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Abstract. Double-atom catalysts (DACs) have emerged as a novel frontier in heterogeneous
catalysis because the synergistic effect between adjacent active sites can promote their catalytic
activity while maintaining high atomic utilization efficiency, good selectivity, and high stability
originating from the atomically dispersed nature. In this review, we focus on the recent progress
in both experimental and theoretical research on DACs for various catalytic reactions. Specifically,
the central tasks in the design of DACs—manipulating the synergistic effect and engineering
atomic and electronic structures of catalysts—are systematically reviewed, along with the
prevailing experimental, characterization, and computational modeling approaches. Furthermore,
we address the practical applications of DACs in water splitting, oxygen reduction reaction,
nitrogen reduction reaction, and carbon dioxide reduction reaction. Finally, we summarize the
future challenges for DACs and provide an outlook on the further investigations of DACs toward

heterogeneous catalysis in high-performance energy and environmental applications.



1. Introduction

With the rapid development of industrialization, energy and environment have become
crucial issues for human beings.[!! Fossil fuels, including coal, petroleum, and natural gas, have
been the most predominant energy sources globally, accounting for approximately 85% of the
world’s energy consumption in 2018.12) However, the non-renewable nature of fossil fuels has
raised a global concern regarding their depletion, considering the accelerating consumption per
year owing to the global economic boost and population growth. To make things worse, fossil
fuels raise environmental concerns such as greenhouse gas emissions and global warming.["> 3!
Consequently, there is an urgent need for developing sustainable and renewable energy sources

and constructing large-scale infrastructure for practical applications in order to solve the energy

crisis and reduce environmental pollution.

Heterogeneous catalysis, which can expedite chemical reactions on electrochemical
interfaces,*! plays a significant role in energy conversion processes and thus has gained increasing
attention. Compared with homogeneous catalysts, heterogeneous catalysts can endure harsh
reaction conditions and can be conveniently separated from the reaction systems and thus are more
widely applied in practical applications.!”) The most consistently studied heterogeneous catalytic
reactions for energy and environmental applications include hydrogen evolution reaction (HER), !

oxygen evolution reaction (OER),[> %7 oxygen reduction reaction (ORR),! !

nitrogen reduction
reaction (NRR)," and CO» reduction reaction (CORR)!'%. Water splitting via HER and OER can
facilitate the production of hydrogen, a clean energy carrier with high mass density, which can be
a promising substitute for fossil fuels. ORR is the bottleneck reaction for proton-exchange

membrane fuel cells, and the performance enhancement of ORR can benefit the efficient and

environmentally friendly energy conversion in the fuel cells. NRR is the less energy-consuming



approach for converting dinitrogen (N2) to ammonia (NH3), an important chemical used in the
industry and agriculture, as well as an efficient energy carrier. CO2RR shows significance in the
carbon cycle, achieving the reduction of CO> in the environment and production of value-added
chemicals simultaneously. The most important task in heterogeneous catalysis is the design of
highly efficient catalysts in overcoming the kinetic energy barrier in practical catalytic reactions.
However, the high cost and natural scarcity of conventional noble metal and metal oxide catalysts
hinder their industrial applications. On the other hand, single-atom catalysts (SACs), since the first
report of Pti/FeOx catalyst for CO oxidation in 2011,/'! have attracted widespread attention
because of their high atom utilization efficiencies (AUEs), close to 100%, outstanding selectivity,
and high stability.[ 2l SACs can form a bridge between heterogeneous and homogeneous catalysts
by introducing the advantages of homogeneous catalysis—high selectivity—into heterogeneous
catalysis by uniform and controllable atomically dispersed active sites.['*) Much progress has been
made in SACs in the past decade, with multiple applications in water splitting,['* ORR,[!) NRR,[1¢]
and CO,RR!', Despite the broad prospect of single-atom catalysis, SACs suffer from structural
simplicity and lack of synergistic active sites for surpassing the intrinsic performance limit of more
complicated electrocatalytic reactions, which include multiple reaction steps and reaction

intermediates, such as ORR, CO2RR, and NRR.5> 18]

A promising approach to solving this issue is the introduction of dual active sites, forming
dimers supported on substrates, which are known as double-atom catalysts (DACs), or dual-atom
catalysts, instead of SACs (Figure 1).1 18191 In 2014, He et al. reported the controlled synthesis
of Fe dimers incorporated into a graphene lattice by drop-casting a solution of FeCls onto clean
graphene samples,'?’! inspiring research into introducing metal dimers supported on vacancies or

defect sites of materials to form metal dimers, which have potential applications in heterogeneous



catalysis. In his famous article ‘More is Different’, P.W. Anderson stated that ‘at each level of
complexity entirely new properties appear’.*!l DACs are more than simple doubling of single atom

18-19.22 However,

and they may introduce a synergistic effect to break the theoretical limit of SACs.!
owing to significant issues such as the difficulty of precise control of metal dimers, obstacles exist
in the experimental studies of DACs. To overcome these challenges, experimentalists seek
solutions by renovating and establishing novel synthesis methods for the precise control of the
atomic structures of DACs, while theoretical chemists aim to develop tools for the computational
design and prediction of potential DACs with high performance and provide guidance to
experimentalists by proposing and analyzing the catalytic mechanisms. They go through two

different expeditions with the same ultimate goal: fully utilizing the synergistic effect in DACs by

structural engineering to obtain better catalysts (Figure 1).

Double-Atom
Catalysts (DACs)

Synergistic Effect
Structural Engineering

Figure 1. Schematic of experimental and theoretical techniques used in recent investigations for

the advancement of DAC:s.



The above-mentioned prospects and challenges in the design of DACs make it one of the
most intriguing topics in electrocatalysis and photocatalysis. In this review, we first
comprehensively summarize the experimental and theoretical methodologies in the preparation,
characterization, and prediction of DACs for various energy-related catalytic applications,
including water splitting, ORR, NRR, and CO>RR. Then, the current progress is systematically
reviewed based on different reactions, with a focus on the role of the nature of the dual-atom in
the improvement of catalytic activities. Finally, we point out the challenges in DACs and provide

an outlook on this emerging area.

2. Preparation and Characterization Methods for DACs
2.1 Preparation of DACs

The most important prerequisite for research in laboratories and practical applications of
DAC:s is the chemical synthesis of metal dimers that can be stably anchored on substrates. Since
the surface free energy of metal atoms is higher than that of nanoparticles, similar to SACs, one
major challenge to stabilize DACs is preventing the aggregation of isolated metal atoms during

s.122 To achieve this, strong covalent bonds between the metal

synthesis and catalytic reaction
dimers and the coordinated atoms are crucial to lower the free energy of metal dimers or increase
the aggregation energy barrier. Multiple attempts to stabilize SACs have resulted in successful
synthesis, with methods including spatial confinement, coordination site construction, chemical
etching, defect design, and electro-/photochemical strategies.”>) Nevertheless, the synthesis of

DAC:s is more challenging owing to the complexity of precise control of metal dimers, and thus,

there is an urgent need to develop a more precise design of the structural engineering approach.



Thus, in this section, we review the current strategies used for the synthesis of DACs, which are

categorized into bottom-up and top-down strategies.

2.1.1 Bottom-up Strategies

For bottom-up strategies, mono- or multi-nucleus metal complex precursors are first
adsorbed and finally reduced and confined in vacancies to form DACs.[>*) Atomic layer deposition
(ALD), with a sequence of self-limiting reactions in which metal, metal oxides, or other materials
can be uniformly deposited on the surface, results in the precise control of metal particle size,
composition, and structure.*¥! The uniform deposition character of ALD makes it a powerful
approach for the construction of atomic catalysts and investigation of structure-performance
relations, particularly for the precise fabrication of DACs.?>) Yan et al. reported the synthesis of
Pt; dimers on graphene (Figure 2a) using the bottom-up ALD technique.*** First, isolated
anchoring sites for DACs on graphene were created by acid oxidation and high-temperature
thermal reduction; then, the first cycle of Pt ALD was performed by exposing
trimethyl(methylcyclopentadienyl)-platinum (IV) (MeCpPtMes) and molecular O> at 250 °C to
form Pti@graphene, followed by the second ALD cycle, in which secondary Pt atoms are
deposited on the preliminary ones at a lower temperature of 150 °C to prevent metal atom
aggregation. Finally, Pty@graphene DACs were fabricated. The as-synthesized DACs exhibited a
high specific rate of 2800 molyz molp™' min' at room temperature in the hydrolytic
dehydrogenation of ammonia borane, which was approximately 17- and 45-fold higher than that
of Pt SACs and nanoparticles. Heteronuclear DACs Pt-Ru dimers supported on nitrogen-doped

25b

carbon nanotubes (NCNTSs) can also be prepared using ALD (Figure 2b).>® Owing to the

difficulty in depositing Ru on NCNTs in the first few ALD cycles, the authors first prepared Pt
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SACs with MeCpPtMe; precursors. In the second round of ALD, Ru(C>HsCsHa)> was selected as

the precursor to selectively deposit Ru on Pt single-atoms to form Pt-Ru DAC:s.
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Figure 2. Schematic of bottom-up synthesis of DACs by ALD. (a) Synthesis of Pto/graphene

(carbon in cyan; hydrogen in white; oxygen in red; and platinum in blue) Reproduced with



permission.[?> Copyright 2017, Nature Publishing Group. (b) Synthesis of Pt-Ru dimers on

[25b

NCNTs. Reproduced with permission.[>**! Copyright 2019, Nature Publishing Group.

Another bottom-up strategy for the synthesis of DACs is the wet-chemistry method, which
is considered the simplest and the most promising method for the preparation of SACs.[%! The
electrochemical deposition strategy, as a low-cost and highly efficient method, is widely used in
surface modification and is also applicable for the synthesis of DACs, according to the pioneering
work by Yao’s group.?® They used a two-step synthesis method with rod-like cobalt-based metal-
organic frameworks (MOFs) as precursors. Carbonization at 850 °C with N-doping was performed
in the first step and core-shell Co-NC structures were formed. In the second step, by applying
cyclic electrochemical potential to Co-NC, carbon-based hollow structures with graphitic shells
were formed (Figure 3) and Co and Pt were atomically dispersed in NC. The as-fabricated A-
CoPt-NC DACs exhibited high activity for ORR (mass activity of 45.47 A mg™!)?%2l and HER
(overpotential of 27 mV at 10 mA ¢cm2)1??], which is superior to that of commercial Pt/C catalysts.
In addition, another wet-chemistry strategy, the “precursor-preselected” method, was developed
by Wang’s group to synthesize Fe; DACs on mesoporous graphitic carbon nitride (mpg-C3Ny).[”!
The DACs were formed by the preselection of metal precursors and carefully controlled pyrolysis
to ensure the double-atom nature and avoid agglomeration; mpg-CsN4 provided anchoring sites
for stabilizing DACs. Consequently, the DACs showed excellent performance for alkene

epoxidation (trams-stilbene — trans-stilbene oxide), while the Fe porphyrin, SACs, and

nanoparticles were almost inert in reaction.
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Figure 3. Schematic of bottom-up synthesis of A-CoPt-NC DACs by electrochemical deposition
method. Reproduced with permission.?®! Copyright 2019, Wiley-VCH Verlag GmbH & Co.

KGaA, Weinheim.

