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Graphitic carbon nitride (g-CsN4) based
heterogeneous single atom catalysts: synthesis,
characterisation and catalytic applications
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Graphitic carbon nitride (g-CsNy4), the well-known visible light active, two-dimensional organic
semiconductor is gaining further prominence as a potential matrix for developing heterogeneous single
atom catalysts. g-CzN4 by virtue of its abundant and periodically separated nitrogen atoms effectively
stabilises single atoms of metal through the electron lone pairs of nitrogen acting as anchoring sites.
Herein, the synthetic strategies adopted for the development of g-CsN4 based single atom catalysts
(SACs) are summarised in detail for an understanding of the state-of-the-art designing of g-CsN4 SACs.
Advanced characterisation techniques like extended X-ray absorption fine structure (EXAFS), X-ray
absorption near-edge structure (XANES), electron energy-loss spectroscopy (EELS), X-ray photoelectron
spectroscopy, and aberration-corrected high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) offer valuable inputs to determine the electronic and geometric structure of
g-C3Ny4 based SACs are discussed. Furthermore, the experimental and computational efforts carried out
in demonstrating the potential applications of g-CsN4 SACs in the field of photocatalysis, organic
reaction catalysis and electrocatalysis are reviewed. The challenges associated with the practical utility of
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1 Introduction

Heterogeneous catalysts comprising metal nanoparticles on
supports are widely employed for accelerating the kinetics of
industrially important reactions. Nevertheless, the full potential
of such systems is hitherto unexploited as the atoms exposed
only on the metal nanoparticle surface are active and the atomic
utilisation of metal is low. Moreover, the predominant use of
precious metals like Pt, Rh imparts exorbitant costs for
heterogeneous catalysts. Single Atom Catalysts (SACs) or
Atomically Dispersed Metal Catalysts (ADMCs) refer to an
incipient class of materials where active centers of metals are
individually dispersed on appropriate support through coordi-
nation with atoms like nitrogen, oxygen, sulphur, etc. The
partial positive charges on metal sites due to decreased electron
density offer modified interactions thereby enhancing the rate
of conversion of substrate into product. Furthermore, metal
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atoms in SACS/ADMCs are spatially isolated to influence the
adsorption characteristics of reactive intermediates, thereby
preventing the unwanted side reactions that proceed through
adjacent metal sites. The development of SACs and ADMCs
provides the most ideal strategy for creating catalysts that are
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cost-effective for a multitude of applications including photo-
catalysis, electrocatalysis and organic transformations.

One of the essential requirements for realisation of SACs is
the effectiveness of coordination of metal centers with matrix/
support atoms. The free energy of metal increases as it tends
to manifest itself in the finest form and a strong coordination
with support atoms is imperative to counter aggregation
tendencies. In this context, 2D materials owing to their surface
area and weak van der Waals forces possess significant advan-
tages, to be employed as the matrices for SACs and ADMCs.
Consequently, a host of supports like N-doped carbon, gra-
phene, and high surface area metal oxides are explored. More
recently, 2D layered g-C;N,, an organic semiconductor was
established as an effective candidate for visible-light induced
photocatalysis by virtue of its band gap of 2.7 eV. g-C3N, is
constructed of layered hexagonal building blocks of tri-s-
triazine units and forms sheet-like pi conjugated structures
composed of sp> C and sp> N.}

The abundant nitrogen atoms in g-C;N, facilitate the
anchoring of single metal atoms through the effective coordi-
nation between empty (or partially empty) orbitals of metal
atoms with the electron lone pairs of nitrogen. g-C;N, has thus
been demonstrated to be an excellent host for the development
of SACs, despite its below average surface area. Atomic level
dispersion of metal species over g-C3;N, results in the develop-
ment of 6 major varieties of catalyst systems (Fig. 1) depending
upon the metal distribution and loading. The conventional
terminology of g-C5N, based single atom catalysts (SACs) refers
to the ideal condition of uniformly dispersed, individual, iso-
lated metal atoms coordinated to g-C3N, matrix. In g-C3N,
based atomically dispersed metal catalysts (ADMCs), metal
atoms are dispersed in the form of clusters containing dimers,
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trimers, etc along with isolated single metal atoms. More
recently g-C;N, based dual metal single atom catalysts emerged
where two different metals are coordinated to the matrix as
single atoms (DM-SACs). Ultra-high density single atom cata-
lysts (UHD-SACs) refer to the atomic level dispersion of metal
atoms at very high metal loading (>20 wt%) and with ultrahigh
atom density (5-15 atoms nm > at a spacing of 0.2-0.5 nm).2
Depending upon the positioning of single atoms on g-C;N,
matrix two more classifications are reported. In edge confined
single atom catalysts (EC-SACs) the metal atoms are preferen-
tially located at the edges of g-C3N, sheets through unsaturated
vacancies along the edges. On the other hand, in interlayer
coordinated SACs (ILC-SACs), confinement of the single atoms
occurs in between the layers of g-C;N, through coordination
with appropriate functional groups.

