO, reduction.
e, AD in shows 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 CO, molecules on the Ni(i) site. A valence band structure, similar
to metallic nickel, was used to simplify the schematic illustration. Reproduced
with permission from ref. 27 Copyright 2018, Nature.

be avoided when near-unity CO selectivity can be achieved on
M-Nx-C.

3.3. Design principle

The electrocatalytic performance of a catalyst is mainly determined
by the intrinsic activity of each active site (turnover frequency per site,
TOF) and the number of effective catalytic sites.®” Incorporation of the
most active species is able to increase the TOF while avoiding the
introduction of inactive species with low catalytic property. For this
purpose, the electrochemical CO,RR on a range of transition metals
including Cr, Mn, Fe, Co, and Ni have been studied experimentally
and theoretically.*>** Among these five transition metals, Fe showed the
lowest overpotential of 0.38 V to reach a maximum FE of 87% and Ni
showed the highest FE of 96% and the highest TOF of 1060 h™" at
a moderate overpotential of 0.64 V (Figure 3a).°* This suggests that
Fe and Ni are intrinsically more active than Mn, Co, and Cr. The pri-
mary role of Fe was identified to reduce the overpotential, while Ni
can significantly improve CO selectivity and boost reaction rates.
These findings suggest that using Fe and/or Ni to construct M—Nx
might be more promising to achieve better performance than using
other metals. On the other hand, theoretical identification of active
sites has also been conducted. Pan et al.’® examined the heat of
COOH* — CO* + OH*, the rate determining step in CO,RR, and
they established that the breakage of the C-O bond of CO, is an
exothermic process preferrable on edge-hosted M—N,,, containing
adjacent carbon atoms with dangling bonds (Figure 3b). In the dis-
sociation of *COOH on M-N,,,, the M atom is the site for the ad-

24 | Eng. Sci., 2018, 1, 21-32

Engineered Science

Fig. 3 Summary of maximum CO FEs and TOFs at corresponding overpotentials
for transition metal Cr, Mn, Fe, Co, and Ni for CO, reduction. Reproduced with
permission from ref. 64 Copyright 2017, Elsevier. (b) The initial and final state for
the COOH dissociation reaction on M—N,,, sites. In the figure, the gray, blue,
yellow, red, and white balls represent C, N, M, O, and H atoms, respectively.
Reproduced with permission from ref. 56 Copyright 2018, ACS.

sorption of *CO and the N-neighboring carbon atom with dangling
bonds is the active center to bond *OH. In contrast, the COOH* dis-
sociation step is an endothermic process requiring more than 1 eV
external heat on bulk-hosted M—N, without carbon atoms containing
dualing bonds, suggesting that it requires insurmountable activation
and making this process impossible. These findings presaged that
constructing edge-sosted M—N,,, might be more kinetically favorable
for CO, reduction, providing a possible way to enhance the TOF per
M sites by creating more defects (e.g., carbon with dangling bonds)
in carbon supports.

The number of effective catalytic sites is highly dependent on dopant
concentrations and carbon micro/mesostructure. Dodele and coworkers™
did a comprehensive investigation on the factors required for the
formation of M—-N, structure, and the identified four factors are: (i)
disordered carbon content, (ii) iron, (iii) surface nitrogen, and (iv)
micropores in the catalyst. The disordered phase of carbons can react
faster with N-containing sources (eg., NH3) than the graphitic phase,
thus helping fix more nitrogen atoms in the carbon lattice to further
bond with the M center. The micropores of the catalysts play a key
role in determining the number of active M—Nx sites because the
micropores host M atoms to further interact with N atoms on the edges
of carbon, which also affords more locations to increase the sites for
the dopants introduction. Furthermore, the effective active sites are
those directly in contact with CO,, protons, and electrons. Thus, ex-
posing M-Ny site, increasing electron mobility and mass transportation
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are also imperative and can be achieved by improving graphitization
degree, increasing surface area, and constructing porous architecture.'*%
Both inherent properties of M—N, functionalities and carbon structure
need to be considered simultaneously to enhance the overall performance
of M—Nx-C.

As to the parameters used for activity evaluation, comprehensive
consideration of Faradaic efficiency (FE), partial current density (or
TOF), and overpotentials should be performed to reflect the energy
input, fuel production rate, and selectivity. Since it is highly desirable
that CO, reduction could maintain high product selectivity and reaction
rates with a small energy input, realizing high FE and partial current at
a low overpotential is highly desirable in the CO, reduction process.

