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Abstract: Nickel is a well-known catalyst in hydrogenation and dehydrogenation reactions. It is
currently used in industrial processes as a homogenous and heterogeneous catalyst. However, to
reduce the cost and increase the efficiency of catalytic processes, the development of single-atom
catalysts (SACs) seems promising. Some SACs have already shown increased activity and stability as
compared to nanoparticle catalysts. From year to year, the number of reports devoted to nickel SACs
is growing rapidly. Among them, there are very few articles devoted to thermal catalysis, but at the
same time, this subject is important. Thus, this review discusses recent advances in the synthesis,
structure, and application of nickel SACs, mainly in catalytic hydrogenation/dehydrogenation
reactions and in the dry reforming of methane. The collected and analyzed data can be useful in the
development of novel nickel SACs for various processes.
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1. Introduction

Nickel, the 28th chemical element of Mendeleev’s periodic table of chemical elements,
is relatively widespread; its prevalence in the Earth’s crust is 0.009 wt% [1]. The study
of the catalytic activity of nickel began in 1879 by the French chemists Paul Sabatier and
Jean-Baptiste Senderens, and the reaction that first showed its activity, namely the direct
one-stage hydrogenation of ethylene to ethane, is known as the Sabatier-Senderens reaction.
Sabatier was the first to widely demonstrate the catalytic activity of nickel, which he
described in detail in his famous book “Catalysis in Organic Chemistry” [2]. It seems that
many researchers who have studied the catalytic reactions with this particular metal have
heard Sabatier’s famous description of a nickel catalyst: “It can be compared to a spirited
horse, delicate, difficult to control, and incapable of sustainable work”. However, few of
them specify that later in his book, Sabatier determined that the pretreatment of nickel
greatly affects its catalytic activity. Sabatier clearly formulated the conditions and features
of the catalyst’s preparation, and the reactions of hydrogenation and dehydrogenation of
organic compounds served as the starting point for the development of nickel catalysts.

Nowadays, nickel-based catalysts are widely used both at laboratory and industrial
scales. Ethylene carbonylation in the presence of nickel carbonyl makes it possible to synthe-
size propionic acid (Reppe reaction) [3], which, in turn, is widely used in the production of
drugs (ibuprofen, etc.), plastics (for example, polyvinyl propionate), surfactants, and also as
a preservative E280. The presence of the Ni[(ArO);P]4 catalyst ensures the hydrocyanation
of 1,3-butanediene followed by the isomerization of the reaction products to adiponitrile [4].
The Raney Ni catalyst is used in many hydrogenation reactions [5], for instance, in the
conversion of benzene to cyclohexane, in the production of sorbitol from glucose, and
in the production of amines from nitro-containing compounds. In the examples given,
nickel, with the exception of Raney Ni, acts as a homogeneous catalyst, which is usually
inferior to heterogeneous catalysts in industrial processes due to the difficulties associated
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with separating the catalyst and the reaction mixture. However, homogeneous catalysts
have an undeniable advantage since each Ni-containing molecule is a catalytically active
center, which allows them to be used in a small concentration, in contrast to heterogeneous
catalysts. To offset this shortcoming, the current development of heterogeneous catalysis is
focused on single-atom catalysts (SACs).

The development of SACs is a trend of the last decade in modern catalysis, that
is just beginning to gain momentum. Many scientists around the world are reporting
that the use of catalytically active single atoms improves the efficiency of some reactions
by increasing conversion, increasing selectivity to target products, and prolonging the
operation of catalysts due to their exceptional stability. Carrying out a catalytic reaction
on a specific single atom stabilized by a support makes it possible to reduce the loading
of the metal as a whole. Such an approach allows one to reduce overall costs and save
non-renewable resources (for example, the content of the most commonly used platinum
group metals in the Earth’s crust is only about 10°~10~8 wt% [1]). The change in catalytic
activity is associated with the nature of active sites.

Figure 1 shows how metal-based catalysts can be classified by size, from bulk metal,
which does not require the presence of a support, to single atom, which does. In each
case presented, the surface atoms can catalyze the reaction; however, the particle surface
structure, as well as the total number of metal atoms on the surface, will determine the
catalytic activity. Since this review is devoted to nickel, we should consider its crystal—a
face-centered cubic lattice [6]. In this structure, each bulk Ni atom has a coordination
number of 12 (saturated coordination), while the surface atoms located in the center of the
cube faces are bonded to eight atoms, the atom in the middle of the edge has a coordination
number of five, and the nickel atom located at the corner of the lattice is connected to
three atoms. Thus, the highest degree of unsaturation is observed for the corner surface
atoms, which makes them energetically and often catalytically more attractive. However,
this reasoning is applicable only to particles with more than 13 atoms, having at least
one internal bond with the maximum saturation, and having the Ni crystal lattice. In the
case of amorphous particles or somehow ordered clusters consisting of less than 12 atoms,
bond unsaturation for each atom, especially for surface ones, will increase, reaching a
maximum for a single atom. Having the highest surface energy, a single Ni atom, like any
other metal, needs to be strongly stabilized on the support to prevent its migration for the
purpose of binding (for example, agglomeration) in order to reduce the free surface energy.
Thus, with the transition from bulk metal to a single atom, there is a loss of stability, often
accompanied by an increase in the activity of the catalytic center due to an increase in the
unsaturation degree.

Ni single atom

Ni cluster (2-30 atoms)

Ni nanoparticle

Figure 1. From Ni bulk to supported Ni single atom.

The study of metals in the atomic state is associated with difficulties caused by the
resolution of characterization methods. Many reviews are devoted to the characterization
of metal in a single-atom state [7-14]. In the simplest case, indirect confirmation can be
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used based on a set of methods that confirm the presence of metal in the sample, but
its absence in the form of bulk or nanoparticles. However, researchers most often use
the three methods depicted in Figure 2: X-ray photoelectron spectroscopy (XPS), electron
microscopy, and X-ray absorption fine structure (XAFS) spectroscopy. XPS can be used to
determine the electronic state of nickel. The main binding energies for nickel in various
oxidation states (from Ni® to Ni®*), as well as the standard Ni 2p spectrum, are shown
in Figure 2 on the left. Using XAFS spectroscopy (Figure 2, on the right), it is possible to
determine the nickel oxidation state (X-ray absorption near edge structure, XANES region)
and atom environment (Fourier transform of extended X-ray absorption fine structure,
EXAFS region). Figure 2 shows the Fourier transform of the EXAFS region of the studied
and reference samples, from which, by correlating the positions of the main peaks, the local
environment of the closest coordination spheres of the nickel atom can be observed. To
determine the surrounding atoms, bond lengths, and coordination numbers, it is necessary
to carry out additional fitting of the spectra. To directly show the monatomic distribution
of the metal, the authors usually use electron microscopy (Figure 2, lower middle). Thanks
to the resolution achieved by modern microscopes, the single metal atoms and the lattice
in which they are located can be observed. Thus, by combining the three characterization
methods presented, the resulting metal single atoms can be fully investigated, which is

necessary to further establish the ‘material-properties-application’ relationship.
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Figure 2. Some general information about the Ni element and characterization methods of Ni
single—atom catalysts. XPS and XAFS spectroscopy data were taken from [15-24]. The examples
of standard figures/images of the XPS Ni 2p spectrum, high—angle annular dark—field scanning
transmission electron microscopy (HAADEF/STEM), and EXAFS Ni K—edge spectrum were adapted
with permission from [19] (Copyright 2022, Wiley-VCH Verlag GmbH and Co. KGaA), [25] (Copyright
2020, the Royal Society of Chemistry), and [20] (Copyright 2020, Wiley-VCH Verlag GmbH and

Co. KGaA), respectively.

Over the past few years, the number of publications devoted to Ni SACs has increased.
More than half of them are related to the study of electrocatalytic reactions and corre-
sponding density functional theory (DFT) calculations. This tendency is expected due to
humanity’s attempts to avoid the production of energy partially or completely by releasing
it from non-renewable, non-ecofriendly oil and gas, while many advanced clean energy
technologies require highly active catalysts to lower the energy barrier and increase the

reaction rate with an efficient and stable route.

