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Angus Pedersen, Jestis Barrio, Alain Li, Rhodri Jervis, Dan J. L. Brett,

Maria Magdalena Titirici,* and Ifan E. L. Stephens™

Electrochemical clean energy conversion and the production of sustainable
chemicals are critical in the journey to realizing a truly sustainable society.
To progress electrochemical storage and conversion devices to commerciali-
zation, improving the electrocatalyst performance and cost are of utmost
importance. Research into dual-metal atom catalysts (DACs) is rising in
prominence due to the advantages of these sites over single-metal atom
catalysts (SACs), such as breaking scaling relationships for the adsorption
energy of reaction intermediates and synergistic effects. This review provides
an examination of the fundamental theoretical principles and experimental

a required reduction in emissions per
unit production of 75% by 2050 in order
to have a 50% chance of limiting global
mean temperature rise by 2 °C compared
to pre-industrial levels.?l Improvements
in the field of electrocatalysts, especially
in relation to electrolyzers and fuel cells,
will help these devices become part of
the solution to the looming sustain-
able energy and chemical production
needs.’! For these devices to be entirely

electrochemical performance of DACs in idealized half cells, as well as fuel
cells, before proceeding to analyze the methods used for producing and
identifying DACs. Current challenges and potential future research directions

of DACs are also discussed.

1. Introduction

To limit global mean temperature rises while sustaining
increasing energy demands, renewable energy processes and
clean feedstocks need to replace those driven by fossil fuels.
This is harder to attain in certain industries where alterna-
tive processes are not currently economically viable, and the
industry is already highly efficient. For example, in the chem-
ical industry, the International Energy Agency has calculated
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renewable, H, (and O,) needs to be pro-
duced by water splitting in electrolyzers
through H, and O, evolution (green
hydrogen production), rather than from
methane reforming (grey hydrogen pro-
duction).l*3] H, can then be used in elec-
trochemical O, reduction in fuel cells to
produce electricity.[®”! Meanwhile, electrochemical reduction of
N, to NHj can provide a sustainable means to a critical ferti-
lization source for the agricultural industry and a carrier for
H,.Bl Moreover, a way of producing value-added products and
a “circular economy” for industry from CO, emissions is via
the electrocatalytically driven CO, reduction, which converts
CO, to essential feedstocks, such as ethylene or ethanol for the
chemical industry.l’)

Low-temperature fuel cells and electrolyzers typically utilize
catalysts based on platinum group metal (PGM) nanoparti-
cles,% which limits device commercialization due to increasing
global demand, low uptake of recycling, and high cost of
PGMs.M Consequently, many researchers have turned their
attention to reducing PGM loading or entirely replacing them
with lower-cost earth-abundant metals, such as Fe, Cu, Ni, Co,
Mn, and, most recently, Sn.[!!

Regardless of the catalyst composition, improvements in
the electrochemical activity have been highly sought after with
two general options available; increasing the number of acces-
sible catalytic sites and/or increasing the intrinsic activity of
the catalytic sites.'¥] Many different catalyst designs have been
explored in order to raise the activity, such as alloying™ or
nanostructuring.'” While increasing the density of catalytic
sites improves activity, this method becomes physically lim-
ited when catalyst loading affects charge and mass transport.!!3!
Thus, improving the activity per catalytic site (intrinsic activity)
through controlling local geometry and electronic structure has
garnered research attention, with successful methods including
shrinking the catalytic site down to atomic scale, as well as
locally introducing light heteroatoms or hosting the catalytic
site at edges.[1016-18]
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As catalyst metal clusters decrease in size to only a few metal
atoms, discrete energy band structures become finely corre-
lated with the number of metal atoms present. Consequently,
adding or removing a single metal atom at this stage can largely
impact the electronic structure and hence catalytic proper-
ties.'”] Reducing catalytic sites all the way down to well-dis-
persed single-metal atom catalysts (SACs) effectively increases
the proportion of metal centers with low coordination, thereby
fully exploiting each metal atom, which, if well defined, can
be tuned to selectively drive specific reactions.?! In terms of
synthesis, SACs typically suffer from the formation of metal

www.advenergymat.de

nanoparticles, which are caused by the large surface energy of
single metal atom sites inducing aggregation. Hence, catalyst
loadings are typically kept below 1-2 wt%, which can limit the
overall activity.?"?2 Additionally, many reactions, such as O-O
scission, 2%l N-N scission,!?}l C-C coupling,* or CO hydrogena-
tion,?*] require several contiguous metal atoms. Indeed, looking
towards nature, some of the most difficult multi-electron reac-
tions involve two earth-abundant metal atoms at the active
site.?®] Cytochrome ¢ oxidase (CcO), where a single Cuy sits
above the heme a5 site, as illustrated in Figure 1a, enables its
highly efficient and selective four-electron reduction of dioxygen
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Figure 1. a) Cuj site sitting above heme a; in CcO. Based on reference [35]. b) Calculated TOF at varying potentials for dual-metal atom active site in
molecular (Co,/Ru, Co,FTF), enzyme (CcO), and heterogeneous (Fe-Co/CNT) electrocatalysts, plus Pt(111), Pt;Ni(111), and a commercial single atom
electrocatalyst (Pajarito). Co,/Ru (pink square) in 0.5 M H,SO, electrolyte. Co-Tolyl prism with Ru represented by pink spheres (see Section 3.3).¢l
Co,FTF (blue dash-dot line) in 0.5 M CF3CO,H at 250 rpm.7) CcO (green star): A. ferrooxidans CcO with ferrocenecarboxylic acid redox mediator.?%
Fe-Co/CNT (light blue solid line) in 0.1 M KOH at 1600 rpm.8 Pajarito: PMF-011904 catalyst in 0.5 m H,SO, at 1600 rpm. Orange dotted line represents
ex situ CO chemisorption results while orange squares represent in situ electrochemical NO?" stripping values.l Pt(111): black dashed line in 0.1 m
HCIO,, black solid line in 0.1 M KOH, both at 1600 rpm.*l Pt;Ni (red line) in 0.1 M KOH at 1600 rpm.[*1l See Supporting Information for calculations on
TOF of catalysts. c) Structure of metalloenzyme carbon monoxide dehydrogenase with highlighted Fe and Ni dual atom center. Based on reference [42].
d) Structure of metalloenzyme nitrogenase for N, reduction with highlighted Fe-S-Fe bridged center. Based on reference [26]. €) TOF of N, reduction
catalysts, including nitrogenase,**l homogeneous,* and lithium mediated (1,14 2,8 3 [¥7] 4143}y at varying potentials (vs RHE) (filled symbols, 1 bar
N,, and open symbols higher pressures). Triangles represent the recyclable proton donor of Suryanto et al.,[*l and circles indicate sacrificial ethanol
proton donors. Potentials were corrected for ohmic losses and can become more negative during operation. Based on reference [44].
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to water, without the production of hydrogen peroxide.”-%’]

The O, reduction activity of the dual atom site is demonstrated
in Figure 1b (results discussed further in Section 2.1.2), where
a model CcO shows the highest reported turnover frequency
(TOF), well over an order of magnitude higher than a com-
mercial SAC (Pajarito). For CO, reduction, the dual-metal atom
active sites in carbon monoxide dehydrogenase (Figure 1c) and
nitrogenase (Figure 1d) are highly studied, with the latter also
remarkably able to catalyze N, to ammonia (through reduc-
tion under ambient conditions) with the highest TOF to date
(Figure 1e).13% There are several variants of nitrogenase, namely
molybdenum, vanadium, and iron. Of these, Mo-nitrogenase
is the most efficient of the three and consequently the most
widely studied. The active center in molybdenum nitrogenase
is the Mo:7Fe:9S:C homocitrate cluster, where the two Fe atoms
bridged by S are surrounded by a matrix of hydrophobic pep-
tides (Figure 1d), which allow the controlled diffusion of pro-
tons to the active site via a proton wire.3!! Enzymes can be
attached to electrodes for efficient electrocatalytic reactions,*2
although in harsh fuel cell environments enzyme stability is an
issue (enzyme activity diminishes in hours),?% in addition to
their large preparation, purification, and electrode surface area
footprints.> However, certain key characteristics can be identi-
fied and mimicked, such as their dual-metal atom core.

Herein, we define dual-metal atom catalysts (DACs) as cata-
Iytic sites containing two isolated metal atoms in atomic prox-
imity to each other, which directly or indirectly cause a change
in binding energies of reaction intermediates. These metal
atoms are isolated by a more inert substrate which typically
does not bind to the reactive intermediate, such as N, C, Au, or
S. The orientation of the DAC within the host material can give
rise to two divisions in classification, depending on whether
the DAC is “in-plane” or “cofacial” about the orientation of the
metal atom centers and their supporting environment. The
types of DAC explored in this Review include in-plane adjacent
and bridged DACs, along with cofacial separated DACs.

In-plane adjacent DACs are those with two reactive metal
atoms directly coordinated to one another in the same plane, as
illustrated in Figure 2a-i.¥-2 For in-plane bridged DACs, the
two metal atoms are separated by a linking or bridging atom,
such as oxygen or nitrogen, as displayed in Figure 2a-ii.193
Cofacial separated DACs are those with the metal atoms atomi-
cally distanced in a different plane, as shown in Figure 2b,13>4
which potentially allows for adsorption of a reactant between
the planes. We use the DAC terms defined above throughout
this Review to enable efficient determination of the type of
DAC being discussed.

a In-plane b cofacial separated
T —— QP Y R
LOMI—MZ O MX-MRY S MM o
SN T g R i
i.) adjacent ii.) bridged

Figure 2. a) Representation of in-plane adjacent and bridged DACs. b)
Representation of cofacial separated DACs. Gray dashed lines represent
the local support environment of the metal atoms. M' and M? represent
metal atoms while X represents bridging atoms that do not bind to inter-
mediates, such as O and N.
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DACs can combat some limitations of SACs in multielectron
reactions with several reaction intermediates, while also poten-
tially possessing 100% site utilization that has been achieved by
SACs.?] For example, the two metal centers in DACs can pro-
vide two points for reactant binding in a 3D geometry, enabling
independent binding energies theoretically predicted for ideal
0, reduction and O, evolution catalysts which are not.>®! DFT
calculations predict that the bridged reactant and intermediates
adsorption for in-plane adjacent DACs can significantly improve
N, reduction activity,?3! while calculations on separated cofa-
cial DACs predict hydrocarbon production during CO, reduc-
tion.[’”l Heteronuclear DACs in particular can improve activity,
stability, and selectivity by tuning the metal centers to alter the
electronic structure, which is not possible to the same degree in
homonuclear counterparts.l*® This is because of the opportu-
nity to adapt the ligand atoms, coordination number, and local
structure of the metal centers in heteronuclear DACs.>”) While
DACs are predicted to possess superior electrocatalytic activity
compared to SACs in certain reactions, their controlled syn-
thesis has been difficult to achieve and, once synthesized, these
sites may display low electrochemical or structural stability
arising from high surface energy of low-coordination atoms.!*%
The metal atom centers are typically stabilized by coordination
to N-doped carbon supports,[3#5261.62 which are favorable due
to their robustness, low cost, and tunability.[®>*4 Other supports
have been successfully utilized to create DACs such as carbon
nitrides,!®>%l and macrocyclic compounds including porphy-
rins and phthalocyanines.>*¢’]

Tri-metal atom catalysts (TACs) have also shown similar ben-
eficial electrocatalytic properties to DACs, %8l although the prep-
aration of TACs is even harder to precisely regulate and orien-
tate, explaining their thus far limited experimental synthesis.
Consequently, we do not discuss TACs in detail in this Review.
Other types of electrocatalytic sites which can also be highly
active are those based on perovskite and metal oxides;®71
however, they are beyond the scope of this Review as they do
not directly pertain to DACs, as defined above.

Briefly reviewing the history of DACs in Figure 3, Jasinski
first demonstrated the synthesis of a SAC in 1964 using cobalt
phthalocyanine (CoPc) as a fuel cell cathode catalyst.’? Mitchell
and Pérez-Ramirez have succinctly summarized the subsequent
key historical events related to SACs.? In terms of DACs, the
electrocatalytic properties of macrocycle-derived DACs were
first experimentally tested back in 1979 and 1980 by Collman
et al., who synthesized dicobalt facing porphyrins for O, reduc-
tion.’”74 Results showed certain Co, diporphyrin catalysts
nearly exclusively formed water, unlike single cobalt porphy-
rins, providing early indications of DACs’ electrocatalytic poten-
tial. It was not until 2017, when Wang et al. synthesized the
first characterized heterogeneous catalyst from a Fe—Co metal-
organic framework (MOF), which demonstrated excellent fuel
cell performance.”” In 2018, Nerskov and co-workers calculated
that DACs could provide a path to producing ammonia through
electrochemical means owing to the unique binding energies
of DACs.??l Since then, various methods for producing DACs
have been explored; of particular note is the electrodeposition
of Fe onto Co for O, evolution,’® and the atomic layer deposi-
tion (ALD) of Pt-Ru dimers utilized for H, evolution.””! From a
theoretical perspective, Rossmeisl and co-workers have modeled
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Figure 3. Summarizing the past achievements in DACs and potential future research directions.

diporphyrins, akin to cofacial separated DACs, for O, reduction,
O, evolution, and CO, reduction, which has revealed desirable
adsorbate and intermediate binding energies for improved
electrocatalytic performance.’®5776 Key developments being
explored in the near future include machine learning for DAC
discovery, precisely controlled synthesis of DACs, further appli-
cations of in situ, operando and postmortem characterization
and also the conclusive experimental synthesis of ammonia via
electrochemical N, reduction using DACs.

There have been numerous reviews on SACs for electroca-
talysis over the past few years,”7-# with some providing certain
insights in the area of DACs.['016:60.8788] However, there are few
focused reviews on emerging research of DACs within electro-
catalysis,®% or even general catalysis.”l This review focuses
on DACs for the O, reduction, CO, reduction, O, evolution,
and N, reduction electrochemical reactions. We review the lit-
erature regarding computational and theoretical predictions
via density functional theory (DFT) and other methods, before
discussing the experimental performance of DACs for each
electrochemical reaction. Then, different synthesis methods for
DACs are detailed, followed by the methods and challenges of
characterizing such catalysts, and finally concluding with the
summary, challenges, and perspectives.