The chronology of developments leading to the establish-
ment of SACs based on g-C;N, is provided in the timeline below
(Fig. 2).

In this review, we attempt to comprehensively analyse the
developments based on g-C;N, supported single atom catalysts
(SACs) and cover its applications in the areas of photo, electro
and thermal catalysis. A tutorial like description of the funda-
mental aspects related to the synthesis and characterisation of
g-C3N, SACs is included. DFT studies in the reported works are
also incorporated primarily to throw light on the prospective
experimental works that can be pursued. To the best of our
knowledge, this review is the first attempt to cover all the
applications thus far explored on g-C3;N, SACs.

2 Graphitic carbon nitride as support
for SACs

g-C3N, consists of s-triazine or tri-s-triazine rings as the basic
constituent units that offer uniformly placed, abundant
nitrogen atoms to confine single metal atoms effectively and
with high loading. The terminal tri-s-triazine unit of g-C;N,
comprises different types of nitrogen' as presented schemati-
cally in Fig. 3. The various N-species in g-C;N, are demonstrated
to be very effective for catalytic reactions as they impart H-
bonding, tunable basicity, Lewis acidity. Strong metal-support
interaction is essential to stabilise the well-dispersed metal
species as isolated single metal atoms for imparting selectivity
and catalytic activity. This will also prevent the diffusion and
aggregation of single atoms at the time of synthesis as well as
during the utilisation of SACs at various reaction conditions.
This is primarily facilitated by the substantially greater surface
energy of metal single atoms compared to their nanoclusters
and nanoparticles.”

Synthesis of g-C3N, is carried out by thermal decomposition
and polymerisation of N-rich precursors like melamine, cyana-
mide, dicyandiamide, urea, thiourea and their mixtures at 550 °C
in air,"” as shown schematically in Fig. 4. The bulk material
formed at 550 °C is similar irrespective of the atmosphere of
firing but may differ in the degree of condensation and product
yield. Generally, all the precursors first condense to melamine at
235 °C followed by a self-condensation leading to the formation
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g-C;N, based atomically dispersed
metal catalysts (ADMCs)

i
T .
g-C;N, based dual metal single atom g-C;N, based ultra-high density single
catalysts (DM-SACs) atom catalysts (UHD-SACs)

g-C;N, based single atom catalysts with edge g-C;N, based single atom catalysts with interlayer
confinement of single atoms (EC-SACs) coordination of single atoms (ILC-SACs)

Fig. 1 Various configurations of metal atom dispersions over g-CzN,4 matrix.

First-principle investigation

Pd/g-C;N, & Pt/g-C3N, on g-C3N, based transition-
First practical fabrication SACs for photocatalytic metal (Fe, Co.Ni, Cu& Zl;)
of SACs (Pt,/FeOy)? CO, reduction? single atom photocatalysts

2015 2017
A S Y S

2011 2016 2018
First stable single-site [Pd] Systematic study on stabilization of
mpg-C3N, heterogeneous Single Metal Atoms of Pd, Ag, Ir, Pt,
catalyst for hydrogenations® Au on g-C3N,3

Kilogram-scale production of g-C3N,
Development of g-C;N, based ultra-high density single atom
based rare earth SACs® catalyst of 15 transition metals1?

N~ Y Y

2020 2022
Development of g-C3N, based Theoretical study on transition metal
dual metal single atom catalyst single atom supported on g-C3;N, as
(PtRuSA-CN)’ bifunctional oxygen electrocatalyst®

Fig. 2 Timeline representing the chronology of advancements in SACs based on g-CzN,4.3™*
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of a dimer called melam (N2-(4,6-diamino-1,3,5-triazin-2-yl)-
1,3,5-triazine-2,4,6-triamine). Essentially melamine (triazine)
based structures are formed up to a temperature of 350 °C. At
390 °C melam units are converted into tri-s-triazine units called

)

melem by the rearrangement of melamine. Finally, the net-
worked polymeric g-C;N, is formed by the successive conden-
sation of melem units at 520 °C. The material is unstable above
600 °C and complete decomposition to volatile components

Q

(’rOE'.