In this review, we discuss the use of nickel SACs in thermocatalytic reactions, mainly
hydrogenation and dehydrogenation reactions, since Ni catalysts are very important for
industry [3,5,26-29]. We do not discuss catalytic oxidation reactions or electrocatalytic
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reactions. Before discussing applications, we present methods for the synthesis of catalysts
containing Ni in an atomically dispersed state and establish the main parameters affecting
the synthesis of densely populated Ni SACs.

2. Synthesis of Supported Ni Single-Atom Catalysts

An isolated atom possesses a high surface energy; therefore, under environmental
conditions and, especially, harsh catalytic reaction conditions, it is susceptible to migration
and agglomeration into clusters and nanoparticles. The catalytic properties of a catalyst
strongly depend on its electronic state. Thus, the quality of the raw materials and each step
that takes place with a catalytically active site during synthesis affect single atom formation
and determine the resulting catalytic behavior. The methods for obtaining Ni SACs are
very diverse and are selected depending on the choice of starting materials. Basically, all
synthesis methods can be divided into two main groups: wet chemistry and pyrolysis.

2.1. Wet-Chemistry Methods

Wet-chemistry methods include impregnation (incipient) and precipitation, when
various Ni-containing molecules (salts, complexes, etc.) are adsorbed or precipitated, re-
spectively, from their solutions onto a prepared support material. Unfortunately, both of
these methods are rarely used to synthesize Ni SACs. The nucleation and growth processes
that occur during precipitation allow tuning the size of the resulting metal particles by
changing various parameters, such as the pH of the solution, the Ni precursor, and pre-
cipitation agent concentration, temperature, etc. Due to the LaMer’s model (Figure 3), the
formation of Ni in the atomic state also strongly depends on the duration of synthesis,
and, without an additional stabilization of atoms, self-nucleation and coalescence cannot
be avoided.
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Figure 3. LaMer’s nucleation model, where Cg is a concentration of supersaturation, C™ i, is a
minimum concentration for nucleation, and C'",,x is a maximum concentration for nucleation.
Reproduced with permission from [30]; Copyright 1950, American Chemical Society.

The same problem arises in the impregnation method for the synthesis of a Ni SAC,
although some of the researchers mentioned below were able to level the low stability of
the metal atoms by selecting a suitable support. Catalyst supports must have both sufficient
surface area and centers to anchor single atoms to avoid their subsequent agglomeration
into clusters and nanoparticles, as well as an exceptional combination of physical and chem-
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ical properties required for a catalysis. Among those having the stated characteristics, one
can distinguish nitrogen-containing carbon materials, successfully used for the synthesis
of Ni SACs. Starting from the lowest Ni concentrations of 0.48 and 1 wt%, obtained by
Buchele’s [21] and Bulushev’s [15] research groups, respectively, via impregnation with
nickel acetate tetrahydrate solution, and ending with 4 wt%, reported recently by Lepre
and co-authors [31]. Such a high Ni content of 4 wt% was achieved due to a number of
factors, including the high nitrogen content (16 wt%) in the carbon support, the use of
Ni bis(acetylacetonate) as a precursor, and the decomposition of the acid residue in air.
Accordingly, isolated in the salt, Ni atoms were greatly stabilized by pyridinic nitrogen
atoms of the support and oxygen atoms from acetylacetonate and air oxygen. The radial
distribution functions revealed catalytically active Ni as Ni-C;N;O; sites. Thus, such Ni
single-atom content is the highest reported for catalysts obtained by the impregnation
method. Also, Wang et al. used MoS, nanosheets on carbon cloth to deposit 1.8 at% Ni [32].
Ni dichloride served as the Ni precursor, and the catalyst was formed in a reducing (H, / Ar
mixture) atmosphere. Atomic-resolution STEM images revealed bright spots that were
associated with S-coordinated Ni at the nanosheet edge and at the hexagon center of the
basal MoS, plane.

At the same time, the use of organic compounds to pre-stabilize Ni atoms can po-
tentially result in a higher metal content. The impregnation method, which includes
pre-stabilization of atoms, is called co-assistant impregnation. Since it is widely known
that the pyridinic nitrogen functional group is temperature stable and can stabilize a
metal atom, organic molecules containing it are successfully used. Two molecules of
1,10-phenanthroline contain four pyridinic nitrogen atoms, which ideally coordinate the
Ni atom in the Ni-Ny site. The complex can be deposited on the support surface and
decomposed, retaining the coordination of metal [20,22]. According to the reported data,
a temperature of 600 °C is required to obtain a Ni single-atom content of up to 5.3 wt%
using Ni acetate tetrahydrate as the Ni precursor. Another organic compound contain-
ing pyridinic nitrogen, melamine, was used to form an atomically dispersed 2.6 wt% Ni
catalyst from NiCl,-6H,O by heat treatment at 800 °C [23]. To coordinate the Ni atom,
not only nitrogen atoms but both nitrogen and oxygen atoms are used. For instance, the
Jacobsen’s ligand was used by Wang and co-authors to strongly coordinate each Ni atom by
two nitrogen and two oxygen atoms (Ni-O,Ny), allowing 2 wt% of single-atom content [20].
It is noteworthy that each stabilizer, except for the latter one, required decomposition at a
temperature of 600 °C and above, so carbon black, which has excellent thermal stability,
was used as a support. However, the treatment temperature should be carefully selected
since the use of temperatures above 800 °C leads to the breaking of the Ni-O bond, which
was clearly observed by Rong et al. [33]. There, NiCl,-6H,O was mixed with cyanuric acid
(O- and N-containing molecules) and 2,4—-diamino—6-phenyl-1,3,5-triazine (N-containing
molecules) and deposited on the carbon cloth. By annealing this mixture at different tem-
peratures, the authors achieved different coordination of the nickel atom: the Ni-N3O site
obtained at 500 °C lost an oxygen atom in the form of a CO molecule during heat treatment
at 800 °C, leading to the catalytically active Ni-N3-V site (Figure 4).
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Figure 4. Illustration for the synthesis of Ni-N3-V, adapted with permission from [33]; Copyright
2020, Wiley-VCH Verlag GmbH and Co; KGaA.
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The above examples show that in the preparation of Ni SACs by impregnation method,
one should wisely choose the appropriate (1) support, (2) Ni precursor or Ni precursor—
stabilizer pair, and (3) pretreatment conditions. Due to that, some control over the metal
atoms can be achieved, thus far leading to 5.3 wt% of Ni single-atom content.

2.2. Pyrolysis Methods

Despite the simplicity and possibility of achieving an atomic nickel dispersion, impreg-
nation and precipitation methods often require post-synthetic acid treatment of catalysts to
get rid of the resulting nickel nanoparticles. Careful selection of the conditions necessary to
occupy a limited number of pre-created stabilization centers can still lead to a low concen-
tration of Ni single atoms. Also, the content of 5.3 wt% of Ni single-atoms obtained so far
does not satisfy the growing demands of consumers; researchers have to decrease the cost
and complexity of the synthesis of SACs. One such approach is the sol-gel method. This
method allows achieving the uniform chemical composition. Li et al. reported the synthesis
of a catalyst with a 3.1 wt% content of Ni single atoms by mixing sucrose, NiCl,-6H,O, and
H,S0; in water, thus dispersing Ni in the atomic state with hydroxide sucrose groups and
initiating a polycondensation reaction in the presence of sulfuric acid [18]. The addition
of excess amounts of NaCl created a template structure, which was occupied by the sol
upon drying under cryogenic conditions. Subsequent annealing of the material obtained at
700 °C made it possible to create a carbon matrix on which pre-dispersed atomic nickel was
stabilized as Ni-O4(OH); species. The NaCl template was removed with water. However,
when using a template in the synthesis process under conditions different from those
required for the sol-gel method, it is necessary to choose other templates. Thus, Liu and
co-authors used MgO to distribute Ni in coordination with 1,10-phenanthroline [24]. This
approach allowed for a Ni content of 7.5 wt%. The following removal of MgO to create a
Ni/N-C catalyst required acid etching for several hours.