2.1.2 Top-down Strategies

For top-down strategies, bulk metal or metal nanoparticles are used as precursors, and
DAC:s are formed by breaking the metal-metal bond to generate atomically dispersed metal dimers
on the substrates.”! To trigger this process, high temperatures are usually used during the
synthesis. High-temperature pyrolysis of MOFs containing specific metal atoms is a commonly
used approach in the synthesis of DACs anchored on carbon-based materials.”®! Wang et al.
reported the synthesis of Fe-Co DACs supported on N-doped carbon (N-C) by a host-guest strategy
(Figure 4a).”* They used a bimetallic (Zn/Co) MOF as the host material, and FeCl; molecules
were encapsulated in the cavities. Fe species in the cavities could further expedite the
decomposition of the links between metal atoms and the imidazolate structure, forming enlarged
voids inside the MOFs. Finally, the Zn species could be removed by volatilization due to its low

boiling temperature, and (Fe,Co)/N-C DACs were formed. In another work, Zn-based energetic
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MOFs doped with Fe/Co were used as precursors to synthesize CoFe@C DACs by one-step
pyrolysis (Figure 4b).”?%®! During pyrolysis, the Zn nodes were volatilized, and the gases released
by the decomposition of energetic triazole ligands induced hierarchically porous carbon networks
with Co-Fe double-atoms dispersed on them. In addition, in situ encapsulation of Fe>(CO)o in the
cavity of zeolitic imidazolate framework (ZIF) before pyrolysis is demonstrated as a feasible
approach to provide confinement for the formation of homonuclear Fe>-based DACs,?8! while a
similar strategy can be extended to triple-atom catalysts by fabricating Rus trimers for catalytic

applications.[*”]
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Figure 4. Schematic of top-down synthesis of DACs by high-temperature pyrolysis. (a) Synthesis

(282 Copyright 2017, American Chemical Society.

of (Fe,Co)/N-C. Reproduced with permission.
(b) Synthesis of CoFe@C. Reproduced with permission.?®® Copyright 2019, Wiley-VCH Verlag

GmbH & Co. KGaA, Weinheim.

2.2 Characterization Methods for DACs

Following the synthesis, the engineered structures in DACs must be investigated using
modern characterization methods to confirm the dual-atom structure and explore the intrinsic
atomic and electronic structures, as well as the relationship between the structure and the catalytic
performance. In this section, we discuss two major characterization methods for DACs:

transmission electron microscopy (TEM) and X-ray absorption spectroscopy (XAS).

221 TEM

TEM is one of the most frequently used techniques in the visualization of the morphology
and atomic structures of catalysts.*®! To characterize atomically dispersed active sites, more
advanced techniques with better resolution, such as the aberration-corrected high-angle annular
dark-field scanning TEM (HAADF-STEM), are indispensable for probing the atomic structures of
SACs and DACs.! One example shown in Figure 5 is the application of HAADF-STEM for the
characterization of Irn@o-Fe,O3 DACs.*? In Figure 5a and 5b, the bright two-point structures
can be ascribed to Ir, DACs, while lighter gray spots in the background represent Fe atoms on the
substrate. In addition, few Ir single-atoms or nanoparticle structures can be viewed, confirming the
unmixed nature of the as-fabricated DACs. To obtain deeper knowledge, a scan of HAADF

12



intensity along the dotted line marked in Figure Sb was obtained (Figure 5¢), and the double Ir
atoms at a distance of ~3 A can be clearly seen. Elemental mapping was performed using energy-
dispersive X-ray spectroscopy (EDS) incorporated with STEM, and no obvious large aggregation
of Ir clusters was observed (Figure 5d,e). This work indicates the important role of the advanced

TEM technique in the characterization of DACs.

HAADF Intensity (a.u.) SEeH

Figure 5. TEM characterization of Ir, DACs on a-Fe>Os. (a)(b) HAADF-STEM images for Ir>
dimers and (¢) the line-scan HAADF intensity analysis results along the line in (b). (d) Dark-field
image of the region and (e) the corresponding distribution of Fe, O, and Ir. Scale bar: (a) 2 nm; (b)
1 nm; (d)(e) 4 nm. Reproduced with permission.*?! Copyright 2018, National Academy of Science

of the United States of America.

2.2.2 XAS
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Synchrotron-radiation X-ray absorption fine structure (XAFS), which can be categorized
into X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS), is a widely used materials characterization technique to determine the local coordination
environment and electronic structure based on XAS.[*¥] The XAS technique has wide applications
in transition metal (TM)-based catalysts because of its element specificity, sensitivity to short-
range interaction, and chemical state. Structural information including bond distance, coordination
number, oxidation state, and degree of the disorder can be obtained from the analysis of XAS
results.33% 341 In Wang et al.’s work, XANES and EXAFS were applied to study the coordination
environment and electronic structure of (Fe,Co)/N-C DACs.[?%4] Fe L-edge XANES spectra of
(Fe,Co)/N-C showed a single Fe Ls-edge peak, indicating delocalized Fe 3d electrons and high
conductivity of the structures (Figure 6a). From the N K-edge XAS profiles, peaks corresponding
tothe " and 6~ bands can be observed (Figure 6b), and a decrease in the n” intensity for (Fe,Co)/N-
C demonstrated a reduction in the N-C bond length and metal-nitrogen coordination retention after
pyrolysis. EXAFS was further applied to reveal the structures of the active sites. The peak at 1.5
A was ascribed to the Fe-N coordination path for (Fe,Co)/N-C, and the fitting results demonstrated
that the coordination numbers for Fe-N and Fe-Co were approximately 3 and 1, respectively
(Figure 6c¢,d). Based on these results, a schematic model was built, as shown in Figure 6e, and
was used in the following theoretical calculations. This work demonstrated that XAFS is of vital
importance in the determination of the local coordination environment and atomic structure of

DAC:s.
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Figure 6. XAS characterization of (Fe,Co)/N-C DACS. (a) Fe L-edge XANES spectra (b) N K-
edge XAS profiles of Fe single-atoms (SAs), Co SAs, (Fe,Co)/N-C, (c¢) K-edge XANES spectra
for (Fe,Co)/N-C, and (d) the corresponding Fe K-edge EXAFS fittings, and (e) proposed structures

of Fe-Co DACs. Reproduced with permission.?2 Copyright 2017, American Chemical Society.

3. Exploration of DACs by Theoretical Modeling

For the exploration of electronic structures and reaction mechanisms that underpin the
catalytic performance of novel catalysts, theoretical modeling always works in close collaboration
with experiments.**! Because of the multiple possibilities of metal combinations for the formation
of DACs as well as the difficulties in precisely controlling the synthesis of atomically dispersed
metal dimers, trial-and-error experiments with high economic and time costs are not suitable for
large-scale DAC prediction. Therefore, theoretical modeling approaches, including density
functional theory (DFT) calculations, ab initio molecular dynamics (AIMD) simulations,
microkinetic modeling, and machine learning (ML), play a pivotal role in the design and
mechanism of DACs, as well as in explaining experimental phenomena (Figure 7). The

15



importance of theoretical modeling in DACs is even higher than that in SACs because the
experimental synthesis and characterization methods for SACs are more mature, and the
mechanisms for heterogeneous catalysis on single active sites are so far more comprehensively
studied compared with those on dual-metal sites. In this section, we provide a brief introduction to

these approaches and their applications in investigating DACs and provide future perspectives.

/7 Abinitio
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Figure 7. Schematic of widely used computational methods for the rational design of DACs.

First-principles (or ab initio) DFT calculations based on the theory developed by Kohn et
al.®% have found wide applications in studying the mechanism of heterogeneous catalysis owing
to the accurate description of atomic structures and electronic, magnetic, and optical properties,
which are comparable to those obtained experimentally.”! One of the most important applications
in catalysis is the calculation of the Gibbs free energy change and overpotential values from DFT-

calculated total energy values, which can be used to determine the catalytic performance and
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possible reaction pathways in heterogeneous catalysis.*>! Generally, the Gibbs free energy change,

AG, for each intermediate in the catalytic reactions can be defined as!*®!
AG = AE + AZPE — TAS + AGu + AGpn,

where AE, AZPE, and TAS represent the changes in the DFT-calculated electronic energy, zero-
point energy, and entropic contribution, respectively; AGu is the Gibbs free energy contribution of
electrode potential U; and AGpn is the correction due to the pH values. Typically, the Gibbs free
energy diagram is constructed from calculated AG values and the reaction step with the highest
AG is determined as the potential-limiting step (PLS), which is used to calculate the theoretical

(385, 38¢, 391 An important factor in the design of catalysts is the

overpotential value for a reaction.
determination of descriptors. The Sabatier principle in heterogeneous catalysis indicates that an
ideal catalyst should bind molecules and intermediates that are neither too strong nor too weak;*"!
in addition, the so-called scaling relations imply that the adsorption energies of intermediates in
multistep reactions such as ORR, NRR, and CO;RR may correlate with each other.?7® 4!l
Consequently, a small set of descriptors based on the adsorption free energy AG for key
intermediates, instead of adsorption free energies of all reactants, is widely used. In addition to the
Gibbs free energies, the underlying origin of the different adsorption strengths and catalytic
performances of the catalysts need attention. Moreover, the electronic properties stemming from
the DFT-calculated total and partial density of states, band structures, and crystal orbital
Hamiltonian population (COHP)*?! are widely applied to describe the intrinsic properties of
catalysts. The well-established d-band theory is an example of an outstanding descriptor that links

[43] Other descriptors

the electronic structure to adsorption strength, and finally to catalytic activity.
such as the peak position of the valence band**, the position of the lowest unoccupied state!*’],

and integrated COHP™Y! are also extracted from electronic structure calculations to provide a

17



s.471 As for DACs, distinctive descriptors based on the

proper description of catalytic activitie
interaction between the metal atoms in a dimer, local coordination environment (e.g., van der
Waals radii of atoms and bond length), and intrinsic properties of metal atoms (e.g., the number

[48]

of valence electrons, electronegativity, and electron affinity), like those for SACs,** are still

lacking. This may become an appealing research topic in the future.

Stability is an important issue in the construction of DACs. In theoretical calculations, to
examine whether metal aggregation can be suppressed to form stable atomically dispersed
structures in DACs, the adsorption energy of metal dimers onto the substrate (or formation energy)
is compared with the cohesive energy of metal atoms in their bulk form. Guo et al. proposed two
descriptors for the thermodynamic and electrochemical stability of DACs: formation energy Er=
(Emm-sub-Esub-Em-Emr) and dissolution potential Ugiss = Udiss’(metal, bulk)-E¢/ne, where Em denotes
the total energy of metal atom M in the most stable bulk, Es denotes the total energy of the
substrate, Ugiss’(metal,bulk) represents the standard dissolution potential of bulk metal, and n is
the number of transferred electrons in the dissolution process.['® ] Negative Er and positive Ugiss
indicate stability, and the agreement between the authors’ predictions and experimental results
confirm the validation of the method.!'® *) In addition, AIMD simulations are commonly
conducted to check whether the double-atom structure can be maintained at a certain temperature

and chemical environment.>%

The microkinetic modeling method complements DFT calculations in the determination of
rate constants and concentration effects in heterogeneous catalysis, which can be experimentally
measured and verified, including turnover frequency (TOF) and selectivity toward the desired

[51

products.’! In the microkinetic simulations, a reaction network containing all the intermediate

steps in the reaction is constructed, followed by a set of equations to be solved numerically with
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initial concentration to obtain the time-dependent concentration evolution of each species. Owing
to the relatively low computational cost, microkinetic modeling can open up new pathways for
analyzing experimental results and provide predicting power; thus, it can act as a powerful tool for

probing the catalytic activity of DACs.[%?]

