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Single-atom catalysts (SACs) have attracted increasing research
interests owing to their unique electronic structures, quantum
size effects and maximum utilization rate of atoms. Metal
organic frameworks (MOFs) are good candidates to prepare
SACs owing to the atomically dispersed metal nodes in MOFs
and abundant N and C species to stabilize the single atoms. In
addition, the distance of adjacent metal atoms can be turned
by adjusting the size of ligands and adding volatile metal
centers to promote the formation of isolated metal atoms.
Moreover, the diverse metal centers in MOFs can promote the
preparation of dual-atom catalysts (DACs) to improve the metal
loading and optimize the electronic structures of the catalysts.

1. Introduction

The depletion of fossil fuels and ever-increasing demands for
energy prompt scientists to develop advanced energy conversion
techniques. The fuel cells, metal-air batteries, and water electro-
lyzers are several promising energy conversion devices owing to
their high efficiencies and environmentally friendly characters."™
Oxygen reduction reaction (ORR), oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER) are the core reactions in
these devices and the kinetics of the reactions determine the
energy conversion efficiency of these devices to a great extent.*™
Therefore, the development of corresponding electrocatalysts to
reduce the energy barrier and facilitate kinetics of electrochemical
reactions is an effective strategy to increase the efficiency of the
above energy conversion devices. In addition, fossil fuels are still
the main source of energy in contemporary society, and the
burning of fossil fuels causes serious environmental issues such as
greenhouse effect owing to the emissions of CO,. Therefore,
developing proper technologies to reduce the amount of CO, in
the atmosphere is necessary.”® Electrocatalytic CO, reduction
reaction (CO,RR) is a method to kill two birds with one stone, for it
not only can effectively reduce the amount of CO,, but also can
converse CO, into useful chemicals and fuels such as methanol,
formic acid and hydrocarbons.">'? However, this technology
suffers from the poor product selectivity and low faradic efficiency.
Therefore, designing proper electrocatalysts to improve the faradic
efficiency and product selectivity is very important. Moreover, NH,
is one of the most important chemicals and carbon-free energy
carriers. At present, NH; is primarily produced through Haber-
Bosch process at high-temperatures and high-pressures (200-
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The applications of MOFs derived SACs and DACs for electro-
catalysis, including oxygen reduction reaction, oxygen evolution
reaction, hydrogen evolution reaction, carbon dioxide reduction
reaction and nitrogen reduction reaction are systematically
summarized in this Review. The corresponding synthesis
strategies, atomic structures and electrocatalytic performances
of the catalysts are discussed to provide a deep understanding
of MOFs-based atomic electrocatalysts. The catalytic mecha-
nisms of the catalysts are presented, and the crucial challenges
and perspectives are proposed to promote further design and
applications of atomic electrocatalysts.

300 atm, 400-550°C) using iron- or ruthenium-based catalysts.
However, this process takes up 1% total fossil energy and emits
more than 450 million tons of carbon dioxide each year, posing a
major threat to sustainable energy development and environ-
mental protection.">" Fortunately, the electrocatalytic nitrogen
reduction reaction (NRR) can produce NH, at ambient conditions
using renewable energy, and the investigation of NRR catalysts to
improve the NRR yields and faradic efficiency is also very
significant."*™"®

Electrocatalysts based on precious metals usually show
outstanding catalytic performance owing to the high intrinsic
catalytic activity induced by their electronic structures. For
example, noble metal Pt is the best electrocatalysts toward HER
and ORR, while IrO, and RuO, are considered as outstanding
electrocatalyst for OER.'"*" However, the low reserve, high
cost, and poor stability of precious metals catalysts limit their
commercial applications. Therefore, the investigation of high
efficiency, low cost and stable noble metal-free electrocatalysts
is imperatively meaningful and transition metal-based catalysts
emerged owing to their moderate catalytic activity and tunable
electronic structures to optimize the adsorption of intermedi-
ates during the reaction process.%

Reducing the content of metals is a valid method to reduce
the cost of transition metal-based electrocatalysts. In order to
maintain the high activity of catalysts when the loading of
metal is decreased, it is necessary to improve the utilization rate
of metal atoms. The utilization rate of metal atoms can be
improved by reducing the size of metals to create more metal
sites. Generally, the utilization rate of metal atoms reaches the
maximization when the size of metals is decreased to a single
atom.””? In addition, the quantum size effects and interactions
between the single metal atom and the supports in the single-
atom catalysts (SACs) not only can further boost the catalytic
activity, but also can achieve outstanding stability owing to the
uneasy aggregation of single atoms confined by the
supports.”**" Moreover, the catalytic performance derived from
SACs is more approximate to the theoretical calculation results,
where an atomic structure theoretical model must be estab-
lished when conducting the theoretical calculations.?*** There-
fore, SACs are also good candidates for investigation of reaction
mechanisms and identification of active sites.

Traditionally, SACs can be prepared from wet-impregnation
method, coprecipitation method, successive reduction method
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and spatial confinement strategy.”** Recent research demon-
strated that metal organic frameworks (MOFs) are good precursors
for synthesizing SACs owing to the following reasons. Firstly, the
metal nodes in MOFs are atomically dispersed and stabilized by
organic ligands, which make its more readily to avoid the
aggregation of metal atoms upon pyrolysis.“**" Secondly, the
organic ligands in MOFs can be converted into highly porous
carbons in the thermal annealing process. The carbons can not
only serve as supports to stabilize metal single atoms, but also can
provide extra active sites and facilitate electrons and ions transport
during the catalytic reactions. Thirdly, the regular morphology of
MOFs can be inherited during the pyrolysis process, which make it
possible to design MOFs with desirable morphology to prepare
SACs with more exposed edges or surfaces for catalysis. Fourthly,
by precisely designing and tailoring the structures and compo-
nents of MOFs, it is convenient to realize coordination environ-
ment regulation of SACs based on MOFs. Moreover, the various
metal centers in MOFs can also promote the preparation of dual-
atom catalysts (DACs), where the metal atoms loading can be
increased and the electronic structures of the catalysts can be
adjusted by the introduction of dual metal active sites to break
the linear relationship between the adsorption energies of reaction
intermediates, further improving the catalytic performance of the
catalysts.*>*}

Considering the ever-increasing atomic catalysts and MOFs
based catalysts for electrocatalysis, a specific review focused on
SACs and DACs derived from MOFs is important for readers to
get a systematically understanding in this field, although some
other reviews have discussed this partially.***" In this review,
we summarize the recent progress and development of SACs
and DACs from MOFs for electrocatalytic applications including
ORR, OER, HRR, CO,RR and NRR (Figure 1). This review aims to
give readers a deep understanding of atomic electrocatalysts
derived from MOFs and promote the development of MOFs
derived atomic electrocatalysts. The synthesis-structure-prop-
erty correlations of the catalysts are discussed in detail and
several important milestones are highlighted. In addition, the
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Figure 1. Organization of the main contents in this review. (ORR image:
Reproduced with permission.” Copyright 2020, Wiley-VCH; OER image:
Reproduced with permission.”® Copyright 2018, American Chemistry Society;
HER image. Reproduced with permission."*" Copyright 2018, Wiley-VCH;
CO,RR image: Copyright 2017, American Chemistry Society. Reproduced with
permission.®" NRR image. Copyright 2019, Royal Society of Chemistry.
Reproduced with permission."'™ DAC image. Reproduced with
permission." Copyright 2017, American Chemistry Society.)

main challenges and perspectives are proposed for further
design and applications of MOF-based atomic electrocatalysts.