2. Theoretical Insights and Experimental Results

Sabatier's principle states that the ideal catalyst should bind
neither too strongly or too weakly to reaction intermediates.[?!
More recently, Norskov and co-workers provided the theoretical
underpinning to Sabatier's principle. Using DFT they revealed
the quantitative relationship between catalytic activity and the
binding strength of reaction intermediates for O, reduction,
producing a “volcano” type relationship with a peak activity for
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intermediate binding strengths.”®! Experiments have directly

confirmed this theoretical relationship on both model mole-
cular catalysts!®! and platinum single crystals.[**%>%I They later
found similar models apply to a number of different electrocat-
alytic reactions, including H, evolution,” O, evolution,*®! CO,
reduction,® and N, reduction.'” While volcanoes work well
for catalyst activity optimization within a family of materials by
obtaining activity descriptors, they poorly assess other impor-
tant criteria, such as stability.'") Hence, theory sections focus
on explaining the underlying theoretical trends and activity
descriptors of DACs relative to SACs and metal surfaces for O,
reduction, O, evolution, CO, reduction, and N, reduction.

2.1. O, Reduction

The development of H,/air fuel cells, which can convert energy
in a clean manner from H,, has been hindered commercially by
the sluggish kinetics of O, reduction, which currently requires
Pt-based electrocatalysts for sufficient activity and durability.
Therefore, reducing or replacing Pt-based electrocatalysts has
been a key objective for researchers over the past decades.

2.1.1. Theory

The common pathways for O, reduction electron transfer are
either via a desired direct four-electron reduction, which forms
H,0 in acid, or OH™ in alkaline media, or via a two-electron
reduction, which forms H,0,1%% (also an industrially important
chemical®) as an intermediate, although this is not desired for
fuel cell applications.

The four-electron mechanism can proceed either by associa-
tive (*O, *OH, and *OOH intermediates, where * represents

© 2021 Wiley-VCH GmbH
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Figure 4. Free energy diagrams for O, reduction at limiting potential (U, red lines) and equilibrium potential (U, blue lines), with * indicating active
site. a) Pt(111) with the associative mechanism. Based on reference [106]. b) CoN,C;, porphyrin with the associative mechanism. c) Dissociative
mechanism for in-plane adjacent Co,Ns/graphene with O adsorbed behind DAC site (Oy) to reacting O,. Gray dashed line represents the surrounding
graphene sheet. CoN,Cy, and Co,Ns/graphene values calculated with VASP solvent model. Based on reference [107].

an adsorption site on the catalyst surface) or dissociative (*O
and *OH intermediates) pathway, depending upon the oxygen
activation barrier for dissociation on the catalyst surface.*®
The four-electron pathways in acidic environment for asso-
ciative, Equations (1-5), and dissociative, Equations (6-8),
mechanisms are displayed below. An ideal catalyst would have
a completely flat free energy profile at the equilibrium poten-
tial. What is evident from the free energy profile in Figure 4a
is that metal surfaces such as Pt(111) possess a minimum over-
potential of 0.3-0.4 V,7% roughly corresponding to the over-
potential required to obtain a significant reaction rate in experi-
ments (see Figure 1b). Similar overpotential restrictions are
also found on SACs (Figure 4b). This overpotential arises due
to linear scaling between reaction intermediates which prevents
the binding energies from being tuned independently of each
other, represented as volcano relationships. Without breaking
the linear scaling relations of key adsorbed reaction intermedi-
ates (*OOH and *OH) or the Bronsted-Evans-Polanyi relation
between the activation energy of O, dissociation and adsorption
energy of *O. Proposed methods to break scaling relations,%!
and reduce overpotential, have included creating tensile lat-
tice strain on the catalyst surface, creating transient conditions
via resonance oscillations, confinement, and 3D catalytic sites,
with some of these methods exploited by the naturally occur-
ring enzyme CcQ.>?193-105] Below, we explore the effect of a
dual atom catalytic site, which can enable a different reaction
pathway (Figure 4c) and/or modify the binding energy of a par-
ticular reaction intermediate, leading to a theoretically reduced
overpotential limit.

Associative mechanism:

0, +% = *0, ()
*0,+H"+e” — *OOH (2)
*OOH+H"+e” — *O+H,0 3)
*O+H"+e” — *OH (4)
*OH+H"+e — *+H,0 )
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Dissociative mechanism:

0, +2% = 2*0 (6)
2%0+2H" +2e” — 2*OH (7)
2*0OH+2H" +2e” — 2*+2H,0 (8)

Collman et al. were the first to reveal the potential of DACs
by observing cooperativity between Fe and Cu within a model
CcO, which opened up the possibility of alternative reaction
pathways for O, reduction that do not include the linear scaling
problems arising from the *OOH intermediate in associative
mechanisms of O, reduction.'®®! Because of this, cofacial sepa-
rated metalloporphyrins, or diprophyrins, were later investi-
gated due to their structural similarity with the DAC center in
Cc0.% From DFT studies, diporphyrins are shown to exhibit
different electron pathways depending on where the O, binds;
if binding on the outside in end-on fashion, they behave like a
single porphyrin with a SAC center, being two-electron selective
(Figure 5a). In contrast, if O, binds on the inside, it is four-
electron selective as O, is adsorbed by a bridge-trans configu-
ration with weakened O=0 bonding (Figure 5b).l%110 Thegse
DFT observations explain why in biological systems the active
metal atom has saturated coordination on the opposite side to
the binding reactant to prevent undesired reactions."! This
computational result arises from the O, p-bridge link between
the metal centers of the diporphyrin sharing structural simi-
larity to dissociated oxygen, as each oxygen atom is adsorbed
to its own metal site."?l This means the oxygen atoms do not
need to move to a hollow site, as is the case for pure metal sur-
faces."3! Because of this, O, dissociation can be achieved with
weaker binding to O, reduction intermediates, hence synthe-
sizing ligands on the outside of diporphyrins could potentially
improve O, reduction kinetics."" Of possible diporphyrins,
Rossmeisl and co-workers initially identified that “pacman,”
diporphyrin anthracene (DPA), and dioporphyrin dibenzofuran
(DPD) containing strong binding metals (Mn, Fe, or Co) with
ligands (Figure 5c,d) or without, could reduce overpotential
below 0.3 V through a less restricted *O + *OH pathway which
bypasses *OOH scaling."? In particular, DPA containing
Co centers and NH; ligands showed the lowest overpotential
of =0.15 V, with facilitated *OOH dissociation in the optimal
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Figure 5. a) End-on O, adsorption on single Co site. b) Bridged O, adsorption inside the cofacial separated structure. Based on reference [109].
c) Side view of DPD+R structure. d) Side view of DPA+R structure. M represents metal (e.g., Mn, Co, or Fe) and R represents the coordination of ligands.
Based on reference [112]. e) Activity volcano displaying the improved overpotential through modified scaling relationships in DPA motifs compared to
metal surfaces, based on adsorption energy of *OH, AGoy. Blue solid line represents potential limited by strong binding of *OH. Black solid and dash
lines represent potential limited by weak binding of *OOH. E, represents both O, adsorption energy and dissociation energy of adsorbed *O, to two
adsorbed *O, with EQ: illustrating potential limited by O, dissociation. The dashed lime line represents Eggma' of metal surfaces and pink solid line
represents ESBPNR of DPA with ligand coordination (depicted in d). Based on reference [76]. f) Structure of PMOF-Al with separated cofacial sites
consisting of Co active site with *OOH intermediate and Fe-OH spectator. Thick solid line represents Al-oxide chain. g) Volcano plot showing change
in activity for scenarios of Fe-OH spectator (filled symbols and red and green volcano legs) and no spectator (empty symbols and black volcano leg).
Based on reference [115]. h) In-plane adjacent Co, with O adsorbed behind DAC site to reacting O,. Gray dash line represents graphene sheet. Based

on reference [107].

oxygen adsorption energy region between 0.9 to 1.4 eV, indi-
cated in Figure 5e.[1?]

Other separated cofacial macrocyclic DACs have also been
predicted to circumvent O, reduction scaling relations,
even those based on industrially relevant MOF-based mate-
rials whose 3-D structure can be manipulated to the reaction of
interest. Here, Sours et al.™ based their rational DFT analysis
on water stable and ORR active PMOF-AL ™M which consists of
~6.7 A spatially stacked TCPP (tetrakis(4-carboxyphenyl)-por-
phyrin) ligands connected via 1-D Al-oxide chains (Figure 5f).
The transition metal spacing of =6.7 A was found in the
favorable region for *OOH stabilization from the initial anal-
ysis. Porphyrinic zirconium MOF (PCN-226(Co)) developed by
Huang and co-workers provides another example of tailored
active site spacing (7 A),'") suggesting similar porphyrin-based
MOFs could serve as ideal catalysts for O, reduction by forming
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M;-O-O-M, bridges in a regulated way. For Sours et al.’s cal-
culations, the most stable coverages and oxidation stages
of the transition metals explored (M; = Cr, Mn, Fe, Co, Ni;
M, = Cr, Mn, Fe) were based on Pourbaix diagrams.'> Sours
et al. found *OOH became more stabilized with increased elec-
tronegativity (Mn < Cr < Fe), owing to the charge delocaliza-
tion on the spectator ligand (—OH) which resulted in a stronger
hydrogen bond.™™ The predicted greatest limiting potential for
the transition metals is achieved by Cr-Fe/PMOF-Al DAC with
1.07 V (Figure 5g)."" As noted by the authors, *OOH stabili-
zation only improves activity for catalysts who are influenced
by in their potential-determining step.!'®) OH as a modifying
ligand has also been considered for in-plane adjacent DACs.[1]

Vegge and co-workers explored Co SAC and both in-plane
and cofacial Co, DACs on N-doped graphene sheets with
different solvent DFT models.””] The Co SAC followed an
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associative O, reduction mechanism while both Co, DAC types
increased O, reduction activity and suppressed H,0, formation
by facilitating *OOH dissociation to *O and *OH. Interestingly,
only with an O adsorbed strongly to the in-plane adjacent Co,
on the opposite side of the reacting O, (Figure 5h) did appre-
ciable deviation from scaling relations occur, suggesting the
limiting potential could be improved assuming the *OH
adsorption was weakened.

One issue that arises from DACs is the vast number of
possible metal atom combinations that could be tested for O,
reduction, among other electrochemical reactions. To tackle
this issue, a comprehensive set of DFT results from in-plane
adjacent DAC coordinated to N on graphene for O, reduction
was developed for training in a machine learning study to dis-
cover hidden trends within the data."¥ While collecting the
DFT results, experimentally unexplored and potentially highly
active DACs were discovered, such as Ni-Cu. In the machine
learning study, various factors determined to influence O,
reduction activity were identified and ranked based on a mean
impact value, with the top three features for the metal atoms
calculated as their electron affinity, sum of the Van der Waals
radius, and Pauling electronegativity.

2.1.2. Experimental

A key metric for evaluating experimental catalysts is through
their intrinsic activity, which can be defined by calculating
their TOF. Progress has been made on TOF calculations of
SACs by measuring active site density using ex situ cryo CO
pulse chemisorption and temperature-programmed desorp-
tion 1201211 in situ electrochemical NO?~ stripping!??l and,
recently, in situ cyanide anion probe.'?}l Lower TOF values are
obtained with temperature-programmed desorption of CO, as
the ex situ adsorbed CO overestimates the number of electro-
chemically accessible active sites, resulting in a lower calculated
TOF. Mossbauer spectroscopy can also probe the total density
of specific sites, although deviating from the number of sites
accessible for adsorption of O, or CO, due to being a bulk char-
acterization technique (Section 4.2.3).2l It has been previously
discussed that the true catalytic TOF value likely lies between
that obtained from in-situ electrochemical NO?" stripping and
ex situ temperature-programmed desorption of CO.*! In terms
of DACs, molecular cofacial separated Co prisms (Co,/Ru)
have obtained TOF values close to CcO, albeit at lower poten-
tials and with Ru clips (Figure 1b).*°l Ru influence on the com-
plexes’ activity was not well detailed with Ru SACs known for
0, reduction activity.'?* Interestingly, calculated TOF values of
cofacial separated Co complexes (Co,FTF) compete with those
for P(111) (Figure 1b). To date, the vast majority of heteroge-
neous DAC electrocatalysts have not included TOF calcula-
tions for O, reduction, due to a lack of established methods for
accurate site density determination for DACs. From Figure 1b,
Fe-Co/CNT shows greater TOF than the evaluated Fe/N/C SAC
(Pajarito), with similar TOF values to Pt(111), but markedly
less than Pt;Ni(111) (the most active O, reduction catalyst ever
observed in aqueous environments“!)). Notwithstanding ambi-
guities in the TOFs calculations, experiments, thus far, suggest
that while DACs seem to be more active than SACs, they have
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not yet achieved the outstanding activity promised by the theo-
retical calculations.

Ye et al. were able to separately synthesize in-plane Fe-
based SAC and in-plane adjacent DAC and TAC on N-doped
carbon denoted as Fe-N/C, Fe,-N/C and Fes;-N/C, respec-
tively, by utilizing different Fe precursors (Fe,-N/C synthesis
shown Section 3.1.1). The specific activity in acidic electrolyte
(0.5 ™ H,SO,) (at 0.75 V vs RHE) was 16.4 mA cm™ for Fe,-N/C,
approximately 4.9 and 1.7 times higher than Fe;-N/C and Fe;-
N/C, respectively.%! This was attributed to peroxo-like adsorp-
tion of O, on the Fe, and Fes, as observed by low-temperature
FTIR (Section 4.2.5), which facilitated O-O bond cleavage by
increased O-O bond length according to DFT calculations. Sim-
ilar peroxo-like O, adsorption geometry was observed by Xiao
et al. and Lu et al. for their in-plane adjacent Co,/N/C and Zn-
Co/N/C DAC, respectively.?%1%] Following stability testing of
20 000 cycles, Fe;-N/C exhibited the lowest shift in Ey, (Figure 6a).
This result was attributed to the dissociation of trace amounts
of Fe-Fe bonding in Fe,-N/C and Fe;-N/C which was examined
through high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM).[%8]

In the work by Wei and co-workers, Fe-CoN,-OH/C sites
were achieved through OH-ligand self-binding strategy on
N-doped carbon applied to a Fe-Co binuclear site.?®! They
propose that the electron-withdrawing OH ligand modifies
the energy level of Fe, promoting the intermediate adsorp-
tion binding of Fe-O, while the triangular geometry facilitates
the breaking of the O-O bond through a bridge-cis adsorption
model. Additionally, the kinetic current density at 0.85 V for
Fe-CoN5-OH/C was 7245 mA cm™2, while FeN,/C and CoN,/C
only managed 0.339 and 0.110 mA cm™, respectively, resulting
in an intrinsic activity over 20 times greater for the Fe-CoNs-
OH/C electrocatalyst.