4. Atomic M-Nx-C catalysts for CO,RR

Traditional M—Nx-C catalysts were commonly synthesized by pyro-
lyzing a composite of physically mixed M salts and N/C-containing
precursors. Due to high mobility and diffusivity of M atoms, isolated
M-Ny will undergo uncontrolled sintering during the high-temperature
treatment process, eventually leading to the formation of mixed phases

Review Paper

of M—Nx and M-based crystallographic structures in final catalysts. In
this case, the atomic utilization efficiency of M centers will be di-
minished, and the local environments of active sites cannot be well
controlled by using traditional synthetic methods. Very recently, many
novel strategies on the synthesis of atomically dispersed metal-free
M-Nx have been developed, which endow M—Nx-C with excellent
activity and stability in CO,RR. In this section, we presented these
advances, and the relationships between their CO,RR activity, struc-
ture, and compositions are also discussed.

4.1. Fe-N4,-C

Towards the goal of synthesizing well-dispersed atomic Fe site cata-
lysts, Zhang et al.>’ developed an effective thermal activation of
chemically Fe-doped zeolitic imidazolate frameworks (Fe-ZIF)
approach. Figure 4a depicts the basic synthetic principle for atomic
Fe atoms dispersed Fe-N-C catalyst. ZIF-8, composed of zinc bridging
with 2-methylimidazole, was employed as the parent MOF in the
synthesis since it is rich in N and pores. Fe-ZIF precursors were syn-
thesized by replacing Zn>* with Fe®* during the one-pot synthesis

20- /\\
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Fig. 4 (a) Synthesis principles of atomic Fe-N-C by pyrolyzing Fe-doped ZIF. Reproduced with permission from ref. 57 Copyright 2017, ACS. (b, ¢) HAADF-STEM
images of Fe-doped ZIF-derived Fe-N-C catalysts. (d) CO FEs and partial current densities of Fe-free N-C and Fe—N,4-C catalysts. Reproduced with permission from ref. 56

Copyright 2018, ACS.
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of parent ZIF-8, which showed the same crystal structure and rhombic
dodecahedron shapes of Fe-free ZIF-8. Rather than physically absorbed
in the pores of ZIF-8, Fe ions are nodes that chemically bond with
2-methylimidazole, thus stabilizing atomic Fe dispersion in precursors
through covalence bonds. After high-temperature chemical activation
at 1100 °C, the atomically dispersed Fe-N, was obtained. In the
heating process, Zn plays two important roles, one being spacers to
disperse Fe to avoid the formation of metallic clusters, and the other
being pore-forming agents to generate porous carbon structure be-
cause of its relatively low boiling point (907 °C).

By characterizing atomic structure of Fe using HAADF-STEM,
the isolated and well-dispersed Fe sites were directly observed
(Figure 4b-c), both of which were located at edge sites and em-
bedded in the carbon matrix. X-ray absorption spectra also con-
firmed that Fe atoms were coordinated with four N in the form of
Fe—N, complexes. The ZIF-derived Fe-N-C exhibited an onset poten-
tial of =0.29 V for CO, reduction in a KHCOj solution, which was
more much positive than that of Fe-free N-doped carbon (-0.67 V)
prepared by annealing ZIF-8. Gaseous CO and H, were detected as
main products with trace amounts of CH, (Figure 4d). The Fe-N-C also
delivered a maximum CO FE of 93% and CO partial current density of
2.8 mA cm? at a low overpotential of 470 mV (Figure 4e), signifi-
cantly higher than those of N-C, suggesting that Fe—-N, is more active
in suppressing HER compared to C—Ny sites. The atomic Fe-N, site
was also found to possess excellent electrochemical stability without any
decay in CO selectivity and current, and 20 hour reaction yielded a total
CO production of 1.0 mmol cm™ at a low overpotential of 470 mV.