2. Single-atom Electrocatalysts Derived from
MOFs

The concept of SACs was firstly proposed by Zhang and
coworkers in 2011, where single atom Pt catalysts loading on
the surface of FeO, was prepared through coprecipitation
method.”® Later in 2016, atomically dispersed nickel species
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supported by graphitized carbon were developed for HER and
atomically isolated Co in N-doped carbon for ORR were
MOFs.#%% |n 2017, Li and co-workers developed

prepared form

Ni-based SACs for CO,RR and Zeng and co-workers reported Ru
single atoms for NRR using MOFs as precursors.”'*? In addition,

DACs with high performance for ORR and CO,RR were also
reported and rapid progress were achieved in MOFs derived
atomic catalysts for electrocatalysis (Table 1 and Table 2).

Table 1. Some representative SACs derived from MOFs for ORR and DACs electrocatalysis.
Catalyst Precursor Synthetic method Major advance and significance E,,™ Vly Ref.
Fe SAs—NC FePc@ZIF-8 pyrolysis selective C—N bond cleavage to 0.915 [65]
acid leaching tailor the coordination environment
of pyridinic N to achieve edge-site
engineering of Fe—N, moieties
3DOM Fe—N-C PS@ZIF-8 pyrolysis templating method to prepare hierarchical 0.875 [69]
ferrocene ordered porous with atomic Fe—N—C sites
Fe/OES Fe/ZIF-8@SiO, pyrolysis overhang-eave carbon cages with 0.85 [70]
acid leaching edge-rich structure to expose more active
sites at three-phase boundaries
Fe—SAs/NPS—HC ZIF-8/Fe@PZS pyrolysis P and S dopants could reduce the positive 0.912 [71]
charge of Fe in Fe—N,—C to weaken
the binding of OH species
Co SAs/N—C ZnCo-ZIF pyrolysis Co—N, and Co—N, active sites for ORR 0.881 [50
Co—N—-C@F127 Co-ZIF-8@F127 pyrolysis CoN,, , moiety with lower activation 0.84 [82]
energy for the dissociation of OOH
Cu—SAs/N—C Cu foam direct atoms™ large-scale synthesis of SACs from bulk metals 0.895 [85]
ZIF-8
Co—N—C-10 ZnCo-ZIF pyrolysis Co,N; site exhibited reduced thermodynamic 0.79 [123]
barrier for ORR
CoPNi—N/C ZIF-67 pyrolysis synergetic effect of Co/Ni—N—C bonds 0.84 [124]
on Ni-complex
(Fe, Co)/N—C FeCl;/ZnCo-ZIF-8 pyrolysis (Fe, Co)/N—C could decrease the cleavage 0.954 [126]
barrier of 0—O bond to favor four electron
ORR pathway
[a] In 0.1 m KOH; [b] emitting from bulk metals with ammonia; [c] in 0.1 m HCIO,.
Table 2. Some representative SACs derived from MOFs for OER, HER, CO,RR and NRR..
Catalyst Precursor Synthetic method Application  Major advance and significance Activity Ref.
CUMSs-ZIF-67  ZIF-67 dielectric barrier OER coordinative unsaturated metal sites n=410mV @ 10 mAcm™ [90]
discharge (CUMSs) created by in 0.5 m KBi
plasma etching N, plasma
CoO,~ZIF ZIF-67 O, plasma treatment  OER CoO, active sites created by O, plasma n=318mV @ 10 mAcm? [91]
in 1 m KOH
NC-CoSA ZIF-67 pyrolysis and acid OER self-supporting SACs on carbon for n=360mV @ 10 mAcm™ [92]
leaching binder and additives-free Zn-air batteries  in 0.1 m KOH
A—Ni-C Ni-MIF pyrolysis and acid HER In-site generated Ni single atoms via n=34mV@ 10 mAcm™? [49]
leaching electrochemical activation in 0.5 m H,SO,
Co—SAC ZnCo-biMOF pyrolysis and acid HER DMOSO guest molecular assist the n=260mV @ 10 mAcm™? [97]
leaching preparation of SACs in 0.5 m H,SO,
W-SAC WCl5/UiO-66-NH,  pyrolysis and acid HER W, N,C; exhibited smaller AGy. n=85mV@ 10 mAcm™? [101]
leaching than WC and WN in 0.1 m KOH
Co SACs Co/Zn ZIF pyrolysis CO,RR Co—N, < Co—N; < Co—N,, 949% CO FE, n=520 mV [105]
a low coordination number could in 0.5 m KHCO;
promote the activation of CO, to CO,~
intermediate
Niss—N,—C MgNi-MOF-74 pyrolysis and CO,RR Nisa—N,—C > Niga—N3—C > Niga.—N,—C, 98% CO FE at —0.8V [106]
MgO removal Nis,—N,—C exhibited much lower AG in 0.5 m KHCO;
for formation of COOH*
Fe-N—C Fe/ZIF-8 pyrolysis CO,RR Fe—N, , ,—Cg is more active 93% CO FE, =470 mV [107]
than Fe—N,-C in 0.5 m KHCO,
Bi SAs/NC Bi-MOF pyrolysis CO,RR Bi-N, moieties had a lower free energy 97% CO FEat —0.5V [109]
for the formation in 0.1 m NaHCO,
of COOH*
Fe,—N—-C PCN-222(Fe) pyrolysis and NRR Mixed ligands strategy, Fe,—N—C NH; yield: [115]
acid leaching low Gibbs free energy for 1.56x 10" molcm s~
N,* to N,H*, and more positive at —0.05V
charge to suppress HER
Ru SAs/N—C Ru(acac)/ZIF-8 pyrolysis NRR Ru;—N; had a smaller AG of N, NH, yield: 1209 ygmg'h™"  [52]
dissociation than Ru (101) in 0.05 m H,SO,
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2.1. SACs derived from MOFs for ORR

ORR is a very critical reaction in metal-air batteries and fuel
cells. Generally, the ORR process is divided into a two-electron
(2e7) transport pathway and a four-electron (4e”) transport
pathway according to different types of oxygen adsorption on
the surface of catalysts. Among them, the end-on O, adsorption
mode promotes the 2e~ pathway; the bidentate O, adsorption
mode promotes the 4e” pathway. However, in the 2e™ route,
corrosive peroxides are generated, which is harmful to the
stability of the batteries.”**” Therefore, in practical battery
applications, catalysts that could promote ORR through the
direct 4e” reduction pathway is particularly desirable.

There are lots of oxygen-containing intermediates during
ORR, such as OOH*, O* and OH*. The key to improve the ORR
reaction kinetics is to effectively control the adsorption energy
of these intermediates.”>*® Since the rate determination steps
ORR on different catalysts are different, it is necessary to
reasonably adjust the electronic structure of catalysts to
optimize the adsorption energy of intermediates, thereby
reducing the overpotential of the catalyst and achieving rapid
ORR kinetics. When the size of metal active sites is reduced to
single atoms, the electronic structure of the metal atoms is
different with that in bulk owing to the low-coordinated
configuration of the SACs, therefore SACs are very promising
for ORR.

* Impregnation

Zn** |

FePc-x@ZIF-8 Fe SAs & Fe,0,-N/C-x Fe SAs-N/C-x
@ Muttimolecular Aggregates  #8s Fe,O,

Precursor@PS

2-MIM @ Ferrocene

SDOI \e-N-C

Fe-based SACs is the most extensively investigated catalysts
toward ORR owing to the intrinsic high catalytic activity of Fe
atoms.””4 Xu and coworkers used MIL-101-NH, with meso-
pores of 2-3 nm to accommodate FeCl; and dicyandiamide,
which served as Fe sources and N dopants after pyrolyzing.””
Atomically dispersed FeN, species with high catalytic activity
toward ORR were obtained on N-doped carbons and the
catalyst exhibited hierarchical pore structures for rapid mass
transport. As a result, the catalyst displayed outstanding ORR
performance with half-wave potential (E,/,) is even higher than
commercial 20 wt% Pt/C catalyst.