Cyanamide

450 - 650 °C

£

@)

Thiourea

Fig. 4 Synthesis of g-CsN4 from various nitrogen abundant precursors.
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Fig. 5 Various strategies employed during (a) direct and (b) post synthesis of g-CsN4 SACs.

occurs at temperatures >700 °C in air."® Template assisted
thermal polymerisation of g-C;N, precursors results in the
formation of mesoporous polymeric g-C3;N, (mpg-CsN,) with
enhanced surface area. Thermal exfoliation of bulk g-C3N, (BCN)
leads to the formation of g-C;N, nanosheets/exfoliated g-C3N,
(ECN) with improved surface area. All the 3 forms of g-C;N, i.e.,
BCN, mpg-C;N,, ECN can perform as a support for SACs.

3 Synthesis of g-C3sN,4 based single
atom catalysts

Pérez-Ramirez et al. proposed direct and post-synthesis
approaches for g-C;N, based SACs. Direct synthesis involving
the pyrolysis of the g-C;N, precursors with metal salts is

Side view
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a bottom-up approach. During the polymerisation of g-C3;N,
from precursors, single metal atoms are anchored on to the g-
C;3N, support. Post synthesis is a strategy employed to disperse
single atoms on synthesised g-C;N, types like bulk g-C;N, mpg-
C3Ny, ECN, etc which are prepared either through template free
or template assisted synthesis strategy.® Fig. 5 depicts the
multiple approaches involved in both the above categories for
the preparation of g-C3N, SACs.

3.1 Direct synthesis

3.1.1 Template free direct synthesis. Template free direct
synthesis involves the pyrolysis of the mixture containing g-C3N,
precursor and a corresponding metal salt. Dong et al. demon-
strated the synthesis of rare-earth La single-atoms dispersed

S50°C,4h

Er"@MES Er/CN.NT

Fig. 6 (a) Template free direct synthesis of La single-atoms dispersed carbon nitride (O/La—CN). Reproduced with permission from ref. 16.
Copyright 2020 American Chemical Society. (b) Direct synthesis of single Cu atoms supported crystalline g-CzN4 (Cu—CCN) through molten
salts-reflux method. Reproduced with permission from ref. 18. Copyright 2020 American Chemical Society. (c) Mechanism of supramolecular
preorganisation of g-C3N,4 based cobalt SAC. Reproduced with permission from ref. 19. Copyright 2020 Elsevier. (d) Freeze drying assisted direct
synthesis of erbium single atoms decorated g-C3Ny4 (Er;/CN-NT). Reproduced with permission from ref. 9. Copyright 2020 John Wiley and Sons.
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carbon nitride (O/La-CN) by the one-step calcination of
La,(COs); and urea at 550 °C resulting in amorphous g-C3N, with
homogeneously dispersed La single atoms (Fig. 6(a)).*®

3.1.2 Template assisted direct synthesis. Template assisted
direct synthesis involves the pyrolysis of g-C3N, precursor with
metal salt in the presence of templates like silica, SBA-15, etc. to
arrive at mpg-C3;N, as the support for single atoms. Dontsova
et al. demonstrated the synthesis of single atom silver dispersed
mpg-C;N, (AgTCM-mpg-CN) through the pyrolysis of the
precursor mix containing cyanamide and silver tricyanome-
thanide (AgTCM) in the presence of SiO, nanoparticles as the
template leading to AgTCM-mpg-CN with enhanced surface
area. The use of AgTCM as a reactive co-monomer facilitated
silver doping as negative charges are introduced into the C;N,
framework which provided strong binding sites for Ag single
atoms. The template assisted direct synthesis required the
removal of the SiO, template using NH,HF,."”

3.1.3 Molten salts and reflux method assisted direct
synthesis. Xiang et al. demonstrated the preparation of single
Cu atoms dispersed over crystalline g-C3N, through molten salt
and reflux method assisted direct synthesis (Fig. 6(b)). Cu atoms
are incorporated into the framework of melamine by mixing
melamine and CuCl, in the presence of HCl forming [H,-
mela],[CuCl5]Cl (where ‘mela’ is depicted as melamine)
comprising of negatively charged layers of [CuCl;],>” Cl™ ions
are then removed from [H,mela],[CuCl;]C] during the second
step of the synthetic procedure. Subsequent polymerisation of
melamine formed g-C;N, with heptazine basic units which on
molten salt treatment with KCl and LiCl followed by sulphuric
acid leaching led to the formation of crystalline g-C;N, with
atomically dispersed Cu atoms."®

3.1.4 Supramolecular preorganisation assisted direct
synthesis. Chen et al synthesised g-C;N, with atomically
dispersed cobalt through supramolecular preorganisation fol-
lowed by calcination. The reaction of dicyandiamide with nitric
acid led to the formation of dicyandiamidine nitrate precursor
which self-assembled intermolecularly with dicyandiamide
resulting in the formation of a crimped supramolecular precursor.
The thermal treatment of supramolecular precursor together with
cobalt chloride led to the formation of g-C;N, matrix embedded
with atomically dispersed Co species (Fig. 6(c)).*