ML, a recently emerged multidisciplinary approach, can greatly expedite materials design

and thus the discovery of new materials. Notably, ML approaches have been applied in the energy-

[54 [55]

related field,™) with applications including, but not limited to, batteries,** solar cells,* and

(5] For catalysis, conventional quantum chemistry methods can provide a large data set

catalysts.
of information for catalytic systems, but the formidable computational cost severely hinders further
screening processes. ML methods, on the other hand, can furnish the catalyst design process with
a fast and efficient tool for evaluating the key features linking the structural information and
catalytic performance. The basic procedure for ML includes data collection, feature engineering,

331 In a pioneering work, Zhu and coworkers applied the

and selection of the ML algorithm.!
gradient boosted regression (GBR) ML algorithm to investigate the possible fundamental factors
governing the catalytic performance of TMi/TM2-N¢-C DACs for ORR.5?? The data set
comprised fundamental parameters for TM atoms, such as the total number of electronegativities,
first ionization energies, and the number of d electrons. After evaluating these key features using
the GRB algorithm, precise predictions of AGon+ (a descriptor for ORR) from ML, which is in
good agreement with the DFT-calculated results, were achieved. However, other ML algorithms,
such as ridge regression, K-nearest neighbor regression, support vector regression, random forest
regression, and feed-forward neural network regression, show large discrepancies between

predicted and DFT-calculated AGon~, indicating that these methods are not as accurate as is GBR.

This work paved a new way for using ML algorithms to predict the catalytic activity of DACs
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without prior large-scale DFT calculations. Nevertheless, more research combining ML and DFT
is still in great demand for other catalytic reactions, such as OER, NRR, and CO,RR. Considering
the much larger data set with many combinations provided by the dual-site nature for DACs as
compared with SACs, combining ML and DFT to analyze the intrinsic behavior of DACs is

expected to be an intriguing research topic.

4. Practical Applications of DACs in Heterogeneous Catalysis

In this section, we will focus on the progress and challenges of DACs in heterogeneous
catalysis with applications in water splitting, ORR, NRR, CO2RR, and other catalytic reactions.
For each reaction, we will first introduce the reaction mechanism and obstacles in improving the
catalytic performance, followed by introducing the recent advances in DACs, with both

experimental and theoretical investigations.

4.1 Water Splitting

Hydrogen is highly attractive for substituting fossil fuels because of its high mass energy
density and pollution-free energy carrier nature, and effective hydrogen production is among the

6b,6d,35, 571 Water electrolysis driven by electrochemical

key elements for utilizing hydrogen energy.!
or photochemical water splitting (with the general formula of H O — H» + 1/20,) is a sustainable
way to convert electrical or solar energy into energy stored in hydrogen molecules by hydrogen
production. In principle, water splitting involves two half-cell reactions: HER on the cathode of

(351 The prevailing mechanisms for the HER and OER in

the electrolyzer and OER on the anode.
an acidic medium are:®!
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(HER) * + H" +¢” — *H (Volmer step)
*H+H" +e” — * + H, (Heyrovsky step) or 2*H — 2* + H, (Tafel step)
(OER) * + HoO — *OH + H' + ¢
*OH—> *O+H' '+ ¢
*0+H0 —» *OOH+H' + ¢
*OOH — *O, + H' + ¢
*0y — * + O,
And those in an alkaline medium are:
(HER) * + H20 +e” — *H + OH" (Volmer step)
*H + H,O +e — * + OH™ + H» (Heyrovsky step) or 2*H — 2* + H, (Tafel step)
(OER) * + OH" — *OH + ¢
*OH+ OH — *O + H2O +¢
*O+ OH — *OOH + ¢
*OOH + OH™ — *O2 + H,O + ¢
*O2 = *+ 02

For water splitting, the standard potential is 0 V for hydrogen electrode and 1.23 V for
oxygen electrocatalysis versus reversible hydrogen electrode (RHE) at 1 bar pressure and 298 K.[*"]
Kinetically, the rates of HER and OER are low because of their high energy barriers; thus, the

development of novel electrocatalysts or photocatalysts is required for water splitting.[®> Yl DACs,
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because of their synergistic effect that can enhance the catalytic activity, as well as the high AUE
and selectivity originating from the atomically dispersed nature, can serve as potential candidates

for HER, [23:26b. 611 QER [19-32.621 and overall water splitting (Table 1).[6%]

First, we focus on the practical applications of DACs in HER. In 2019, Zhang et al. reported
the use of an ALD method to prepare Pt/Ru dimers supported on NCNTs (Figure 2b).**) Atomic
resolution HAADF-STEM clearly illustrated the metal dimer structure with different contrast
(Figure 8a), confirming the heteronuclear nature of the as-prepared Pt-Ru DACs. In 0.5 M H2SOq4
at room temperature, the linear sweep voltammetry measurement results of Pt-Ru DACs were
compared with those of Pt SACs and commercial Pt/C catalysts. Pt-Ru DACs exhibited the best
HER performance among the three catalysts (Figure 8b). Furthermore, the HER activity per unit
mass at 0.05 V overpotential was 23.1 A mg™! for Pt-Ru DACs, 54 times greater than that for Pt/C
(0.43 A mg") (Figure 8c). Compared with that adsorbed by nanoparticle catalysts, DACs may
adsorb more than one hydrogen atom per site in the dimers. DFT calculations showed that the Pt-
Ru dimers can adsorb up to six hydrogen atoms (Figure 8d), while AIMD simulations revealed
the thermal stability of such a structure. To evaluate the theoretical HER performance, the
hydrogen adsorption Gibbs free energy change (AGn) was used as a universal descriptor, where a
AGH value close to 0 indicates that hydrogen can bind to the catalyst surface neither too strong nor
too weak, thus exhibiting the optimum HER activity.*>) According to these results, ultralow AGu
of 0.01 eV was identified for the reaction step of Pt(3H)Ru(3H)——Pt(3H)Ru(2H) (Figure 8e),
compared with 0.14 eV for Pt-Pt DACs, suggesting the significant role of Ru in the DACs. Further
electronic structure analysis showed that the synergistic effect induced by Pt can further modulate
the H-Ru bonding, leading to outstanding HER activity. Chao et al. synthesized Pt-Cu DACs on

palladium nanorings with a two-step approach, and this catalyst showed remarkable HER activity
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(small overpotential of 22.8 mV at a current density of 10 mA cm™) with only 1.5 atom% Pt
content.[®!4l By “single-atom to single-atom” grafting, Zeng et al. fabricated the active moiety
Pt;@Fe-N-C from Pt atoms and Fe-N4 moieties.!®’] The DACs exhibited remarkable overall water
splitting activity, with HER overpotential of 60 mV and Tafel slope of 42 mV dec’!, in acidic
media at a current density of 10 mA cm, and these values are comparable to those obtained using

commercial Pt/C.
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Table 1. Summary of DACs with the corresponding catalytic activity for water splitting.

Overpotential at

Metal content Tafel slope (mV
Catalyst Reaction Electrolyte 10 mA cm? Publication year
(Wt%) dec™)
(mV)
Cu-Pt nanorings HER - 0.5 M H2SO4 22.8 25 20171614l
Pt2.1;Fe 1.1/1.0 0.5 M H2SO4/1
Pt;@Fe-N-C HER 60 (acidic) 42 (acidic) 20181631
(XPS/ICP) M KOH
Pt 0.9; Ru0.31
Pt-Ru/NCNTs HER 0.5 M H2SOq4 - 38.9 20191%%]
(ICP-OES)
0.5 M HxSO4/1 27 (acidic)/50 31 (acidic)/48
A-CoPt-NC HER - 20191260
M KOH (alkaline) (alkaline)
W 5.01; Mo 2.55 0.5 M H2SO4/1 24 (acidic)/67 30 (acidic)/45
W1iMoi-NG HER 20200610
(ICP-MS) M KOH (alkaline) (alkaline)
FeTPyP
(pyridyl- OER - 0.1 M NaOH 310 - 201664

porphyrin)-Co
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Pti@Fe-N-C

Ir-DHC on o-

Fe>Os

Co-Fe-N-C

CoNi-SAs/NC

CoDNi-N/C

Fe-NiNC

Fe;-GNCL

OER

OER

OER

OER

OER

OER

OER

Pt2.1; Fe 1.1/1.0

(XPS/ICP)

Co 9.4x10%; Fe
8.6x10”
mol/cm? (ICP-

AES)

Co 0.30; Ni 0.21
(XPS)
Fe 0.33; Ni 0.57
(ICP-MS)

Fe 0.47 (XPS)

0.1 M KOH

0.1 M KNO:3

(pH =6)

1 M KOH with
10 ppm

Fe(NO3)3-9H20

0.1 M KOH

0.1 M KOH

1 M KOH

1 M KOH

310

309

340

310

340

355

62

37

58.7

72

54

66

2018163

2018832

20191171

20191620]

2019t62]

202016%¢]

2020161
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Figure 8. Catalytic activity

P1(1H)Ru(1H}—>Pt{OH)Ru(1H)

Reactions coordinate

and characterization of DACs for HER. (a) Aberration-corrected

HAADF-STEM images for Pt-Ru/NCNTs, (b) HER polarization curves, and (c) normalized mass

activity at 0.05 V for Pu-Ru DACs, Pu SACs, and Pt/C catalysts, (d) atomic structure of different

H adsorption configurations on the Pt-Ru dimer, and (e) schematic of AGy for different H coverage

of typical configurations. Here, Pt(nH)Ru(mH) represents » hydrogen atoms adsorbed on Pt and

m hydrogen atoms adsorbed on Ru site. Reproduced and adapted with permission.[>*®! Copyright

2019, Nature Publishing Group.

Non-Pt-based DACs

coordinated heteronuclear W-

can also act as promising HER electrocatalysts. In 2020, O-

Mo DACs anchored on N-doped graphene (NG; W1Moi-NG) were

synthesized by a self-assembly and nitridation method with precise control.’'® This DAC

exhibited high HER activity in both acidic (overpotential of 24 mV at a current density of 10 mA
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cm?; Tafel slope of 30 mV dec™!) and alkaline environments (overpotential of 45 mV at a current
density of 10 mA cm; Tafel slope of 67 mV dec™!) and outstanding stability, which can be ascribed
to the near-optimum AGy value induced by the synergistic effect of DACs, as verified by the DFT

calculations.