ZIF-8 is a good precursor to prepare SACs owing to its N-
containing ligands, regular morphology and readily preparation
at ambient temperatures.®’" Using Fe-doped ZIF-8 as precur-
sors, Wu and co-workers prepared atomically dispersed Fe in N-
doped carbons for ORR. In addition, the size of ZIF-8 was
systematically adjusted from 20 to 1000 nm to investigate the
size effect of carbon supports® The active sites were
demonstrated to be FeN, moieties and the best ORR perform-
ance were obtained when the size of carbon was 50 nm.

Encapsulating Fe-containing organic salts into ZIF-8 is also a
good strategy to prepare Fe SACs. In a recent work, iron(ll)
phthalocyanine (FePc), whose molecular size is even larger than
the cavity of ZIF-8 cage was introduced during the synthesis
process of ZIF-8 to prepare isolated Fe—N, sites in N-doped
carbon (Figure 2A)* The usage of FePc could break the

>,

& Mesoporous

Crystallization

PS@ZIF-8 (Fe)

Sd Sunaoway

P’“‘OI".la“on .

3DOM ZIF-8-Fe

Figure 2. (A) Diagram for the synthesis route of Fe SAs-N—C. Reproduced with permission.*® Copyright 2018, American Chemical Society. (B) Schematic
illustration for the synthesis of 3DOM Fe—N—C. Reproduced with permission.”” Copyright 2020, Elsevier.
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confinement effect of microcavity and bursted some C—N bonds
neighboring Fe—N, sites to realize edge-site engineering of
Fe—N,. All the catalysts obtained by adding FePc exhibited
higher ORR catalytic activity than Pt/C, demonstrating the
advantages of the edge-hosted Fe—N, sites. Density functional
theory (DFT) calculation indicated that the edge-hosted Fe—N,
sites could tailor the bonding configuration of N and reduce the
overall ORR barriers. Deng et al. introduced Ferrocene into the
cage of ZIF-8 by evaporation method and high-density Fe—N,
active sites dispersed in N-doped carbon atomically were
prepared after pyrolyzing.*® The optimized catalysts also show
high ORR catalytic activity, with a high half-wave potential of
0.864 V in 0.1 m KOH. Fe(acac); molecule was introduced into
the cage of ZIF-8 by Li and co-workers to prepare single atom
Fe in N-doped carbon (Fe-ISAs/CN) for ORR.®” The aberration-
corrected high-angle annular darkfield scanning transmission
electron microscope (HAADF-STEM) image demonstrated the
atomically dispersed Fe even when the Fe loading is up to
2.16 wt%. DFT calculations indicated that the ORR overpotential
for Fe-ISAs/CN (0.65 V) is much lower than that for Fe particles
(1.76 V). As a result, the half-wave potential of Fe-ISAs/CN was
60 mV higher than that of Pt/C catalyst. Coincidentally, Li et. al
also used Fe(acac); as Fe source in ZIF-8 to prepare Fe—N,—C
catalysts for ORR®® Moreover, they also used melamine to
encapsulate ZIF-8 to extend the porosity of the prepared
catalysts. Eventually, 3D hierarchical carbon with isolated Fe—N,
sites were obtained, which possessed the advantages of high
catalytic active sites and rapid mass transport, showing out-
standing ORR performance in both alkaline and acidic electro-
lyte. In another work, using Zn—Fe bimetallic ZIF as precursors,
Zhu and co-workers prepared atomically dispersed Fe—N, active
sites embedded in mesoporous carbon nanoframes (CNF). The
authors pointed out that the proper amount of Fe>™ dopants in
ZnFe-ZIFs can accelerate the decomposition of metal-ligand
linkages nearby and therefore forcing the generation of voids
inside the derived carbon matrix during the pyrolysis process.
The FeSAs/CNF-900 exhibited substantial multi-level pores in
the range of 1-15 nm and high active Fe—N, sites, which make
its ORR performance much superior than that of 20 wt% Pt/C.*”)

The porosity of ZIF-8 derived SACs can also be extended by
using extra template. In a recent work, ordered 3D PS assembly
was used as a hard template during the formation of ZIF-8, and
ferrocene was used as extra Fe source (Figure 2B).%" After
removing the PS template and sequent pyrolyzing, 3D hierarchi-
cally ordered porous with isolated FeN, sites (3DOM Fe—N—C)
was prepared. Owing to the highly active isolated dispersed
FeN, and enhanced kinetics induced by the 3D hierarchical
structure, the 3DOM Fe—N—C-900 exhibits a high half-wave
potential of 0.875V in 0.1 m KOH. In addition, as an ORR
catalyst for ZABs, a peak power density of 235 mWcm™ and a
specific capacity of 768.3 mAh g,,~" were achieved.

Optimizing the morphology of an electrocatalyst to enable
utmost exposed active sites and fast mass transport is also very
attractive. Xu and co-workers developed a silica-mediated MOF-
templated strategy to prepare overhang-eave structure (OES)
carbon cage decorated with Fe single-atom (Fe/OES; Fig-
ure 3A)."” Thanks to the edge-rich structure with more three-

ChemSusChem 2021, 14, 73-93 www.chemsuschem.org

phase boundaries induced by its unique morphology, and the
highly active Fe—N,—C sites, the Fe/OES exhibited superior ORR
performance than Pt/C both in 0.1 m KOH and 0.5 m H,SO,. In
addition, the ZABs catalyzed by Fe/OES could achieve a capacity
of 807.5 mAhg,,™' and a peak power density of 186.8 mWcm™,
demonstrating the practical applications of the catalyst.

As stated above, most of the reported carbon supported Fe-
based SACs are based on N-doped carbon. Doping multiple
heteroatoms into carbon can further modify the electronic
configuration of the carbon, thereby boosting catalytic perform-
ance further. By coating poly(cyclotriphospazene-co-4,4'-sulfo-
nyldiphenol; PZS) onto ZIF-8 as well as introducing Fe** in ZIF-
8, Li and co-workers reported Fe single atoms imbedded in N, P,
S tri-doped hollow carbon (Fe-SAs/NPS-HC) for ORR (Fig-
ure 3B).”" The PZS coating not only leaded to P and S dopants,
but also induced the hollow structure through Kirkendall effect.
Though extended X-ray absorption fine structure (EXAFS)
indicated that Fe atoms were only coordinated by N atoms,
however, the DFT calculations exhibited that the S and P atoms
around Fe—N, sites could denote electrons to Fe atoms, which
could decrease the positive charge of Fe—N, and therefore
weaken the binding of adsorbed OH species. As a result, the
half-wave potential of Fe—SAs/NPS—HC (0.912V) was much
higher than that of Pt/C (0.84 V), and the Fe-SAs/NPS-HC could
effectively drive the ORR in hydrogen-air fuel cells and zinc-air
batteries.

Besides ZIF-8, many other MOFs are also be demonstrated
as proper precursors to prepare SACs."*”® For example, using a
porphyrinic MOF, PCN-222 with constructed by mixed ligands,
Jiang and co-workers reported single atomic Fe anchored on N-
doped carbon (Fes,—N—C; Figure 4A)."? The dual ligands
strategy could effectively control the distance of adjacent Fe in
the MOF by varying the ration of the two ligands. As shown in
Figure 4B and 4C, the obtained Fe;,—N—C were rod-like
morphology and the Fe are atomically dispersed in the catalyst
when the amount of Fe—TCPP [TCPP =tetrakis (4-carboxyphen-
yl) porphyrin] during the synthesis is 20% mol ratio versus
H,—TCPP. The Fe loading was estimated to be up to 1.76 wt%
and all the Fe atoms were coordinated by four N atoms in the
form of FeN, moiety (Figure 4D). The Fes,-N—C exhibited high
catalytic activity toward ORR, as indicated by the LSV curves
(Figure 4E). Coincidentally, by introducing polyaniline (PANI)
into PCN-224(Fe), Cao and co-workers developed a migration-
prevention strategy to prepare single-atom Fe anchored on N-
doped carbon.” The PANI not only protect the Fe atoms from
aggregation, but also served as N source to form Fe—N,—C
species. The Fe-based SACs also exhibited outstanding catalytic
performance both in alkaline and acidic electrolyte.