3.1.5 Freeze drying assisted direct synthesis. Freeze drying
assisted direct synthesis facilitates atom confinement and coor-
dination (ACC) (Fig. 6(d)). Wang et al. employed this ACC strategy
to synthesise high density rare-earth single-atom Er catalyst
using g-C;N, support. Melamine sponge soaked in an aqueous
solution containing erbium salt (Er(NO;);-5H,0) and urea is
frozen by liquid N, for an evenly distributed concentration of the
precursors. The complete moisture removal from the frozen
sponge is ensured by freeze drying, and the sample is annealed
under N, to form erbium single atoms decorated g-C;N, with
tubular morphology (Er;/CN-NT). The nitrogen atoms present in
melamine sponge and urea enable the coordination of erbium
atoms and the employment of ultralow temperatures of liquid N,
and freeze drying facilitates the atomic confinement of Er
forming the formation of low- and high-density Er;/CN-NT.°

This journal is © The Royal Society of Chemistry 2023
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3.2 Post synthesis

Use of template like silica, SBA-15, etc during the pyrolysis of g-
C;N, precursors, forms mpg-C;N, with enhanced surface area.
Exfoliated g-C;N, is obtained through thermal or chemical exfo-
liation. Post synthesis strategy involves the mixing of metal salts
in g-C3;N, dispersion and its conversion to single metal atoms
using techniques like chemical reduction, reduction under an
inert atmosphere, photochemical reduction, microwave treat-
ment, electrostatic adsorption, and atomic layer deposition (ALD).

3.2.1 Chemical reduction. Chemical reduction involves the
usage of chemical reducing agents such as NaBH, for the depo-
sition of metal as single atom. Pérez-Ramirez et al. demonstrated
this post synthetic strategy for the incorporation of single metal
atoms of Pt, Ir, and Pd on g-C3N, of varying morphologies (Bulk g-
C3N,4, mpg-C3N,, ECN). A sequential wet deposition/wet impreg-
nation—-chemical reduction approach (NaBH,) employing metal
salts of Pd/Pt/Ir (PdCl,, H,PtCls-xH,0, K,IrCls-6H,0) yielded g-
C;3N, SACs with a metal loading of 0.5 wt%.°

3.2.2 Microwave treatment. Li et al. showed the formation
of single Co single atoms on mpg-C;N, by microwave assisted
thermal treatment of a precursor mix containing CoCl,, g-C3Ny,
triethylamine (TEA). TEA enhanced the deposition of Co** with
the increase of CoCl, content and cobalt loading up to 0.430
pmol mg’1 of mpg-C;N, was achieved. However, a cobalt
content of 0.016 pmol mg™" was only achieved without TEA
despite the use of large excess of CoCl,.>®

Similarly, Zbofil and co-workers successfully employed
microwave heating assisted post synthesis strategy for the
development of ruthenium single atom dispersed mesoporous
2-C3N, catalyst (Fig. 7(a)).*

3.2.3 Electrostatic adsorption. Liu et al. developed Au;N,/
C;3N, SACs through the post synthesis strategy involving electro-
static adsorption (Fig. 7(b)). g-CsN, derived from urea precursor is
treated with ammonia solution to develop surface positive
charges, which on subsequent reaction with HAuCl, forms Au;N,
single-sites over g-C3N,.** In a similar approach, single atom Pt"-
C;N, catalyst was also developed by the same group.”

3.2.4 Atomic layer deposition (ALD). ALD is also employed
as a post synthetic strategy to develop g-C3N, SACs. Yao et al.
deposited Co single atoms over surface functionalised g-C;N,.
Prior to Co ALD, phosphorous doping (phosphidation) using
sodium hypophosphite as the non-metal, alters the surface
functionalities as well as porous structure of the g-C;N, matrix
via CoP, center formation. ALD using cobalt bis(cyclopenta-
dienyl) followed by O; treatment led to the formation of a single
Co;-Nj site over the matrix with a cobalt loading of 1 wt%.**

3.2.5 Photochemical reduction. Guo et al. synthesised Pt
single atoms on N-deficient g-C3N, employing a photochemical
process involving the mixing of H,PtCls with an aqueous disper-
sion of g-C;N,. Freezing under liquid N, temperature followed by
photochemical reduction with UV light resulted in the formation
of single atom Pt decorated nitrogen deficient g-C;N,. On the
contrary, g-C;N, loaded with Pt nanoparticles was formed when
the reduction was conducted without liquid N, assisted freezing.*