To obtain a higher Ni content, the surface areas of matrices for its dispersion should
be larger, so metal-organic frameworks (MOFs) or their subclass, zeolitic imidazolate
frameworks (ZIFs), are widely used. It is a three-dimensional material comprised of metal
ions or clusters bound to organic ligands to form secondary building blocks. Often, the
synthesis involves mixing zinc salt with 2-methyl imidazole solutions, which easily form an
ordered 3D lattice. The introduction of nickel salts at the assembly stage allows their atoms
to replace zinc in the lattice. An example of such an approach is the report by Yan et al.,
where various ratios of Ni and Zn nitrate hexahydrates were used [34]. The temperature
and duration of decomposition depended on the Ni content in the sample in order to avoid
Ni aggregation and, thus, the formation of nickel nanoparticles, which was completely
prevented for all catalysts. During pyrolysis, 2-methyl imidazole is carbonized and Zn is
mostly evaporated, forming a defective carbon-nitrogen matrix. The coordination of Ni
atoms was calculated as Ni-N;_3, and the Ni content corresponded to 5.44 wt%. However,
Zn anchored on the carbon surface in an amount of ~3 wt% was still observed using XPS and
inductively coupled plasma-optical emission spectrometry. Thus, it is necessary to correctly
select the thermal decomposition conditions, which allow not only controlling the atomic
dispersion of nickel but also removing zinc from the resulting catalyst. Wu and co-authors
reported the synthesis of catalysts using dicyandiamide instead of 2-methyl imidazole
as an organic ligand (Figure 5a) [35]. A mixture of Ni and Zn salts with dicyandiamide
was treated in N flow at three different temperatures: 350 °C, 650 °C, and 900 °C. This
was done in order to gradually synthesize the g-C3Ny support on which metal atoms
could be atomically stabilized and then to decompose the support into N-doped carbon
material. Interestingly, when applying a thermal decomposition profile, the formation of
encapsulated Ni nanoparticles was observed. Thus, a further increase in temperature to
900 °C initiated the growth of N-doped carbon nanotubes (CNTs). Owing to the extended
surface of nanotubes and the presence of pyridinic nitrogen inherited from decomposed
dicyandiamide and subsequent g-C3Ny, which is still stable under the given synthesis
conditions, nickel atoms were fixed in the nanotubes lattice in the form of Ni-Ny species
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directly during their growth. The obtained metal particles were removed by treatment
with sulfuric acid, although a large amount of Ni nanoparticles was still observed in the
samples. The achieved content of Ni single atoms in the catalysts was as high as 8.9 wt%,
according to XPS. Thus far, only one study has reported a higher Ni single-atom content of
20 wt% [36]. In this work, Ni was also atomically anchored on N-doped CNTs (Figure 5b).
Interestingly, the same temperature profile as in [35] was applied to treat a mixture of
Ni acetylacetonate with dicyandiamide, thus confirming the importance of the catalyst
synthesis route.
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Figure 5. (a) The scheme of the synthesis of Ni/N-CNT catalysts reproduced with permission
from [35], Copyright 2022, Elsevier B.V.; (b) HAADF/STEM images and elemental mapping of
Ni/N-CNTs reproduced with permission from [36], Copyright 2019, Wiley-VCH Verlag GmbH and
Co. KGaA.

Therefore, the simultaneous synthesis of both Ni single-atoms and the catalyst support
is a more complex and expensive approach, but it allows one to achieve a significantly
higher Ni content than using wet-chemistry methods. Whether or not the features of the
catalyst’s synthesis mentioned above clearly show that a very thoughtful approach to
synthesis conditions selection is always needed.

3. Structure of Supported Ni Single-Atom Catalysts

Nowadays, Ni SACs are widely studied. The progress achieved over the past five
years in the content of Ni single atoms on various supports is demonstrated in Table 1. The
coordination of the Ni atom and the bond lengths in the single-atom sites are also given,
since they determine the nature of the active site and the catalytic reactivity. Therefore, the
latter could be tailored based on knowledge of the nature of the active site.
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Table 1. Studied Ni SACs and their structural features, where ‘V’ in Ni coordination means vacancy.

Year Support Material Ni Content Ni Coordination Bond Length?, A Reference
N_d(’p‘f’d holey graphene 0.05 at% Ni-N 1.89 [37]
ramework
N-doped graphene 0.41 at% © Ni-N4O4 1.87 and 2.19 [38]
N-doped graphene 0.8 wt% P Ni-Ny 1.86 [39]
N-doped carbon 2.83 wt% 4 Ni-Nyg Not given [40]
N-doped graphene 4.6 wt%® Ni-Ny 1.861 [41]
N-doped porous carbon 5.44 wt% € Ni-N,V, 1.88 [34]
N-doped carbon 7.5 wt% P Ni-Nj 1.90 and 2.14 [24]
N-doped carbon 9.5 wt% f Ni—Ny 1.838 [42]
N-doped carbon nanotubes 20 wt% & Ni—Ny 1.86 [36]
2018 N-doped carbon nanotubes 20.3 wt% Ni-Ny 1.86 [43]
N-doped carbon nanosheet Not given Ni-Ny Not given [44]
N-doped graphene Not given Ni-N304 1.87 and 2.10 [45]
N-doped carbon Not given Ni-Ny 1.89 [46]
Graphdiyne 0.278 wt% 4 Ni-Cqp 2.05 [47]
Defective graphene 1.24 wt% Ni-C4 and Ni-Cs 1.78 and 1.99 [48]
Mosoznnca:;lo)solr\leceltost;rray 1.8 at% P Ni-Sy Not given [32]
Hierarchical MoS, nanosheets
supported on carbon 2.7 wt% © Ni-Ss 2.19 [49]
matrix nanofibers
3 0.48 pg-cm—2 Ni-N3V; 1.84
N-doped carbon cloth 0.52 ug-cm~2 Ni-N, 188 [33]
N-doped carbon matrix on 0.087 wt%® Ni-N,C, 1.86 and 2.73 [50]
carbon nanotubes
Porous carbon nanosheets 0.2 wt% € Ni-N3S; 1.85 and 2.33 [51]
Carbon nanotubes 0.27 wt% d Ni-Ny Not given [52]
N atoms decorated. hollow 1.27 wi d Ni-N, 191 (53]
carbon matrix
Covalent triazine framework 2.4 wt% © Ni-Ny 1.845 [54]
2019 N-doped graphene aerogel 2.6 wt% Ni—Ny<q Not given [23]
N-doped porous carbon 44wtk ® N?_NS 1.84 [55]
49 wt% © Ni-Ny 1.86
N-doped black carbon 5.32 wt% € Ni-Ny Not given [22]
N-doped carbon nanotubes 6.63 wt% € Ni-Ny Not given [56]
N-doped graphene Not given Ni—Ny 1.81 and 1.97 [57]
N-doped carbon Not given Ni-Ny 1.864 [58]
CeO, 2.5 wt% Ni-O3Ce;j; 1.89 and 2.94 [59]
Hydroxyapatite 2.58 wt% P Ni-Og¢ 2.05 [60]
Amorphous Y,O3 nanosheets 39 wt% b Ni-O3 Not given [61]
Carbon spheres 0.37 % f Ni-Ny 2.02 [62]
Honeycomb-like carbon 0.77 at% ¢ Ni-Ny 1.96 [63]
N-doped hollow carbon 0.10 wt% Ni-Ny 1.92 [64]
N-doped carbon 0.12 wt% © Ni—Ny 1.98 [65]
o/ € 3
Carbon nanotubes 85 xtoﬁ e Nliﬁljia]l }Sgg [66]
2020 Carbon nanotubes 0.27 wt% € Ni—Ny Not given [67]
N-doped carbon 0.48 wt% € Ni-Ny 5 2.05 [21]
N-doped graphitic carbon 0.5 wt% Ni-Ny 1.876 [68]
Carbon nanotubes 0.76 wt% Ni—Ny 1.91 [69]
0.872 wt% P Ni-N4Cq 1.91 and 2.13
N-doped carbon 0.889 wt% P Ni-N,C, 1.87 and 2.13 [70]
0.917 wt% P Ni-N3C; 1.86 and 2.11
Carbon paper 1.04 wt% © Ni-N3S 1.879 and 1.939 [71]
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Table 1. Cont.
Year Support Material Ni Content Ni Coordination Bond Length?, A Reference
Carbon membrane 1.3wt% € Ni—Ny 1.93 [16]
N-doped carbon layers 1.61 wt% b Ni-Nj3 1.87 [72]
Janus hollow graphene 1.9 wt% P Ni-Ny 2.09 [73]
2 wit% © Ni—NzOz 1.85
N-doped carbon 2.2 wit% © Ni-N, Not given [20]
Three-dimensional o e .
hierarchical carbon 42wt Ni-N, 1.87 [74]
Graphene-like carbon 3.1 wt% Ni—O4(OH), 2.05 [18]
0.24 wt% 9 Ni-N;O4 1.87
N-doped carbon Not given Ni-N, 1.87 [75]
Porous carbon nanosheets 0.5 wt% € Ni-N1N»S; 1.91, 2.06, and 2.03 [76]
N-doped porous carbon 0.6 wt% € Ni-Nj5 1.92 [77]
0.85 wt % P Ni-Nj3 1.86
N-doped carb
2021 opec carbon 1.06 wt% P Ni-N 1.88 78]
N-doped porous carbon 1 wt% Ni-Ny 2.00 [15]
N-doped carbon 2.1 wt% € Ni—Ny 1.89 [79]
N-doped graphene 2.14 wt% © Ni-N» 1.83 [80]
N-doped carbon 3.3 Wt%?P Ni-N3 4 1.85 [81]
Reduced graphene oxide 1.4 at% Ni—-Oy Not given [82]
N-doped carbon 0.51 at% & Ni—Ny 1.93 [83]
N-rich carbon hosts 1.1at% ¢ Ni-N,O, 1.85 and 1.99 [84]
N-doped carbon Not given Ni-N4O4 1.96 and 2.27 [85]
Carbon nanotubes 0.4553 wt% © Ni—Ny 1.887 [86]
N-doped carbon matrix 0.51 wt% € Ni-N4Oq 1.94 and 1.90 [87]
N-doped carbon 1.0 wt% P Ni-Ny 1.84 [88]
1.5wt% P Ni-Nj 1.91and 2.11
N-doped carbon 3.3 wt% P Ni-N, 1.85 [89]
N-rich carbon 1.6 wt% © Ni—-Ny 1.88 [90]
N-rich carbon 1.66 wt% € Ni—Ny Not given [91]
> Not given Ni-Ny 191
N-doped carbon 1.89 wt% b Ni-Njs 1.88 [52]
2022 -di i
Three-dimensional 2.20 wt% 4 Ni-N3S; 1.89 and 1.94 [93]
carbon material
N-doped carbon 2.37 wt% € Ni—Ny 1.86 [19]
N-doped carbon 3.7 wt% ¢ Ni-C3Nq 1.88 and 2.00 [94]
N-doped carbon 4 wt% € Ni-C;N; 0, 1'777’22'902425’ and [31]
N-doped carbon 9.15 wit% f Ni-C,;N, 1.90 and 2.07 [95]
S/N-doped carbon spheres 1.1 wit% © Ni-Ny 1.88 [96]
N,B co—-doped porous carbon 1.5 wt% © Ni-N(B)4 1.89 [97]
MoS, nanosheets 1.4 wt% Ni-S3 2.23 [98]
TiO, 0.4 wt% b Ni-O3_4 2.04 [99]
CeO, nanospheres 1.0 wt% € Ni-O3 2.02 [100]
v-Al,O4 2.5 wt% Ni-Oy4 2.02 [101]