Besides Fe atoms, Co also exhibited high ORR performance
as indicated by Co based non-single atom catalysts.”*”” There-
fore, Co-based SACs were also developed to further improve
the utilization rate of Co atoms and their catalytic activity. The
single Co atoms derived from MOFs for ORR was firstly
examined by Li and co-workers.”” A ZnCo mixed-metal MOF
was used as a precursor (Figure 5A). The evaporation of Zn at
high temperatures played a critical role for the formation of Co
single atoms, for it not only extend the spatial interval of Co
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Figure 3. (A) Synthesis process of Fe/OES. Reproduced with permission.”” Copyright 2020, Wiley-VCH. (B) Synthesis process of Fe-SAs/NPS-HC. Reproduced
with permission.”" Copyright 2018, Nature Publishing Group.
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atoms but also generate free N sites to stabilize the Co atoms.
When the Zn/Co ratio is above 1:1, Co single atoms in N doped
carbon (Co SAs/NC) can be readily prepared at 800 or 900°C.
HAADF-STEM image clearly indicated the present of Co single
atoms (Figure 5B) and EXAFS indicated that the Co is coordi-
nated by N in the form of Co—N, and Co—N, in Co SAs/NC(800)
and Co SAs/NC(900). The LSV curves clearly demonstrated the
higher ORR catalytic activity of Co single atoms compared with
Co nanoparticles (Co NPs/N—C), demonstrating the advantage
of the Co single atoms (Figure 5C). In addition, this work also
suggested that the coordination environment of Co atoms was
very important, as indicated by the higher ORR performance of
Co SAs/NC(900) than Co SAs/NC(800).

The size effect of Co-based catalysts for ORR was further
investigated by Deng and co-workers, where Co nanoparticles
(Co—NPs@NC), atomic Co clusters (Co-ACs@NC) and Co single
atoms (Co-SAs@NC) anchored on N doped carbon were
prepared by controlling the Zn/Co ratio to 0:1, 2:1 and 8:1 in
ZnCo-ZIF (Figure 5D).”® When used for ORR catalysts, a trend of
Co-SAs@NC > Co-ACs@NC > Co—NPs@NC were observed in
terms of onset potentials, half-wave potentials and kinetic
current densities. In addition, Co-SAs@NC based Zn-air battery
also exhibited higher power density than the other two
catalysts, comparable with that for commercial Pt/C catalyst
(Figure 5E). Moreover, two connected flexible batteries in series
could effectively power a light-emitting diode screen, demon-
strating the practical applications of the Co-SAs@NC (Figure 5F).

Generally, the structure model for Co—N—C catalysts are
usually a Co atom connected by several N atoms (typically 4) in
an intact graphitic layer (Co—N, moiety).”**" In a recent work,
Wu and co-workers reported a Co SAC (Co—N—C) with CoN,_,
sites (Co—N, moiety bridging two neighboring armchair graph-
itic edge) using a surfactant-assisted MOF thermal annealing
strategy, as shown in Figure 6A®? The cohesive interface

ChemSusChem 2021, 14, 73-93 www.chemsuschem.org

interaction of Co-doped ZIF-8 and the surfactant could avoid
the collapse of the internal carbon framework through confine-
ment effect, and prohibited the aggregation of adjacent Co
single atoms. Therefore, the Co—N—-C@ surfactant catalysts
exhibited higher density of CoN, active sites than surfactant-
free catalyst. In addition, the DFT calculation based on CoN,
and CoN,_ , moieties showed that the CoN, ., moiety had lower
activation energy for the dissociation of OOH (a rate-determin-
ing step for ORR), demonstrating the importance role of
coordination environment (Figure 6B).

As can be seen from the above discussion, the metal atoms
are mainly focused on Fe and Co atoms, while other metals
atoms are rarely investigated. In addition, the large-scale
preparation of SACs is also a challenge.®¥ In 2018, Li and
coworkers developed a strategy to synthesize SACs using bulk
metal as metal sources on a large-scale.®” As exhibited in
Figure 7A, NH; was used to drag Cu atoms from Cu foam during
the pyrolyzing process of ZIF-8. The formed volatile Cu(NH,),
species can be trapped by the defects of the N-doped carbon
to facilitate the formation of single Cu atoms. The Cu atoms are
coordinated by four N atoms to form CuN, moiety, which could
stabilize the Cu atoms. In addition, the catalyst could be
prepared in gram grade yield and the ZIF-8 can be instead by
graphene and Cu atoms can be replaced by Ni or Co,
demonstrating the large-scale synthesis and universality of this
strategy. The LSV curves indicated that the catalytic activity
toward ORR of Cu-SAs/NC is much better than pyrolyzed ZIF-8
and even surpassing commercial Pt/C catalyst (Figure 7B).

Since Fe based catalysts could participate and/or promote
the Fenton reactions (Fe’* +H,0,), which can cause the dissolve
of Fe species, as H,0, is a byproduct of the two-electron ORR.
However, Fenton reactions involving Mn ions are insignificant
owing to the weak reactivity between Mn and H,0,. Based on
this consideration, Wu and co-workers developed single MnN,
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moiety imbedded in N-doped carbon for fuel cells by a two-
step method using Mn-doped ZIF-8 as a precursor (Fig-
ure 7C).%¥ Since Mn ions are hard to exchange the original Zn
in the ZIF-8, 20% Zn was replaced by Mn was chosen for
detailed investigated. However, after pyrolyzing, the Mn
content was only 0.68 wt% in 20Mn-NC. Thus, MnCl, and
cyanamide was adsorbed in 20Mn-NC to prepare 20Mn-NC-
second via further thermal activation. As a result, the Mn
content increased to 3.03 wt% and is still in the form of single
atoms. Compared with the catalysts without Mn and 20Mn-NC,
20Mn-NC-second exhibited much higher ORR catalytic activity
in terms of onset potentials and half-wave potentials (Fig-
ure 7D).

As shown above, most of the SACs for ORR are based on Fe
and Co atoms, and both Fe and Co could participate the Fenton
reactions, which is a negative factor on the stability and activity
of the SACs. Therefore, it is urgent to develop SACs based on
other transitional metal atoms such as Mn, Cu, Zn or Ti to
expand the types of SACs and obtain SACs with higher activity
and stability.

2.2. SACs derived from MOFs for OER

OER plays a vital role in many electrochemical conversion
devices such as water electrolyzer and rechargeable metal-air
batteries.®*®” In the OER process, the generated oxygen comes
from the oxidation of hydroxyl or water molecules in the
alkaline solution under acidic conditions and a series of oxygen
adsorbates will generate, including HO*, O* and HOO*. This is a
consequence of the transfer of electrons and protons, and the
bonding interactions between these intermediates are crucial

©@Co@N ocC

O, Plasma

0% ™

ZIF-67

for catalytic activity. Too weak oxygen binding makes oxidation
of HO* as a rate-determining step, while too strong oxygen
binding makes the formation of HOO* as a rate-limiting
step.®®®) Therefore, it is of great significance to control the
strength of oxygen bonding to promote the OER catalytic
process.