Since Collman et al. first discovered the activity of Co,FTF
(Figure 6b),1’774 various cofacial separated DAC phthalocya-
nines (M,Pc,, M = Zn, Co, Fe, Cu) connected by rigid linkages
have been prepared by Bekaroglu and co-workers for O, reduc-
tion.133] From their work, Fe,Pc, was found to display the
best activity, suggesting that the cofacial separated metals bind
oxygen molecules to form M-O-O-M, leading to the four-elec-
tron pathway. To improve upon the rigid linker design, Tanaka
and co-workers experimentally synthesized and tested a cofacial
bridged p-oxo-Fe(IIl) diporphyrin and diphthalocyanine con-
nected by a flexible fourfold rotaxane DAC (Figure 6¢).*4 A pos-
sible O, reduction pathway was suggested whereby the cofacial
bridged DAC becomes a separated DAC following two-electron
O, reduction and prior to four-electron O, reduction. In a dif-
ferent design, Cao's group devised a cofacial separated Co-based
bisporphyrin dyad resembling a Pacman shape (Figure 6d),>°!
very similar to theoretical catalysts in Figure 5c.3*l The DACs
were more efficient and selective than mononuclear counter-
parts; for instance, the electron transfer number for O, reduc-
tion was only 2.9 for Co porphyrin SACs, whereas values of
3.8 and 3.9 were obtained for cofacial separated symmetrical
and asymmetrical DACs, respectively. Interestingly, the asym-
metrical Co DAC outperforms its symmetrical counterpart in
terms of greater O, reduction currents and reduced overpoten-
tials. So far, evidence of experimentally synthesized heteroge-
nous catalysts with controlled separated cofacial catalytic sites
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Figure 6. Reported performance of DACs a) for change in O, reduction half-wave potential (AE ;) following cycling stability testing. b) Separated
cofacial Co—Co (Co,FTF) DAC. Based on reference [37]. c) p-oxo-dinuclear Fe complex consisting of fourfold rotaxane heterodimer of a porphyrin and
a phthalocyanine. Three arms of fourfold rotaxane have been omitted for clarity. Based on reference [54].

forming M;-O-O-M, bridges is scarce. Joo's group synthesized
Fe—Co ordered mesoporous porphyrinic carbons (Fe—-Co/OMC)
(Section 3.1.2).13% These were suggested to have formed Co—
OH-Co or Fe—~O-O-Fe bridges during O, reduction according
to their DFT calculation where M;-M, distances were =4.6 A,
which agreed well with EXAFS results and HRTEM of inter-
layer distances (4.8 A). Although, alignment of the metal site
positions remains an issue with their synthesis method.

2.1.3. Hydrogen Fuel Cell

The aim for DACs is to be applied in energy and chemical con-
version devices. Electrochemical testing is typically applied ini-
tially in a rotating disc electrode (RDE) configuration; however,
operational differences between RDEs and fuel cells exist. The
main issues with RDE testing lie in the low catalyst loadings
required for the thin films and small current densities obtained
due to low oxygen solubility in the electrolyte, which leads
to mass transport limitations.’®) RDE setups also typically
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employ less harsh environments during testing compared
to fuel cells (generally using 0.1 M concentration electrolytes
at room temperature). Taking this into account, it is not pos-
sible to accurately predict the activity in membrane electrode
assemblies from measured RDE values;['3%! however, trends in
activity between the two methods have been shown.[¥”] Alterna-
tive testing regimes more representative and comparative to a
fuel cell system, such as floating electrodel!3® and gas diffusion
electrodes™**] have also been developed, although no DACs
considered in this review have done so.

Following initial testing in RDEs, DACs in H,/O, fuel cell
operation have been demonstrated on several occasions with
promising activity (Figure 7a). The Fe-CoN,-OH/C DAC of Xiao
et al.?] presents the highest activity at 0.8 V, although there is
a lack of details on the testing conditions (Table 1). So far, only
Wang et al.* have presented results of a DAC (Fe-Co/N/C) under
more relevant H,/air supply (Figure 7b), which now falls well
below the current state-of-the-art Fe-based catalysts. Under H,/
air conditions and constant-current operation of 600 mA cm™
and 1000 mA cm™ the catalyst displayed a negligible change in

b 160 S
—~ 140} o voF .
] o Fe-Co DAC MOF Ha-air
g 120 | = carbon support +
organic precursor - -4
<C100F | 4 Hard template o A
IS — 2020 US DOE Target o
= 80} 1
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Figure 7. a) H,/O, fuel cell activity at the cathode for non-PGM DACs. Operational details and references found in Table 1. b) H,-air fuel cell activity
(not iR-corrected) of Fe-based catalysts from 2013 to 2020, with MOF derived Fe-Co DACH highlighted in green. Synthesis method: carbon support +
organic precursors (CB); hard template (HT); US Department of Energy (US DOE). Based on reference [142].
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Table 1. Performance of fuel cells containing DACs at the cathode.

www.advenergymat.de

Catalyst material Gas supply Catalyst loading [mg cm=?] Back pressure [Mpa] ~ Temperature [K] io.g [MA cm™] Peak power density [nW cm™?]  Refs.
Zn-Co/N/C H,/0, - - - 182 710 [50]
Fe-Co/N/C H,/0, 0.77 0.2 353 134 980 [49]
Fe-Co/N/C H,/0, 0.77 0.1 353 850 [49]
Fe-Co/N/C H,/air 0.77 0.2 353 53 505 49]
Fe-CoN,-OH/C - - - - 207 819 [126]
Coy/N/C H,/0, 4 0.14 353 148 418 [125]
Fe-Ni/N/C H,/0, 4 0.21 353 0 216 [51]
Fe-Co/OMC H,/0, 1.5 0.2 353 47 302 [134]
Pt-O,-Fe-N,/C H,/0, 3 0.21 353 602 860 [143]

working voltage during 100 h, indicating the potential catalyst
stability. Although, far longer stability would need to be exhib-
ited for automotive applications, with the US DOE 2025 target
set as 8000 h under automotive load cycling.4

Summarizing observations of the literature, it is clear there
is a lack of progression from RDE to fuel cell for DACs. This
progression could be bridged by using alternative setups such
as floating electrodes or GDEs. So far DACs have not experi-
mentally achieved the desired low overpotential predicted by
theory. Although, the lack of published fuel cell testing suggests
some DACs may have issues of stability and durability under
the harsher reaction conditions of a fuel cell. Further to this,
some authors have used operating conditions not aligned to
standardized protocols set out by institutions such as the US
DOE,* and have not detailed all key information regarding
the fuel cell operation (Table 1), making it difficult to compare
catalysts’ performance. In terms of characterization, more
common comparison of DACs prior and post fuel cell opera-
tion would provide confirmation the catalytic site structures
does not become altered after testing, as shown by Wang et al.
using XAS.*! Developments in operando XAS for fuel cells
have also be made,*! which could provide critical information
on changes in the active site of DACs during operation.

To yield high current densities in real devices, it is impera-
tive to maximize the active site density in addition to creating
highly intrinsically active DACs. For SACs, Jiao et al.’> demon-
strated 100% site utilization (using a chemical vapor deposition
approach) with an active site density of 1.92 x 10%° sites g* (based
on CO sorption), an order of magnitude higher than a commer-
cial Fe/N/C SAC (Pajarito) (2.02 x 10% sites g™).%l While TOF
was similar for both SACs (0.71-0.80 e site™' s at 0.8 V vs RHE),
Jiao et al. yielded unprecedented O, reduction activity in a H,-O,
fuel cell (33 mA cm™ at 0.90 V, not iR corrected).” Finally, to
realize high power performance in fuel cells, the reactant acces-
sibility to the catalyst needs consideration since active sites are
typically hosted in micropores, thus requiring a well-connected
macroporous structure to enable efficient O, transport.['4]

2.2. O, Evolution
Electrochemical water splitting provides a potential source

of carbon emission-free hydrogen production. It is generally
limited by the O, evolution at the anode, owing to its high

Ady. Energy Mater. 2022, 12, 2102715
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overpotential.! In terms of results so far, RuO, and IrO,
are examples of the few catalysts with sufficient stability and
activity for the harsh conditions of acidic O, evolution,814]
however, they are both expensive and scarce resources, hence
requiring a replacement catalyst material. On the other hand,
Fe-, Ni-, Mn- or Co-based oxide or hydroxide electrocatalysts
have shown efficient and stable O, evolution electrocatalysis
in alkaline conditions for many decades['**>3 and have found
renewed research focus for renewable energy storage.'>4

)

2.2.1. Theory

0, evolution is a four-electron oxidation mechanism and
proceeds via Equations (9-12) with *OH, *O, and *OOH
intermediates (i.e., the reverse of Equations (1-5)). In oppo-
sition to O, reduction, it is known that O, evolution always
advances on oxidized surfaces, with strong *OOH adsorption
or weak *O adsorption limiting the reaction for studied mate-

rials.'>>71 This allows the free energy for the second charge
transfer step (Equation 10) to be identified as a universal single
descriptor.'>8]

H,0+* —>*OH+H" +e” 9)
*OH — *O+H' +e (10)
#0+H,0 — *OOH+H" +e~ (11)
*O0H — *+0,+H" +e” (12)

The reaction intermediates binding experiences the same
type of problematic linear scaling relations observed in other
electrochemical reactions such as O, reduction and CO, reduc-
tion.””) To break the scaling relations, proposed methods
include a hydrogen acceptor functionality on oxide surfaces.>®
The previously mentioned DFT work by Li et al. for dual
active site O, reduction catalysts in alkaline conditions was
also applied to O, evolution for a different cofacial separated
DAC.™ In this case, two cofacial separated CoN,-Cg catalytic
sites within atomic distances were shown to display a very low
overpotential of 0.08 V, while a Zn-based macrocycle complex
could achieve an ideal overpotential of 0 V. This is achieved at
certain atomic distances, for example when 3.75 < Co—Co < 5.75 A,

© 2021 Wiley-VCH GmbH

85U8017 SUOWWOD BRI 3(edl|dde auyy Ag peusenob ae ssjoiie O ‘8sn J0 SaInJ 10} ARIq1T 8UIUO A8]IM UO (SO IPUCO-PUB-SWBI W00 A3 1M AReIq Ul |Uo//Sdy) SUONIpUOD pue swiie | 841 88s *[220z/2T/T0] Uo Akeiqiauljuo A|IMm Sin e’ eLedwi@equel-<yi[oqqius> Aq ST/Z0TZ0Z WUSe/Z00T OT/I0p/W0d" A8 | M AReiq iUl |uoj/sdny wolj papeojumod ‘€ ‘220z ‘0v89rTaT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

intermediates for O, evolution (and O, reduction) would form
**OH, **O, and **OOH structures, circumventing the scaling
relationships between traditional intermediates, thus unlocking
the possibility for ultralow overpotential.

From an experimental perspective, O, evolution catalyst per-
formance is often just measured over one cycle and without
methods such as online electrochemistry-mass spectrometry,
one cannot confirm whether the current recorded is arising
from CO, or CO evolution when using an electrocatalyst with
a carbon-based support.'%%161 Tt remains to be seen whether
DAC structures would remain stable at the high potentials
required for O, evolution.

2.2.2. Experimental

Thus far, there has been limited research conducted on the use
of DAC for the sole purpose of O, evolution. Hu and co-workers
formed a bridged Fe-O,-Co-N/C DAC via electrochemical depo-
sition,”® which displayed an overpotential at 10 mA cm™
(M0) of 321 mV (Figure 8), an improvement from the value
of 443 mV for Co/N/C (tested in purified KOH). This result
supports their hypothesis that Fe doping is required for high
activity of Co/N/C. Additionally, the calculated TOF of 12 s at
overpotential of 350 mV was comparable in activity to the most
active transition metal-based nanomaterial O, evolution cata-
lysts in the literature. Following accelerated degradation testing
of 3000 cycles the overpotential was found to only rise by 4 mV
(at 10 mA cm™). This comprehensive work highlights the
potential of highly active DACs for O, evolution. Latter works
have also shown the efficiency of Ni-Fe sites on polymeric
carbon nitride (Niy gs—Fe3s/PCN) for the O, evolution.[%]

2.3. Bifunctional (O, Reduction and O, Evolution)

Pt group nanoparticles and alloys are considered highly active
electrocatalysts for O, reduction, while RuO, and IrO, based
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electrocatalysts exhibit the best O, evolution activity.0-148:149]
What these materials do have in common is their low abun-
dance and high cost, making their wide-scale deployment
unfeasible, unless the loading of precious metal is sufficiently
minimized without compromising catalytic performance.