The amounts of M ions in the precursors commonly play a key role
in the evolution of atomic M sites, and one can assume that there is no
way to exclusively synthesize atomic M sites if excessive M ions are
introduced. Based on this assumption, Huan et al.®* prepared a set of
Fe-based catalysts by annealing a mixture consisting of ZIF-8, ferrous
acetate, and phenanthroline (Figure 5a). By accurately adjusting Fe
content in precursors, the variable proportion of single-Fe-atom centers
and Fe-containing nanoparticles can be controlled. As shown in the
Mossbauer spectroscopy (Figure Sb-c), Feg sd, prepared with lower
Fe content, showed the presence of atomically dispersed Fe ions in
the N-doped carbon matrix, namely square-planar Fe"N, or Fe"N,
species in low- and medium-spin states (doublets D1 and D2), re-
spectively. Notably, when increasing Fe content in precursors to yield
Fe, od, the formation of Fe crystalline structures was clearly demon-
strated, mainly containing iron carbide without discernible amounts of
isolated Fe—N, species. By further exploring structure—selectivity re-
lationship for CO, reduction, they have identified that Fe—-N, moieties
are the key active sites for the selective CO, reduction into CO under
aqueous conditions, while Fe nanoparticles mainly catalyze hydrogen
evolution. The Feysd exhibited a high and stable Faradaic yield for CO
formation of 91% at an overpotential of 490 mV. The CO/H, product
ratio can also be easily controlled by tuning the ratio of Fe-N, moieties
to iron nanoparticles (Figure 5d), which provides an important route
to produce syngas with a tunable CO/H, ratio suitable for down-
stream Fischer-Tropsch synthesis of liquid fuels.

4.2. Ni-N4-C

Ni is another transition metal that has been demonstrated to have
enhanced activity for CO, reduction. Zhao et al.*® developed an
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Fig. 5 (a) Schematic representation of the various Fe-N-C materials obtained upon
pyrolysis. The amount of Fe nanoparticles increases with increased Fe loading. Fe
atoms are represented in red, C atoms in gray, and N atoms in blue. *’Fe Mdssbauer
absorption spectra of Feysd (b) and Fe,d (c). (d) CO/H, ratio of the gas blend as a
function of the relative content of Fe—Ny sites over the total iron content in the mate-
rials. Reproduced with permission from ref. 65 Copyright 2017, ACS.

ionic exchange and ZIF-assisted strategy to generate Ni single atoms
distributed in nitrogen-doped porous carbon (Ni SAs/N-C) for active
CO; reduction. In specific, the initial ZIF-8 was homogeneously dis-
persed in n-hexane, followed by the injection of Ni(NO3), aqueous so-
lution. Through a double-solvent approach, the Ni precursor could be
confined within the pores of ZIF-8, and the mixture was pyrolyzed
at 1000 °C under Ar flow. In the heating process, the organic linkers
were transformed into N-doped carbon skeleton, and the Zn nodes will
evaporate at such high temperatures, which would be easily occu-
pied by the neighboring Ni** ions, providing a protective fence to
avoid Ni aggregation. Hence, the isolated Ni** jons could be stabi-
lized by N coordination and further reduced by the surrounding car-
bon. The as-prepared Ni SAs/N-C structure retained the initial
rhombododecahedral shape and the Ni atoms dominantly presented
the atomic dispersion with a homogeneous distribution. Further XAS
characterization proposed that the local Ni structure involved coordina-
tion by three N atoms. This single-atom Ni catalyst exhibited a
TOF of 5273 h™', a FE over 71.9%, and a partial current density of
5.5 mA cm 2 for CO production at an overpotential of 890 mV.
Although the above ZIF-derived Ni SAs/N-C has the atomic disper-
sion of Ni atoms, the overall activity is not very notable, probably
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because the post ionic exchange method could not incorporate
adequate Ni atoms and the Ni—Nj center is not intrinsically efficient
for CO, activation. Very recently, Li et al.?® reported a topochemical
transformation strategy to prepare exclusive Ni-N, catalyst (Ni-Ny-C),
which generated the unprecedentedly high activity and selectivity for
CO, reduction. As shown in Figure 6a, the Ni-doped C5N, prepared
from heating freeze-dried powder of dicyandiamide, NH4Cl and NiCl,
was first coated by a carbon layer, which was achieved by hydro-
thermal treatment of Ni-doped C;Ny in glucose solution. The sub-
sequent high-temperature carbonization generated the Ni—Ny sites that
were inserted in the carbon frameworks. The core of this method is
that the carbon layer coating successfully ensures the preservation of
the Ni—N, structure to a maximized extent and avoids agglomeration
of Ni atoms to particles, thus providing abundant active sites. Benefiting
from high-density Ni-N, sites (Figure 6b), the Ni-N,4-C catalyst showed
significantly suppressed H, evolution, giving a maximum CO FE of
99% at —0.81 V with a current density of 28.6 mA cm 2 (Figure 6c).
In contrast, in spite of the existence of Ni, the sample prepared by
directly pyrolyzing Ni-doped g-C3;N; (Ni@N-C) and the sample
made by a pyrolyzing homogeneous mixture of glucose and precursor
for Ni-doped g-C3N; (Ni@N-C-Glu) showed poor activity similar
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to that of Ni-free N—C. These comparisons further unveiled the superi-
ority of atomic Ni—Ny sites in catalyzing CO, reduction.