Theoretically, the MOFs themselves can act as SACs owing
to the single-atomically dispersed metal ions in them. However,
the low conductivity of MOFs restricts their applications in
electrocatalysts. In addition, the metal ions in MOFs are usually
fully coordinated by ligands and the accessible electrocatalysis
active sites is few. Therefore, creating uncoordinated metal sites
is important for electrocatalysis. In a recent work, using N,
dielectric barrier discharge (DBD) plasma to treat ZIF-67, Wang
and co-workers successfully removed some organic ligands
from Co and introduced coordinately unsaturated metal sites in
ZIF-67 (CUMS-ZIF-67; Figure 8A)."® The HAADF-STEM images
indicated that Co-species are dispersed in CUMS-ZIF-67 in the
forms of single atoms (Figure 8B). LSV showed that the OER
activity of CUMS-ZIF-67 improved greatly compared with
pristine ZIF-67, demonstrating the important role of CUMS
(Figure 8C). The DFT calculations also indicated that the knock-
ing off one ligand from ZIF-67 can effectively reduce the
overpotential for OER. Similarly, the same group also treated
ZIF-67 with O, plasma. The O, plasma could effectively oxide
some of Co’" in ZIF-67 to CoO,, which is very active for OER
(Figure 8D).°" In addition, the O, plasma treatment also created
some macro and mesopore in the CoO,-ZIF-67, which could
greatly promote electrolye diffusion to the CoO, active sites.
The HAADF-STEM images showed that the CoO, species is 0.2-
0.3 nm, suggesting that the Co is dispersed in atomic-scale
(Figure 8E). The OER measurements showed that the OER

—Z|F-67
e CUMSs-ZIF-67

14 15 16 17 18 1.9
Potential / V vs. RHE

Figure 8. (A) Illustration for the synthesis of CUMSs-ZIF-67. (B) HAADF-STEM image of CUMSs-ZIF-67. (C) LSV curves of ZIF-67 and CUMSs-ZIF-67. Reproduced
with permission.”® Copyright 2017, Elsevier. (D) Preparation of CoO,-ZIF. (E) HAADF-STEM images of CoO,-ZIF. (F) Polarization curves of NC—Co SA and ZIF-67.

Reproduced with permission.”" Copyright 2017, Wiley-VCH.

ChemSusChem 2021, 14, 73-93 www.chemsuschem.org

82 © 2020 Wiley-VCH GmbH


http://orcid.org/0000-0003-2829-9131

Chemistry
Europe

European Chemical
Societies Publishing

Reviews

ChemSusChem doi.org/10.1002/cssc.202002098

activity of CoO,—ZIF-67 was obviously higher than that of ZIF-
67. Indeed, the CoO,—~ZIF-67 only needed a low overpotential of
318 mV at 10 mAcm™2, which is much higher than that of ZIF-
67 and comparable to commercial RuO, (Figure 8F). Moreover,
the OER performance of CoO,—ZIF-67 could be further improved
by introducing carbon to enhance the conductivity of ZIF-67.
This work indicated that not only single metal atoms can be
prepared from MOFs, metal oxides active sites can also be
obtained using MOFs as precursors.

The Co atoms not only exhibit high OER activity in the
forms of CoO,, but also in the form of N—Co bonding. Using
Co—MOF nanoflake arrays on carbon cloth as precursor, Wang
and co-workers prepared single atom Co catalysts imbedded in
N-doped carbon (NC—Co SA) by carbonization and sequence
acid leaching to remove extra Co clusters (Figure 9A)."? The
acid leaching not only lead to the formation of SACs, but also
increased the porosity of the NC—Co SA. Compared with the
NC—Co catalyst without acid leaching, the OER activity of
NC—Co SA increased greatly, with overpotential of 360 mV to
deliver a current density of 10 mAcm™2 (Figure 9B). In addition,
the ORR catalytic activity of NC—Co SA is also better than that of
NC—Co, with a high half wave potential of 0.87 V. Both the high
OER and ORR activity of NC—Co SA enabled its high catalytic
performance for a flexible Zn-air battery, with a high open-
circuit potential of 1.41 V (this value for Pt/Cis 1.27 V) and a low
charging-discharging voltage gap of 0.45V in flat states and
0.51 V in bent states (the values for NC—Co is 1.14 V in flat states
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and 052V in bent states; Figure 9C), demonstrating the
advantages of NC—Co SA for Zn-air batteries.

Though SACs have been utilized for OER, however, it should
be noted that the OER performance of SACs is still lower than
other advanced OER catalysts such as metal (hydro)oxides, and
could not meet the demands of commercialization. The main
reasons may be the low loading amount and limited coordina-
tion environment of the metals. For example, the metal loading
in the SACs are usually less than 1.5 wt%, which greatly limited
the density of metal active centers for OER. In addition, most of
the SACs are based on M—N—C structure. However, it should be
noted that metal sulfides and metal phosphides possess higher
catalytic activity toward OER and HER based on the current
research results. Therefore, it may be a good idea to design
SACs based on M—S—C or M—P—C structure to improve the OER
and HER performance of the SACs.

2.3. SACs derived from MOFs for HER

HER process can produce high purity hydrogen, which is a new
clean energy alternative with carbon-free nature. However, the
electrochemical production of H, is still not in industrial
practice, mainly owing to the usage of precious metal catalysts
to facilitate the HER kinetics.”**’ Recent progress has demon-
strated the great potential of transition metal based-SACs for
HER both experimentally and theoretically.
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Figure 9. (A) lllustration of the preparation of NC—Co SA on carbon cloth. (B) LSV curves of NC—Co SA and NC—Co. (C) Polarization curves of NC—Co SA and
NC—Co at flat and bent conditions. Reproduced with permission.®” Copyright 2018, American Chemistry Society.
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The SACs for HER was first investigated by Yao et. al in 2016,
where a Ni-MOF was used as precursors to prepare Ni@C
catalysts.*” After further HC| leaching and an activation process
by electrochemical cyclic-potential, single Ni atom catalysts
anchored on carbon was obtained. The HCl leaching process
removed most of the Ni clusters and Ni nanoparticles encapsu-
lated with graphene layers are obtained (HCI-Ni@C). The
thickness of the graphene layer is uneven and the acidic
electrolyte (0.5 m H,SO,) could dissolve the Ni nanoparticles
during the activation process, therefore atomically isolated Ni
atoms are formed on the carbon (A—Ni—C). The LSV curves
clearly indicated the huge activation trend of the catalysts, form
overpotential of 440 mV for HCI-Ni@C to 34 mV for A—Ni-C,
suggesting the superiority of single Ni atom catalysts.

The important role of single atoms for electrocatalysis were
further demonstrated by Chen and co-workers, where
ZnCo—biMOF and S—ZnCo—biMOF (ZnCo—biMOF with DMSO
guest molecular) were pyrolyzed and further etched by acid.””
The pyrolysis of ZnCo—biMOF resulted the formation of both Co
nanoparticles and single atomic Co sites (Py-ZIF), while the
pyrolysis of S—ZnCo—biMOF only leaded to the formation of
single atomic Co (Co—SAGC; Figure 10A). It is suggested that the

’(

s
. #4*:%

S species could interacted with Co to form CoS, species, which
are readily dissolve in acid, and pure single atomic Co catalysts
are obtained. The electrocatalytic measurement show that the
Py-ZIF and Co—SAC exhibited almost the same catalytic activity
toward HER and ORR (Figure 10B and 10C), indicating that the
catalytic contribution mainly come from the atomic Co sites,
once again demonstrating the advantages of single atom
catalysts.

Tungsten-based materials such as WC, WN and WS, are also
high active HER species.”® ' |n a recent work, single W atoms
catalysts anchored on N doped carbon (W-SAC) were demon-
strated to be more active than WC and WN.'" As shown in
Figure 11A, WCl; was first encapsulated in the framework of
UiO-66-NH,. The amine groups in UiO-66-NH, could effectively
prohibit the W species from aggregation. After pyrolyzing the
WCl;/UiO-66-NH, composite and further etching the ZrO, by HF,
W-SAC was prepared. The HAADT-STEM indicated that the W
species were atomic dispersed in the catalysts and X-ray
absorption fine structure (XAFS) spectroscopy suggested that
the W atoms presented in the form of W,N,C; moiety (Fig-
ure 11B). The LSV measurements demonstrated the high
catalytic activity of W-SAC, where only a low overpotential of
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ChemSusChem 2021, 14, 73-93 www.chemsuschem.org

84 © 2020 Wiley-VCH GmbH


http://orcid.org/0000-0003-2829-9131

Chemistry
Europe

European Chemical
Societies Publishing

Reviews

ChemSusChem doi.org/10.1002/cssc.202002098

A

i .X) n

N-Graphene

) . g

wC

E

v

« -
£

Z 0 -0.24
3

o

- E
- -1

g

E 0.4
&) u v u + + +

025 020 015 010 005 000 005

E (V) vs RHE

Reaction coordination

Figure 11. (A) lllustration for the preparation of W-SAC. (B) HAADF-STEM image of W-SAC. (C) HER performance of the various catalysts in 0.1 m KOH. (D) Gibbs
free energy of hydrogen adsorption on the various catalysts. Reproduced with permission.'®" Copyright 2018, Wiley-VCH.