The overall efficiency of water splitting is limited by the sluggish four protons and
electrons transfer kinetics in the OER, which is generally considered as the bottleneck for water
splitting.[®> 71 Considerable efforts have been put into searching for highly efficient OER catalysts,
among which SACs are potential candidates.!'*> ¢ However, their OER performance is still
limited by the scaling relations due to the multistep nature of OER, and more in-depth fundamental
research is in great demand. The OER in an alkaline medium is a reaction that can benefit from
bimetallic promotion. To be more specific, partial substitution of TM atoms to form bimetallic
catalysts (especially those containing Fel®”) can lead to enhanced OER performance.[”- 38391 In
this regard, Bai ef al. fabricated Fe-Co DACs (Co-Fe-N-C) from a single-atom Co precatalyst (Co-
N-C) through an in situ electrochemical method (Fe incorporation by addition of 10 ppm
Fe(NO3)3-9H20 to the normal KOH electrolyte).!”) The OER performance was significantly
increased upon Fe incorporation, along with a decrease in the overpotential from 443 to 309 mV
at a current density of 10 mA cm™ and a decrease in the Tafel slope to 37 mV dec! (Figure 9a,b).
To further elucidate the local structure and environment of the as-fabricated DACs, operando XAS
was applied to DACs both before and during catalysis. From the EXAFS spectra at the Co K-edge,
two coordinated shells, attributed to single scattering paths of the closest C, N, and O (1.5-2 A)
and outer neighboring C and metal surrounding the absorbing cobalt ions (2-3 A), were identified

(Figure 9c¢). After activation, the extracted structural parameters were obtained from the EXAFS

results, together with the newly formed Co-Fe scattering path (~2.51 A), confirming the proposed
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structure model with novel Co-Fe interaction (Figure 9d). The results indicate that Co-N-C
undergoes structural changes when in contact with the alkaline electrolyte and interacts with Fe to
form Co-Fe DACs, which show high TOFs (Figure 9e). This work indicated that DACs could
offer an appealing platform for designing molecularly defined, easily accessed, and earth-abundant
bimetallic catalysts for OER. In addition, DACs including Co-Nil%?* 621 and Fe-Nil®*‘! embedded
in NC materials exhibited high bifunctional catalytic activity (OER/ORR). For instance, atomically
dispersed Co-Ni DACs were fabricated by controlled pyrolysis of MOFs, and the as-designed
CoNi-SAs/NC catalysts delivered remarkable bifunctional activity and long-term durability.[6?"!
For OER, the overpotential value of 340 mV and Tafel slope of 58.7 mV/dec for Co-Ni DACs
were lower than those for CoNi nanoparticles, indicating improved OER activity. DFT studies
confirmed that the Co-Ni dual sites, compared with Ni single sites, can result in a reduced OER

energy barrier and faster reaction kinetics, explaining the enhanced catalytic activity.

&
& »®
(@) (b)z20 () =
bef civati = before activation
e : (1M Fe-free KOH) 3 Tirloe
é.w 304 gﬂ,:rF:;:::titonHj 1.0 = after activation § /\ e T =
Faliad 1M commercial KOH E] [/ \ I .
E 254 (1M commercial KOH) T . (" ot i ) g ) 180min
2 ——— after activation s 0.5 3 ;':r'(:g":vad:nd ith Fe(ill) E TR 135min I““"ﬁ""“
s . -9 added with Fel 1A\ .
§ 20 (1M KOH added with Fe(lll)) E 40 mVidec £/ W e DO
3 = 0.0 E | 745 'a_T.
8 g 72 mVidec £ = -
£ = -0.54 58 mVidec s Activation Jormo
2 e .
1.0 el
As preparad +'+ 5.
T T T T T T 1.5 v T T T T 1 > 3 i '
145 150 155 160 165 170 175 1.80 024 028 032 036 040 044 048 Apparent distance(A)
(d) Potential (V vs. RHE) Overpotential (V)
oM OH, OH OH,
OHM,0 OH Fo'* - o OH
Col - Co - Co Fe
N OH oxidation N (o] OH,
OH, OH HO

28

026 028 030 032 034 036
Overpotential (V)



Figure 9. Catalytic activity and characterization of DACs for OER. (a) Linear sweep voltammetry
scans and (b) corresponding Tafel slope for Co-N-C before and after KOH treatment. (¢) Fourier
transform of Co K-edge EXAFS spectra of catalysts before and under OER for various durations,
(d) proposed model for the formation of Co-Fe DACs, and (e) potential-dependent turnover
frequencies (TOFs) of Co-Fe-N-C (the solid line and dashed line are based on the loadings of Co-
Fe sites and the loadings of total metals, respectively) compared with literature. Reproduced with

permission.['”) Copyright 2019, American Chemical Society.

In addition to the electrocatalytic OER, DACs showed high competence for solar water
oxidation. Zhao and coworkers reported DACs consisting of two Ir metal cations bonded to the a-
Fe>Oj3 support stably through a photochemical method.*?! Aberration-corrected HAADF-STEM
clearly demonstrated the double-atom nature of the catalysts (Figure 5). The Ir DACs showed
remarkable catalytic activity, with the TOF value per atom being 2.6 and 5 times higher than those
of Ir SACs and Ir nanoparticles, respectively. Moreover, no noticeable degradation in the
chronoamperometry can be observed after 10 h, and key features of data from STEM, in situ
diffuse reflectance infrared Fourier transform (DRIFT), and XPS after the test were similar to those

obtained before the test, indicating that Ir DACs have remarkable stability.

Theoretical calculations also play an important role in designing DACs for water splitting.
Liu and coworkers studied the HER mechanism for DACs on NG by DFT calculations.[®® They
used water dissociative chemisorption energy as a descriptor for alkaline HER and identified
promising DAC—PtRu@NG for acidic HER with a low AGh of -0.07 eV. Instead of 2D materials
or their heterostructures, Mohajeri et al. studied the potential water splitting applications of DACs

using a finite-size quasi-planar cluster Bss as the support.l”] According to their DFT calculations,
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four DACs, namely, FeCr, FeCo, FeNi, and FeCu, on Bsg exhibited high bifunctional activity for
both HER and OER. Specifically, FeNi@B3s, due to the strong synergistic effect with the
feasibility of OER on Fe sites and HER on Ni sites, is the most promising bifunctional catalyst
among the investigated DACs. Li et al. designed DACs using two adjacent metal-N3 / metal-Ns-
Ceo moieties, which can break the intrinsic scaling relations in OER and ORR.""! For ORR,
compared with the universal linear scaling relation AGoon=AGon+3.2 eV, the dual-metal-N3
DACs can bond *OOH* more strongly without affecting *OH bonding, leading to a new relation
AGoon=AGon+2.41 eV and much improved limiting potential surpassing that for SACs and even
Pt(111). For OER, on the other hand, the O, molecules can be formed through a new mechanism
from two adsorbed O atoms rather than the conventional dehydrogenation of *OOH, leading to
optimum theoretical OER activity with an overpotential of 0.08 V on dual CoN4-Ceo. This work
highlights the potential of DACs in circumventing the scaling relations toward improved catalytic
performance beyond the limitation of single-site catalysts, and this method could be extended to

other catalytic reactions such as CO,RR."

4.2 ORR

Proton-exchange membrane fuel cells, also known as polymer electrolyte membrane fuel
cells (PEMFCs), are considered one of the most promising next-generation energy solutions in
transportation applications and other devices because of their high energy conversion efficiency
and environmentally friendly characteristics.[* 711 ORR, as the cathode reaction of PEMFC, shows
more sluggish kinetics than does the hydrogen oxidation reaction, the anode reaction of PEMFC,
and therefore is considered as the kinetic limitation for PEMFC performance and the key obstacle

in the large-scale industrialization of PEMFCs.!8¢ 282341 In addition, ORR determines the output
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energy capacity of rechargeable metal-air batteries.[’”?! Consequently, ORR is regarded as one of
the most important catalytic processes in energy conversion research. Pt, as the benchmark catalyst
for ORR, exhibits high activity, but its high cost and natural scarcity hinder its industrial

(721 Solutions to overcome this obstacle include exploring non-precious alternatives for

application.
Pt-based electrodes and downsizing the metal particles to the atomic scale. Atomically dispersed
SACs have been widely recognized as alternatives to replace Pt in fuel cells and metal-air batteries,
while efforts including engineering the coordination environment of single atoms and the
electronic structure and porosity of the substrate have been applied to further improve the ORR
activity.[® 73] Introducing the synergistic effect of metal dimers by replacing SACs with DACs is

another promising strategy, where experiments and simulations work in close collaboration to

examine potential ORR catalysts.

It is well known that ORR mechanisms include the 4e” process toward HoO/OH™ and 2¢

process toward HyO2/HO, .18 34 31 A5 an example, in an alkaline medium, the mechanisms for 4¢"

and 2e” processes including the intermediates are (* denotes active sites):[34-3> 38l

(Associative 4¢7) * + 02 —*0;
*02 + H,0 + ¢ — *OOH + OH"
*OOH + e — *O + OH"

*O + H2O + e — *OH+ OH"
*OH+e¢ — *+ OH
(Dissociative 4¢7) 2* + O — 2*0O

2*0 + 2H,0 +2¢ — 2*OH + 20H"
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2*0OH +2¢” — 2* + 20H"
(2¢) *+ 02 — *O2
*02 + H2O + e — *OOH + OH"
*OOH+ e — *+ OOH"

While the 2e” process is used for H2O» production, the 4e” process is preferred in fuel cell
applications because it can lead to high current efficiency.** The selectivity toward 4e” can be
determined by the DFT-calculated adsorption energy of *OOHU# therefore, combining
experiments and theory is crucial in the design of ORR catalysts. From a thermodynamic point of
view, finding suitable catalysts to break the O-O bond with low energy barriers can lead to
enhanced ORR activity. DACs may provide an opportunity because the dual-site structure may
result in an energetically preferential side-on adsorption pattern with an elongated O-O bond,
reducing the O-O bond cleavage barrier and enhancing the theoretical ORR performance. Inspired
by this, introducing another metal site to form atomically dispersed dimers for ORR has become
an appealing topic.

In the past five years, several DACs have been reported for ORR, and most of the
experimentally realized DACs were supported on carbon materials, especially N-C,[26 282 284, 62,
751 (Table 2) because of their outstanding electrical conductivity, highly exposed active sites, and
ultrahigh porosity.[”®! Homonuclear DACs including Col”*®! and Fe pairs!**d anchored on N-C,
which were synthesized through the precise tuning of metal loading, have been demonstrated as
highly efficient ORR electrocatalysts. By controlling the atomic-scale structure of the bimetal—
organic framework before pyrolysis through a self-adjusted strategy, Xiao et al. successfully

fabricated CooNxCy homonuclear DACs. The dual sites were characterized by aberration-corrected
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STEM and XANES, while the CoNs structure was identified through DFT calculations.!”>*! The
designed structure presented a much higher ORR activity than that of the single-atom CoNjy site,
which was proven by the 12-times-higher mass activity for Co,Ns than that for CoNs. On the other
hand, Fe» clusters on N-C were selected by Ye and coworkers, who used a two-step synthetic

(2841 They designed a separated cavity in ZIF by encapsulating the

process to produce the catalysts.
Fex(CO)9 compound before pyrolysis to prevent metal aggregation. Fer-N-C exhibited a
remarkable acidic ORR activity with a half-wave potential (Ei2) of 0.78 V versus RHE and

excellent durability with only a -20 mV shift after 20,000 cycles.
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Table 2. Summary of DACs with the corresponding catalytic activity for ORR.