@ According to EXAFS fitting data. ® Ni content measured by inductively coupled plasma-atomic emission
spectroscopy. ¢ Ni content measured by XPS. ¢ Ni content measured by inductively coupled plasma-mass
spectroscopy. ¢ Ni content measured by inductively coupled plasma-optical emission spectroscopy. f Ni content
measured by inductively coupled plasma. 8 Ni content measured by energy-dispersive X-ray spectroscopy. " Ni

content measured by X-ray fluorescence.

Above, we briefly discussed the dependence of the stability of Ni particles and clusters
as compared to bulk Ni and determined that, when going to single atoms, the increased
activity may coexist with low stability (Figure 1). However, many authors report high
stability of catalysts in which nickel atoms are stabilized by nitrogen. Earlier, Bulushev
and Bulusheva [102] compared the binding energies of various metal atoms with two and
four pyridinic nitrogen atoms in a double vacancy of the graphene lattice (M-N,C; and
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M-Ny, respectively) and at the graphene edge (M-N,) (Figure 6a). In the case of nickel, it
can be seen that the binding energy of the Ni atom to the bulk metal (M-M,) and in the
Ni-Nj site is approximately equal to 4 eV. However, when nickel is located in a graphene
double vacancy, the binding energy in the Ni-N,C, and Ni-Ny configurations increases
significantly to 10-11 eV, which is the highest among the considered metals. Such an
increase in energy indicates the extreme energy benefit of the formation of these sites and
also confirms their stability, which is observed in practice. As can be seen from Table 1,
most of the Ni atoms in the single-atom state are bonded to several (up to four or five)
nitrogen atoms with an average distance of 1.89 A, which indicates a structure close to
that of Ni phthalocyanine (1.90-1.91 A) [103] or Ni porphyrin (1.95 A) [104]. However,
there are reports about distances greater than 2.00 A [15,21,62,73]. It is noteworthy, that in
all these works, the supports used are carbon materials contained regions with a curved
structure (porous carbon, carbon spheres, etc.). Figure 6b,c clearly demonstrates how the
Ni-N bond length in the Ni-Nj site changes upon the transition from a flat to a curved
structure. Regardless of the obtained bond lengths, the Ni-N3 4 sites are highly stable
up to at least 600 °C in an inert atmosphere [33,105] or even in harsh conditions of hot
acidic solution and high pressure [24]. Thus, the areas of their potential application are
significantly expanded.

. Energy, eV
10 .
g B . -
6 -
4
2 l j‘

Cu Ay pd o

Ru Ni -

®M-N, ®M-M, = M-N,C, = M-N,

Ni-N=1.870 A/ \ Ni-N=2.049 A
(b) ©

Figure 6. (a) Cohesive energies (M-M,) and binding energies of single metal atoms on an N-doped
graphene sheet, adapted with permission from [102] (Copyright 2022, Taylor and Francis), where M
is metal; flat (b) and curve (c¢) models of carbon surfaces with Ni attached to N-terminated double
vacancies, adapted with permission from [17]; Copyright 2023 by the Authors.

Table 1 shows that carbon, oxygen, and sulfur atoms can also, together with nitrogen
atoms, stabilize nickel atoms on carbon supports, and in such sites, Ni-O, Ni-S, and Ni-C
bonds are usually longer than those of Ni-N. When the Ni atom is stabilized only by carbon
atoms, the average Ni-C bond length is 1.78 A in the Ni-Cy site [48]; however, with an
increase in the coordination number or stabilization by different atoms, the Ni-C bond
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length increases up to 2.05 A [47,48] and even to 2.13 A [70]. In turn, the length of the Ni-S
bond changes from 2.2-2.3 to 1.94 A [49,51,71,93], while the average Ni-O bond length,
regardless of the support and coordination numbers, is 2.0-2.1 A. As already mentioned
in the section ‘Synthesis of supported Ni single-atom catalysts’, the stabilization of the
nickel atom by both nitrogen and oxygen atoms on a carbon material limits the stability
of the Ni-O bond to 800 °C [33]. However, when using a support based on metal oxide
(CeO,, AlyO3, etc.), this temperature decreases to 600 °C [59,101] or even lower [100]. In
turn, catalysts containing Ni single atoms stabilized only by carbon or sulfur atoms have
been used mainly for low-temperature electrochemical reactions; therefore, it is difficult
to assess the conditions for their stable operation in thermal catalytic reactions, which
usually demand higher temperatures. Although, according to the synthesis conditions,
Ni on a defective graphene support is able to withstand temperatures up to 750 °C in a
reducing atmosphere, as well as in an acidic environment at room temperature within two
days [48], and on a MoS; support up to 300-600 °C also in a reducing atmosphere [32,49]
and up to 900 °C in Ar [98]. Interestingly, a Ni single atom can be located above the MoS,
layer [32,98] or can replace the Mo atom [49]. In the former case, the Ni atom is coordinated
by three sulfur atoms, and this arrangement was suggested using HAADF/STEM imaging
(Figure 7a). Single-dispersed bright spots in the images are explained by the location of Ni
atoms above Mo atoms [98]. The EXAFS data was also well fitted with the Ni-S3 structure.
The incorporation of Ni into the MoS; lattice was revealed from the EXAFS data, which
determined that the first coordination sphere of Ni consists of five S atoms on average [49].
This configuration of Ni was confirmed by good agreement between the experimental
XANES Ni K-edge spectrum and the theoretical spectrum plotted for Ni replacing Mo
(Figure 7b). In both configurations, the Ni-S bond is shorter than the Mo-S bond.