85 mV was needed at 10 mAcm™ in 0.1 M KOH, much lower

than that for WC (146 mV) and WN (169 mV; Figure 11C). The
HER performance of W-SAC was also better than WC and WN in
0.5 m H,SO,. In addition, the AGy« for W-SAC was also smaller
than that for WC and WN, indicating the high intrinsic catalytic
activity of W-SAC (Figure 11D).

2.4. SACs derived from MOFs for CO, reduction

CO,RR is an effective strategy to decrease the concentration of
CO, in atmosphere using electricity generated by renewable
energy sources such as wind and solar."® In addition, the
CO,RR can produce chemicals and fuels to realize the concept
of carbon cycling. However, CO, is a very inert chemical owing

ChemSusChem 2021, 14, 73-93 www.chemsuschem.org

to the high energy C=0 bonds (806 kJmol™'). Meanwhile, the
electrochemical CO,RR is companied by HER, which can
decrease the Faradaic Efficiency of CO,RR."*® Therefore, electro-
catalysts that can active C=0 as well as prohibited HER catalytic
activity is very attractive for CO,RR.["*"

Transition metal and their compounds especially M—N—C
materials are promising candidates for CO,RR owing to their
appealing CO,RR activity and selectivity. The coordination
numbers of M—N—C catalysts have great effects on their activity
toward CO,RR. In a recent work, Wang et al. designed several
Co SACs with different N coordination numbers by using
mixed-metal ZIF (ZnCo-ZIF-67) as a precursor."™ During the
pyrolysis process, the Zn was evaporated away and Co ions
were reduced by carbonized organic linkers to form atomically
dispersed Co atoms embedded in N-doped carbon. By varying
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the pyrolysis temperatures, Co single atoms imbedded in N
doped carbon in the forms of Co—N,, Co—N; and Co—N, were
prepared at 800, 900 and 1000°C respectively. HAADF-STEM
images indicated the atomic dispersed Co atoms and EXAFS
demonstrated the N coordination numbers. The CO,RR meas-
urements were carried in 0.5 m KHCO, solution and the results
showed that the Co—N, catalyst had the best catalytic activity,
with a high Faradaic efficiency of 95% at —0.68 V. The DFT
calculations indicated that the Co—N—C catalysts with a low
coordination number could promote the activation of CO, to
CO, intermediate.

The important role of coordination number of metal atoms
in M—N—C catalysts was also demonstrated by Jiang and co-
workers, where bimetallic MgNi-MOF-74 and polypyrrole (PPy)
composite was chosen as a precursor (Figure 12A and 12B).1'%
The Mg in the MOF can extend the spatial separation of Ni
atoms and N atoms of PPy could anchor and stabilize Ni atoms
to prohibit the formation of Ni clusters and NiO nanoparticles
during the pyrolyzing process. By varying the calcination
temperatures and removing MgO, Nis,—N,—C, Nisa;—N;—C and
Nisa—N,—C could be readily prepared at 600, 800 and 900 °C.
The three catalysts had similar Ni content (0.9 wt%) but
different catalytic for CO,RR, indicating the different catalytic
activity induced by different N coordination number. The
catalysts exhibited a trend of Nigz—N,—C> Nig;—N;—C>

Niga—N,—C in activity, as indicated by the current density and
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Faradaic efficiency for CO. DFT calculation suggested that the
reduction of CO, to CO is a two-proton and two-electron
process and the formation of COOH* is the rate-determining
step (Figure 12C and 12D). Nis,—N,—C exhibited much lower AG
for rate determination step than Nig,—N,—C and Nig,—N;—C,
explaining its higher CO,RR efficiency.

Except for the coordination number of metal atoms, the
structural configurations also affect the CO,RR performance of
M—C—N catalysts. Using Fe or Co-doped ZIF-8 as precursor
followed by thermal annealing, Li and co-workers prepared Fe
and Co single atoms dispersed in N doped carbon (Fig-
ure 13A)."? The catalytic measurements demonstrated the
intrinsically higher catalytic of Fe—N, than Co—N,. In addition,
two kinds of structural configurations for Fe—N, was detected in
the Fe—N—C catalyst. One is the Fe—N,—C,, moieties imbedded
in a graphitic layer and are fully encapsulated by C atoms. The
other is the Fe—N,,.,—C; moieties, which composed by two
armchair-like graphitic layers connected by Fe atoms and could
cause a distortion of two adjacent carbon plane (Figure 13B).
The latter structural configuration is more active than the form
one based on the DFT results, providing guidelines for further
designing of M—N—C catalysts for CO,RR.

Bi-based materials are also promising catalysts to convert
CO, into formate and CO."™ To further improve the catalytic of
Bi element, a Bi-based MOF and dicyandiamide (DCD) were
used as precursors to prepare Bi SACs supported by N doped

Co, COOH* co* co

Figure 12. (A) lllustration for the preparation of Nig,-N,-C. (B) HAADF-STEM image of Nig,-N,-C. (C) Proposed reaction paths for CO,RR using Nig,-N,-C as a
model. (D) Free-energy diagram of CO, reduction to CO over Nig,-N,-C. Reproduced with permission."® Copyright 2020, Wiley-VCH.
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carbon (Bi SAs/NC)."® As shown in Figure 13C, the catalysts
exhibited bundles-shaped morphology, similar with the pristine
Bi-MOF. The calcination temperatures were crucial for the
formation of the SACs as Bi nanoparticles were formed at 350-
500°C. When the temperature was increased to 600°C, atomi-
cally dispersed Bi atoms were obtained and it is suggested the
NH; released from the decomposition of DCD facilitated the
atomization of Bi nanoparticles (Figure 13D). In addition, the
DCD also introduced N atoms in the Bi SAs/NC and the Bi atom
was coordinated by four N atoms to form the Bi-N, moieties
(Figure 13E). The Bi SAs/NC exhibited much higher catalytic for
CO,RR, compared with Bi nanoparticles (Bi NPs/NC) and Bi
clusters (Bi Cs/NC), as indicated by the LSV curves and Faradaic
efficiency. Moreover, the Bi-N, moieties had a lower free energy
for the formation of COOH* intermediate, suggesting its better
performance.

For CO,RR, owing to the different amounts of transferred
electrons, it is possible to obtain different reduction products
such as CO, HCOOH, CH,, and C,H, in the process of CO,RR.
However, the main product based on MOFs based SACs
catalysts is CO, as demonstrated by the above examples. It
should be noted that compared with CO, the products with
high H/C ratio such as C,H, and CH, are more desirable, and the
related reported is rare. Therefore, it is still urgent to develop
advanced catalysts that could converse CO, more effectively
into CH,, C,H, and alcohols."'”