2.3.1. Theory

The optimum bifunctional catalyst would be able to catalyze
O, evolution and O, reduction at potentials close to equilib-
rium; however, owing to the scaling relations in O, evolution
and O, reduction, there is no experimental catalyst able to con-
duct these reactions without an overpotential.*®! The issue with
bifunctional catalysts is the differing characteristics required
for optimum performance in each direction of the reaction. To
graphically address this, Busch et al. developed double volcano
plots for bifunctional ORR and OER to demonstrate the limita-
tions of traditional M/N/C (M = metal) SACs and pure metal
or alloy surfaces (Figure 9), whereby large overpotentials are
required in both reactions.>% Delving into the issue, they found
the binding of *OH and *OOH created the catalytic inefficien-
cies, which could be theoretically overcome by binuclear mech-
anisms whereby a second nearby cofacial active site possesses
a proton donor for O, reduction, or proton acceptor for O, evo-
lution (Figure 9). Interestingly, their results presented Mn in
either a pyrrolic or pyridinic macrocycle with outer bound NH;
as top candidates for overcoming the scaling relations. Busch
et al. highlighted that the oxidation of ammonia to an amino
group may be possible at O, evolution and O, reduction poten-
tials.l®) Another important caveat mentioned by the authors is
the practicality of controllably synthesizing such sites.[>%l

Zhao et al. also theoretically explored locally modifying cata-
lytic sites with hydroxyl groups, although for in-plane adjacent
DACs and SACs under alkaline conditions on defective gra-
phene (denoted as (HO),-M-M?/DG, where M! and M? are Ni,
Co, or Fe)."”] The addition of a hydroxyl group was shown to
raise activity towards O, reduction for the DACs, explained by
the increased oxidation states of the transition metals’. In con-
trast, bifunctional SAC Ni/DG, which formed the lowest over-
potential of all considered catalysts, could not exist as HO-Ni/
DG since reaction intermediates could not be adsorbed stably
under reaction conditions.[1%]

From an experimental perspective, for composite electrodes
made from the current state-of-the-art bifunctional Pt/IrO,, deg-
radation is soon observed due to the required potential cycling
range.'8! If one made a truly reversible O, reduction and evolu-
tion DAC with low overpotential (<0.3 V), the smaller operational
potential range may enable stability in acid. Inspiration for design
of bifunctional DACs can be taken from Figure 9, although as
Busch et al. stated, the stability of such precise sites under harsh
OER conditions is not considered during their DFT analysis./>%]

2.3.2. Experimental
There have been several experimental demonstrations of in-

plane adjacent DACs consisting of Ni, Fe or Co metal centers
with bifunctional O, evolution/O, reduction activity.[01:163.164.166]
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sesses a proton donor (*OH) or acceptor group (*O) for O, reduction or evolution, respectively. Grey dashed lines show scaling limitations of *OH

and *OOH. Based on reference [56].

Chen et al. provided an example of how advantageous traits
of individual elements can be combined to create an improved
bifunctional DAC.!2 By combining Fe atoms, known for high
O, reduction activity, with Co, known for excellent O, reduction
stability and O, evolution activity, a highly active bifunctional
adjacent Fe—Co site based DAC was produced from an N-doped
carbon aerogel (Fe-Co/NCAG), which exceeded the properties
of monometallic counterparts. Of all the DACs synthesized so
far, the Fe-Co/NCAG DAC realized the lowest O, evolution 7
of 293 mV (Figure 8) and the lowest change in overpotential
between O, reduction/O, evolution of 0.64 V, which was even
lower than the benchmark catalysts of Pt/C and RuO, (0.70 V).
Stability was assessed by 1000 cycles in a Zn—air battery, which
in the future could be extended to truly ascertain the catalyst

stability.

2.4. CO, Reduction

The conversion of CO, into valuable products is an attractive
solution to fight the rising atmospheric CO, concentrations and
its detrimental impact on the environment.') The conversion
of CO, to industrially relevant chemical precursors (such as CO,
CH,, CH3;0H and longer carbon chains) and can be achieved
electrochemically in ambient conditions via the CO, reduction
process.”%) Au and Ag are active towards CO formation,[7"12
Sn toward formic acid/formate,”3] while Cu metal has been
known since 1989 to yield hydrocarbons.”¥ CO, electrolyzers
based on these metals are becoming commercially available, !

Adv. Energy Mater. 2022, 12, 2102715
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with targets and a roadmap towards technoeconomic viability of
CO, reduction products recently outlined, which can be applied
from lab to commercial scale.l”®l To reach these targets, SACs
can display high electrocatalytic performance, although they
are typically limited to reactions involving a single molecule.['””]
For complex reactions such as CO, reduction, improved perfor-
mance can potentially be created by more complex atomically
dispersed catalysts, for instance, DACs.

2.4.1. Theory

H, evolution is the major competing reaction to CO, reduc-
tion, hence catalysts must display high selectivity toward CO,
reduction products, in addition to stability and activity.”®! CO,
reduction is a multielectron—proton transfer process involving
a multitude of reaction intermediates such as *COOH/*CHO
and *CO for the simplest pathway, making the overall reaction
more complex.”’ Scaling relationships between these reac-
tion intermediates on electrocatalysts also exist for CO, reduc-
tion and due to the high number of intermediates, it becomes
difficult to tune the adsorption of one intermediate without
affecting the adsorption energy of other intermediates.”’! In
this regard, the nitrogenase enzyme has attracted plenty of
attention, as it is the only system found in nature that can con-
vert CO, to multicarbon products (such as ethane, ethylene,
propene, and more) through C-C coupling reactions.'80-182
This is due to the fact that the catalytic active site of nitroge-
nase (based on a Fe DAC— Figure 1d) enables the further
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Figure 10. Adsorption energies of CO, reduction intermediates *CO and *H on a) Pure metals (structure inset). b) M/N,/C (M = metal) (structure
inset). c) Pacman structures consisting of a separated cofacial DAC connected via a benzene ring (structure inset). Colors: Gold = Cu, Orange = Fe,
Pink = Co, Gray = C, Blue = N, Red = O, and White = H., Solid black line represents thermodynamic boundary for adsorbed or nonadsorbed hydrogen.

Reproduced with permission.[’] Copyright 2021, American Chemical Society. Original data in refs. a)[®® and b)

reduction of CO to hydrocarbons and oxygenates through a
bridged adsorption of CO,, which also occurs in carbon mono-
xide dehydrogenase (Figure 1c), one of the most efficient CO,
reduction catalysts.3134 Unlike nitrogenase, Fe-based single
atoms are subjected to scaling relationships; Strasser and co-
workers have analyzed M/N/C (M = metal atom)'®! and in
particular Fe/N/C SAC® which present efficient conversion of
CO, to CO; however, the single sites are not favorable for *CO
and *H co-adsorption for conversion beyond CO.1?>!8] This has
limited the theoretically predicted and experimental observed
electrocatalytic performance of most SACs to just CO,!¥ while
the production of higher added value products such as C, (e.g.,
EtOH), C; (e.g., nPrOH) and other desirable hydrogenated
carbon chains used as chemical feedstocks, transportation fuels,
and electricity generation, remains a challenge.®%) Strasser's
group suggested DACs would enable the hydrocarbon produc-
tion on their Fe/N/C catalyst by allowing rapid protonation of
adsorbed CO within a twin site.*”]

Based on *CO and *H adsorption, Rossmeisl and co-workers
developed Figure 10a—c to enable clear comparison between
pure metals, SACs, and separated cofacial Pacman DAC.P’!
Figure 10a demonstrates Cu metal uniquely being able to pro-
duce CO, reduction products beyond CO, owing to its inter-
mediate *CO and *H adsorption strength.””) In comparison
to pure metals, porphyrin structured SACs exhibit differences,
such as the Fe/N,/C enabling efficient CO production without
H, formation, owing to destabilization of *H (Figure 10b)."]
However, compared to Cu metal, SACs based on Fe, Mn, or Co
exhibit low selectivity to C; product and cannot produce C, spe-
cies (Figure 10b).I’] Interestingly, Cu-N, SACs were predicted
to produce CO as the main product.””) Meanwhile, they found
nearly all Pacman structures owned favorable *H (weak) and
*CO (moderate) adsorption and many can produce desirable C;
or C, products (Figure 10c).l"’]

Sun and co-workers found in-plane adjacent DAC on gra-
phene enhanced the stabilization of *COOH and *CHO inter-
mediates, while simultaneously reducing the adsorption energy
of CO, thereby breaking scaling relations.'® Their models
suggested O and OH adsorption energies scaled linearly for
the metal dimers on graphene, suggesting E,q (O) as a single

Adv. Energy Mater. 2022, 12, 2102715

2102715 (12 of 33)

ne9]

descriptor to determine CH3;OH to CH, preference and also
estimating OH blockage. For instance, by replacing Mn—Cu
dimers with Ni—Cu, selectivity changes from CH, production
to CH30H, owing to the difference in oxophilicity between Mn
and Ni. Interestingly, for both Mn—Cu and Ni—Cu dimers it was
shown C*OH was stabilized with respect to C*O.

Following this, Sun and co-workers explored phthalocyanine
sheets with various 3d transition metal in-plane adjacent DACs
and found Mn,Pc displayed the best electrocatalytic perfor-
mance for CH;0H synthesis.® This was due to the Mn
dimer significantly lowering the reaction activation energy
and the neighboring Mn atoms assisting in the bonding of the
*COOH intermediate, which was considered the rate-limiting
step. Furthermore, the Mn—-C—O-Mn bridge adsorption, similar
to carbon monoxide dehydrogenase,® promotes metal-to-
adsorbate m-back bonding leading to easy transitioning between
C-end to O-end adsorbate with reduced energy in CH;OH
desorption. Experimentally synthesized rectangular-shape
expanded Pc containing Mo or W dimers have previously been
reported in literature, suggesting these highly active metal
moieties could potentially be produced. Whether the presented
structures would be stable under real CO, reduction operating
conditions remains to be seen.

2.4.2. Experimental

Early indication of DAC electrocatalytic activity towards CO,
reduction was found by Enoki et al. with a cofacial separated Co
diporphyrin, which displayed catalytic activity over twice that of
the mononuclear complex.'?2 More recently, Ren et al. found
that, for CO, reduction, Ni/N/C SAC possessed high current
density for production of CO; however, the catalytic sites were
limited by sluggish kinetics in the first CO, reduction step of
the first proton-coupled electron transfer.’?) In comparison,
Fe/N/C SAC displayed desirable low onset potential, although
the CO product on these sites binds too strongly, thereby lim-
iting its desorption and hence reactivity of the sites. To tackle
the individual issues, Ren et al. generated in-plane adjacent
Ni-Fe/N/C DAC sites, which were able to achieve improved

© 2021 Wiley-VCH GmbH

85U8017 SUOWWOD BRI 3(edl|dde auyy Ag peusenob ae ssjoiie O ‘8sn J0 SaInJ 10} ARIq1T 8UIUO A8]IM UO (SO IPUCO-PUB-SWBI W00 A3 1M AReIq Ul |Uo//Sdy) SUONIpUOD pue swiie | 841 88s *[220z/2T/T0] Uo Akeiqiauljuo A|IMm Sin e’ eLedwi@equel-<yi[oqqius> Aq ST/Z0TZ0Z WUSe/Z00T OT/I0p/W0d" A8 | M AReiq iUl |uoj/sdny wolj papeojumod ‘€ ‘220z ‘0v89rTaT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

o

aW T T T T T T T T

www.advenergymat.de

-~ C

Ni/N/C * -
35 Ag,/NICe %0 .
e 2} R
© Ni,/N/C ~ Ag,/NIC
< - . [ AG2
Esf A g 70
2 50 LNi-Fe/NIC 'S 60|
S AT : . 1l E
H ] Wwogol
o 151 < .%
-
g 2\ g
g ey 1 E 30
% L
8 st 4 . E 8 20|
© - z - . .
o| FelN/ICe e * s 8 w0l
Fe/N/C¢
1.1 -1 -0.9 -0.8 0.7 0.6 -0.5 0.4 0.3 -1.1 -1 -0.9

Ni-Fe/N/C ] - i
.
> ] 20} b

Potential (V) vs RHE

08 07 06 05 -04 -03
Potential (V) vs RHE

Catalyst

Figure 11. Results for in-plane adjacent DACs and SAC counterparts at various applied potentials against. a) CO Faradaic efficiency and b) partial cur-
rent density. ¢) TOF for CO production at 0.7 V (vs RHE). All catalysts tested in H-cell setups with 0.5 m KHCO; electrolyte and catalyst loadings of
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CO Faradaic efficiency and current density (Figure 11a,b). The
improved intrinsic activity of the Ni-Fe/N/C DAC compared to
its SAC counterparts is also highlighted in Figure 11c. The CO,
reduction mechanism of the Ni-Fe/N/C catalyst was evaluated
via DFT analysis, which attributed the enhanced performance
to the geometric structure of the DAC, which allowed CO,
molecules to be adsorbed on one metal site and the COOH
intermediate to dissociate on the second metal site. Sun et al.
recently observed their Ni,/N/C catalyst containing potential
in-plane adjacent Ni, sites presented favorable CO Faradaic
efficiency (Figure 11a).%3l The one-pot pyrolysis process for
forming Ni,/N/C was claimed to be achieved by tuning the
amount and binding strength of nitrogen sources,'>*! although
the formation mechanism and characterization of the catalytic
sites are so far limited. A separate Ni,/N/C catalyst has also
been tested in a flow cell configuration for CO, reduction,
enabling higher CO current density."”¥ Meanwhile, precious
metal-based in-plane adjacent Ag,/N/C DACs for CO, reduc-
tion have been created by Li et al. (Section 3.1.2).%] Promis-
ingly, TOF values for CO production were ~6 times greater for
the Ag DAC compared to separately synthesized Ag/N/C SAC
(Figure 11c).

To the best of our knowledge, the limited experimentally
synthesized DACs have to date only shown high selectivity
towards CO formation (Figure 11). This signifies scope to
experimentally explore other geometrical configuration of
DACs such as cofacial separated sites to form alternative more
desirable longer carbon chain products, taking on board the
lessons learnt from theoretical insights. Other potential con-
figurations include nearby single-atom sites. For instance,
nearby single atom Cu active sites (similar to CuPc) have
obtained Faradaic efficiency of 50% from CO, to CH,.['%
This was through a proposed mechanism of *CO on one
metal atom site desorbing, migrating, and then dimerizing
with the *CO intermediate on a C,H-producing site (second
metal site), thus resulting in a lower C-C dimerization energy
barrier.’®l Another Cu SAC has even recorded acetone as a
major product.'”’l Meanwhile, efficient dynamic catalyst sites
may even exist, for instance, an initially single atom Cu sites
displayed 55% Faradaic yield of ethanol (with recycling) due
to the proposed mechanism of the Cu atoms being able to
reversibly form Cu nanoparticle catalytic sites under reaction
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conditions, according to operando X-ray absorption spectro-
scopy (XAS) (Section 4.2.1).11%]

2.5. N, Reduction

NH; production is currently carried out in industry through
the Haber-Bosch process. This process allowed the growth of
society in the last century and continues to be widely exploited
due to the high demand of NH; worldwide as an energy carrier
or fertilizer. Nevertheless, due to the thermodynamic require-
ments of the reaction, along with extensive CO, emissions
resulting from methane steam reforming, this process utilizes
around 1% of the global energy consumption and produces
1.4% of the global CO, emissions.1**2% To face the challenge
of producing such a vastly utilized chemical like NH; via a
less energy-intensive approach, electrochemical N, fixation (or
nitrogen reduction reaction, N, reduction) has emerged as a
suitable alternative.[201202]

2.5.1. Theory

N, reduction to NH; occurs in nature on the nitrogenase
enzyme, with a Mo-Fe-S cofactor consisting of two Fe atoms at
the catalytic center. They!® high Faradaic selectivity at around
60%, and high rates (on a per site basis: see Figure 1le); the selec-
tivity is due to the restricted access of electrons and the hydro-
phobic environment around the cofactor which minimizes the
proton transport towards the active site.3) The Faradaic effi-
ciency is constrained by scaling between the sole intermediate
of H, evolution, *H and *N,.[% The rates are also constrained
by scaling between the N-containing intermediates *N,, *NH,,
and *N,H, etc.?l Approaches for reducing the proton con-
centration in the vicinity of the active site have been reported,
such as the utilization of a lithium mediated system in organic
electrolyte, 204205 or employing proton-filtering materials.[2%0]
However, materials that emulate the active principle of the nat-
ural nitrogenase enzyme, which displays Fe DAC embedded in
a matrix of sulfur atoms (Figure 1c), have still not been realized.