Li et al. further performed DFT calculation to explore the underlying
reason of the high CO selectivity on Ni-N,.>® The free energy diagrams
of CO; reduction for Ni-Ny-C and N-C are presented in Figure 6d,
from which the formation of adsorbed intermediate COOH* was
found as the potential limiting step. Obviously, the introduction of
Ni—Njy sites lowers the formation energy of COOH* compared with
that for N-C, thereby facilitating subsequent CO formation and showing
higher activity. Because HER is the major competitive reaction that
influence CO selectivity, the difference between thermodynamic
limiting potentials for CO, reduction and H, evolution (denoted as
UL(CO,) — UL(H,)) was employed as a key parameter to reflect the
selectivity in CO,RR. As seen in Figure 6e, Ni-N4-C shows a signifi-
cantly more positive value for UL(CO,) — UL(H,) than that of N-C,
suggesting a higher selectivity for reduction of CO, to CO. This result
indicated that the Ni-N, structure has lowered energy barrier and ac-
celerated charge transfer in the CO, reduction, thus resulting in en-
hanced activity and selectivity for the conversion of CO, to CO.

The selection of suitable carbon supports is also considered a key
factor to prepare the atomic catalyst because carbon supports can

e

Fig. 6 Schematic illustration of the topo-chemical transformation strategy (Ni atoms, green; N atoms, blue; C atoms, gray; O atoms, red). (b) HAADF-STEM image of
Ni—Ny-C. (c) CO FEs of various catalysts. (d) Calculated free energy diagram. (e) Difference in limiting potentials for CO, reduction and H, evolution. Reproduced with

permission from ref. 26 Copyright 2017, ACS.
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determine the amounts of absorbed M ions and the location sites for
the reaction between M ions and N sources. Jiang et al.%*” developed
a graphene oxide (GO)-assisted method to fabricate single M atoms
because GO has many merits including high-density defects and
negatively-charged surface, which can help adsorb positive M cations.
By reducing the amount of Ni adsorbed on GO surface in NH; atmo-
sphere, the single-atom Ni catalyst (Ni-NG) was obtained (Figure 7a),
which presented a high CO selectivity of 95% and a current of
11 mA cm™? under an overpotential of 550 mV in water with an
excellent stability over 20 hours of continuous electrolysis. To fur-
ther improve current density, an anion membrane electrode assembly
was applied using Ni-NG as the cathodic electrode for CO,RR and
IrO, as the anodic electrode for oxygen evolution reaction (Figure 7b).
This design can help to avoid the direct contact of aqueous electrolyte
with CO, and facilitate the CO, mass transport, thus greatly suppressing
the competing HER even under large overpotentials. With the assistance
of this configuration, a high current of 50 mA cm 2 was achieved
with a high CO selectivity of 97% (Figure 7c,d). This represents a
new direction to achieve high CO, conversion by extending the size
of the gas diffusion layer, increasing the catalyst loading, and stacking
multiple cells.

Besides the above-mentioned methods that construct atomic M sites
using a bottom-up method, the removal of metallic phases by acid
leaching, a top-down method, was also used to fabricate atomic M
catalysts. For example, Yang et al.>’ synthesized single Ni sites
supported on N,S-doped graphene (A-Ni-NSG) by pyrolyzing a mix-
ture of l-cysteine, melamine and nickel acetate in argon, followed by
HCIl and HNO; washing and second heating treatment to recover the
carbon crystallinity. This catalyst exhibited high intrinsic CO, reduc-

Engineered Science

tion activity, reaching a specific current of 350 Ag™' and a TOF of
14,800h™" at a mild overpotential of 610 mV for CO production with
a FE of 97%. The catalyst also maintained 98% of its initial activity
after 100 h of continuous reaction at CO current densities as high as
22mAcm 2. Compared to bottom-up strategies, these post-treatment
processes are more complicated, and it is also challenging to com-
pletely eliminate metallic nanoparticles because some particles may
be encapsulated into carbon nanotubes or wrapped by carbon sheet
layers, preventing them from contacting with acid.>'>*