3.2.6 Reduction under an inert atmosphere. Chen et al
successfully demonstrated the development of single atom Au

J. Mater. Chem. A, 2023, 11, 8599-8646 | 8605
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supported on mpg-C;N, with a metal loading of 0.0519 wt%.
HAuCl, is added to an aqueous dispersion of mpg-C;N, and the
resulting product is annealed at the low temperature of 100 °C
under an inert atmosphere of H,/Ar. The Au ions are thus
reduced to single Au atoms and the Au loading in the catalyst is
regulated by changing the annealing temperature.>

Ultra-high density single atom catalysts (UHD-SACs) by
atomic level dispersion of 15 transition metals on suitable
supports having different structural and chemical characteristics
were illustrated recently by Lu and co-workers. Consequently,
UHD-SACs on supports like N doped carbon (NC), polymeric

Table1 Common synthetic approaches for g-CzN4 based SACs

C3N,; (PCN) and metal oxide (CeO,) were developed through
a post synthetic strategy involving the impregnation of aqueous
solutions of metal salts on supports followed by two-step
annealing under inert atmosphere to realise a metal loading
up to 23 wt%. The two-step annealing process facilitated the
removal of ligands from metal precursors in a controlled manner
and selectively coordinated metal ions to all the available
anchoring sites present on the support surface to realise ultra-
high metal loading. The first annealing step was done at
temperatures (7;) lower than the decomposition temperatures of
the metal salts under an inert atmosphere. The unbound metal

Synthesis Techniques

Remarks

Direct synthesis e Template free synthesis

e Template assisted synthesis

e Molten salts & reflux method assisted synthesis

e Supramolecular preorganisation assisted synthesis
e Chemical reduction

e Reduction under an inert atmosphere

e Photochemical reduction

Post synthesis

e Electrostatic adsorption
e Microwave treatment (MW)
o Atomic layer deposition (ALD)
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o Effective stabilisation of single atoms as coordination occurs
along with polymerisation of g-C;N, precursors

e High & ultra-high metal loading can be realised

e Easily scalable & low cost

e Necessarily involves high temperature pyrolysis (550-600 °C)
e Better control of the textural properties like surface area

e Low metal loading in general

e Metal-support interaction is weak compared to direct
synthesis

® MW & ALD are hardware intense

This journal is © The Royal Society of Chemistry 2023
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species were removed by washing to prevent the aggregation and
sintering of the metal species in the subsequent annealing step.
Further, the second stage of annealing at a higher temperature
(T») completely removed the remaining ligands and transformed
the chemisorbed metal species into highly stable UHD-SAC
systems. The above two-step annealing strategy enabled the
kilogram-scale production through robot assisted-automatic
synthesis taking Ni UHD-SAC on PCN as a case study."

Table 1 summarises the synthesis strategies with their
attributes. In comparison, the direct synthesis route is more
beneficial than post synthesis route to achieve g-C;N, SACs with
high metal content. Post synthetic methods suffer from the
drawback of promoting aggregation leading to nanoparticle
formation at high concentrations of the localised metal species.
On the other hand, direct synthesis methodologies enable
uniform distribution of single atoms but are susceptible to
reduced atom efficiency owing to the entrapment of metal in the
support matrices.

4 Analytical tools for understanding
g-C3N4 based single atom catalysts

The atomically dispersed metal species over g-C3N, matrix, act
as a catalytically active centre for facilitating various catalytic

TEM

View Article Online
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reactions. It is imperative to cognise the atomic and electronic
structure of the single atom sites of SACs to elucidate the
mechanism governing its catalytic activity. Various analytical
tools have thus been employed to substantiate the occurrence of
metal species in single atom configuration, to determine its
distribution over g-C;N, matrix and its coordination environ-
ment. In this section, we examine the various characterisation
techniques used for analysing g-C;N, SACs and the elucidation
of data from those techniques (Fig. 8).