These DAC structures have been shown by Nerskov and co-
workers, through theoretical calculations, to enable an efficient
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thermochemical NH; production under benign conditions
due to the improved transition state behavior.?)l Their results
showed that Re stripes of different lengths within a Cu (211)
metal lattice lowered dissociation barriers for N2, consequently
breaking the transition-state scaling relationship between
Ex_n and 2Gy (Figure 12a). Overcoming scaling relationships
employing DAC that force on top binding of *N can therefore
lead to a higher predicted activity (Figure 12b,c).l2"]

As previously mentioned, carbon materials are ideal candi-
dates to support DAC with improved transition scaling rela-
tionships for N, reduction, due to their polymeric structure,
potentially sustainable character, robustness, low price, and the
feasibility to tailor their chemical composition and electronic
structure.? In particular, the modification of their structure
through heteroatom doping can induce a rearrangement of the
charge density and distribution around neighboring carbon
atoms, promoting the binding toward reactant molecules.[*1%
Particularly, C,N displays a lone electron pair in their pyrazine
moieties as well as a “hole” within the 2D structurel?'!l which
prevents the agglomeration of transition metal atoms, resulting
in SACs and DACs.[?®?l Therefore, the tailored design of transi-
tion metal DAC-C,N hybrids (TM,-C,N) can potentially lead to
the emulation of the active principle of the nitrogenase enzyme,
allowing an efficient interaction with N, molecules and subse-
quent hydrogenation with improved transition scaling relation-
ships, as predicted by DFT calculations.?13214

Despite further theoretical studies reporting the efficiency of
DACs and related metallic structures on different supports for
the N, reduction,?>21l to date there is no experimental report
with a rigorous testing protocol V218! confirming the enhanced
electrocatalytic activity of these systems.

3. Synthesis Techniques

Synthetic techniques with atomic precision that allow the reli-
able production of DAC are highly sought after. So far, methods
of producing DAC have included high-temperature pyrolysis,
deposition techniques, and wet-chemistry approaches, with
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these methods further broken down in Figure 13. The benefits
and drawbacks of some of these methods are also summarized
in Table 2. It should be noted that entirely pure DACs have yet
to be obtained, as a certain minority or even majority of single
metal sites can be typically found within these catalysts. Some
methods described in this section have not been used to syn-
thesize catalysts for electrochemical reactions; however, they
may prove a useful synthesis strategy or inspiration for electro-
catalysts in the future. It is also worth briefly mentioning here
some best practice during synthesis. For instance, checking
the purity of precursors and solvents and their potential con-
taminants,??l  preventing cross-contamination, especially
in the case of PGM versus non-PGM studies. Where electro-
chemical methods are used, rigorous electrochemical proce-
dures are required, including cleaning and use of high purity
electrolyte.224

Atomic
Layer
Nano-
crystals

Chemical
MOFs/

ZIFs

C:N

Porphyrins/
Phthalocyanines

Figure 13. Summary of synthesis techniques for forming DACs.
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Table 2. Selected list of methods for DACs synthesis.

Method Advantages Disadvantages Supports Examples Refs.

MOF/ZIF pyrolysis High metal loading, tunable size

encapsulation results in low active metal
loading

Chemical vapor deposition Scalable (mass production)

temperature

Atomic layer Deposition Atomic control, uniform

thickness

Wet Chemistry Variety of metallic moieties, no

specialized equipment

Electrochemical deposition
simple process, all sites
electrochemically accessible

High temperature, mixed active sites,

Requires additional treatment steps, high

Basic electrochemical setup, ~Oxide formation, low metal loading, require SAC on N-doped carbon

N-doped carbon/carbon  Fe-Co/N/C, Fe-Co/CNT,
Fe,/N/C

38,49,68]
nanotubes
N-doped graphene, ~ W;Moy-NG, Fe,/graphene  [59,219]

graphene

Expensive, slow deposition rate, low yield, ~ Graphene, N-doped  Pt, graphene, Pt-Ru/NCNTs  [19,75]

scalability carbon nanotubes
Low metal loading/aggregation, Inorganic substrates/ Zn—Zn or Co—Co with [35,36]
attachment to conductive support, stability carbon molecular clips, Pacman
Co—Co
Fe-0,-Co-N/C, [58,220]
initial SAC A-CoPt/N/C

3.1. High Temperature

High-temperature treatment has so far been the most common
synthesis technique to produce DACs and their associated
support. However, this method invariably results in an array
of different catalytic site structures due to the instability of
the precursors at these highly elevated temperatures and, as a
result, acid etching processes are usually required.??3l Hence,
the pyrolysis temperature, which for DAC usually ranges from
=700- to 1000 °C, and selection of atmosphere, typically N,, Ar,
H,, NH; or mixtures, are both crucial in controlling the catalyst
composition and morphology and therefore its activity and sta-
bility.1#2.68224 High-temperature pyrolysis can be split into two
categories, depending on whether the metal is contained within
specific complexes (mainly MOF-based precursors) or irregular
complexes such as biological precursor. To produce nitrogen
coordinated DACs or few-atom cluster catalysts, one-pot strate-
gies where metal-nitrogen binding takes place during pyrolysis
are preferred due to the competition of metal atom aggregation
by metal-nitrogen binding.®¥ It is known for SACs such as
FeN,, the high temperature used in their materialization causes
condensation of the metal sites into undesirable nanoparticle
formation, limiting loadings to typically remaining below
1-2 wt%.[2122

3.1.1. ZIF/MOF

MOFs are made up of metal nodes interconnected by organic
linkers which can create a variety of nanoporous materials of
different structures. While MOFs have demonstrated intrinsic
activity for electrocatalytic application,??’] they can often suffer
from charge transfer and stability issues.??®l Zeolitic imida-
zolate frameworks (ZIFs) are a subcategory of MOFs which
can act as sacrificial templates, molecular-scale cages or porous
metal-containing N-doped carbon materials.?”’) This makes
ZIFs ideal for deriving highly active DACs, owing to their abun-
dant pores, large surface area, and adaptability for composi-
tion and structural manipulation.l????% In particular, ZIF-8,
formed using 2-methylimidazole and hydrated Zn nitrate pre-
cursors, have proven themselves as a method for producing
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in-plane adjacent DACs by encapsulation of a metal precursor
(Figure 14).

Wang and co-workers were first to claim a route to hetero-
geneous in-plane adjacent DACs, whereby a bimetallic MOF,
similar to ZIF-8, containing Zn and Co was used to encapsu-
late FeCl; molecules by a double solvent method, as shown
in Figure 14a.*l The comparatively volatile Zn was suggested
to evaporate and be replaced by Fe ions, forming a suggested
Fe-Co DAC, according to HAADF-STEM and *’Fe Mdssbauer
measurements prior to electrochemical testing and post-
mortem EXAFS. Wang et al. modified the Fe-Co DAC synthesis
with CNT in subsequent work.*®) Meanwhile, Ye et al. were
able to in situ encapsulate Fe(acac),, Fe,(CO)y (Figure 14b) or
Fe;(CO)y, precursors inside ZIF-8 cavities. Subsequent pyrol-
ysis and evaporation of Zn allowed the Fe cluster attachment
to the N-doped carbon, resulting in Fe;-N/C, Fe,-N/C or Fe;-
N/C sites.[%! The downside to this encapsulation process is the
relatively low content of the desired Fe metal. Plenty of other
examples exist utilizing the functionality of ZIFs (ZIF-8, ZIF-67)
to produce in-plane adjacent DACs for -electrochemical
reactions,[52:125,163,230,231]

One comment on both ZIF-8 based methods reported above
(and in many other reports) is the lack of confirmation or
acknowledgment of unconverted Zn atoms which may form
(usually inactive) SAC or part of DAC sites. Differentiating
between Zn—Co and Fe—Co sites via HAADF-STEM does not
seem feasible. Analysis by inductively coupled plasma tech-
niques (Section 4.2.6) would provide quick confirmation of any
surviving Zn.

A current drawback of one-step pyrolytic methods is the
limited loading of active metal and therefore active-site den-
sity.[3 Additionally, for certain metals such as iron, high con-
centrations trigger the formation of undesirable nanoparticles,
carbides, and nitrides via carbothermal reduction at high tem-
peratures (T > 550 °C for iron carbides).[?3%233] Encapsulation
methods (Figure 14) may prevent metal agglomeration but
this also inherently limits metal loading. Decoupling the high
temperature pyrolytic treatment and active metal loading steps
on a templated site, as first described by Fellinger et al.,[232234
enables a more controlled and high loading SAC. This active
site templating and transmetalation approach was developed
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Figure 14. Schematic illustrations of DAC formation from ZIFs. a) Preparation of Fe-Co DAC on N-doped carbon from BMOF by Wang and co-workers.*l
b) Preparation of Fe—Fe DAC via encapsulation in ZIF-8 by Ye et al.l8l Gray dashed lines represent the local support environment of the metal atoms.

further using chemical vapor deposition (Section 3.2.2) on a
pyrolyzed ZIF-8 to create unprecedented Fe/N/C SAC activity
in the cathode of a H,-O, proton exchange membrane fuel
cell.’® This promising two-step approach could potentially be
used to create DACs, providing a suitable templated site is first
created.

3.1.2. Alternative High-Temperature Methods

Examples of alternative methods for producing DACs via high-
temperature methods are discussed below; however, these
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techniques have resulted in a mixture of SACs and DACs with
varying controllability of synthesis.

Lu et al. first demonstrated chitosan could be used as a pre-
cursor to form a O, reduction active Zn-Co DAC, due to the nat-
urally rich network of amine groups in chitosan (Figure 15a).5%
They suggested a competitive complexation strategy, whereby
4s and 4p electrons of Co?" and Zn?* coordinate to the natu-
rally occurring —NH, and —OH groups in chitosan, resulting
in a homogeneous distribution of Zn—Co sites according to pre-
electrochemical testing HAADF-STEM and XAS. Soon after,
Liu et al. also proved chitosan could be used to create similar
O, reduction active Zn-Co sites in a S-doped NC support

Proposed Catalytic
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Figure 15. Schematic illustration of alternative high-temperature methods for DAC formation. a) Chitosan-derived in-plane adjacent Zn-Co DAC by Lu
et al.’% b) Aerogel-derived in plane adjacent Fe—~Co DAC by Chen et al.'®l ¢) SBA-15-derived cofacial separated Fe-Co DAC by Joo and co-workers.*]
d) Carbon nitride (C;N,) derived DAC used for alkene epoxidation by Tian et al.?l e) In-plane adjacent Ag—Ag DAC derived from graphene and dual-

Ag precursors by Li et al.[*4
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(Zn-Co-N,~C-S,).1*%l While chitosan is valued as a sustainable
bioderived precursor, whether it can be used for well-controlled
formation of DAC sites in the presented methods remains
debatable.

In a separate synthesis method, a porous N-doped carbon
aerogel was utilized to host sites for orthogonal plane N;Fe-
CoN; DAC, according to pre-electrochemical testing XAS, for
bifunctional O, reduction/O, evolution (Figure 15b).1%3 This
method lacks the controllable synthesis of pure DAC owing to
the varying structure of the N-doped carbon support and the
indication that micropores serve as the main host of Fe—Co sites.

Joo's group synthesized Fe—Co ordered mesoporous por-
phyrinic carbons (Fe-Co/OMC), using SBA-15 as a template,
while FeTMPP and CoTMPP served as a metal, N and C source
(Figure 15¢).** Metallic nanoparticles were observed under
transmission electron microscopy (TEM) following pyrolysis;
however, these were removed following HF washing of the
SBA-15 template, with some cofacial separated DAC potentially
forming according to pre-electrochemical testing XAS. There
was no control over the positions of the metal centers, aside
from being restricted in the radial direction of the pores, there-
fore remaining single metal sites may not have aligned in cofa-
cial positions. Conversely, since the SBA-15 was coated purely
with FeETMPP and CoTMPP it is likely some metal centers
aligned into cofacial separated DACs. To help align the sites, the
FeTMPP and CoTMPP precursors could in future be bridged
by an atom in the axial plane before inserting into the SBA-15
template, with the bridging atom removed during pyrolysis.

So far, the high-temperature methods presented in this sec-
tion may lead to some DAC sites; however, the required post-
treatment suggests a need to remove undesirable pyrolysis
products such as metallic nanoparticles and oxides. Tian et al.
developed a rational process of using mesoporous carbon
nitride (C3N4) with a diiron precursor which did not require
treatment post-pyrolysis (Figure 15d). Similar C;N,-derived
materials have been used for non-electrocatalytic application of
DAC but can provide synthetic inspiration.?*2¥] To improve
conductivity for electrocatalytic DACs, the C;N, containing cat-
alyst can be placed over carbon nanotubes, as demonstrated by
Liu et al. for OER.I Although, using both Ni and Fe precur-
sors, similar to Wu et al.% likely results in a distribution of
catalytic sites. Meanwhile, Li et al.*!l used graphene oxide as
a support for molecular-derived dual-Ag atoms!?3¥l and subse-
quently used the catalyst for CO, reduction without post-pyrol-
ysis treatment (Figure 15e). Still, this method demands well-
defined defects within the graphene oxide for DAC formation.
What remains undefined from the methods outlined above is
the rational design of heteronuclear DACs which can be pro-
duced in a controllable way. Most likely to solve this issue,
sequential methods such as encapsulation (Figure 14), active
site templating, or deposition (Section 3.2) are likely required.