Metal content Onset potential Half-wave

Kinetic current

Catalyst Electrolyte density Jx (mA  Publication year
(Wt%) Eonset (V) potential E12 (V)
cm?)
Fe 0.93; Co 1.17
(Fe,Co)/N-C 0.1 M HCI1O4 1.06 0.863 2.842(0.9V) 2017128l
(ICP-AES)
11.48 (0.85V,
Fe 0.43; Co 0.37 0.1 M HCIO4/0.1 0.97 (alkaline);  0.87 (alkaline);
FeCo-NPC acidic); 7.80 201707
(ICP-AES) M KOH 0.85 (acidic) 0.74 (acidic)
(alkaline)
Co 1.72; Pt 0.16
A-CoPt-NC 0.1 M KOH - 0.96 - 201812641
(ICP-AES)
Fe 1.21; Co 1.13
(Fe,Co)/CNT 0.1 M KOH 1.15 0.945 17.51 (0.9 V) 20181781
(ICP-AES)
C0oN5s/C (Co-N- Co 1.06
0.1 M HCIO4 0.92 0.79 - 2018!73°]

C-10) (XPS)/4.3 (ICP)
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Pti@Fe-N-C

FeCo/CN

Zn/CoN-C

CoNi-SAs/NC

Fex-N-C

CoPNi-N/C

FeCoNs/C

Pt2.1;Fe 1.0

(ICP-OES)
Fe 0.964; Co
0.218 (ICP-

OES)

Zn 0.33; Co 0.14

(ICP-MS)

Fe 0.38 (ICP-

MS)

Co00.17; N1 0.02

(XPS)

Fe 1.06; Co 1.12

(XPS)

0.5 M H2SO4

0.1 M KOH

0.1 M
KOH/HCIO4
0.1 M KOH
0.5 M H2SOq4

/0.1 M KOH

0.1M

KOH/HCIO4

0.1 M HClO4

0.93

0.995

1.004 (alkaline)

0.97 (acidic)

0.88

0.93 (alkaline)

0.86 (acidic)

1.02

0.80

0.920

0.861 (alkaline)
0.796 (acidic)
0.76
0.78 (acidic)

0.905 (alkaline)

0.84 (alkaline)

0.72 (acidic)

0.86

31.1 (0.88 V)

23.2 (0.5 V)

16.4 (0.75 V)

5404V,
alkaline)
6.2 04V,

acidic)

16.07 (0.8 V)

2018163

201817

201917

20191620

2019128

2019162

201917
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FeCo@C

(Zn,Co)/NSC

f-FeCoNC

Fe-NiNC

Co/Zn-N-C

nanofiber

FeCo-IA/NC

FeNi-Ns-C

Co 0.5; Fe 0.37
(ICP-AES)
Zn 0.13; Co 0.26
(XPS)

Fe 0.53; Co 0.54
(XPS)

Fe 0.33; N1 0.57
(ICP-MS)
Co04.89; Zn 4.04
(ICP-MS)

Fe 0.26; Co 1.06
(ICP-OES)
Fe 1.448; Ni
1.472 (ICP-

OES)

0.1 M KOH/0.5

0.98 (alkaline)
M H>SOq4

0.1 M KOH 1.07

0.1 M KOH 1.05

0.1 M KOH 1.0

0.1 M HCI1O4 0.997

0.1 M KOH 0.98

0.1 M HCI1O4 -

0.89 (alkaline)

0.893

0.89

0.85

0.797

0.88

2019128]

20191801

201917

2020062

20207

20201711

2020181
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Aside from homonuclear DACs, more examples of heteronuclear DACs consisting of
distinct adjacent transition metal atom sites exhibit outstanding ORR performance owing to the
synergistic effect. Wang et al. used the host—guest strategy to design a DAC formed by Fe-Co dual
sites supported on N-doped porous carbon, where the bonding between Co nodes (host) and
adsorbed Fe ions (guest) is controlled (Figure 4a).®l HAADF-STEM, XAFS spectroscopy
(Figure 6), and Mossbauer spectroscopy were used to investigate the atomic-scale dual-site
structure and coordination environment of (Fe,Co)/N-C DACs. The as-designed DAC exhibited
excellent ORR activity with an onset potential (1.06 V) and half-wave potential (0.863 V) that are
comparable to those of commercial Pt/C (1.03 V/0.858 V) in the acidic electrolyte. In addition, the
kinetic current density of the as-designed DAC was 2.842 mA cm™ at 0.9 V, higher than that of
Pt/C (Figure 10a-c). In addition, DFT calculations manifested that the cleavage of the O-O bond
happens on Fe-Co dual sites, which can be attributed to strong binding of O> (O-O bond length
elongated from 1.23 A to 1.40 A), therefore leading to high activity (low activation barrier of 0.26
eV) and selectivity toward 4e” path (Figure 10d). Fe-Co-based DACs were also investigated by
Xiao et al., who proposed an OH-ligand self-binding strategy to engineer the adsorption-
desorption behavior of catalytic sites.[””) Through DFT calculations and structural characterization
by HAADF-STEM and XAS, they confirmed that OH-stabilized FeCoNs sites were the most
promising for ORR, which was later proven by experimental Eonset and E12 values up to 1.02 and
0.86 V, respectively, as well as the 20-time-higher intrinsic activity than that of the single-atom
FeNy sites (Figure 10e). Besides, H20O; yield was greatly suppressed on FeCo DACs (below 2%)
compared with Fe and Co SACs, and the electron transfer number revealed the four-electron ORR
pathway on FeCo DACs (Figure 10f). Theoretical calculations further proved that the binuclear

center can effectively weaken the binding strength of ORR intermediates and accelerate O-O bond
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breaking, leading to enhanced ORR activity (Figure 10g). Zhao et al. integrated double-atom Fe-
Co sites into a 3D carbon network through the fusion-foaming thermal transformation of
CoFe@MET-6 nanoparticles (Figure 4b), which can serve as a high-performance ORR catalyst
with high electrochemical stability.?®"! Zhang et al. prepared Fe-Co DACs on MOF-derived N-C
by an adsorption-calcination strategy, and the DACs exhibited an E1, value of 0.92 V, which is 70
mV higher than that of Pt/C.[*? Chen and coworkers reported the synthesis of Fe-Co dimers on
N-doped nanocarbon from MOFs, which exhibited better ORR activity (E12 value of 0.88 V) and
zinc-air battery performance than those obtained using Pt/C.[">7 In addition, Zn-Co,!”>¢ 75 801 Nj-
Co,[62 6261 and Fe-Nil®% 811 atomic pairs have been applied as DACs for ORR and have shown

performance comparable to or superior than that shown by Pt/C.

38



—PtiC
——Fe SAs/N-C
“'T 66 ma dec! — Co SAs/N-C

NQ.CO)’NC
oF e

. o
—Fe SAs/N-C : - L o 68,

X A g
——Co SAs/N-C T dogt
— (Fe,Co)iN 3 A dogr

6 g 8l

0.2 0.4 0.6 0.8 1.0 -1.5 -1.0 -0.5 . 0.0
E (V) vs. RHE log (J, (mA cm™))

(d)

vii == viii
20H" + 2(H +e) ()  20H" +2(H +e) ()

i OCH dissociation pathway for ORR ™\

0+ OH" 4 H' + 2(H + ) () 20H" +H: + (H +¢) 3 H,0, %
of L Sayiyill [TS5: = § = n r3.9
2} \i oz0 =
oee OVH_ i vo.uz g o 2 1=
3(H ) () hosor z 38

-10

v & xi
OO0H*+ -12 Tsvz_- V=—v " H,0* + OH*
3H +0) 44 M| W

\-le : i /

g T, W '(H‘r)

00 02 04 06 08 10

E/Vvs RHE
i eaction Coordinate xii
O, +H' + i — xiv 2H,0
3H +e) Op+d(H ve) 2H,0 /
N xlii
0, +4(H" +g] H,0'+ H,0 (k)
PYC
A-COPINC
3| orRR@0s vV
2| 04 MKoH
z
z
c
2
E
@
o
-

Mass Actiwty  TOF(S) Specific Adivity  Stabilty
"A/om) -

wmg) {mAiom®)

Figure 10. Electrocatalytic performance and characterization of heteronuclear DACs for ORR. (a)
Rotating disk electrode polarization curves of Pt/C, Co SAs/N-C, Fe SAs/N-C, and (Fe,Co)/N-C
(inset: Eonset), (b) comparison of E12 and Jx, (c) Tafel plots, and (d) energy of intermediates in the
mechanism of ORR at (Fe,Co)/N-C from DFT. Reproduced with permission.!?*3 Copyright 2017,
American Chemical Society. (e) Kinetic current density comparison between CoFeN,/C, CoNx/C,
and FeNy/C catalysts, (f) H2O, yield and electron transfer number of FeCoNyx/C, and (g) the
proposed ORR mechanism on FeCoNx-OH site. Reproduced with permission.!” Copyright 2019,
American Chemical Society. (h)(i) HAADF image of A-CoPt-NC after Fourier transformation
filtering, (j) the dual-site configuration model, and (k) comparison of ORR activity between A-

CoPt-NC and Pt/C. Reproduced with permission.[? Copyright 2018, American Chemical Society.
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Introducing trace amounts of Pt to form DACs can not only improve the ORR activity
compared with that of commercial Pt/C, but also overcome the drawbacks of high cost and scarcity
of Pt sources. A-CoPt-NC DACs were fabricated by a two-step method using rod-like Co-MOF
precursors (Figure 3).12°) From the HAADF image after Fourier transformation filtering, the local
environment and configuration of metal dimers trapped in the defect can be identified (Figure
10h,j). Even though the Pt content was only 0.16 wt% (obtained by inductively coupled plasma
atomic emission spectroscopy, ICP-AES), A-CoPt-NC exhibited a higher Ei» value (0.92 V),
lower limiting current density (4.8 mA cm™), and mass activity 266 times higher (Figure 10k)
than those of Pt/C. The 4e” pathway was found to be predominant in A-CoPt-NC in an alkaline
electrolyte, with a H2O» yield below 17%, indicating that the synergistic effect of Co-Pt dimers
can result in the energetically favorable breaking of the O-O bond, which is different from that

(821 From DFT calculations, charge redistribution

reported for 2e” pathway for isolated Pt species.
and shift of the d orbital were observed, leading to a highly enhanced ORR performance, which

can also be attributed to the synergistic effect.

2D materials with unique physical and chemical properties have emerged as promising

34831 Metal dimers supported on 2D materials also consist of a large

heterogeneous catalysts.!
portion of DACs, but currently, experimental evidence is lacking. Recent theoretical investigations
fill this gap by predicting that Co-Co on CoN,®* Cu-Fe, Ni-Cu,5?¥ Co-Pt,*??! Fe-Co,**! and Co-
Zn'*®! on NG and hydroxyl-group-modified metal (Ni, Co, and Fe) dimers on defected graphene!®”!
are potential candidates for ORR DACs. C2N monolayers with a size of 0.83 nm and well-ordered

vacancies terminated by sp?>-bonded nitrogen atoms can provide enough space to hold metal dimers

and are thus promising for constructing stable DACs.!®) In addition, they exhibit good electrical
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conductivity. Based on these features, Li and coworkers designed a group of DACs supported on
CoN and examined their ORR activity.®* Non-noble-metal dimers Coz, Cuz, and Ni> on CoN
exhibited higher adsorption energy and lower dissociation barrier than those of their single-atom
counterparts, which can be further explained by the accumulation of polarization charges (Figure
11a,b). Specifically, Coo@CoN showed low rate-determining barriers of 0.39 eV along two full
ORR pathways, much superior to that of Pt catalysts. Hunter et al. screened TM dimers (TM = Co,
Pt, Fe, Ni) in NG and constructed an ORR volcano plot of onset potential as a function of AG+oun
for dimers in two different vacancies: N6V4 and N8V4 (Figure 11¢); three potential candidates
with low overpotential were identified: CoPt, CoNi, and Co. on N8V4.Bl The results are
consistent with previous experimental observations, where CoPt,2621 CoNj, 0% 621 and Co,[7"!
dimers indeed showed outstanding ORR performance, indicating the validity of DFT calculations
in predicting ORR DACs. In addition, COHP analysis showed that for CoPt and CoNi, a much

closer-to-optimum antibonding contribution to the interaction between Co and OH forms, leading

to optimized ORR energetics.
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Figure 11. Design of DACs for NRR from theoretical calculations. (a) Dependence of O:

adsorption energy on TM polarization charge, and (b) dependence of O dissociation barrier on O2

polarization charge. Reproduced with permission.[®! Copyright 2016, American Chemical Society.