4.3. Co-N,-C

Although numerous findings have demonstrated that Co and N-doped
carbons commonly showed inferior CO selectivity due to the favorable
HER on Co-N; sites,>%*%*70 4 recent study revealed that the Co—N,
site is very efficient in reducing CO, into CO. Wang et al.*® realized
the fine modulation of N coordination numbers by adjusting pyrolysis
temperatures in the carbonization of bimetallic Co/Zn ZIF (Figure 8a).
The surrounding N numbers of central Co sites decreased from 4 to 2
when increasing the heating temperature from 800 to 1000 °C. After
examining the electrocatalytic CO, reduction activity, it was found
that Co—N, reached a CO FE up to 95 % at —0.68 V (Figure 8b);
while Co—Nj3 could only achieve a maximum FE of 63 % at -0.53 V,
and Co—-Ny had a maximum CO FE lower than 5 % at a more nega-
tive potential of 0.83 V, which is similar to Co nanoparticle (below
7%). To confirm the role of Co—N,, the N coordination number
in Co-N, was regulated back to 4 by NH; treatment at 400 °C
(Figure 8c), and they found that the NH;-treated catalyst exhibited a
drastic decline in CO specific current density than the initial Co—N,
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Fig. 7 (a) A HAADF-STEM image of Ni-NG. (b) Schematic of the anion MEA. (c) The steady-state current of Ni-NG (0.5 mg cmfz) on the 4 cm ™2 electrode and (d)
the corresponding FEs of H, and CO. Reproduced with permission from ref. 69 Copyright 2018, RSC.
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sample (Figure 8d). These results implied that the decreased coordi-
nating N can give rise to a higher CO selectivity and activity. The
DFT prediction manifested that both H, formation and CO, reduction
on Co-N, are sluggish owing to the high CO,™* and H* adsorption
energy, and the lower energy of H* adsorption compared to CO, *
adsorption suppresses the CO, reduction on Co—N,. As to Co—N,, the
CO, " * adsorption energy is low because upward-shifted d-band center
generates more unoccupied 3d orbitals of Co atoms in Co—N, and
hence stronger CO,™ * bonding. As a result, the Co—N, gained a CO
current of 18.1 mA cm™ at a low overpotential of 520 mV, corre-
sponding to a TOF of 18200 h™".

4.4. Activity comparison of various M—Nx-C catalysts

To compare the activity level of these recently reported atomic cata-
lysts and their specific advantages, their maximum achievable CO FEs

© Engineered Science Publisher LLC 2018

and partial current densities at corresponding overpotentials are sum-
marized in Figure 9. First, it is noteworthy that Fe-based M—-N4-C
catalysts showed the lowest overpotential and FEs comparable to
Ni- and Co-based catalysts, implying that Fe is advantageous in en-
ergy saving to achieve high CO selectivity. Second, it can be found
that Ni-N4-C and Co-N,-C have a significantly higher CO current
than Fe-N,-C, suggesting that Ni and Co centers might have better
capabilities to accelerate the kinetics for CO, reduction. Third, M-N,4-C
exhibited obvious advantages in terms of lower overpotentials and
higher FEs when comparing with state-of-the-art non-precious hex-
agonal Zn (h-Zn)’' and cobalt porphyrins-based covalent organic
frameworks (Co-COF).”* This highlights the bright future of devel-
oping M—-Ny-C for large-scale CO, electrolysis. However, compared
to noble metals like Ag and Au that possess outstanding activity in
CO,RR,?'?%73775 almost all M—N4-C exhibit higher overpotentials
when achieving the same level of CO current or FE. For example, a

Eng. Sci., 2018, 1, 21-32 | 29
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Fig. 9 Comparisons of CO FEs, partial current densities and corresponding
overpotentials of M—-N4-C with reported non-precious catalysts and noble cata-
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Fe—Ny4-C catalyst showed comparable CO FE to a porous Ag catalyst
at similar overpotentials (87% at 380 mV vs. 92% at 390);22’64 how-
ever, the Fe—N4-C had a much lower CO current compared to the
porous Ag (1.3 mA cm? vs. 8 mA cm 2). Furthermore, when
comparing with an oxidized Au catalyst, the Fe—N,4-C exhibited a
significantly larger overpotential, a lower CO FE, and a smaller CO
current (87% and 1.3 mA cm ™ at 380 mV for Fe-N,-C vs. 98%
and 10 mA cm 2 at 290 mV for Au).>"** In short, despite accelerat-
ing advancements in recent years, there is much room of improve-
ments for M-N,4-C electrocatalysts as applicable alternatives to noble
metals in practical CO, electrolysis.