3.2. Deposition
3.2.1. Atomic Layer Deposition
ALD enables finely controlled and reproducible build-up of

atomic layers on high surface area materials at relatively low
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temperatures, like CVD except that deposition is divided by
sequential self-limiting surface reactions, with each layer
separated by inert gas purging. ALD is applicable to high sur-
face area substrates, even those with high aspect ratio indents,
with the ALD process historically used extensively in the micro-
electronics industry, and more recently for catalysis and energy
storage.[?3924l The downsides to ALD are the high equipment
cost, slow deposition rate, and the limited number of reagents
that can be used for the selflimiting reactions, which com-
monly include highly toxic precursors (e.g., H,S) and precious
metals precursors. However, this list is continually expanding
to include more sustainable and cost-effective precursors, such
as base metals.??>2%] The reasons listed above explain the
limited implementation of ALD in common chemistry labora-
tories and lack of scale-up from laboratory-based research to
industry for catalysis. ALD is also very sensitive to operational
temperature, typically requiring a trial-and-error approach for
successful synthesis.

In its favor, ALD has demonstrated its reliability for the con-
trollable synthesis for DAC, as shown by Yan et al. who reported
the formation of Pt dimers separated by oxygen atoms on gra-
phene for the non-electrochemical hydrolytic dehydrogenation
of ammonia borane.['")

In terms of electrochemical reactions, Pt-Ru dimers were
synthesized via ALD, as shown in Figure 16a, on nitrogen-
doped carbon nanotubes with a suggested predominant cata-
Iytic site coordination of N-Pt-Ru-C,, which was found to
be remarkably efficient for H, evolution.””! Just below 70% of
catalytic sites consisted of Pt-Ru dimers, according to counting
200 sites (pre-electrochemical testing) with HAADF-STEM,
with those dimers displaying varying structures, therefore sug-
gesting further work can be done to improve the controllability
of DAC formation with ALD, for instance by using a more well-
defined N-doped carbon precursor.

3.2.2. Chemical Vapor Deposition Combined with Other Methods

CVD alone is not typically able to precisely tune the film thick-
ness, surface coverage, and morphology of catalysts, therefore
is not a typical candidate for the synthesis of SACs or DACs.12#]
Nonetheless, Wu and co-workers demonstrated the ability of
CVD to produce SACs (M-N-C where M = Fe, Co, Ni, or Mn)
for O, reduction.l?”! For DACs synthesis, Yang et al. conducted
a prior hydrothermal treatment and freeze-drying process
using polyoxometalate precursors containing W and Mo, where
the metal atoms were anchored onto partially reduced graphene
oxide. Subsequently, CVD treatment formed oxo-linked DACs
(Figure 16b) according to HAADF-STEM and XAS prior to pH-
universal H, evolution testing.l”) The oxo-linked W-Mo, Mo, or
W, were embedded in N-doped graphene by processing CVD in
varying molar ratios and CVD times. The polyoxometalates with
variable coordination number and geometry with separated
units prevented the metal atoms from agglomerating during
the initial hydrothermal treatment.®® In a separate system
designed for potential application in spintronics, monolayer
graphene was produced by CVD on a Cu catalyst; its growth
was followed by drop casting FeCl; solution as the source of Fe
dopant atoms. Interestingly, controlled vacancy sites were then
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Figure 16. Schematic illustration of deposition procedures for forming DACs. a) ALD synthesis for Pt-Ru dimers on NCNTs. Based on reference [75].
b) W;Mo;-NG DAC synthesis including chemical vapor deposition. Based on reference [59]. ¢) Conventional electrochemical deposition of Fe on MOF-
derived Co/ N/C to form Fe-Co DACs. Based on reference [58]. In all schemes, atoms are represented as C gray, N light blue, Pt red and Ru light green,

O dark blue, Mo purple, W dark green, Co yellow, Fe brown, OH pink.

created using a focused electron beam (80 kV), which resulted
in the formation of Fe, dimers within the graphene.?!” These
methods serve as examples of how CVD can be used in con-
junction with hydrothermal treatment/freeze drying or electron
beams to produce the synthesis of DACs.

3.2.3. Electrochemical Deposition

Electrochemical deposition benefits from avoiding the need for
high temperatures and binders that arise in methods involving
pyrolysis, therefore enabling a low-cost and energy-efficient
process. Additionally, by depositing the metal precursors on
the outermost surface of supports, maximum utilization of the
metal precursor is achieved. Electrochemical deposition can be
broken down into two distinct methods. The first is quasi-elec-
trodeposition, considered as a potential cycling method, where
the counter electrode contains the atoms to be deposited, which
so far has only successfully been employed with Pt.[62:220.248] By
tuning the electrodeposition potential and cycle times, one can
accomplish deposition of Pt from counter electrodes to working
electrodes in acidic or alkaline conditions with atomic-scale pre-
cision.?®! Zhang et al. utilized this technique for Co-N/C, pre-
pared from Co-MOF as the catalyst at the working electrode and
Pt wire for the counter electrode.[%2] Zhang et al. synthesized
CoNj sites by MOFs pyrolysis then, in order to modify the local
electronic structure, they carried out the electrodeposition of Pt
atoms onto Ny sites adjacent to the CoNy sites by cycling from
0.1 to 1.1 V (vs RHE). O, reduction Co-Pt DAC was observed
on N-doped graphitic spheres according to pre-electrochemical
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HAADF imaging (referred to as A-Co-Pt/N/C). Following this
work, Zhang et al. replicated this technique for a H, evolution
catalyst.[???

The second type of electrodeposition can be considered as
conventional electrodeposition, whereby the metal to be depos-
ited is contained within the electrolyte. The naturally slow dif-
fusion rate of metal ions can be controlled by their precursor
concentration and enables the deposition of isolated atoms
onto the catalyst support. For instance, Hu and co-workers
incidentally found Fe impurities in their KOH electrolyte
would electrochemically deposit on their Co-N/C SAC, forming
a Fe-Co-N/C DAC with oxygen atoms bridging the Fe-Co
(Figure 16¢).8 This method defines a simple approach for the
formation of defined and electrochemically active DAC, which
could potentially be exploited with other elements of interest
as already achieved for other types of catalytic sites.[?” Addi-
tionally, by optimizing the concentration of metal precursor
and time for deposition, precise controllability during synthesis
may be obtained. The work by Hu and co-workers also high-
lights the importance of using high purity electrolyte and rig-
orous electrochemical testing protocols?2 to prevent potential
contamination of catalytic sites.

3.3. Wet Chemistry
Wet chemistry methods benefit from being conducted in
common chemistry laboratories, without the need for special-

ized facilities and equipment, therefore allowing more acces-
sible synthesis routes for researchers and potentially fast route
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to upscale, where feasible, in case of promising performance.
Isolated atoms and dual atoms possess a higher surface energy
compared to nanoparticles, explaining their tendency to aggre-
gate during the synthesis and catalytic processes. Consequently,
the interaction between metal atoms and support is crucial in
preventing atoms from aggregating and good dispersion of iso-
lated dual atom sites.”] Nevertheless, wet-chemical methods
typically employ low concentrations of metal precursors in
order to limit the formation of metal nanoparticles and clusters.
In-plane adjacent transition DACs in C,N have been predicted
by DFT to display beneficial characteristics for various electro-
catalytic reactions,?'2°2%2] with a potential ability to host two
metal atoms owing to their pore containing N with a diameter
of =8 A28l Their so far limited synthesis techniques, which
has been recently evaluated by Antonietti and co-workers, 23]
should be explored further imminently.

In terms of cofacial DACs, a complex synthetic chemistry
route was taken by Mihara et al. to obtain their p-oxo-dinuclear
Fe(IlI) connected by a flexible fourfold rotaxane (Figure 6c).>*l
More recently, direct formation and high-yield molecular por-
phyrin-based Co or Zn cofacial separated DACs for O, reduc-
tion have been achieved by Crawley et al. through coordination-
driven self-assembly methods, although Ru-based molecular
clips were required Figure 17a).®l Meanwhile, cofacial sepa-
rated Co-based bisporphyrin dyad resembling a Pacman shape
very similar to theoretical catalysts in Figures 5c¢ and 10c has
been produced by Cao's group for O, reduction (Figure 6d).5°!
These methods of producing molecular cofacial DACs would
require functionalization to an appropriately conductive sup-
port and be resistive to harsh pH environments for realistic
applications in electrochemical reactions.

Directly synthesizing cofacial separated heterogenous DACs
requires Angstrom control. One method to achieve this could
be obtained by the porphyrinic zirconium MOF (PCN-226(Co))
synthesis exhibited by Huang and co-workers for O, reduction
(Figure 17b),™ which provides an example of tailored active
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site spacing (7 A) with a configuration very similar to that
proposed by Sours et al. (Figure 5f)." This suggests similar
porphyrin-based MOFs could serve as ideal designs for cofa-
cial separated catalysts for O, reduction as well as CO, and N,
reduction, although conductivity and stability of nonpyrolyzed
MOFs typically hinder their electrochemical application.

4. Advanced Characterization

As discussed in Section 3, precise controllable synthesis of
DACs has been difficult to obtain, for both SACs and DACs
while there is a lack of robust characterization methods and
algorithms for quantifying the ratios of types of catalytic sites.
Consequently, the characterization and differentiation of DACs
from SACs are subject to error, with their precise geometric and
electronic structure even harder to assess. It is through a suite
of complementary characterization techniques, such as those
outlined in Figure 18, that one can try to solve these issues and
thoroughly examine the geometrical and size dependence of
catalysis performance. Thorough characterization is fundamen-
tally important to accurately assess key electrocatalysis metrics
such as turnover frequency, which can vary by several orders of
magnitude between types of catalytic sites.’’] Operando meas-
urements are crucial to elucidating stepwise reaction kinetics
and short-lived intermediates, which would otherwise be
missed from ex situ measurements.[>>¥ Furthermore, the finely
controlled structures of DACs have a tendency to agglomerate
and/or change during the electrochemical operating environ-
ment, causing deactivation in long-term testing and difficulty in
determining key structure-activity/selectivity relationships,*>!
demonstrating the importance of operando measurements.

We hence focus on advanced characterization techniques
that can identify DACs from SACs and other types of cata-
lysts. These typically include aberration-corrected scanning
transmission electron microscopy (STEM), X-ray absorption

---0

e = =0

140 °C, 72 hr
—»

Figure 17. Schematic illustrations showing proposed synthesis of a) Self-assembled separated cofacial DACs using Ru molecular clips with constituents
shown. Adapted with permission.*®l Copyright 2021, American Chemical Society. b) Pacman separated cofacial Co DACs. Adapted with permission.’]
Copyright 2020, Royal Society of Chemistry. e) Porphyrinic zirconium MOF (PCN-226). Solid black line depicts zirconium chains with composition
[ZrO(—COO0),]., with Zr atoms hepta-coordinated. Adapted with permission."’l Copyright 2020, American Chemical Society.
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Figure 18. The regions probed by techniques used for characterizing DACs.

spectroscopy (XAS), infrared (IR) spectroscopy, along with other
relevant and potential characterization methods also discussed.

4.1. Microscopy
4.1.1. Scanning Transmission Electron Microscopy

Aberration corrected STEM can provide images with atomic
resolution, and therefore is able to identify neighboring metal
atoms and their atomic distance, while also evaluating the
degree of uniformity of the surface species. High-angle annular
dark-field (HAADF)-STEM relies on the higher atomic number
of the metal atoms in catalytic sites appearing brighter than the
lower atomic number of the elements in the catalyst support,
which typically consists of carbon and nitrogen. HAADF-STEM
has been extensively used to define the two metal centers in
DAC,P%°8126163] 3lthough they can be hard to distinguish from
SAC, especially in amorphous carbon supports, since the
atomic distances between the metal centers are at the reso-
lution limit of many HAADF-STEM facilities. This fact has
recently led to questionable identification of DACs.

Yan et al.,! angular rotations of identified close proximity
Pt atoms under aberration-corrected HAADF-STEM was
neatly used as evidence of Pt dimers present rather than just
the coincidence of two isolated Pt atoms at different Z posi-
tions (Figure 19a,b). One issue they observed was Pt dimers
uncoupling and some even departing from the surface due to
the high energy of the electron beam (Figure 19b,c). To work
with beam-sensitive samples, low-dose and high-speed STEM
is becoming possible,””! while low-voltage 4D-STEM is another
recent advancement that allows imaging of both the high
atomic number metal atoms and low atomic number N-doped
C plane simultaneously (Figure 19d).2® This imaging develop-
ment will be invaluable in application to dual sites, although at
the moment access to these facilities are extremely restricted.
Figure 19e-i illustrates other examples of HAADF-STEM
images prior to electrochemical testing, where it can be seen
a distribution of atomic sites are present along with varying
image quality owing to different facility capabilities and noise
filtering. Interestingly, Figure 19j provides a rare example of
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catalyst imaging post-electrochemical testing, with Ag DACs
sites still evident.®] More widely adopted postelectrocatalytic
imaging is recommended to confirm DACs sites are stable
in catalysts. Ideally, in the future, identical location measure-
ments could be obtained to directly compare the same sites
before and after testing. HAADF-STEM can be used to quantify
numbers of SACs and DACs, as well as TACs, within a cata-
lyst.[?26] Nevertheless, the identification of sites can be open to
interpretation and additionally only a small fraction of catalyst
can be analyzed with each image, allowing the opportunity for
selectivity in the catalyst area chosen. Other issues of using
STEM facilities arise from their limited accessibility for many
researchers and difficult sample preparation.