(c) ORR volcano plot of onset potential as a function of AG+on for dimers on N6V4 and N§V4

vacancies. Reproduced with permission.®”! Copyright 2016, American Chemical Society. (d)

Geometric structure of bare (left) and OH-modified (right) TM2-Ns-C DACs. (e) Contour plot of

ORR activity as a function of AGon* and AGoon*. (f) Heat map of the Pearson correlation

coefficient matrix among the selected features for DACs. (g) Comparison of DFT-calculated and

ML-predicted AGon+ values (left) and feature importance (right). Copyright 2019,5%) American

Chemical Society.
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In another intriguing work, Zhu et al. combined comprehensive DFT calculations,
microkinetic modeling, and ML to scrutinize possible ORR descriptors for TM2-Ng-C DACs
(Figure 11d).5%% Using DFT calculations, they found a linear scaling relationship between AGon=
and AGoon+ (Figure 11e) and also found that AGon* can act as an independent descriptor to
describe the ORR activity of DACs. Nevertheless, it would be more intuitive if the ORR activity
for DACs can be predicted even prior to the intensive DFT calculations because of its high
computational cost. To achieve this, ML algorithms were applied to a large data set consisting of
parameters including the total number of valence electrons (N), atomic number (Z),
electronegativity (P), first ionization energy (IE), electron affinity (EA), and the number of d
electrons (Ng) for those DACs (Figure 11f). After evaluating the feature importance by the GBR
algorithm, seven features with the highest relation to ORR performance were identified, which can
predict AGon+ values close to the DFT-calculated results (Figure 11g). This work provides
universal descriptors for ORR on DACs, and the methodology of combining DFT with ML can
inspire more theoretical research into investigating descriptors in DACs not only for ORR but also

for other catalytic reactions.

Although TM dimers supported on a 3D carbon network and defective 2D NG have been
consistently investigated by combining experiments and simulations, to date, the study of other
materials as DAC substrates for ORR applications is still in the infancy of research. Further studies

may provide more physical and chemical insights into the performance improvement of ORR.
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4.3 NRR

NHj3 is an important chemical in both industry and agriculture as it serves as a precursor to
various foods, fertilizers, pharmaceuticals, and detergents.[%] Besides, NH3 is a clean, carbon-free
energy carrier whose combustion only produces water and Nz, both of which are environmentally
friendly.l®!! Therefore, converting No—the most abundant gas in Earth’s atmosphere, >78%—into
NHs, that is nitrogen fixation, is of vital significance in the Earth’s nitrogen cycle.”®! According
to Mineral Commodity Summaries from the US Geological Survey, approximately 170 million
tons of NH3 were produced globally in 2018.°?! A major challenge in nitrogen fixation is breaking
the inert N=N triple bond (bond energy as high as 941 kJ mol'[°*)). The conventional approach of
converting N> to NH3 is the Haber—Bosch (H-B) process, which requires high temperature (300—
500 °C) and pressure (150—-300 atm) and thus is energy-consuming.[®® Electrocatalytic NRR with
the general formula of N2 + 6H" + 6¢” — 2NH3, which was first inspired by the biological nitrogen

[94]

fixation by nitrogenases,"” " is an alternative to the H-B process because NRR can progress under

ambient conditions; thus, the requirement for harsh reaction conditions and environmental
concerns for the H-B process can be avoided.[*® #1¢- 93]

As an emerging research topic in electrocatalysis, exploring novel catalysts for NRR often
requires pioneering guidance from a theoretical perspective. NRR is usually considered a six-net
coupled proton and electron transfer (CPET) process (Figure 12), where the more energetically
favorable pathway between dissociative and associative pathways takes place. In the dissociative
pathway, the N=N bond breaks before the CPET process (Figure 12a), whereas in the associative
pathway, the N=N bond breaks only when the first NH3; molecule is released from the system.[°"

The associative pathway can be further categorized into distal, alternating, and enzymatic

pathways based on the N» adsorption configuration. For the end-on configuration, the distal or
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alternating pathway is adopted (depending on which pathway contains more energetically
favorable NRR intermediates, Figure 12b), while for the side-on N> adsorption configuration,
NRR goes through the enzymatic pathway (Figure 12¢).> ! In DFT calculations, the Gibbs free
energy values of NRR intermediates were calculated and compared in order to determine the

possible NRR pathway as well as the theoretical overpotential.38¢:96-971,

E 7 N2 NH;
)

NH;,

: “Enzymatic”
Wy

it Nz TEQHJ e H+ HZN‘““__NHJ-_&
A B -
o NI, O b S

Associative pathways

Figure 12. Possible (a) dissociative and (b)(c) associative NRR pathways. Reproduced with

permission.[®® Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

In addition to the efficient activation of the N=N triple bond, there are other requirements
for an ideal NRR catalyst, such as lowering the reaction energy barrier and suppressing the side
reaction HER.®) Owing to the linear scaling relations that the adsorption energies of nitrogen-
related NRR intermediates may have,*'*! some descriptors such as N> adsorption energy and Gibbs
free energy change for *N>—*N,H may exist,'*®! which can be used for screening potential NRR

catalysts. SACs have been consistently investigated for NRR, both experimentally!'®’ and

45



theoretically!®3¢ 46:98-991 owing to their large AUE, high stability, and good selectivity. Moreover,
for TM-based SACs, the d electrons from TM atoms are more active than those in TM bulk or
nanoparticles, so that the activation of the N=N triple bond can be more effective. However, the
single-site nature of SACs induces a fundamental bottleneck for enhancing the NRR
performance—the scaling relations between the nitrogen-related NRR intermediates, which lead
to at least 0.5 V overpotential even near the peak of the NRR volcano plot.’> #1¢I Introducing
dimers to tune the adsorption behavior of intermediates in NRR is a possible way to break the
scaling relations and form outstanding catalysts that exhibit both high yield rate and high Faradaic

efficiency.'®!

It is possibly due to the complexity in the synthesis of suitable DACs for the NRR that the
experimental results are only sporadic.['%1 By a combination of DFT calculations and experiments,
Cao et al. designed the doping of strain-induced bi-Ti** pairs and demonstrated their outstanding

[100a] A theoretical study revealed that the adjacent bi-Ti** sites on anatase (101)

NRR performances.
serve as the most efficient electrocatalytic centers for NRR compared with single Ti** sites (Figure
13a,b). By doping anatase TiO» with Zr**, the strain effect could induce adjacent bi-Ti*" sites. The
as-prepared electrocatalysts showed excellent NRR activity with an NH3 production rate of 8.90
ug h''em™ and a Faradaic efficiency of 17.3% at -0.45 V vs. RHE (Figure 13c,d). Li et al.
synthesized atomically dispersed Fe-Mo dimers in situ anchored on defect-rich graphene
(FeMo@NG) by applying the sacrificial template method (Figure 13e).l'°! Owing to the
synergistic, ligand, and geometric effects, FeMo@NG showed superior NRR activity (yield rate
of 14.95 pg h''mg! at -0.4 V and Faradaic efficiency of 41.7% at -0.2 V, Figure 13f,g) than that

of its single-atom counterparts (Fe@NG and Mo@NG). DFT calculations revealed that FeMoNs

species serve as active sites with relatively lower NRR energy barrier values (0.91 eV) than those
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of Fe@NG and Mo@NG through the alternating pathway, contributing to the superior NRR

performance.
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Figure 13. Electrocatalytic activity and characterization of DACs for NRR. DFT-predicted activity

for (a) adjacent bi-Ti** (upper) and single Ti**

(lower) on anatase (101) surface with oxygen

vacancy (AG and AE represent free energy and electronic energy) and experimental NH3 yield and

Faradaic efficiency of (b) Zr-TiO, and (c¢) undoped TiO,. Reproduced with permission.

1. [100a]

Copyright 2019, Nature Publishing Group. (d) HAADF-STEM image of FeMo@NG, (e¢) NH3

yield rates and (f) Faradaic efficiencies of FeMo@NG, Fe@NG, and Mo@NG at different

potentials. Reproduced with permission.l'%®! Copyright 2019, The Royal Society of Chemistry.
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Although experimental evidence is scarce, theoretical calculations predict a large group of
DACs showing high NRR activity, high selectivity toward NRR over HER, and outstanding
stability. DFT-predicted DACs are summarized in Table 3 with limiting potential
(Ur)/overpotential (1) values, reaction pathways, and PLSs listed for each system. Among these
reports, Guo et al. used *N>H adsorption energy as a simple descriptor for NRR activity to screen
homonuclear and heteronuclear DACs supported on 2D phthalocyanine (M>-Pc and MM’-Pc,
Figure 14a) by large-scale DFT calculations.!"®! The authors first screened out 25 homonuclear
M;-Pc monolayers with high thermodynamic and electrochemical stabilities, after which N>
adsorption calculations showed that eight M>-Pc DACs (M = Cr, Mn, Mo, W, Re, Ti, V, and Ta)
can realize strong N> chemisorption, which is a prerequisite for NRR catalysts. Furthermore, Gibbs
free energy calculations indicated that Ti», V2, and Re>-Pc can co-balance the adsorption of
multiple intermediates in NRR and therefore exhibit outstanding U values of -0.75, -0.39, and -
0.82 V, respectively (Figure 14b), superior to that of the benchmark Ru(0001) (UL = -0.98 V),
which has the highest theoretical NRR activity among the investigated bulk metal surfaces®?% %71,
They used AEn2u+ (adsorption energy of NoH*) as a descriptor for the NRR performance of DACs
and found a volcano-shaped relationship between UL and AEnou+ (Figure 14¢), where V2-Pc was
located near the peak with the highest NRR activity among all the examined DACs. This
relationship can be extended to heteronuclear DACs MM’-Pc (M = Ti, V, Ta), where 21
heteronuclear DACs with performance better than that of their homonuclear counterparts were
selected (Figure 14d). Finally, their selectivity toward NRR rather than the side reaction HER was
examined by comparing AG(H*) and AG(N2H*) (Figure 14e), and Ti>-Pc, V2-Pc, TiV-Pc, VCr-
Pc, and VTa-Pc were found to suppress the competing HER effectively. This work paves the way

for screening DACs for NRR with theoretical calculations. In another work, a low NRR

48



overpotential of 0.21 V with an enzymatic mechanism was predicted for Feo/MoS> DAC, and the
origin of the enhanced performance can be further unraveled by the natural charge population and
COHP analysis.!'!l The synergistic effect between Fe atoms and the MoS: substrate provides
electron depletion and vacant orbitals for lone-pair electrons in N», and electron back-donation
102]

from Fe» to N> enhances N, activation. Other 2D materials, such as graphdiyne,!

phosphorene, '] C,N, 1888 1041 and C3N4, 11921 can also serve as substrates for NRR DACs.
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Table 3. Summary of DFT-predicted DACs for NRR.