(a)

—Experimental
—Simulated

“\ White line

Normalized Xu (E) (a.u.)

8340 8370 8400 8430 8460
Energy (eV)

(b)

Figure 7. (a) HAADF/STEM image of Ni/MoS, with simulation inset; and (b) comparison between
the Ni K-edge XANES experimental spectrum of Ni/MoS, and the theoretical spectrum calculated
with the depicted structure. Nickel, molybdenum, and sulfur atoms are represented by green, light
blue, and yellow balls, respectively. Adapted with permission from [98] (Copyrights 2023, Springer
Nature) and [49] (Copyrights 2018, Wiley-VCH Verlag GmbH and Co. KGaA.), respectively.
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4. Application of Supported Ni Single-Atom Catalysts

In the Introduction section, we briefly discussed the historical and modern applications
of Ni-based catalysts, which are mainly related to the catalysis of hydrogenation and
dehydrogenation processes. When discussing catalysts for such reactions, one cannot
fail to mention the competition between palladium and nickel, which was well covered
in a recent review by Chernyshov and Ananikov [106]. Indeed, being one under the
other in the same group of the periodic table, these metals are analogues; however, the
difference in the periods causes differences in redox potentials and the availability of
different oxidation states, which provides outstanding opportunities for Ni catalysis for
complex multistep transformations and the discovery of new catalytic reactions. Thus,
we will consider both the theoretical and practical results of using Ni SACs in various
hydrogenation and dehydrogenation reactions. It should be noted that the development of
Ni SACs’ application field is not much different from the historical ones for Ni bulk and Ni
nanoparticles: this is the breaking of X—H bonds, where X is various atoms, for example, C
or O, and H is a hydrogen atom. In this regard, for convenience, we will further consider
separately the activity of heterogeneous catalysts based on Ni single atoms in breaking
various X—-H bonds, and we will start with the C—H bond.

4.1. C-H Activation

Currently, the most common catalysts for the activation of C—H bonds are Ni-based
catalysts. The activity of nickel is associated with the presence of an unfilled d orbital, which
can accept the o electron of the C—-H bond, thus weakening or breaking it [107]. Such an
approach to the activation of hydrocarbons can facilitate cross-coupling reactions, leveling
the disadvantages known for this reaction: the use of an expensive catalyst (Pd-based), the
presence of several stages of pre-functionalization, which entails a multi-stage reaction,
and the presence of by-products. However, the activation of the C-H bond also has its
drawbacks, in particular, high reaction temperature and high metal loading are needed.
The best-known nickel-catalyzed reaction involving C-H activation is the dry reforming
of methane (DRM).

Dry Reforming of Methane

DRM is a process for the simultaneous synthesis of H, and CO (syngas) via the con-
version of carbon dioxide and methane. Even though this reaction may not actually involve
hydrogenation and dehydrogenation, its mechanism includes the C-H bond cleavage as an
important step of the reaction. The general reaction (1) describing this process is endother-
mic with a standard enthalpy of 247 k] mol™! and, therefore, requires high temperatures
(>500 °C) [59,60,108].

CHy + CO; — 2CO +2H, 1)

The mechanism of this reaction has been thoroughly studied [109,110]. The reaction
begins with the adsorption of a methane molecule on the catalytically active center (2),
followed by its activation (3), which is the rate-determining stage of the reaction [111,112]:

CHy(g) + cat — CH )

CH, —» CH; + H (3)

where ‘(g)’ stands for the gas phase and *" here and below in the text means the adsorbed
species. The methane molecule is a highly symmetrical nonpolar molecule, which should
be considered when choosing a catalyst. As shown in the literature [113], the adsorption of
methane on a metal single-atom site occurs due to the hybridization of bonding orbitals
of the methane with antibonding orbitals of the metal and vice versa. It should be noted
that a support on which metal single atoms are located may also play a role in methane
adsorption. The stability of a metal atom is ensured by the strength of its bonding with
a support, which is related to overlapping their orbitals. The lengthening of the C-H
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bond, leading to its further cleavage, depends on the adsorption energy of methane and
on the charge given back from metal. This bond elongation is most noticeable for the Ni
atom, which is the rationale for the effectiveness of Ni SACs in the DRM reaction. Indeed,
according to the reports of the past few years [114,115], Ni single-atom sites exhibit superior
activity, in particular, as compared to Ni nanoparticles. However, their use often leads to
catalyst deactivation, which is associated with the formation of carbon as a result of the
Boudouard reaction (4) and the complete cracking of methane (5), catalyzed by nickel [110].

2CO — COy, 4+ C 4)

CH,; — C+2H, )

It is interesting that the equilibrium in the Boudouard reaction can be shifted towards
the formation of CO if the chosen support can donate electrons to the nickel atom or Lewis
basic sites, which are attractive for CO, adsorption, are introduced into the catalyst. The
former factor was widely studied in [107], where Ni nanoparticles supported by CeO,
were used as a catalyst after a reduction in hydrogen. As a result of the reduction, oxy-
gen vacancies were formed, which easily released free electrons. These free electrons
increased the d-electron density on the nickel atoms. Such electron-saturated atoms pre-
vented the migration of o—electrons of the CH, molecule to the d orbital of the Ni atom,
thereby reducing the adsorption of CHy and, thus, the degree of carbon deposition, and
also increasing the adsorption of CO, due to including its unoccupied m—orbital in the
bonding (Figure 8).
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Figure 8. Schematic diagram of (a) carbon deposition and (b) carbon elimination over Ni/CeO,
catalyst. Adapted with permission from [107]; Copyright 2002, Springer Nature.

Quite recently, these assumptions were partly confirmed for a similar Ni/M-CeO,
system, containing Ni single atoms and a support modified with Mg, Co, or Zn [114]. In this
case, CO, molecules were adsorbed on oxygen vacancies generated due to the presence of
metal cations, whose ionic radius is smaller than that of Ce**. The carbon dioxide molecule
dissociated into carbon monoxide and surface active oxygen, which easily removed the
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deposited carbon, thereby maintaining high catalyst activity for more than 150 h at 800 °C.
A similar effect was achieved by Ni and Ce co-doping of a hydroxyapatite support [60]
and co-anchoring of Rh and Ni atoms on a CeO, support [59], showing in the latter case
a decrease in the temperature of the catalytic process to 600 °C while the selectivity and
stability stayed high. Interestingly, the authors of the latter work also reported that the
recombination of H* into a hydrogen molecule occurred on Rh atoms, despite the fact
that the process of breaking the C—H bond occurred on nickel atoms. In addition, ZrO,
possesses the same properties of producing oxygen vacancies [116]. Thus, the first way to
modify Ni SACs is based on the selection of supports containing a large number of oxygen
vacancies, which are considered to be closely linked to the content of surface adsorbed
oxygen species.

The second way to modify the catalyst by introducing additional basic centers into it
is to add a metal and/or its oxide to the support. The creation of such centers will enhance
the chemisorption of CO, on them [109]. As for the Zr and Ce atoms mentioned above,
their addition to oxygen-containing supports also increased the mobility of oxygen ions
on the surface, making Ni catalysts more stable [117]. As for other metals, there is a report
of better catalytic activity and stability of Ni catalysts for 40 h at 700 °C, in which the
support was partially coated with MgO [118]. Interestingly, such doping initiated better Ni
dispersion on the support surface. However, this method did not work when using MgO
as a support for Ni single-atoms [119] because of the weak bonding of Ni atoms with the
support, methane, and carbon dioxide, as well as the low adsorption energy of reaction
intermediates on the active site, which prevented the reaction.

The use of SACs, including Ni catalysts, is not sufficiently developed since this is
a rather young area of catalysis. In this regard, there is no confirmation/denial in the
literature of the promotion of the DRM reaction previously obtained for Ni nanoparticles in
the case of single atoms (adding K [120], Ca [121], Fe [122], Sr [123] or using CaO, BaO [124],
La;O3 [125], etc. as supports [126,127]). However, significant progress is expected in
this field.