STEM can also be combined with other techniques such
as electron energy-loss spectroscopy (EELS) to provide map-
ping of atomic species,?! although dose damage is even more
problematic in STEM-EELS due to inefficiencies in inelastic
core-loss scattering. This could be reduced by advanced data
collection and analysis.”! Vibrational spectroscopy can com-
plement STEM-EELS by providing unmatched energy resolu-
tions, with the vibrational signature of a single atom defect in
graphene recently matched to its observed spectral fine struc-
ture.?>% Eventually, this could be applied to SACs, DACs, and
their adsorbed species, assuming computational challenges of
3-D materials for these experiments can be overcome.?*! For
potential in situ or operando measurement in an electrolyte,
the adsorbed species might differ from those to a sample that
has been transferred through air into the ultrahigh vacuum
microscope.

4.1.2. Scanning Probe Microscopy

Electrochemical scanning probe microscopy (EC-SPM) tech-
niques have been able to resolve atomic features on surfaces,
even in the harsh conditions of the electrolytes used in the
in situ and operando environments.?® For instance, elec-
trochemical scanning tunneling microscopy (EC-STM) can
resolve catalyst structures on the atomic scale,?! although
it has not yet been developed in the field of electrocatalysis to
determine DACs. However, ultrahigh vacuum STM technique
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Figure 19. All images were obtained with aberration-corrected HAADF-STEM before electrochemical testing unless otherwise stated. a) Observation
of Pt, dimers on graphene (synthesized by ALD, Section 3.2.1). b) Observation of Pt, dimer rotation and uncoupled Pt, dimer. c¢) Uncoupled Pt, dimer.
Pt single atoms and dimers are highlighted in white and yellow circles, respectively. Scale bars, 1 nm. All obtained at 200 keV. Reproduced under Crea-
tive Commons CC BY license.'® Copyright 2017, Nature Publishing Group. d) FeN, site in a defective graphene lattice obtained by 4D-STEM with a
30 keV probe. The structure is visualized through the derivative of the center of mass of each diffraction pattern. A =0.5 A Gaussian filter is applied to
reduce noise at frequencies significantly higher than the information limit of the instrument. Reproduced with permission.?>%l Copyright 2020, Cam-
bridge University Press. e) Zn-Co/N/C (for synthesis see Figure 15a) with image obtained at 200 keV. Dual sites highlighted by red circles and single
sites highlighted by orange circles. Scale bar not provided. Reproduced with permission.[’*% Copyright 2019, Wiley-VCH. f). Co,/N/C (for synthesis see
Figure 14a, without the addition of Fe precursor) with images obtained at 300 kV. Scale bar, T nm. Co single atoms and dimers are highlighted in red
and white circles, respectively. Highlighted dual sites in green boxes 1, 2, and 3 are enlarged in lower images correspondingly. Reproduced with permis-
sion.%l Copyright 2018, Elsevier Ltd. g) Fe-Co/N/C (for synthesis see Figure 14a) at 300 kV. Reproduced with permission.l**l Copyright 2017, American
Chemical Society. h) Image of A-CoPt-NC (produced by electrochemical deposition, Section 3.2.3) after fast Fourier transformation filtering obtained
at 80 kV. Bright yellow spots are metal atoms, and cyan spots are carbon atoms. i) Partially zoomed-in image of the area framed in h) of Co-Pt DAC.
i,h) Reproduced with permission.®? Copyright 2018, American Chemical Society. j) Ag,/N/C (for synthesis see Figure 15e) post catalytic stability test
(-0.7 V in the CO,-saturated electrolyte for 36 h). Red circles ascribed to parallel Ag, sites, while green circles assigned to Ag, sites aligned with the
projection. Images obtained with 120 kV acceleration voltage. Reproduced with permission.*¥ Copyright 2020, Elsevier.
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Figure 20. Model Ir;/Fe;O, catalyst after exposure to CO at room temperature. a) STM image showing the majority of Ir,CO species (Ir adatoms are
two-fold coordinated) as elongated protrusions (orange arrow) between bright Fe rows of Fe;04(001) support. In a minority of cases a single bright
protrusion is observed (inset). b) Noncontact AFM resolving two distinct protrusions of I,CO species (orange arrow). ¢) Computationally derived
illustration of minimum energy structure for I,CO monocarbonyl. Black arrow indicates the additional bond between Ir adatom and O atom in sub-
surface layer. Images obtained with 1.5 V sample bias and acquired at 78 K using a CO-functionalized tip. Reproduced under the Creative Commons

CC BY license.l?%3l Copyright 2019, The Authors.

can distinguish dimer adatoms and their interaction on atomi-
cally flat surfaces such as silicon crystals for the semiconductor
industry in modern electronic devices. For instance, defined In—
Sn heterodimers and In-In homodimers and chains of these on
Si(001) have been investigated by STM.2%2] More recently, par-
tially dissociated water dimers on the O, evolution active hema-
tite interface were confirmed through non-contact atomic force
microscopy (AFM), combined with other techniques.?®3! CO
adsorption on model single atom Ir adatoms on a Fe;04(001)
support was demonstrated by STM, non-contact AFM and DFT
(Figure 20a—c),?% while in separate work Cu adatoms on the
same support was proven by measuring the relative change in
height of the Cu before and after CO adsorption via STM.[264
In situ noise analysis in EC-STM has even been able to iden-
tify the active sites present in O, reduction and evolution.l6%
This demonstrates the potential of scanning probe and atomic
force techniques in characterizing the surface interaction of
DACs, assuming developments in sensitivity can continue to be
made. However, it should be noted that STM is an incredibly
challenging and time-consuming technique which can only be
performed on atomically flat surfaces, meaning it is beyond the
reach of most researchers (much more so than STEM).

4.1.3. Atom Probe Tomography

Atom probe tomography (APT) can provide 3D constructions
of samples containing any element, with a sensitivity in the
order of parts per millions and down to sub-nanometer reso-
lution 28] Jiang et al.l?%6l demonstrate one method of sample
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preparation through a nanofabrication “sandwich,” embed-
ding their O, reduction Fe-CNT electrocatalyst between layers
of Ni, Au and Si and milling a sample tip using a focused ion
beam (Figure 21a). Their APT results suggest Fe atoms may
directly coordinate to both C and O (Figure 21b). In separate
work, Jiang et al.l’”l used APT to create maps displaying the
atomically dispersed Ni atoms used for CO, reduction, which
seem to show Ni atoms predominantly coordinating to C
(Figure 21c). What is evident in both Figure 21b,c is the large
voids, which were attributed to the low detection efficiency
of atoms (Figure 21b).2%0] This reveals one limitation of APT;
the nanoscale sample volume analyzed results in 10’-10% ion
counts, whereas time-of-flight secondary ion mass spectrom-
etry (Section 4.2.4) and inductively coupled plasma mass spec-
trometry (Section 4.2.6) analyze pwm3-mm? sample volumes,
resulting in >10° ions.2% Nevertheless, looking toward the
future with the advent of new sample preparation routes, laser
pulsing, and detectors, APT presents a possible pathway to
measuring the identity and coordination nature of dual-atoms
catalytic sites as well as all surrounding atoms, thus becoming
a complementary characterization to STEM (Section 4.1.1) and
X-ray absorption spectroscopy (Section 4.2.1).1268]

4.2. Spectroscopy and Spectrometry

4.2.1. X-Ray Absorption Spectroscopy

XAS carried out at synchrotron facilities can supply information
on electronic structure (catalyst atoms oxidation states, d-band

Laser

; -

@c ON On

.. G
oc @o

> or:

Figure 21. Atom probe tomography. a) Schematic preparation process of Fe-CNT catalyst for measurement. Based on reference [269]. b) Side view
(upper) and top view (lower) of CNT planes containing Fe SAC. Spheres represent Au (yellow), Fe (green), C (gray), and O (red) atoms. Scale bars,
2 nm. Reproduced under the Creative Commons CC BY license.[?%°l Copyright 2019, Nature Publishing Group. c) Side view (upper) and top viewer
(lower) of Ni SAC within graphene layers. Spheres represent Ni (green), N (blue), and C (red) atoms. Scale bars, 1 nm. Reproduced with permission.[?’0l
Copyright 2017, Elsevier.
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Figure 22. a) Fourier transformed Co K-edge EXAFS (without phase correction) for Co/N/C as prepared and under operando conditions of constant
current density (10 mA cm™2) for up to 180 min. b) K-edge energies (at 50% level) of XANES spectra at various operation times with Co reference
compounds included. a,b) Reproduced with permission.l’8 Copyright 2019, American Chemical Society. c—e) Fe M&ssbauer transmission spectra
recorded at 298 K for Fe/N/C SAC and Fe-Ni/N/C and Fe-Co/N/C DACs, with both fittings and experimental components. Red highlighted singlet in
d,e) represents the Fe-Ni and Fe-Co. Reproduced with permission.] Copyright 2017, American Chemical Society. f) ToF-SIMS of Fe,/mpg-C;N,, Fe,
precursor and mpg-C;N, with signal around m/z 111.9 signal assigned to Fe,*. Reproduced under the Creative Commons CC BY license.?*”] Copyright
2018, Nature Publishing Group. g) Low temperature (140 K) FTIR showing superoxo-like O, adsorption on Fe;/N/C SAC and peroxo-like O, adsorption

on Fe,/N/C DAC and Fe3/N/C TAC. Based on reference [68].

occupancy, and local symmetry) through X-ray absorption
near-edge spectroscopy (XANES), while coordination number
and atomic bond distances can be found from extended X-ray
absorption fine structure (EXAFS) analysis. The benefit of
DACs is the bonding distance from EXAFS data is presented
in both directions for the metal atoms. For instance, the bond
length from first metal atom to the second metal atoms and
vice versa should be identical, therefore providing stronger sup-
port of the proposed structure.’l EXAFS measurements have
even been used to quantitatively analyze the ratio of Co parti-
cles, CoN4 SACs, and Co,N5 DACs within samples, although it
is unclear how this was achieved."”” Information deduced from
XANES and EXAFS data can be complemented by theoretical
calculations as well as by direct imaging of DACs through tech-
niques such as STEM (Section 4.1.1). XAS can also be carried
out in situ or in operando, being able to provide insights that
can be used to propose coordination geometry of catalytic sites
while in the testing environment or during operation.

Hu and co-workers have used XAS to analyze changes in
electrocatalytic site structure of their prepared Co/N/C SAC
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under activated O, evolution conditions (Figure 16¢).¥ From
operando Co K-edge EXAFS, the second coordination shell of
Co is represented by signals from 2 to 3 A, with a new scattering
path (Co-Fe) distinguished at 2.51 A (Figure 22a), which was
suggested to arise from a new Co-Fe interaction. Meanwhile,
the coordination number of =0.25 suggested only one-fourth
of Co ions interacted with Fe ions in their Co-Fe/N/C catalyst.
Hu's group used operando XAS to demonstrate their robust
catalyst with no significant structural change in all interaction
paths after 180 min (Figure 22a), although a minor change in
the Co-Fe path was noted by the authors. The incorporation of
Fe was confirmed by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) (Section 4.2.6). Operando XAS
also revealed that the Co oxidation state increased during OER
(Figure 22b), which was ascribed to a Co(IV)=0 intermediate
during OER. Operando XAS has also been used on a Ni, DAC
for CO, reduction.’ These works demonstrate the impor-
tance of in situ and operando techniques in determining how
catalytic sites mechanisms truly function and changes that may
take place at the site during catalysis.?>! For operando hard
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XAS, the X-ray beam can induce structural changes in the elec-
trochemical system; consequently, care is required to resolve
the difference between changes occurring from applied poten-
tial/adsorbates and the high-energy X-ray beam.?>°l While indi-
cators of heterometallic DACs can be observed from EXAFS, it
can be difficult to discriminate from metal-metal signals from
larger metallic clusters.?*%] It should also be noted that XAS
provides sample-averaged information, therefore requiring pre-
cise synthesis of DAC in order to interpret the data obtained.
Another issue involving XAS arises from the fact it is a bulk
method that identifies both electrochemically accessible and
inaccessible sites, meaning identified sites may not be contrib-
uting to electrochemical activity; however, the use of operando
XAS under potential control can help to distinguish these sites
as the former show response in the XANES spectra, and linear
combination fitting can be used to estimate the ratio of electro-
chemically active sites in the sample. Finally, structures deter-
mined from XAS data are defined by a best-fit model, with the
presented best-fit model not always having physical grounding.
Guan et al.®’l suggested one method to improve current data
presentation would be for different models to be presented,
along with the model errors and statistical analysis, allowing the
reader to compare models and make a more informed decision.
Greater use of post-mortem studies (following electrochemical
testing) is advised where possible to confirm the robustness of
the DACs, as completed by Wang et al. and Zhang et al.[#*7°]

4.2.2. Electron Paramagnetic Resonance and Nuclear
Magnetic Resonance

Electron paramagnetic resonance (EPR) is a highly sensitive
spectroscopic method for studying paramagnetic species, pro-
viding information on the electronic structure of materials.?’")
Because EPR is sensitive to unpaired electrons only, most atoms
are “transparent” to EPR; however, many transition metals ions
are EPR active. Depending on the type of EPR, conditions, and
sample properties, the paramagnetic species separation dis-
tances, local coordination structure, charge assignment, and
spin quantity” can be determined. Hyperfine interactions
between the unpaired electron and local nuclei can give rise to
the splitting of EPR resonance signals, indicating the type of
local nucleus. For instance, electron spin echo envelope modu-
lation EPR was applied successfully to complex clusters such
as nitrogenase, where it helped resolve the long-debated central
interstitial atom as C.[*2 Meanwhile, Le Mest et al.?’3l and Liu
et al.1’! analyzed cofacial separated Pacman-like Co-Co dimer
structures with EPR. For the former study, EPR was crucial in
determining that neutral Co porphyrin dimers were not able
to bind O,, whereas the protonated version could. In the latter,
EPR determined Co-Co distances of the O, reduction catalyst.
Furthermore, Matsushita et al. made expanded phthalocyanine
rings allowing them to host two adjacent in-plane Mo ions;!!*!
EPR was used in conjunction with IR to distinguish between
MoV=0 and Mo"=N structures, that could not be told apart by
1H NMR and HR-MS. The former is EPR-silent and is indeed
the complex they obtained. Meanwhile, from EPR, model
SACs consisting of ferric porphyrins with hangman groups
showed an elongated Fe—Cl bond length compared to the
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non-hangman equivalent,”¥ suggesting future insights could
be obtained from hangman groups that form DACs.