4.1 XRD analysis

The detection limit of conventional X-ray powder diffraction for
supported nanoparticles is often set at 2-2.5 nm size range,
below which low signal to noise ratios make size detection
challenging.” Absence of peaks in the XRD pattern of g-C;N,
based SACs merely rules out the existence of metal NPs and
metal oxides, but not confirming the formation of metal single
atoms. g-C3N, exhibit two characteristic XRD diffraction peaks at
26 values of 13.3° and 27.8° are attributed respectively to the in-
planar structural packing of (100) crystallographic plane and the
(002) lattice plane corresponding to the interplanar stacking of
aromatic systems.** Due to the atomic level dispersion of single
atoms over g-C3N, matrix, the above characteristic XRD peaks
diminish. For e.g., Zhou and co-workers reported the complete
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Fig. 8 Various analytical tools for the characterisation g-CzN,4 based SACs. Reproduced with permission from ref. 9. Copyright 2020 John Wiley
and Sons. Reproduced with permission from ref. 16. Copyright 2020 American Chemical Society. Reproduced with permission from ref. 27.
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Fig. 9 (a) XRD patterns of g-C3sN4 (0%) and Mo/CsN4 (1-5%). Reproduced with permission from ref. 27. Copyright 2019 Elsevier. (b) Morpho-
logical analysis of O/La—CN catalyst; (i and ii) TEM images, (iii) HAADF-STEM image of the thinner region, (iv) SAED pattern, (v) HAADF-STEM EDS
mapping (yellow, blue, and green color represents carbon, nitrogen and lanthanum), (vi-viii) spherical aberration-corrected HAADF-STEM
images, (c) EELS spectra of two separate labelled regions. Reproduced with permission from ref. 16. Copyright 2020 American Chemical Society.
(d) XPS spectra; (i) C 1s, (i) O 1s; (iii) N 1s, (iv) Mo 3d. Reproduced with permission from ref. 27. Copyright 2019 Elsevier.

disappearance of peaks when the Mo loading is increased to 4%
(Fig. 9(a)). The long-range order of g-C;N, is thus disturbed
inducing the amorphous transformation of g-C3N,.>”

4.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is extensively
employed for the morphological and structural identification of
material. However, the conventional TEM of nanoscale resolu-
tion is insufficient for imaging single-atoms as its normal
detection limit is =1 nm. A combination of high-resolution
TEM imaging and SAED imaging is commonly used to rule
out the presence of large metal NPs in a given area of the SAC
sample."** Nevertheless, the mentioned tools cannot be used to
confirm the absence of NPs in the bulk sample. Additionally,
the absence of lattice fringes and diffractions in HRTEM image
and the selected area electron diffraction (SAED) pattern
confirm the amorphous nature, as has been demonstrated by
Dong et al. in g-C3N, system with atomic level dispersion of La
(O/La-CN) (Fig. 9(b)(i, ii) and (iv)).*®

4.3 Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)

Recent developments in the field of electron microscopy have
led to the emergence of aberration-corrected high-angle

8608 | J Mater. Chem. A, 2023, 11, 8599-8646

annular dark-field imaging scanning TEM (HAADF-STEM),
with a resolution as small as 0.1 nm providing atomic scale
information.** Single metal atoms are identified on supports
with the aid of HAADF-STEM with aberration correctors,
provided the atomic number of the metal atom of interest is
much higher than the constituent element of the supports. The
single-atoms dispersed on the g-C;N, matrix and its spatial
distribution can be directly imaged using aberration corrected
HAADF-STEM analysis.*® For example, HAADF-STEM imaging
and the associated analysis of rare-earth La single atoms on
carbon nitride (O/La-CN) (Fig. 9(b)(iii) and (vi-viii)) revealed the
existence of single La atoms over g-C;N, matrix.*®

4.4 Energy-dispersive X-ray spectroscopy (EDS) and electron
energy-loss spectroscopy (EELS)

Energy-dispersive X-ray spectroscopy (EDS) and/or electron
energy-loss spectroscopy (EELS) are always used in conjunction
with STEM for validating the composition of the synthesised g-
C3N, SACs.** Energy-dispersive X-ray spectroscopy (EDS/EDX)
together with HAADF-STEM is used to map the distribution of
single metal atoms over g-C;N, matrix and to identify the
constituent elements. The energy-dispersive spectroscopy (EDS)
mapping of O/La-CN confirmed the uniform distribution of
La, N and C elements in the g-C;N, framework (Fig. 9(b)(v)).
EELS spectra derived from the positioning of an electron probe

This journal is © The Royal Society of Chemistry 2023
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directly over a single atom can deliver information about the
coordination environment by nearest neighbouring atoms.
EELS spectra of O/La-CN from two selected locations are
compared in (Fig. 9(c)). The presence of N and La atoms in this
location, with no evident O, suggests La-N coordination
structure.'®