4.2. H-H Activation

Hydrogen is the simplest molecule, and its properties are the most studied. Since
this pure resource is available in abundance at a very low cost, catalytic hydrogenation is
a mainstream technology in both research and industry. Molecular hydrogen is not very
active under ambient conditions, but many positively charged transition metal atoms are
capable of bonding and activating H,. As is well known, bulk Ni and Pd have a very
strong hydrogen adsorption affinity, can easily form metal hydrides, and are widely con-
sidered good catalysts due to their excellent hydrogen solubility, corrosion resistance, and
diffusivity. As indicated in the literature, the adsorption energy of the hydrogen molecule
on the Ni single atom [128,129] is higher than that on bulk Ni [130]. The initiation of the
hydrogenation reaction most often occurs with the dissociation of the hydrogen molecule.
Homolytic decomposition yields adsorbed H* atoms, while heterolytic decomposition
produces partially charged H®* and H%~ species. The type of decomposition, the energy
barrier, and the overall energy profile of the reaction strongly depend on the structure of
the catalytically active Ni site. For example, according to DFT calculations of a catalytically
active Ni atom coordinated to three and four carbon atoms in single and double graphene
vacancies, Hy dissociation is an endothermic process with energy barriers of 0.69 and 0.33
eV, respectively [131]. As can be seen, the dissociation of the adsorbed Hj is an energy-
consuming process [128,131,132]. However, with an increase in the number of Ni atoms to
three in a catalytically active site, the dissociation is almost barrier-free [130]. Interestingly,
a similar effect was observed when considering the reverse reaction, where the recombina-
tion of hydrogen atoms into a molecule took place [133]. After decomposition, hydrogen
atoms can spontaneously migrate to support atoms. This effect is called the hydrogen
‘spillover” process, and it may take place in the metal-carbon support system [134]. Such
behavior, in particular, was observed for some nitrogen-containing systems [128] and also
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for MoS; [132]. For instance, the addition of Ni single-atoms on MoS; support causes
an excess of electron density on the nearest sulfur atoms, thus enhancing their activity
towards hydrogen adsorption [32,49]. Although the activation of a hydrogen molecule can
also occur due to an increase in the H-H bond length after adsorption onto the Ni atom
(Figure 9a). Furthermore, during the co-adsorption of the reagents on the metal atom, the
breaking of this bond for the further course of the reaction will be easier. An example of
such a hydrogenation pathway is CO, hydrogenation.

E,. =-0.74 eV

QcON OFeON OH@O
(b)

E,. = -0.87 eV

QcONOFONOH@O
(c)
Figure 9. The most stable configurations (top and side views) and related adsorption energies (E,4s)

for (a) Hy, (b) CO,, and (c) both these molecules on the Ni-Nj site in graphene. Adapted with
permission from [129]; Copyright 2021, Elsevier B.V.

4.2.1. CO, Hydrogenation

It is widely recognized that capturing and utilizing carbon dioxide is a potentially
effective strategy for reducing the concentration of CO, in the atmosphere and addressing
the current environmental problems caused by massive CO, emissions. Most often, carbon
dioxide is proposed to be processed into C1 fuels (Figure 10), for example, methane [135]
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or formic acid [129,136] via hydrogenation reactions. Although the use of Ni SACs for both
reactions has not yet been reported, there are a number of theoretical articles in the literature
dealing with them. To produce methane, the initial reduction of CO, to CO is necessary.
The adsorption of a CO, molecule occurs through the formation of a bond between the
oxygen atom of a molecule and the metal atom [137,138]. However, there are reports about
bidentate interaction through oxygen and carbon atoms (Figure 9b) [129,136,139]. Further
decomposition of CO,* to CO* and O* on the Ni single-atom site is impossible [140] or
difficult in the absence of high temperatures (>800 °C) [141]. Therefore, for the dissociation
of the C-O bond in carbon dioxide, a suitable support is usually selected that is capable of
adsorbing and reducing CO, to the desired product [114]. The impossibility of producing
methane on a Ni single atom is confirmed by Millet et al. [142], where, upon reaching a
temperature of 350 °C, CH, appeared among the products, which was associated with
the sintering of Ni into nanoparticles of about 10 nm in size. Notably, a small amount of
methanol was also observed.
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Figure 10. The reaction network of CO; hydrogenation towards CHy, CO, CH30H, and HCOOH
production over the supported Ni catalysts. Reproduced with permission from [141]; Copyright 2022,
The Royal Society of Chemistry.

To obtain formic acid in the liquid phase as a result of hydrogenation of carbon dioxide,
the presence of hydrogen is necessary (Figure 10). Interestingly, the presence of a hydrogen
molecule or hydrogen atom adsorbed on a metal atom lowered the CO, adsorption energy
but did not level it [136,138]. These results show that although CO; is repelled by adsorbed
hydrogen, their co-adsorption is still energetically favorable (Figure 9c). Depending on
which atom the CO, molecule interacts with hydrogen, formate HCOO* or carboxylate
*COOH species can be formed as intermediates, and the formation of the former is more
energetically favorable among Ni SACs on different supports [129,136,139]. The further
formation of the HCOOH molecule was not considered in most articles. However, among
them, Poldorn and co-authors took into account not only the formation of cis- and trans-
isomers of formic acid but also the side reactions to form CO and H,O [129]. Their
calculations showed that trans-HCOOH can be obtained most easily as a result of this
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reaction, while the course of the side reaction is energetically unfavorable. Thus, the
production of formic acid on a Ni SAC has been performed electrochemically [31]; there
are no reports that it can be produced via a thermal hydrogenation reaction. However, it
has been shown that the production of formic acid is achievable on Ni nanoparticles at
temperatures < 80 °C in the presence of an amine [143] or by hydrogenation of sodium
bicarbonate at 200 °C [144].

4.2.2. C,H, Hydrogenation

Acetylene hydrogenation is an important industrial process for purifying ethylene
produced by thermal cracking of naphtha and containing trace amounts of C,H,, which can
lead to poisoning of a C;H, polymerization catalyst and reduce the quality of the resulting
product. It should be noted that the acetylene molecule is nucleophilic, which suggests its
preferential interaction with a positively charged catalyst site. Thus, the acetylene molecule
is coordinated to a Ni atom by carbon atoms having m—electrons. Zhuo et al. noted that the
adsorption of C;Hj is much easier than the adsorption of Hj, [131]; the process of acetylene
adsorption is so energetically favorable that the question of a partial loss of the number
of catalytically active metal centers is raised in the literature [145]. It was noted that the
presence of nitrogen atoms near the metal reduces the adsorption energy of acetylene due
to partial electron transfer from C,H; to nitrogen atoms through the metal atom.

However, the nucleophilicity observed in acetylene is also present in the ethylene
molecule obtained as a result of the reaction, which contributes to an increase in the
desorption energy as compared to ethane, the end product of the C,H, hydrogenation.
The challenge of carrying out this reaction and choosing catalysts and conditions is to
increase the selectivity for ethylene as the desired product and, accordingly, decrease it for
ethane. Riley et al. [146] synthesized Ni SACs on CeO; support, the Ni-Oy catalytically
active sites of which showed activity in the acetylene hydrogenation reaction at 200 °C. The
achieved conversion was ~70%, and the calculated apparent activation energy coincided
with the theoretical one of 0.53 eV, indicating that the C,H3* + H* = C;Hy* reaction was
the rate-determining step. However, the authors did not mention the selectivity values of
the produced catalysts. Theoretical and practical studies of the Ni-Ny centers [128,147]
have shown that the Ni-Nj sites have a higher selectivity for ethylene in the acetylene
hydrogenation reaction than the Ni-Nj sites. For the latter, the selectivity dropped by
32% at 200 °C in 20 h of operation. This is due to the fact that the energy barrier for
the desorption of the ethylene molecule turned out to be 1.5 times higher than that for
ethane. Thus, by controlling the Ni coordination number, the catalyst could provide high
ethylene selectivity.