5. Summary and outlook

Electrochemical CO, reduction has attracted great attention because
of the appealing advantages of affording a sustainable way to simul-
taneously convert greenhouse gas CO, and store intermittent renew-
able energy into high-energy-density chemical compounds without
regenerating hazardous emissions, making it a promising solution to
alleviate the serious changes in ecosystems and modern lives caused
by the increasing level of atmospheric CO,. In this review, we present
a comprehensive review of recent advances in using atomically dis-
persed M—-Nx-C as non-precious electrocatalysts for CO, reduction,
from the aspects of catalytic mechanism, active sites identification,
preparation methods, and CO,RR performance. The catalytic properties
can be drastically tuned by controlling M atoms, M—Nx configurations,
as well as carbon architectures. The striking performance has been
achieved on M—Nx-C. For instance, a Fe—-N4-C catalyst showed an
overpotential of 380 mV to reach maximum FE of 87% for CO pro-
duction, which is comparable to a noble Ag catalyst, and a Fe—N4-C
catalyst derived a maximum CO FE of 99% and a current density of
28.6 mA cm Z at an overpotential of 700 mV. Combined with the
merits of high atomic utilization efficiency and low-cost, M—Nx-C thus
holds great promises in future practical CO, electrolysis application.
However, challenges remain in terms of limited understanding of reac-
tion mechanism on specific active sites, low catalytic performance (rel-
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atively large overpotentials and low currents) and lack of feasible
approaches to prepare atomic catalysts at a large scale. To this
end, we recommend future research be performed in the follow-
ing directions:

(1) Exploring reaction mechanism. Systematic understanding
of catalytic mechanisms is of great importance to the rational design of
high-performance catalysts. Although DFT calculations have been ex-
tensively applied, the catalytic mechanism on specific active sites have
not been well established, and there is lack of experimental evidence
of the intermediates and chemical states changes of M—Ny sites. The
surface-sensitive Fourier-transform infrared spectroscopy (FT-IR) and
in situ/operando XAS are strongly recommended to be employed to help
explore the reaction mechanisms. FT-IR could be able to identify
the intermediates on the surface of solid-state catalysts and in situ
XAS could monitor the changes in oxidation states and chemical
coordination of M centers during the real CO, reduction process.
Combining DFT productions with experimental investigations, better
understanding of the catalytic pathways and roles of active species in
CO,RR can be achieved.

(i) Engineering M—Ny sites and carbon supports. The cata-
lytic CO,RR property of M—Nx-C is highly dependent on the nature
of M—Nx sites and architectures of carbon supports. The edge-hosted
M-N,,, has been theoretically suggested to be more efficient than
bulk-hosted M—N4. However, the fine configurations of M—Nx by
selectively introducing the most active sites is still a big challenge,
posing great limitation in improving performance of M—Nx-C. More
research is thus demanded to develop reliable approaches of control-
ling the structure of M—Ny. In addition, carbon supports play key roles
in governing the available number of M—Ny, mass transportation of
intermediates, as well as mechanical robustness and electrocatalytic
stability of catalysts in harsh electrochemical conditions. Thus, engi-
neering the nanostructure of carbon supports also provides opportunities
in controlling the activity, selectivity, and stability. However, the re-
lationships between CO,RR performance and carbon structure (mor-
phology, pore sizes, defects, etc.) remain elusive, which should be
extensively investigated in the future.

(iii) Large-scale fabrication of atomic catalysts and design of
advanced reactor systems. The industrial application of M—Nx-C
for CO, reduction will not be realistic until large-scale fabrication
of atomic catalysts and advanced reactors for the realization of high
CO, conversion rates can be achieved. Present synthesis of atomic
M-Nx-C is at laboratory-scale, and it is challenging to maintain the
high quality of atomic structure while keeping the fabrication cost low
in a massive synthesis process. Furthermore, most of current studies
have been conducted in a two-chamber cell in aqueous solutions, in
which the powder M—Nx-C catalysts are loaded on the surface of a
current collector. This testing configuration often results in low current
density owing to low solubility of CO, in water. Thereby, designing
advanced reactors is necessary for future practical application. Mem-
brane electrode assembly (MEA) may be a good choice, in which
the direct contact of CO, with water can be avoided by separating
the anode and cathode with an ion exchange membrane. The anode
can be circulated with aqueous electrolyte, and the CO, can be sup-
plied on the cathode side by gas flow channel. In this case, the mass
transportation of CO, can be largely enhanced by increasing the size
of the gas diffusion layer and stacking multiple cells in one system.

© Engineered Science Publisher LLC 2018
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