2.5. SACs derived from MOFs for NRR

NH; is an important kinds of clean energy carrier as well as
chemical for fertilizer synthesis and plays an indispensable role
in the agricultural, pharmaceutical, plasticc and textile
industries.""" General, NH; is mainly produced based on Haber-
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Bosch process under high-temperatures (400-550°C) and high-
pressures (200-300 atm) using N, and H, as raw materials. This
reaction takes up 1% total fossil energy and emits more than
450 million tons of carbon dioxide each year."'>'™ On the
contrary, electrochemical NRR can produce NH; under ambient
conditions and has attracted increasing investigation interests.
Nowadays, the main challenge for electrochemical NRR is the
development of NRR catalysts that can effectively adsorb and
activate N,. In addition, the Faradic Efficiency for NRR is
seriously restricted by the competitive HER owing to the
overlapped potential for NRR and HER and the faster HER
kinetics."'" Therefore, designing proper electrocatalysts that
can weaken N=N triple bond and suppress HER is very
important.

Comparing with metal nanoparticles, the metal atoms with
positive charge in SACs can restrict the adsorption of protons
and only top site of SACs can be used for adsorbing proton.
Therefore, the SACs may be good candidates to suppress HER
and improve the faradaic efficiency of NRR. In a recent work,
Jiang et. al. prepared single-atom Fe anchored on N-doped
carbon (Fe,—~N—C) using a mix-ligand MOF as a precursor."™”
Using Fe-TCPP (iron(lll) meso-tetra(4-carboxyphenyl) porphine
chloride) and H,-TCPP (tetra (4-carboxyphenyl) porphine) as
mixed ligands, the distance of Fe atoms PCN-222 could be
extended to promote the formation of Fe single atoms in the
Fe,-N—C (Figure 14A). The TEM and HAADF-STEM images clearly
indicated the rod-like morphology of Fe,—N—C and the presence
of single Fe atoms (Figure 14B and 14 C). XANES suggested that
the Fe probably present in the form of Fe,-N—C in the catalysts.
In addition, compared with Co,—N—C and Ni;-N—C prepared by
similar strategy, the Fe,-N—C exhibited higher NH; yield (1.56 x
107" molem™2s™") and faradaic efficiency (4.51%). Furthermore,
the DFT calculation indicated that the Gibbs free energy for the
rate determination step (N,* to N,H*) of Fe,—N—C is the smallest.
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Bader charge analysis showed that Fe atom possess more
positive charge, which could restrain the HER process effectively
(Figure 14D-14F).

Metal Ru is also an efficient element that can adsorb N, and
activate N=N triple bond. Using Ru and Zn as metal centers to
construct ZIF-8 followed by pyrolyzing, Ru single atoms
dispersed in N doped carbon (Ru SAs/N—C) were prepared
(Figure 14G)."? EXAFS result showed that Ru atoms were
coordinated by N atoms and no metallic Ru or Ru,0, were
observed. Compared with the Ru nanoparticles on carbon (Ru
NPs/N—C) prepared by increasing the Ru content in the ZIF-8
framework, the Ru loading in the Ru SAs/N—C is much lower
(0.18 wt% vs. 2.64 wt%). However, the Ru SAs/N—C exhibited
much higher NH; yield at the measured potentials. Especially, at
—0.2V, Ru SAs/N-C exhibited a high NH; yield of
120.9 ugmg . 'h™', demonstrating the high potentials of Ru
SACs (Figure 14H). The DFT calculation indicated that N,
dissociation is the rate-limiting step for Ru (101) and N-
coordinated Ru single atoms (Ru,—N), and the AG of N,
dissociation on Ru,—N; is smaller than that for Ru (101),
indicating the high intrinsic activity of the Ru SAs/N—C.

As stated above, the structures of SACs are mainly M—N—C,
where the N atoms are always involved in the carbon substrate.
However, it should be noted that for NRR, the impurities of raw
materials and less standard operation may produce false results.

ChemSusChem 2021, 14, 73-93 www.chemsuschem.org

For example, it is point out that some of the detected NH; may
come from the decomposition of catalysts or the surrounding
environment, especially for metal nitrides and N-containing
catalysts. Therefore, we should be more careful when determine
the catalytic activity of SACs catalysts, and at least high-purity
isotopes measurements should be conducted to determine the
sources of product NH,!"'¢"7

3. Dual-atom Electrocatalysts Derived from
MOFs

Compared with SACs, dual-atom catalysts (DACs) with more
flexible active sites and higher metal loading are more
attractive. In addition, the electronic structures of the DACs can
be more readily adjusted by introducing heteronuclear metal
atoms with different d-band configuration to regulate the
adsorption energies of intermediates.'*'?"

Recently, Liao and co-workers reported single/paired Fe
atoms on porous carbon nanosheet (Fe/N-PCNs) for ORR using
a 2D Zn/Fe-MOF as a precursor with the assistance of g-C;N,
(Figure 15A).' The Zn?* extend the distance of Fe atoms in
the MOF and g-C;N, also served as stabilizer to prohibit the
aggregation of Fe atoms. The HAAD-STEM image indicated the

88 © 2020 Wiley-VCH GmbH


http://orcid.org/0000-0003-2829-9131

Chemistry
Europe

European Chemical
Societies Publishing

Reviews

ChemSusChem doi.org/10.1002/cssc.202002098

voviyty
22 4R
LN b b
Y ¥

e

Single Fe atom

........

Paired Fe atoms

0 100
C D ‘== EM ==
ZlF” <14~ CaPNi-NK 80 e COPNENAC
— —— CoDNI-N/C —— CoDNI-N/C
Fpmuul growth Carbonization 24 —PwC ) —PUC
PNi CoPNi-MOF CoPNi-N/C E 60
<
E 2
67
7]F 6 2070 ah 19y /
lpilnl-l growth C arhnn(/ulinn ° A~
P 0
00 02 04 06 08 10 10 L1 12 13 14 15 16 17
DNi CoDNi-MOF CoDNi-N/C E/V (vs RHE) E/V (vs RHE)

Figure 15. (A) SEM and HAADF-STEM images of the Fe/N-PCN catalyst. Reproduced with permission."?? Copyright 2020, American Chemistry Society. (B)
lllustration for the controllable preparation of the Co—-N—C-x catalysts with varied active site structures. Reproduced with permission."* Copyright 2020,
Elsevier. (C) Schematic illustration of the preparation of CoPNi—N/C and CoDNi—N/C. (D—E) ORR and OER activity of the catalysts. Reproduced with

permission."* Copyright 2019, Elsevier.

existence of both single Fe atoms and paired Fe atoms and the
loading of Fe was determined to be as high as 3.89 wt%. Owing
to the high-density active sites, the Fe/N-PCNs exhibited better
catalytic performance toward ORR than commercial Pt/C
catalyst in terms of higher half-wave potential in 0.1 m KOH and
better durability.

In another work, Xing and co-workers demonstrated that
binuclear Co,N; sites were more active than CoN, sites."*! As
shown in Figure 15B, by controlling the Zn/Co ratio to 5:1, 10:1
and 50:1, Co embedded in N doped carbon (Co—N—C-x, x
means the ration of Zn/Co) in various forms are prepared. In
detail, Co-N—C-50 only possessed CoN, sites in single-atom size
and Co—N—C-5 had large Co nanoparticles and CoN, sites. In
contrast, Co-N—C-10 had Co nanoparticles and binuclear Co,N;
active sites, as indicated by both HAADF-STEM image and
EXAFS curve. The ORR performance of Co—N—-C-10 was better
than the other two catalysts and the DFT calculations revealed
that the Co,N; site exhibited reduced thermodynamic barrier
for ORR, paving a new way for designing M—N,—C catalysts.