4.2.3. Other Hydrogenation Reactions

In addition to the hydrogenation of carbon dioxide and acetylene, many other indus-
trial processes rely on the efficient use of Ni catalysts in various hydrogenation reactions.
For example, the reduction of organic compounds containing a nitro group to corresponding
aniline derivatives is an important intermediate step in the pharmaceutical, agrochemical,
pigmentation, and other industries. However, the use of catalysts containing Ni nanoparti-
cles and prone to irreversible sintering or migration-coalescence hinders their long-term use.
Currently, there are publications showing the efficient use of Ni SACs in the reduction of
the nitro group in a hydrogen atmosphere [55,81]. In both reports, the Ni-N3 sites showed
high activity at a H, pressure of 3 MPa: Yang et al. [55] received 40.4% conversionin 1 h
of reaction at 80 °C, while Zhou et al. [81] showed 99% conversion after 8 h of reaction
at 120 °C. The calculated turnover frequencies (TOFs) were 37.6 and 8.4 h~!, respectively.
Interestingly, the Ni-Ny site showed lower activity in the catalytic reaction. The authors of
Ref. [55] attributed this to a partial polarization of the adsorbed hydrogen molecule and
to a decrease in the co-adsorption energy of the next H, molecule, which facilitates the
dissociation of hydrogen and its entry into the hydrogenation reaction. A similar effect
was found by another group [81], where a higher reaction efficiency was associated with
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the presence of a lower charge on the Ni atom, which led to a decrease in the energy
barrier of H, dissociation as a result of electron donation from the Ni atom to the hydrogen
molecule. However, regardless of a support used, all catalysts showed excellent selectivity
(typically > 99%) for obtaining an amino group in the presence of various substituents
in the organic molecule, such as -COOR, -COR, -OH, —-C;Hj3, etc., in para-, ortho-,
and meta-positions.

As mentioned above, the number of Ni atoms in the catalytically active site and the
charge on them are important for activation of the H-H bond; however, the use of catalysts
containing only Ni nanoparticles shows low efficiency. Ning et al. demonstrated the effect
of Ni nanoparticles and Ni-Ny center synergy on the reaction of selective hydrogena-
tion of cinnamaldehyde to phenylpropanal [148]. While separately, nanoparticles and Ni
single-atoms showed a high conversion but a low selectivity, and vice versa, respectively,
their combination in one catalyst made it possible to achieve 94.6% conversion and 83.7%
selectivity to the desired product under the reaction conditions of 100 °C and 2 MPa of Hp
for 6 h flow. As the authors explained, this effect was achieved due to the activation of hy-
drogen molecules on Ni nanoparticles and their subsequent migration to the adsorbed and
activated C=C bond of the cinnamaldehyde molecule on the Ni-Ny site with its subsequent
reduction (Figure 11). Such a catalyst also turned out to be effective in the hydrogenation
of other «, B—unsaturated aldehydes.

Figure 11. The proposed mechanism for selective hydrogenation of cinnamaldehyde to phenyl-
propanal is: (1) adsorption and activation of H, molecules on Ni® active sites; (2) adsorption and
activation of cinnamaldehyde on Ni-Ny active sites. Reproduced with permission from [148]. Copy-
right 2019, Elsevier B.V.

4.3. O-H Activation

The use of hydrogen as a hydrogenating agent has some disadvantages associated
with its gaseous state under ambient conditions. In the reactions discussed above, the
typical hydrogen pressure was in the range of 1-3 MPa, which introduces difficulties in
carrying out reactions both on laboratory and industrial scales. To overcome this, other
molecules are used from which the hydrogen atom can be obtained, such as alcohols. Wang
et al. studied the effect of the composition and structure of the Ni-NyCy site in graphene
on the adsorption of isopropyl alcohol and the subsequent detachment of hydrogen from
it [149]. The Ni-Ny and Ni-Nj sites turned out to be the most energetically favorable. It
was shown that, despite the energetic preference for its formation, the flat structure of the
Ni-Ny site sterically prevents the dissociation of the O-H bond and makes the process
highly endothermic. On the contrary, the Ni-Nj site, in which the Ni atom protrudes above
the graphene surface, not only easily adsorbs the isopropyl alcohol molecule due to the
overlapping of the p-orbitals of the O atom and the d-orbitals of the Ni atom but also easily
breaks the O-H bond.
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4.3.1. Transfer Hydrogenation Reactions

Considering transfer hydrogenation reactions, in which alcohols act as donors of a
hydrogen atom, one cannot fail to mention the Meerwein-Ponndorf-Verley (MPV) reduction
reaction. This reaction involves the reduction of aldehydes and ketones to their correspond-
ing alcohols, usually in the presence of aluminum alkoxide catalysts. A feature of this
mechanism is the formation of a six-member ring transition state (Figure 12a, 2), which
creates certain steric restrictions on the introduced reagents. The use of other catalysts, for
example, Ni-based ones, can offset these limitations by changing the reaction mechanism
to a radical one [79].

B ) Ry \ O 3 \C<
Re Re WA
\ /7 o)o —— o
N d o " o 2 hod
. — . \( Yo = ==
| R 06 (\|o Re
Y~ @ @, L "
X H H
\R( e £ H R " OH \?< G/\C/ NS
OH 1 4 s
- W WA
)\ x " l )\ ? i o\ /o
TE (— —, (— —
oH _
)\ Ry Ry 2 H_H, H H
D SO ® " o\ o¢ N
Re . WAP:y S
O\ /O o\ /o 1 O\ ’,0—< s
Al -~ Al \( o O *]
[ Nk — (WSS B §
Rz\( //I %' )V () Lewis acid sites \<
o 7 Ry Ry (Ni cations of Ni-N,)
Ry ){ R, H Ry (O Lewis basic sites j.\H?
i i pyridinic N atoms)

(a) (b)

Figure 12. (a) Catalytic cycle of the Meerwein-Ponndorf-Verley reduction reaction on an Al-based
catalyst; (b) Possible mechanism for the catalytic transfer hydrogenation of furfural, reproduced with
permission from [65]; Copyright 2021, The Royal Society of Chemistry.

Thus, using a Ni SAC, the hydrogen transfer reaction is initiated by the activation of
the O-H bond of the hydrogen donor. In the theoretical work, Wang et al. considered two
reaction mechanisms at the more active Ni-Nj site [149]: with the initial dissociation of
isopropyl alcohol into i-PrO* and H*, followed by the adsorption of furfural, or with the
co-adsorption of both molecules. In the former case, the formation of a hydrogen atom was
the energy-limiting stage of the process with a barrier energy of 0.83 eV, while in the latter
case, there was a direct transfer of hydrogen from one molecule to another, overcoming
the energy barrier of 1.32 eV. That is, carrying out the reaction on a catalytically active Ni
atom made it possible both to lower the energy barrier of the reaction and to change its
mechanism. The practically studied reduction reaction of 5-hydroxymethylfurfural with
ethanol to 2,5-dihydroxymethylfuran on flat Ni-Nj sites showed a radical mechanism
of the reaction [79]. In this reaction, a conversion of 95% with almost 100% selectivity
was achieved at a temperature of 160 °C, and the TOF of the reaction, 22 h!, was the
highest reported in the literature. Consequently, the use of Ni SACs makes it possible not
only to level the steric hindrances of the hydrogen transfer reaction but also to simplify
it energetically.

It should be noted that there is another opinion in the literature concerning the reaction
mechanism. Fan et al. studied the reaction of furfural reduction to furfuryl alcohol on
Ni-Njy sites using various alcohols as solvents and hydrogen donors: ethyl, propyl, 2—-
propyl, n-butyl, and 2-butyl alcohols [65]. According to the results, the reaction proceeded
most efficiently in the presence of secondary alcohols with a smaller carbon chain, which
clearly indicates the formation of the above mentioned six-membered transition state in
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the reaction. The authors themselves proposed a possible mechanism for the reduction of
furfural; however, the reaction was also initiated by the breaking of the O-H bond, and the
resulting H* was directly involved in the reaction (Figure 12b).

Nickel has also been shown to be active in hydrogenation transfer coupling reactions,
as reported by Zhang et al. for the conversion of nitrobenzene to azoxybenzene [89].
The authors succeeded in synthesizing Ni-N4 and Ni-Nj5 sites on a support of nitrogen-
containing carbon spheres, which showed different efficiency in the reaction under study.
At the reaction temperature of 50 °C for 3.5 h, the catalysts reached conversions of 99.2%
and 95.6% vs. 38.8% and 33.1%, respectively, and the difference in calculated TOF was
almost 2.5 times. The reason for this huge difference is the increased electron density on
the nickel atom in the Ni-INy site, which contributes to the formation of H* species.