HAADF-STEM in combination with EDS/EELS allows the
direct visualisation of single atoms only in a limited area and
cannot provide conclusive evidence for the absence of metal
nanoparticles in the bulk of the material. So, it's critical to
analyse microscopic observations in conjunction with spectro-
scopic tools that could provide overall information about SACs
such as chemical and electronic structure, coordination envi-
ronment of g-C;N, based SACs. X-rays, owing to their short
wavelength (0.01-1 nm), are the most suitable source for atomic
scale structural information, X-ray Absorption Spectroscopy
(XAS) is thus used to detect the detailed coordination environ-
ment of single atoms. Spectroscopic techniques, in comparison
with microscopic tools, can better resolve elements of similar
atomic weights (e.g., N and C, Co and Mo) and can thus be
utilised to derive qualitative and quantitative information about
the valence state of single atoms.*® In situ and operando char-
acterisations are enabled in XAS as it can operate without
ultrahigh vacuum requirements. Similarly, X-ray photoelectron
spectroscopy (XPS) measurements can identify the variations in
surface composition and valence state.*”

4.5 X-ray photoelectron spectroscopy (XPS)

XPS is an essential characterisation tool for probing the elec-
tronic structure of surface-localised species and for determining
the valence states of surface elements. Single metal atoms
supported on 2D matrices normally possess partial (or full at
times) positive charge due to the strong covalent coordination
or ionic interaction with neighbouring surface atoms or
ligands. The heterogeneity/homogeneity of single atom species
is mostly identified through a singlet peak in the XPS analysis
which indicates a unified positive charge for the metal
elements.***°

XPS analysis of a single Mo atom dispersed on g-C;N, matrix
(a-Mo/C3N,, where a = (0-4%)) revealed the amorphous trans-
formation of g-C;N, due to atomic level dispersion of Mo atoms
over the matrix. The C 1s spectra of pure g-C;N, exhibit peaks at
284.8 eV and 288.2 eV which are attributed to the adventitious C
contamination and C-N bonds respectively. For a-Mo/C3Ny,, the
peak at 284.8 eV related to the C-C bond has grown signifi-
cantly, and the peak of the C-N bond has shifted to 287.8 eV.
The “outward twisting of melon units” and the hydrogen bond
cleavage of polymeric strands of melon units are responsible for
these changes in the XPS spectra, confirming that g-C;N, has
undergone an amorphous transformation. The high-
resolution N 1s XPS spectra of g-C3;N, displayed peaks corre-
sponding to C-N-C bond and N-(C); bond, and C-N-H bond at
398.7 eV, 400.1 eV, and 401.3 eV respectively. The dispersion of
Mo single atoms induces the disappearance of C-N-H bond
peak due to the above-mentioned H-bond cleavage. A new peak
for a-Mo/C;N, can be seen at 396.2 eV, which is derived from the

This journal is © The Royal Society of Chemistry 2023
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Mo-N bond, demonstrating the creation of the Mo-N bond after
the insertion of Mo atoms. The O 1s spectra of pure g-C3N, have
a peak at 532.0 eV due to the C-O bond, and a second peak at
531.1 eV appears due to the -OH bond during the formation of
Mo single atoms from ammonium molybdate precursor.
Furthermore, Mo(vi) and Mo(v) 3ds,, orbitals are evidenced by
peaks at 235.4 and 234.3 eV respectively, while Mo(vi), Mo(v),
and Mo(wv) 3ds/, orbitals are confirmed from peaks at 232.4,
231.1, and 229.7 eV, revealing the abundant valence state of Mo
in a-Mo/C;N, (Fig. 9(d)(i-iv)).””

4.6 X-ray absorption spectroscopy

X-ray Absorption Spectroscopy (XAS) is an element-specific
technique for probing the local coordination environment by
detecting fluctuations in the absorption of an ejected photo-
electron due to multiple scattering pathways.?”*° XAS analysis
mainly consists of extended X-ray absorption fine structure
(EXAFS) and X-ray absorption near-edge structure (XANES)
analyses. The atoms surrounding the single atom produce
outgoing and backscattered waves and their interference yields
EXAFS spectra. EXAFS analysis of SAC provides essential infor-
mation regarding the coordination number of single atom
site(s) and its interatomic distance with backscatter atoms
within its vicinity, in comparison with standard metal foil and
metal oxides. The structural disorder and the type of neigh-
bouring atoms present at a specific bond length are also
deduced from EXAFS. The absence of signal corresponding to
metal-metal interaction in EXAFS spectra rules out the forma-
tion of metal NPs and metal oxides.**