Theoretical limiting

Systems Best sample Pathway PLS Publication year
potential UL (V)
TM2@CoN (TM =
Ti, Mn-Co, Cu, Mo, Mo@C2N -0.41 Distal *NH—*NH, 20181104l
Ru-Ag, Ir-Au)
*NH-
TM2@CoN (TM =
Mn,@C2N -0.23 Enzymatic *NHo—*NHo- 2019/l
Cr-Ni)
*NH;
TM@graphdiyne
Co>@graphdiyne -0.43 Distal *NHo—*NH3 2019!102a]
(TM = Mn-Ni)
TMz@phosphorene
Ti2@phosphorene -0.20 Distal *NH,—*NH; 2019(103]
(TM = Sc-Cu)
Fe-TM@graphene-
based substrate Fe-Ti@GS -0.88 Enzymatic *Ny—*N,H 2020101

(GS)
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Fe>@C-DV/G, N-
DV/G, g-C3Ny,
GDY
TMiTM2@N-doped

porous graphene

MM:Ns-NG

M:-phthalocynine
(Pc) or MM’-Pc
MiM:-XG (X=C,
N, O, P, S)
TM2@CoN (TM =
Sc-Zn, Y-Cd, La-

Au)

Fex@MoS»

Fex@g-C3Ny

FeRh@N-doped

porous graphene

MoRuNs-NG

V2-Pc

TiV-CG

Cro@CoN

Fex@MoS»

-0.32

-0.22

-0.17

-0.39

-0.30

-0.50

-0.37

Enzymatic

Distal

Enzymatic

Mixed (side-on N>

adsorption)

Enzymatic

Enzymatic

Enzymatic

*No—*NoH

*No—*NoH

*No—*NoH

*NH,—*NHj3

*NH,-NHz— *NH;3

*No—*NoH

*No—*NoH

20200102

20201101

202017

20201181

202001%%

2020[1040]

202001
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B>@MoS:

B, Bo@C>N

Bx@MoS>

B>@C>N

-0.19

-0.35

Enzymatic

Enzymatic

*NH»-
*NH>—*NHo-
*NH3
*NH»-
*NH>—*NHo-

*NHj3

201901

20190104
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Figure 14. Design of DACs for NRR by theoretical calculations. (a) Structural prototype DACs

on 2D Pc nanosheet, (b) Gibbs free energy diagrams for NRR on Ti»-Pc, V»-Pc, and Rex-Pc, (¢)

volcano plot between NRR limiting potential and adsorption energy of *N>H, (d) variation of

AExon+ on DACs, and (e) AG(H*)-AG(N2H*) versus limiting potential. Reproduced with

permission.['8) Copyright 2020, American Chemical Society.

Designing metal-free catalysts instead of TM-based catalysts for NRR is of both

environmental and scientific importance.[''”) The “acceptance-donation” mechanism has been

proposed to describe the adsorption of N2 on TM-based NRR catalysts: TM atoms with both empty

and occupied d orbitals can accept lone-pair electrons from N>, and donate electrons to the

antibonding orbital of N> at the same time, leading to the effective activation of N=N bond and

strong adsorption of N».”’% 1l Sybstituting TM atoms with boron can form metal-free NRR

catalysts with comparable activity because boron also possesses both empty and occupied orbitals,
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similar to TM atoms.”?® 11I"1121 Ag for DACs, by DFT calculations, Li et al. designed dual boron
atoms anchored on MoS», which showed excellent NRR activity with ultralow overpotential value
(0.02 V) and a much lower activation barrier (1.24 eV) compared with those of single boron
catalyst B@MoS:> (0.30 V and 2.84 eV, respectively).'%) Additionally, excellent stability and
improved conductivity were also confirmed. Boron dimers on CoN were also found to possess a
lower NRR overpotential (0.19 V) than that of single-atom B@C2N (0.29 V).['%4] These results
suggest that boron dimers instead of single boron atoms could be more promising metal-free DACs

for NRR, which appeals for further experimental investigations.

Despite these experimental and theoretical efforts in the design of DACs for NRR, several
fundamental issues remain to be addressed. Can a dual-site strategy break the scaling relations for
NRR to further enhance the NRR performance? Is there a possibility that new mechanisms be
proposed? How does the coordination and ligand effect influence the theoretical NRR activity?

All these questions inspire more research into this area.

4.4 CO:RR

CO» emissions cause the greenhouse effect and global warming; thus, converting CO; to
value-added fuels and chemicals to form a sustainable carbon cycle can offer an enticing
opportunity to achieve renewable energy production and mitigate environmental crises
simultaneously. For this purpose, electrochemical reduction of CO> (CO2RR) is among the most
appealing techniques because this reaction can occur under ambient conditions.['* *] Owing to
the stability of the CO> molecule and the sluggish reaction kinetics, efficient electrocatalysts are

in great demand for CO.RR.!'"*! Conventional metal-based catalysts for CO2RR suffer from
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several serious problems, including unsatisfactory overpotential, low selectivity, and high cost,
while SACs such as isolated Ni atoms dispersed on carbon materials have been demonstrated as
highly efficient active sites for CORR owing to their high AUE and unique electronic

properties.[!7- 1151

However, some challenging issues for CO2RR still exist for SACs, such as suppression of
the competing reaction HER!!'®) and scaling relations between the adsorption strength of reaction
intermediates (such as *CO, *COOH, *CHO), 1% 415 41d] gimjlar to the case of NRR. In particular,
the scaling relations strongly conflict with the common strategy for increasing theoretical CO2RR
performance (increase *CHO binding and weaken *CO binding), thus severely hindering the
improvement of the catalytic activity.[*'® '] Depending on the number of transferred electrons
during the CO2RR, diverse products with different oxidation states of carbon can be generated,
which can be categorized into Ci products, which include CO, formic acid (HCOOH), methanol
(CH30H), formaldehyde (HCHO), and methane (CH4), and C> products, which include ethanol
(C2HsOH), ethylene (C2H4), and ethanoic acid (CH;COOH).!'!* '8 The complexity of the CO2RR
mechanism, as well as multiple intermediates and products, further limits the catalytic performance
of SACs, while the synergistic effect and more sophisticated functionalities in DACs may
overcome this limitation, where two atoms in the dimer can provide C-affinity and O-affinity sites
to strengthen *COOH or *COH binding without affecting *CO binding so that breaking of scaling

relations can occur.>% 1]

Recently, several groundbreaking experimental studies on DACs for CO2RR have been
reported (Table 4). By increasing the Pt mass loading up to 7.5%, Pt dimers on MoS; nanosheets
were prepared by Li and coworkers.!'!% From the HAADF-STEM image (Figure 15a), Pt dimers

at neighboring sites were identified, while the atomic dispersion was maintained. The catalytic
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performance of the as-obtained DACs revealed that 7.5% Pt/MoS: exhibited dramatically
enhanced activity compared with that of 0.2% Pt/MoS: (Pt SACs) and CO2 was hydrogenated
stepwise to form formic acid and methanol (Figure 15b). The TOF for 7.5% Pt/MoS; was 162.5
h'!, almost 15 times higher than that for 0.2% Pt/MoS; at 150 °C. Further characterization of
Pt/MoS; by temperature-programmed desorption (TPD) indicated that increasing the Pt loading
could lower the H> desorption temperature and therefore promote the dissociation of H> (Figure
15¢), and in situ DRIFT results identified two sets of frequencies that belong to COOH* and
CH>OH* intermediates (Figure 15d). DFT calculations were performed to investigate the
underlying mechanism for Pt SAC and DAC, and HCOOH was found to be more favorable than
was C(OH),* intermediate on Pty/MoS,, consistent with experimental results (Figure 15e).
Monolayer MoS; offers sites for H dissociation and adsorption of intermediates, which also plays
an important role in CO2RR. In 2019, Jiao et al. reported the synthesis of Cu;’-Cu;*" DACs with
high selectivity, good activity, and high stability for CO,RR.[''®®! By controlling the Cu loading,
different DACs supported on 1D PdioTes nanowires were prepared, and trace amounts of Cu
significantly elevated the total current density and therefore activity (Figure 15f). The 0.10% Cu
sample exhibited enhanced selectivity toward CO in CO2RR, with the Faradaic efficiency of CO
as high as 92% under -0.78 V, and the competing HER was almost completely suppressed (Figure
15g). XANES and EXAFS analysis of the valence states and local coordination environment
revealed the formation of Cu’-Cu;*" DACs (Figure 15h,i), with Cu;** adsorbing H,O and the
paired atom adsorbing CO», promoting CO; activation. Finally, DFT calculations suggested that
Cu-based DACs can reduce the activation energy in CO» activation, explaining the excellent
catalytic activity of Cu;’-Cu;*" DACs for CORR (Figure 15j,k). In another work, cooperative

Cul; sites on the Zr» cluster of an MOF (Zri2-bpde-Cu) were reported.!'?°! Bimetallic oxidative
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addition promotes H» activation on Cu centers, and the structures promote C-C coupling to produce

methanol in the CO2RR with >99% selectivity in 10 h.
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Table 4. Summary of DACs with the corresponding catalytic activity for CO2RR.

Metal content Main product Current density Onset potential
System Publication year
(wt%) (Faradaic efficiency) (mA cm?) (vs. RHE)
Pty/MoS Pt7.5 CH;OH - - 201819l
Cu;-Cu**/ PdyoTe;
Cu0.10 CO (92%) 18.74 -0.78 V 20191119
nanowires

Zr12-bpde-Cu - C,HsOH - - 2019[120]
Ni/Fe-N-C Ni 0.97; Fe 0.34 CO (98%) 7.4 0.7V 2019128
CoPc/Fe-N-C Fe 1.04; Co 0.65 CO (93%) 275.6 -0.84 V 2019121

AgN3-AgN3- Ag 0.10/0.01 (low
CO (93.4%) -11.87 (-0.7 V) -0.25V 202011221

graphene loading)
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Figure 15. Electrocatalytic performance and characterization of DACs for CO2RR. (a) HAADF-
STEM image of 7.5% Pt/MoS,, and corresponding structural model, (b) comparison of Pt/MoS>
with different Pt loading, (c) Ho-TPD profiles, (d) in situ DRIFT spectra of 0.2% and 7.5% Pt/MoS»
(after exposure to mixed gas CO2:Hz = 1:3 at 150 °C for 0.5 h), and (e) DFT-identified steps for
the addition of H atom to COOH* species on Pti/MoS; (left) and Pto/MoS; (right). Reproduced
with permission.!''3 Copyright 2018, Nature Publishing Group. (f) Current-voltage curves for
different samples from linear sweep voltammetry scans, (g) Faradaic efficiency with different
amount of Cu doping at different potentials, Cu K-edge (h) XANES and (i) EXAFS for different
samples, (j) free energy profiles for CO; activation (top) with the corresponding configurations of
CO; physisorption and chemisorption (bottom), and (k) illustration of Cu pairs anchored on

Pd;Tes nanowires. Reproduced with permission.!!!?®! Copyright 2019, Nature Publishing Group.
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Like DACs for ORR, metal dimers supported on carbon-based materials have also been
reported to exhibit intriguing CO2RR performance, with the main product being CO. Ren et al.
designed diatomic Ni-Fe sites anchored on (Ni/Fe-N-C) with a high Faradaic efficiency above 90%
for CO over a wide potential range (from -0.5 to -0.9 V) and high durability.[?*l DFT calculations
provided theoretical insights that Ni-Fe DACs can decrease the activation barrier for COOH*
formation and CO desorption, resulting in a remarkable CO2RR performance. Lin and coworkers
reported the anchoring of cobalt phthalocyanine on Fe-N-C, and the synergistic effect resulted in
a significantly broadened 90% Faradaic efficiency window from 0.18 V (Fe-N-C alone) to 0.71 V
with an onset potential as low as -0.13 V.['?!l Additionally, AgN3-AgNs-graphene (Ag>-G) catalyst
was synthesized by binuclear-Ag-based aromatic molecules anchored on graphene, followed by
pyrolysis with temperature control.l'??! The DACs showed remarkable CO2RR activity toward CO
(93.4% Faradaic efficiency) and high stability, which is far higher than that of Ag SACs. The
discovery in this work provides new insights into atomic-scale manipulation of neighboring metal

atoms to form DACs and create new paths for understanding heterogeneous catalysis.