4.3.2. H, Production from Formic Acid

Formic acid is a widely used chemical in industry. It can be used as a safe, easy-
to-handle, and transportable source of hydrogen for various reactions. The most widely
accepted positive aspects of the synthesis and catalytic application of this acid can be
found in the review by Bulushev and Ross [150]. Herein, we focus on its decomposition
over Ni SACs. The HCOOH molecule is adsorbed on the nickel single atom, often via
carbonyl oxygen. The gain in its adsorption energy is about 0.8 eV, which is an average
value as compared with other transition metals and does not indicate too weak or too
strong bonding with the metal atom [151]. In the literature devoted to the study of the
mechanism of the HCOOH decomposition to H, and CO5, there are two ways to initiate
the reaction: through the formation of the formate species HCOO* (activation of the
O-H bond) and through the formation of the carboxyl species *COOH (activation of
the C-H bond). The second reaction route is less studied since the energy required to
break the C—H bond in the formic acid molecule is usually much higher than that for the
O-H bond [152,153]. Interestingly, some authors report a barrier-free pathway for the
activation of the O-H bond [133,154].

Recall that the reaction of formic acid decomposition can proceed both in the gaseous
and liquid phases. Gharib and Arab considered both approaches [151]. To approximate the
liquid phase, the authors used the polarized continuum model for calculations. However,
the reaction energies in the gas phase turned out to be lower than those in the liquid phase.

Depending on a chosen catalytic system and a calculation method, both the twisting
motion of formate species with an activation energy of 0.9 eV [154] and the dissociation of
HCOO* into CO,* and H* with an activation energy of 0.87-1.06 eV are often considered
to be the limiting stages of formic acid decomposition [133,152]. However, the reaction of
recombination of adsorbed hydrogen atoms into the H, molecule also occurs [15,153]. The
energy of this process is high and corresponds to 1.02-1.09 eV.

There is only one report in the literature in which the mechanism of formic acid de-
composition in the gas phase over Ni SAC has been practically tested and theoretically
calculated. We were able to apply 1 wt% Ni in the form of single atoms supported onto
a porous carbon by simple impregnation [15]. The calculated mechanism of the reaction
on the catalytically active Ni-Ny sites showed the reaction proceeding through the for-
mation of formate species. The rate-determining stage of the process was found to be
the recombination of hydrogen atoms with an energy barrier of 1.09 eV (Figure 13a). In
this work, the activity of Ni SAC was compared with the activity of Ni nanoparticles. At
300 °C, the conversion of formic acid over Ni—Njy sites was 50% versus 30% obtained on
Ni nanoparticles. The hydrogen selectivity for both catalysts was in the range of 95-97%.
Recently, we have continued this research and increased the Ni content in catalysts up to
6 wt% [17]. The resulting catalysts showed close conversions of 46% and 58% for highly
dispersed Ni and Ni nanoparticles, respectively, at the reaction temperature of 260 °C.
Interestingly, despite the appearance of small Ni clusters, the formation of which occurred
near the Ni-Nj sites, the specific mass-based reaction rate of highly dispersed Ni catalysts
remained unchanged, which indicates the equal activity of both forms of Ni in this reaction.
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Rather, the reason could be that the reaction occurred at the Ni atom of the cluster and the
closely located pyridinic N of the Ni-Ny site (Figure 13b). It is noteworthy that the catalysts
with Ni clusters were stable for 5 h at 250°C in the reaction conditions, while the catalysts

with nanoparticles suffered deactivation.
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Figure 13. (a) Energy profile of the formic acid decomposition reaction over the Ni-Ny site on
the curved graphene. Reproduced with permission from [15], Copyright 2021, Elsevier B.V.;
(b) Energetically preferable locations of four Ni atoms on the carbon cage with the Ni-N4 site.
Adapted with permission from [17], Copyright 2023 by the Authors. Carbon, nitrogen, nickel, oxygen,
and hydrogen atoms are represented by gray, violet, green, red, and yellow balls, respectively.

4.4. N-H Activation

In addition to the reactions of the formation of hydrogen atoms or molecules by
activation of C-H, H-H, and O-H bonds, which are widely covered in the literature, some
authors considered the possibility of using single-atom Ni sites for activation of other
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bonds, for example, N-H. Feng et al. studied the mechanism of reduction of Br—C¢H5-NO,
to Br—C¢Hs—-INH, at Ni-IN4 and Ni-Nj sites using NoHy-HyO as a hydrogen donor [155].
Since the former catalytically active site exhibited significantly higher activity than the
second one, the energy values given below correspond to the Ni-Nj site. Hydrazine was
adsorbed with the formation of the Ni-N bond, and the N-H bond breaking energy was
equal to 0.93 eV, with both N;H3* and H* species remaining coordinated to the nickel atom.
The subsequent adsorption of the R-NO, molecule was exothermic. The limiting stage
of the reaction was the chemo-selective reduction process of the -NOH group through
the recombination of the adsorbed hydrogen atom and the hydrogen atom of the —OH
group—with an activation energy of 0.96 eV. The presence of the Br substituent did not
adversely affect the reduction of the nitro group; moreover, the authors calculated that
1.18 eV would be required to break the C—Br bond, which makes this process kinetically
unfavorable. In practice, the catalyst achieved 100% conversion and selectivity at 60 °C
within 3 h of operation, and the calculated TOF was higher than that for the catalyst
containing Ni nanoparticles.

It is interesting that theoretical calculations of the decomposition of N;Hy at the Ni-Cs
site did not show such good results as in the work [156]. The adsorption of the molecule
on the catalytically active Ni atom still occurred due to the overlapping of the 3d and 2p
orbitals of Niand N, respectively. However, the authors calculated not only the dissociation
of the N-H bond but also the dissociation of the N-N bond and showed that the second
way is energetically preferable (0.86 and 0.51 eV, respectively). Moreover, the final state
for the system after the N-H bond cleavage was endothermic, while after the N-N bond
cleavage, it was exothermic, which indicates the potential unsuitability of the Ni—Cj site as
catalytically active in the production of H* from hydrazine. Although this site still showed
potential activity and high selectivity in the formation of ammonia.

5. Summary

Known since the 19 century, Ni catalysts are widely used, even on an industrial scale.
However, to reduce the cost of catalytic processes, it may be useful to switch to supported
SACs. Thus, herein, we discuss the main approaches to the synthesis of Ni SACs and their
application to break or form the X-H bond (where X = C, H, O, and N), thereby initializing
the hydrogenation and dehydrogenation reactions.

The activity of Ni SACs in the C-H bond cleavage has been thoroughly studied
for the DRM reaction. Supported Ni single atoms have been shown to be excellent for
binding methane and its decomposition into CH3* and H* species. The use of Ni SACs
partially eliminates the Boudouard and complete cracking of methane reactions, and the
further development of these catalysts is aimed precisely at the complete blocking of these
side processes.

The cleavage of the H-H bond can proceed both homo- and heterolytically, which is
strongly influenced by the atomic environment of the Ni center. Most often, the cleavage of
this bond proceeds endothermically and is the limiting stage of the process. Despite the
activity of Ni SACs in the hydrogenation of C,H;, CO,, and various organic compounds, it
may be more successful to use small clusters consisting of several Ni atoms.

The replacement of hydrogen by various alcohols or formic acid as hydrogen donors
in hydrogenation reactions is associated with difficulties in working with H, under ambient
conditions. This leads to another application of Ni SACs—their use in hydrogen transfer
reactions. Due to the adsorbed hydrogen atom obtained on a Ni single atom as a result of
the O-H dissociation, the reaction mechanism becomes radical, which eliminates possible
steric hindrances. In addition, the breaking of the O-H bond becomes the limiting stage
and, according to some DFT calculations, simplifies the reactions energetically. The high
selectivity in hydrogenation reactions of various organic substituents makes Ni SACs
indispensable in these types of reactions.

There are few examples of N-H bond cleavage in the literature. Using hydrazine
as an example, it is shown that it is adsorbed on a Ni single atom and dissociates with
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the abstraction of a hydrogen atom. However, breaking the N-N bond was even easier
than breaking the H-H bond; therefore, the use of a Ni single atom to obtain H* or Hp
from hydrazine is energetically unfavorable. Over the past few years, no other sources of
hydrogen have been used, and the potential of using Ni SACs has not been discovered.

One of the main disadvantages of metal-based SAC is the complexity of its preparation,
especially when it comes to the high content (>5 wt%) of uniform single-atom sites. Despite
numerous attempts to simplify and cheapen the catalyst synthesis while maintaining a
high degree of metal loading, this has not yet been achieved. Thus, further development
of Ni SACs is needed in the field of thermal catalysis, on which some industrial processes
are based.
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