In terms of heterogenous electrocatalysts with conductive
carbon supports, cryogenic conditions (T < 10 K, which are not
commonly available) are required to enable resolved paramag-
netic species signals.”’%l EPR also suffers from high knowledge
barriers to fully understand the technique and requires simu-
lation to employ it to its full capability. For a tutorial review
for non-specialists, we recommend work by Roessler and Sal-
vadori.?’% For SACs, most have not delved into this insightful
technique, although examples are appearing of how X-band
EPR can be used to good effect while characterizing Fe/N/C
SACs.P7v27>-278 To the best of our knowledge, EPR has so far
not been applied directly to characterize heterogeneous DACs;
however, with continued improvements in sensitivity,?’% and
development of in situ methods,?®”] EPR could present a pow-
erful method of DAC characterization.

Aside from EPR, BC and 'H nuclear magnetic resonance
(NMR) spectroscopy is an insightful tool for organic ligand
analysis in metal complexes on supports;?#4 however, so far it
has not been used for electrochemical DACs. As the technique
and understanding progress it is expected NMR could provide a
further characterization on DACs.

4.2.3. Mdssbauer Spectroscopy

Méssbauer spectroscopy is principally suited to differentiating
sites of similar structure which are in different oxidation and/or
spin states for isotopes of selected elements (Fe, Au, Ru, Ir, etc.)
by providing fingerprints on their local electronic structure and
coordination.?82283] M@ssbauer spectroscopy has so far been
utilized in limited cases for determining the presence of DACs.
One such example was presented by Wang et al. who used ex-
situ room temperature *’Fe Mdssbauer spectroscopy to under-
stand the coordination environment of their in-plane adjacent
Fe—Co/N/C DAC.*! Compared to the Fe/N/C SAC Méssbauer
spectrum (Figure 22c), the Fe-Co/N/C DAC was assigned an
additional minor singlet component (Figure 22d), suggested
to indicate the presence of a Fe—Co bond. A Fe-Ni/N/C catalyst
was also produced by Wang et al. in the same work by changing
Co nodes to Ni nodes in the MOF. The Mdssbauer spectrum
of Fe-Ni/N/C (Figure 22e) was assigned a similar singlet com-
ponent to the Fe-Ni bond. One important consideration is ex
situ room temperature Mossbauer struggles to detect inorganic
cluster species, which may be unknowingly present within the
catalyst.?’!l Hence, where possible, low temperature, in situ and
postmortem Mossbauer should be conducted to fully under-
stand the catalytic sites.”’%l In other work, Kneebone et al. used
*’Fe Mossbauer spectroscopy in combination with nuclear ine-
lastic scattering, a probe molecule (NOy)) and DFT calculations
on an O, reduction active PANI-based Fe-N-C catalyst.?%4
Their results suggested edge-hosted FeN, or Fe,Nj sites (previ-
ously studied by Holby et al.[?#>2% using DFT) were responsible
for NO and oxygen binding in the catalyst. Further conclusions
on the catalyst could not be drawn due to its inhomogeneity.
A benefit of Fe Mossbauer spectroscopy is that it can also
be used to determine the active site utilization of Fe catalysts,
providing a quantitative analysis of the limits of further activity
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enhancement.’?l On the other hand, an issue with Méssbauer,
aside from the limited number of elements it can be applied to,
and the requirement of isotopes, is the fact it is a bulk method
similar to XAS, not being able to distinguish between electro-
chemically accessible and inaccessible sites. Despite this, Moss-
bauer is seen as a complementary characterization technique in
helping to determine DACs of relevant elements and it is pre-
dicted to be utilized further in papers attempting to determine
the chemical state of their catalytic sites.

4.2.4. Time-of-Flight Secondary lon Mass Spectrometry

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
can provide characterization via a high-energy ion beam which
causes surface material sputtering, which is then analyzed
by mass spectrometry. ToF-SIMS was first identified in the
1990s as a technique for probing SACs by Bertrand and co-
workers,?#] who later found evidence of FeN,/C and Fe,/N/C
sites in pyrolyzed catalysts based on positive ion fragment
results.[288289] For DACs, Tian et al. found via ToF-SIMS their
Fe,/mpg-C;N, alkene epoxidation catalyst contained Fe, sites
by comparing the intensity of the Fe, precursor, mpg-C3N, and
Fe, doped mpg-C;N, catalyst (Figure 22f).>*! Although, only a
limited m/z range of SIMS results are presented by Tian et al,,
which does not rule out the possibility of other Fe-containing
fragments in the catalyst. Additionally, no measurement details
for the ToF-SIMS results are given by the authors. Meanwhile,
Jaramillo and co-workers used ToF-SIMS to help confirm
NiN,C, sites in their CO, reduction active Ni/N/C SAC.[%8!
Additionally, dual sites were ruled out due to a lack of fragment
intensity in the region expected for Ni,N,C, m/z values.l?*8]
Without their HAADF-STEM results, it would have been dif-
ficult to substantiate this, since DAC or other clusters could be
in quantities below the detection limit of ToF-SIMS or present
within electrochemically accessible pores which are not reached
by the surface-sensitive ToF-SIMS. While ToF-SIMS can resolve
individual atoms it can become difficult to interpret results
when increasing numbers of elements are present as several
entities may have the same m/z. Additionally, organic spe-
cies also typically exist on catalyst surfaces, causing signals of
interest to be masked by those of organics. This can be helped
by sputtering clean the catalyst surface. These examples dem-
onstrate the possibilities and limitations of ToF-SIMS for DAC
characterization; with one final drawback being the low acces-
sibility of this technique.

4.2.5. Fourier-Transform Infrared Spectroscopy

In situ FTIR has emerged as an extremely sensitive technique to
analyze reaction intermediates in electrochemical processes and
elucidate their adsorption mode within a substrate.??0-292 This
technique therefore offers the possibility of correlating differ-
ences in the vibrational modes of the adsorbates with changes
in the potential.2%3 Real-time information regarding the atomic
structure of the catalyst can as well be obtained employing in
situ FTIR. The wavenumber of the vibration attributed to a
given adsorbate changes depending on the adsorption mode,

Adv. Energy Mater. 2022, 12, 2102715

2102715 (25 of 33)

www.advenergymat.de

influenced by the nature of the catalyst (SAC or DAC, bulk
material etc.). For example, Stair and co-workers!?””] were able
to quickly differentiate between Pt single atoms and Pt nano-
particles using FTIR by showing that CO selectively adsorbed to
Pt nanoparticles. Flytzani-Stephanopoulos and co-workers have
also characterized thermal heterogeneous catalysts FTIR, this
time in situ (with HAADF-STEM) to confirm iridium dimers
can bind end-on to W0;.2%] Meanwhile, evidence of a dual
catalytic site at the perimeter of Au nanoparticles in Au/TiO,
was provided by Green et al. who proposed a low-temperature
mechanism for the CO oxidation on Au/TiO,, utilizing in situ
FTIR to monitor the kinetic changes at both interfacial Au and
TiO, sites.[?%]

Characterization of atomic electrocatalysts through low-tem-
perature FTIR was shown by Ye et al. who analyzed O, adsorp-
tion in their O, reduction Fe atomic catalysts.l! Figure 22g
shows how SAC Fe;/N/C presents a peak at 1200-1350 cm™
associated with superoxo (end-on) O, adsorption. Meanwhile,
Fe,/N/C DAC and Fe;/N/C TAC-based catalysts show peaks
present between 800 and 1000 cm™, demonstrating peroxo-
like (side-on) O, adsorption. Finally, operando synchrotron
FTIR has been used to detect the *COOH intermediate species
(observed at 1532 cm™) in CO, reduction to CO on Nij sites.[%4
These results provide clear motivation to further employ in
situ and operando FTIR to establish reaction pathways and key
binding modes of adsorbed intermediates in DACs.

4.2.6. Inductively Coupled Plasma Mass Spectrometry

Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) or mass spectrometry (ICP-MS) is used for the
detection of chemical elements. ICP-AES has been used as a
complementary characterization technique to suggest DACs,
whereby Pt loadings in a catalyst were analyzed following SAC
synthesis (via first step ALD) and then tested again after DAC
formation (via second step ALD), with the ratio of Pt loadings
approximately doubling.’! This provided an early suggestion
of potential DAC synthesis, although by no means solely con-
firmed DAC formation, with XAS and STEM also required. In
the same manner, ICP-AES could quickly provide initial con-
firmation of unsuccessful DAC synthesis from an initial SAC.
Aside from methods that initially create a SAC, followed by a
DAG, such as the case in ALD presented above, ICP cannot be
used as a characterization tool to distinguish the type of cata-
Iytic site.

5. Summary

DACs, which can be found in the active sites of metalloen-
zymes, such as CcO and nitrogenase, are known to possess sev-
eral advantages over nanoparticles and pure metals including
high selectivity, high intrinsic activity, and maximum atom
utilization. Additionally, according to DFT, DACs solve the
fundamentally limited electrocatalyst activity issues of SACs
by circumventing known scaling relations that are present in
any electrochemical reaction that involves more than one reac-
tion intermediate. This is achieved through the geometrical and
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synergistic effect of the atomically nearby metal centers and the
availability of two active sites for reaction intermediate binding.
If theoretical predictions of DAC performance could be real-
ized in real fuel cells and electrolyzers and stabilized over the
entire calendar lifetime, the impact would be transformative:
the resulting devices would operate at unprecedently high effi-
ciencies, potentially without even needing PGM catalysts. In
terms of characterization, it can be concluded that an ensemble
of ex situ and in situ methods, including XAS and STEM, are
required to determine the electrochemically active DAC sites.
So far, a range of catalytic sites have been presented in hetero-
geneous catalysts, caused by deposition and high-temperature
pyrolysis techniques commonly used for heterogeneous DAC
synthesis. These DACs have been analyzed for several elec-
trochemical reactions, along with some promising incipient
research completed in relevant devices, although the stability of
the highly active sites under harsher conditions is still an open
question.

5.1. Challenges

While DACs demonstrate several advantages over SACs and
other catalysts, several obstacles remain which hinder their
progress and application. For DACs, particular challenges lie in
the identification and differentiation of the two metal centers.
Deeper insights from advanced atomic resolution characteriza-
tion such as HAADF-STEM, XANES, EXAFS, ToF-SIMS, APT,
and DFT are required to piece together information on the
geometric arrangement and electronic structure of the metal
centers in DACs such as coordination numbers, atomic dis-
tances, and neighboring atoms.

Another hurdle for DACs is their controllable and scal-
able synthesis with high metal loading without the formation
of nanoparticles, clusters, or SACs as well as preventing their
potential deactivation during working conditions from pro-
cesses including agglomeration. Precisely tuning the catalyst
support and local environment maximizes the likelihood of
DAC formation with enhanced stability, although this remains
a challenge. Following synthesis, the number of active DACs
is required for accurate determination for TOF. However, so
far there is a lack of methods to determine the types of atomic
active sites present across the catalyst materials.

It should not be neglected that DACs require sufficient
accessibility of reactants to their sites to enable optimum per-
formance, therefore supporting materials should demonstrate
a hierarchical pore structure with high surface area (and high
conductivity).

5.2. Further Research and Perspectives

While there are numerous examples of DACs used in several
electrochemical reactions, this list is comparatively short com-
pared to SACs, indicating that DACs are still a relatively unex-
plored area of research with many potential avenues for further
study. Thus far, metalloenzymes have provided inspiration for
several DAC designs and further biomimicry can be taken from
nature. For example, hemerythrin, a protein responsible for O,
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transport and found in some marine invertebrates, is an inter-
esting example of an oxo-bridged diiron center; this is similar
to the metal center found in soluble methane monooxyge-
nase, which catalyzes the conversion of methane to methanol,
breaking the strong C—H bond.?”2% Additionally, hemocy-
anin with its oxo-bridged Cu dual atom center, could provide
further electrocatalytic inspiration.3% By further understanding
the relevant processes taking place in relevant metalloenzymes
and other living organisms, a more accurate catalyst design for
successful biomimicry will be obtained.

Further understanding of the role of each metal atom and
the dynamic nature of atomic configurations in a DAC during
reaction conditions can be obtained employing advanced in
situ and in operando characterization, such as XAS.?%l More
commonly combining operando XAS measurements with DFT
can help construct a representative active site model and conse-
quently identify the most active centers.!'3¢] We anticipate that
high-energy-resolution fluorescence detection XAS will be par-
ticularly useful, 9302 as will artificial neural networks to pro-
cess complex in situ XAS data.l3%%]

Looking toward the near future, from developed design prin-
ciples and improving data sets, machine learning techniques
are beginning to allow accelerated throughput of potential
catalysts.!"! This is necessary for DACs due to the extensive
list of possible combinations for heteronuclear dimers, with
the mixing of 3d, 4d, and 5d and main group metals leading to
>900 potential contenders for one certain type of support with
asymmetric adsorption sites.’* Moreover, theoretical models
should also elucidate factors controlling DAC stability under
relevant conditions so design rules can be developed for more
durable catalysts.

Determination of the number of active sites, as achieved for
Fe/N/C O, reduction catalysts,?1?2] is required to enable cal-
culation of TOF and comparison of performance.*! So far, no
method has been produced for quantitative active site determi-
nation of DACs, although it is suggested sites mimicking CcO,
which is known to be inhibited by cyanide,?” may also be poi-
soned by cyanide and hence quantified.

In terms of synthetic routes, focus should be made on devel-
oping new methods to create controlled model DAC systems,
possibly via ultra-high vacuum system containing ToF mass
selection of metal dimers.’%! The ultimate goal is to achieve con-
trolled production of DACs in an inexpensive, low energy inten-
sive and facile manner to enable effective scaling of the process.
Experimentally synthesized examples of potential suitable cata-
lyst support that could enable beneficial DAC interaction include
confining metal catalyst centers on carbon substrates, in par-
ticular shapes such as carboncones, nanobowls, graphene layers,
carbon nanotubes, or as recently achieved via MOFs.[114117:306-309]
Ultimately, DACs need to be more thoroughly evaluated in
electrochemical devices to ascertain their performance under
realistic conditions. Providing that these obstacles can be sur-
mounted, we envision that DACs in electrochemical devices will
make a profound impact on our transition to net zero.
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