In addition to the experimental observations, another group of DACs on 2D materials was
predicted by theoretical calculations (Table 5). By large-scale DFT calculations and microkinetic
modeling, Li et al. concluded that multiple homonuclear and heteronuclear dimers on graphene
with adjacent vacancies (MM’ @2SV) exhibited reduced overpotential and enhanced current
density for CO,RR.5?®! Interestingly, Cuz, MnCu, and NiCu@2SV can catalyze the CO.RR and
form completely different products: Cux@2SV is active toward CO, similar to Au electrodes;
MnCu@?2SV is selective toward CHy; and NiCu@?2SV is selective toward CH3OH, which can be

attributed to the different oxophilicity between Mn and Ni. The outstanding selectivity, together
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with reduced overpotentials, enables the use of DACs as promising catalysts for CO2RR. In
another work, considering that it would be optimal if the two atoms in DACs provide C- and O-
affinity sites separately, Ouyang et al. designed 21 kinds of heterogeneous TM dimers supported
on C2N and studied their potential CO2RR applications."’! (Figure 16a,b). By comparing the
binding energies of *COOH, *CO, and *CHO, CuCr, CuMn, FeCr, and MnCr dimers were
identified with small differences between the binding energies of *CO/*COOH or *CO/*CHO,
minimizing the influence of scaling relations (Figure 16¢,d). The stabilities of the DACs were
confirmed by comparing the energy difference between the adsorption energies of the dimers on
CoN and the cohesive energy of metal atoms in their crystals, followed by AIMD simulations.
Finally, CuCr and CuMn@C>N showed the best performance of -0.37 and -0.32 V toward CHg4
production, respectively (Figure 16e). Using DFT calculations and microkinetic simulations, Luo
and coworkers systematically studied the CO2RR performance of DACs on Ng-C.[**! After a two-
step screening with *OH and *COOH adsorption free energies, several candidates were excluded
because of blocked active sites by *OH or weak *COOH adsorption (Figure 16f,g). Finally, CuMn,
NiMn, and NiFe DACs were identified to have higher CO2RR activity toward CO than that of
Au(211), the best TM catalyst (Figure 16h). These results indicate that DACs supported on 2D
materials are promising candidates for breaking the intrinsic scaling relations and improving the
CO2RR activity. However, owing to the complexity of the CO2RR mechanism and the multifarious

reaction products, more experimental and theoretical studies are required.
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Table 5. Summary of DFT-predicted DACs for CO2RR.

System

Best samples

Main product

Theoretical limiting

potential (V)

Publication year

TMa@graphene with
adjacent single

vacancies (2SV)

TMz@phthalocyanine

TMo@C2N

Niz, Coz, NiCo@C2N

TM1/TM2@C2N

TM1/TM2@Ns-C

Cuz, MnChu,

NiCu@2SV

Mn;@phthalocyanine

Cu@CoN

NiCo@C:N

CuCr/CuMn@C2N

CuMn, NiMn,

NiFe@Ns-C

CO (Cuz); CH4
(MnCu); CH;0H
(NiCu)

CH;0OH

CH4/ CoHy

CHy4

CHy4

CO

-0.23 (MnCu); -0.70

(NiCu)

-0.84

-0.23 (CH4) / -0.76

(C2Hy)

-0.23

-0.37/-0.32

~-0.43 (CuMn); ~ -
0.45 (NiFe); ~ -0.65

(NiMn)

2015>20]

20171231

2018124

201911231

202000

202002
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Fex@holey N-doped

Fex@CaoN C,HsOH -0.70 2020!126]
carbon monolayers
Fen@graphdiyne (n =
Fe@graphdiyne CH4 -0.29 20204271
1-4)
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Figure 16. Design of DACs for CO2RR by theoretical calculations. (a) Design concept of DACs
to reduce the free energy change by stabilizing *CHO, (b) schematic of decoupling scaling
relations between adsorption energies of *CHO and *CO, and calculated relations between binding
energies of (¢) *CHO and *CO, (d) *COOH and *CO, (e) CO2RR free energy diagram toward
CH4 on CuCr/CuMn @C2N. Reproduced with permission.’”) Copyright 2019, Royal Society of
Chemistry. Adsorption free energies of (f) *OH and *O, (g) *COOH and *CO on DACs, (h) TOF

for CO2RR as a function of applied potential for CuMn, NiMn, and NiFe DACs under 0.5 atm, in
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comparison with Au(211). Reproduced with permission.>?l Copyright 2020, Royal Society of

Chemistry.

4.5 Other Reactions

In addition to water splitting, ORR, NRR, and CO2RR, DACs can catalyze a wide range of
reactions including CO oxidation reaction (COOR),1® 128 hydrolytic dehydrogenation of
ammonia borane,** alkaline epoxidation,?”! dry reforming of methane,'*”! formic acid

1321 reverse water—gas shift,['**l HCN

dehydrogenation,!'*Y) NO decomposition''*! and oxidation,'
production, CO> methanation, and alkaline hydrogenation,['*#] confirming the broad prospects of

DAC:s.

COOR plays a very important role in reducing the small amount of CO in the environment
as well as the hydrogen-rich fuel gases for PEMFCs.['31 SACs for COOR have been intensively
studied!!*% ever since the concept of single-atom catalysis was introduced by Qiao et al. in 2011,
who reported high COOR activity of Pti/FeOx SACs.!'' Nevertheless, according to two theoretical
observations by Chen’s group, DACs can exhibit even higher COOR activity than that of SACs.[3%%
128 By comparing DACs and SACs through the bi-molecular and tri-molecular Langmuir—
Hinshelwood (L-H) and Eley—Rideal (E-R) mechanisms, they came to the conclusion that DAC
Cux@CaN possesses better COOR activity than that of its single-atom counterpart Cuj@C,N.[128]
DFT calculations revealed that O> could be more effectively activated on Cux@C>N because of
the strong Cu 3d-O 2p orbital hybridization, followed by a low barrier for the first evidence of CO»
formation at 0.17 eV via the L-H mechanism. On the other hand, the barrier for Cui@C>N was

much higher (0.53 eV) via the E-R mechanism. They further extended their studies to
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heteronuclear DAC FeiCui@C:2N, which exhibited better COOR activity than did both Fe,@CaN
and Cux@C2N without suffering from the CO poisoning problem.®¥! Experimental results also
corroborate with theoretical calculations, showing that the synergistic effect in DACs is important
for enhancing the COOR activity. Zhou et al. synthesized Pt and Ru neighboring monomers
anchored on N-vacancy-rich g-C3Ns by an icing-assisted photocatalytic reduction method.!'?%"!
HAADF-STEM and XAFS confirmed that Pt-Ru dimers in the N>c and Caoc sites of the N-vacancy-
rich g-C3N4 indeed exist, and that nitrogen vacancies play an important role in the formation of
neighboring monomers. In situ DRIFT spectra and DFT calculations indicated that Pt-Ru dimers
are more efficient for optimizing O activation, which is significant in COOR, and can balance the

energy evolution of intermediate steps in COOR. These results suggest that DACs exhibit a better

catalytic performance for COOR than do SACs owing to the synergistic effect.

5. Conclusions and Future Perspectives

In this review, we summarize the recent progress in the development of DACs, including
experimental synthesis (top-down and bottom-up strategies) and characterization methods (TEM
and XAFS), theoretical modeling approaches, and practical applications of DACs in energy- and
environment-related catalytic reactions (water splitting, ORR, NRR, and CO,RR). Apparently,
double-atom means more than simply doubling the function of a single atom. The synergistic effect
from the double-atom provides DACs with the capability of breaking the linear scaling relation,
which sheds light on the design of next-generation catalysts. Nevertheless, the applications of
DAC:s are still very limited because of the difficulty in experimental realization, and prospective

future research work can be focused on the following issues of DACs:
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(1) Precise control of metal dimers in the synthesis of DACs and the application of
advanced instrumentation in the characterization of DACs. Compared with SACs, achieving the
double-atom nature of DACs is experimentally difficult, appealing for more methodology
explorations. ALD has been demonstrated as a potential strategy for the synthesis of both
heteronuclear and homonuclear DACs.?! Recently, Liu et al. designed an electrochemical
potential window strategy for producing high-purity single-cluster catalysts (SCCs) by theoretical
calculations. In the proposed potential window, aggregated metal clusters can be leached away
from the substrates and metal single-clusters can be retained owing to strong interactions with the
substrates.['*7l This method is potentially applicable in the synthesis of DACs, but more
experimental evidence is lacking. In addition, other advanced characterization methods can be
used to explore the structure—performance relationship of DACs, such as scanning tunneling
microscopy, environmental scanning electron microscopy, environmental TEM, and atom probe

tomography.

(2) Combining theoretical calculations with experimental observations to conduct a
mechanism study. Currently, majority of mechanistic studies of DACs for water splitting, ORR,
NRR, and CO2RR are based on conventional mechanisms. For the mechanism study, one case is
the use of noble-metal catalysts for NRR, for which a surface-hydrogenation mechanism was
proposed to address the discrepancies between experimental and computational results in the

1381 Owing

performance that conventional dissociative or associative mechanisms cannot explain.|
to the synergistic effect between adjacent active sites in DACs, there are possibilities that new

mechanisms can better explain the improvement in catalytic performance, which requires further

experimental and theoretical investigations.
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(3) Prediction of novel DACs using DFT calculations and ML algorithms. Trial-and-error
experiments to select potential combinations of metal elements and substrates are infeasible due
to high economic cost and time limitations. Instead, the prediction of DACs with theoretical
calculations is much more effective. Currently, even though a large number of studies on DFT-
predicted high-performance DACs have emerged, most of them are limited to the scale of the data
set and cannot provide comprehensive insights for experimental realization. Combining DFT
calculations with ML algorithms may be one way to extend the data set to a larger scale, but for

DAC:s, such reports are very scarce, calling for more efforts from theoretical chemists.
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