Compared with homonuclear DACs with the same metal
atoms, the heteronuclear DACs with different kind of metal sites
are more attractive owing to the synergistic effect of different
metal atoms. By epitaxial growth of ZIF-67 on tris-1,10-
phenanthroline nickel(ll) nitrate (PNi), COPNi-MOF was prepared
and used as a precursor to prepare Co/Ni atoms imbedded in
N-doped carbon for electrocatalysts (Figure 15C)."** Owing to
the high metal contents in the MOF, NiCo alloy nanoparticles
were formed in the obtained CoPNi—N/C. In addition, HAADF-
STEM image also demonstrated atomic Co/Ni dual sites in the
CoPNi—N/C. Moreover, this strategy could be well extended
when the PNi was changed to dimethylglyoxime nickel(ll; DNi;
Figure 15C). The LSV measurement indicated that the catalytic
performances of CoPNi—N/C and CoDNi—N/C are better than
the Co—N/C derived form ZIF-67 (Figure 15D and 15E). DFT
calculations suggested that the higher activity could be
ascribed to the synergetic effect of Co/Ni-N—C bonds.

ChemSusChem 2021, 14, 73-93 www.chemsuschem.org

The synergistic effect of Co and Fe dual sites was
demonstrated in a work reported by Li and co-workers, where
FeCl; was encapsulated in the cavities of ZnCo-ZIF-8 (Fig-
ure 16A)."* After pyrolyzing at high temperatures, the Fe®*
was reduced and the formed Fe species could catalyze the
decomposition of the of metal-imidazolate-metal linkages to
form large voids inside MOFs. The dual-sites of (Fe, Co)/N—C
were demonstrated by the HAADF-STEM images and the
(Fe,Co)/N—C adopted a porphyrin-like dual metal center (Fig-
ure 16B and 16 C). The ORR measurement demonstrated the
better performance of (Fe, Co)/N—C compared with Fe SAs/N—C
and Co SAs/N—C and DFT calculation indicated that (Fe, Co)/
N—C could decrease the cleavage barrier of O—O bond to favor
four electron ORR pathway. In another work, the advantage of
Fe—Co dual sites for the activation of oxygen by weakening the
0=0 bond were also demonstrated."*

Besides ORR, the synergistic effect of DACs was also
observed in CO,RR. By using Fe-doped ZIF-8 to adsorb Ni’", a
Zn/Ni/Fe ZIF was prepared and used as a precursor to prepare
diatomic Ni—Fe sites supported by N-doped carbon (Ni/Fe—N—C;
Figure 16D)."*” The current density for CO,RR to generate CO
for Ni/Fe-N—C at —0.7 V is 4.6 and 1.5 times higher than that
for Fe—N—C and Ni-N—C. In addition, the much higher turnover
frequency of Ni/Fe-N—-C (7680 h™") compared with Fe—N—C
(813 h™") and Ni-N-C (3690 h™") also demonstrated the high
intrinsic activity of Ni/Fe-N—C. DFT calculation indicated that
the Ni/Fe-N sites would change into a CO adsorbed moiety
upon CO, uptake, which could reduce the energy barrier for the
formation of COOH* intermediate and the desorption of CO,
resulting in the good CO,RR activity (Figure 16E).

4. Summary and Outlooks

Metal-organic frameworks (MOFs)-derived atomic electrocata-
lysts have demonstrated great potentials in various electro-
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catalysis reactions owing to their high catalytic activity and
maximum utilization of active sites. In this Review, the research
progress of single-atom catalysts (SACs) and dual-atom catalysts
(DACs) derived from MOFs toward the oxygen reduction
reaction (ORR), oxygen evolution reaction (OER), hydrogen
evolution reaction (HER), CO, reduction reaction (CO,RR) and
nitrogen reduction reaction (NRR) are summarized. Especially,
the synthesis strategies, chemical structures and catalytic
performances of the catalysts are addressed to give researches
a deep comprehension on the strategies to prepare atomic
catalysts from MOFs and the means to improve the perform-
ance of the catalysts. Indeed, MOFs-based atomic catalysts are
attracting ever-increasing attentions with the development of
advanced synthesis and characterization methods.

Although MOFs-based atomic catalysts have achieved great
progress in a very short timeframe. However, it should be
mentioned that this kind of catalysts is still in the exploration
stage and there are still great challenges for their further
development in both synthesis and application aspects.

(i) At present, only several MOFs, such as ZIF-67, MIL-101 and
ZIF-8, are extensively investigated as precursors for prepa-
ration of atomic catalysts and the metal sites are limited to
Fe, Co, Ni. This not only limited the metal active sites, but
also restrict the diversity of carbon supports for the similar
ligands such as 2-methylimidazole, (2-amino) terephthalic
acid in these MOFs. To extend the diversity of atomic
electrocatalysts derived from MOFs, MOFs with different
metal centers and ligands should be investigated, espe-
cially mixed metal MOFs to adjust the electronic structures
of the catalysts via the synergistic effect of different active
sites.

High-density active sites are indispensable to improve the
catalytic activity on an electrocatalysts. For example, in a
recent work, the metal loading of single-atomic-site (SAS)
catalyst SAS—Fe achieves a record value of 30 wt% and the
SAS—Fe show unprecedented catalytic performance for

(ii)

ChemSusChem 2021, 14, 73-93 www.chemsuschem.org

(iii)

90

epoxidation of styrene using O, as the only oxidant (yield:
64%; selectivity:89%).®¥ However, the metal loadings of
mostly reported atomic catalysts are usually less than
1.5 wt%, which limited the further improvement of their
catalytic activity. The synthesis of atomic catalysts with
high metal loading is still very challenging. Designing
proper supports with more cheating sites may be a
promising method. From the viewpoint of MOFs, the metal
contents in pristine MOFs are high enough and it is urgent
to develop more mild synthesis method to avoid the
aggregation of metal centers during the post fabricating
process.

Nowadays, most of the MOFs derived atomic electro-
catalysts are their ORR performance and lots of catalysts
show superior ORR activity than commercial Pt/C catalysts.
However, many energy conversion devices need bifunc-
tional electrocatalysts to simplify the operating systems.
For example, the metal-air batteries need bifunctional ORR
and OER catalysts and water-splitting devices demand
catalysts that are both active for HER and OER. Obviously,
the OER and HER performance of most of the electro-
catalysts are not satisfactory and could not comparable
with many other electrocatalysts such as meta (hydro)
oxides, metal sulfides and so on. The CO,RR and NRR
catalysts also face the issues of low activity and selectivity.
The main reasons for this may be owing to the low-density
active sites. Therefore, more efforts are needed to devote
to the development of bifunctional catalysts by improving
the OER and HER performance of atomic catalysts.
Developing DACs could effectively improve the density of
active sites to some extent, and the synergistic effect of
different metal atoms could further enhance the catalytic
performance of DACs. However, the preparation of DACs
with uniform and highly dispersed dual atoms is more
challenging. On the one hand, the multiple metal atoms
are more prone to aggregation or alloying owing to the
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increase metal density in the precursors. On the other
hand, the coordination abilities of organic ligands with
various metal centers are different and it is difficult to
precisely control the metal ratio in the pristine MOFs, which
in turn make it difficult to control the metal ratio in DACs.
This not only restrict the full utilization of synergistic effect
between different metal atoms, but also bring difficulties in
accurate identification of active sites in DACs. Therefore, it
is urgent to develop more effective synthetic strategy for
preparing DACs.

(v) The surface energy of single metal atoms is very high and
they are readily to aggregation with each other to form
metal nanoclusters or nanoparticles. Therefore, the stability
of SACs should be improved by strength the interactions of
metal atoms with the surrounding substrates. In addition,
most of the literatures only reported the catalysts’ state
before the catalytic reaction and the forms of metal atoms
after long-term cycling is rarely reported. This not only
limited the understanding of stability, but also restrict the
inference of catalytic mechanism. Therefore, to give
researches deep understanding of the stability and catalytic
mechanism of SACs, operando or post characterization
technologies should be utilized to monitor the reaction
processes and reveal reaction mechanisms.

Overall, the development of atomic catalysts form MOFs is
exciting and challenging. However, it is no doubt that the
atomic catalysts will still undergo rapid development and more
efficient atomic electrocatalysts can be expected based on the
continuous research efforts.
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