XANES analysis further helps in determining the oxidation
state of the single metal atom dispersed over the support. XAS
analysis techniques establish the identity of single metal atoms
through EXAFS and derive quantitative data related to coordi-
nation. Further, XAS analysis proposes suitable geometric
arrangements for single metal atoms through the curve-fitting
of XANES data based on predictable coordination environ-
ments. Fig. 10(a—e) shows the XAS analysis details of low-density
(2.5 wt% Er loading) and high-density (20.1 wt% Er loading) Er
single atom anchored on g-C3;N, nanotubes (Er;/CN-NT). Four-
ier transform-extended X-ray absorption fine structure (FT-
EXAFS) reveals radial distance resolution (R-space) while
wavelet transform-extended X-ray absorption fine structure
(WT-EXAFS) can discriminate the backscattering atoms to
provide resolution in both R-space and k-space. FT-EXAFS
spectra, of LD-Er;/CN-NT and HD-Er;/CNNT samples, exhibi-
ted only one main peak at around 1.8 A. The absence of a peak at
about 3.5 A, corresponding to Er-Er interaction for LD-Er;/CN-
NT and HD-Er,;/CNNT samples confirmed the formation of
a single Er atom over CNNT without the formation of metallic
crystalline Er species. WT-EXAFS plots also supplemented the
above observation due to the presence of only one intensity
maximum at around 4.0 A™* corresponding to Er-N bond for
the LD-Er;/CN-NT and HD-Er;/CN-NT samples.

The white line intensity reduction of Er L3-edge XANES
spectra with the increase in Er loading from 2.5 wt% to
20.1 wt%, indicate a decrease in the oxidation state of Er in the
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order Er,O3 > LD-Er;/CN-NT > HD-Er;/CN-NT. In comparison to
LD-Er;/CN-NT, HD-Er,/CN-NT has a flattened white-line peak at
8360 eV, implying an interaction between central and
surrounding Er atoms resulting in the charge redistribution due
to the shortening of spatial distance between neighbouring Er
atoms. Quantitative least-squares EXAFS analysis demonstrated
that both LD-Er;/CN-NT, and HD-Er;/CN-NT exhibited one
main peak at around 1.8 A arising from the first shell of Er-N
scattering. EXAFS results also indicated that the single Er atoms
have a first shell coordination number of six in both LD-Er;/CN-
NT and the HD-Er;/CN-NT samples.’

5 Catalytic applications of single
atom confining on g-C3zN4 matrix
5.1 Photocatalysis

Visible light-driven semiconductor photocatalysis is widely
pursued as an environmentally benign and sustainable solution
for pollution control and energy production. Photocatalyst
alters the kinetics of a chemical reaction upon light irradiation
through the creation of highly effective reactive oxygen species
(ROS) and has been demonstrated for applications like the
degradation of organic pollutants in wastewater, creating self-
cleaning surfaces, splitting water for hydrogen evolution, etc.**
The photocatalyst possesses a favourable combination of elec-
tronic structure, excited-state life time, light absorption prop-
erties and charge transport characteristics.*

g-C3Ny, because of its flexible indirect band edge positions,
excellent thermal stability, resistance to acids and bases, and
insolubility in common solvents like water, ethanol, acetone,

8610 | J Mater. Chem. A, 2023, 11, 8599-8646

etc., is found suitable for a wide range of photocatalytic appli-
cations. These properties originate from the van der Waals force
that holds together the stacked graphitic layers.**** Neverthe-
less, the application of g-C;N, is limited as it utilises only
a small region of the visible spectra. A low specific surface area
in the range of 10-30 m> g ' for bulk g-C;N, is also an
impediment to widespread applications owing to the reduction
in reactive sites. The high rate of recombination of excitons,
poor light harvesting, and limited generation of radical species
are the factors primarily responsible for its low catalytic effi-
ciency during the redox reactions.*

The recombination process in g-C3;N, is perceived to be
controlled by facilitating separation between photogenerated
electron-hole pairs and various strategies such as hetero-
structure formation, incorporation of metal co-catalyst, impu-
rity doping, etc are demonstrated thus far. Among them, the
incorporation of a metal co-catalyst is a viable strategy to reduce
exciton recombination as the metal Fermi level is positioned in
between the band edge positions of C;N,. The transfer of pho-
togenerated electrons from the conduction band (CB) to the
metal enables the separation of the exciton pairs leading to
improved photocatalytic efficiency.*

The usage of noble metals such as Au, Pt, Pd as co-catalyst is
effective but is limited due to their high cost. Replacement of
noble metals with cost-effective transition metals is an afford-
able solution for the applications of g-C;N, based photo-
catalysts. However, very low atom utilisation efficiency,
availability of minimal catalytically active species and poor
selectivity of the metal nanoparticles are the bottlenecks for its
practical application. Metal particles of appropriate sizes can

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 Various reactions catalysed by g-CszN,4 based SACs in the area
of photocatalysis.

only act as catalytically active species while those with non-
optimal sizes may facilitate various undesired secondary reac-
tions which further reduce the catalytic efficiency of the catalyst.
To overcome these limitations, g-C;N, based catalysts with
atomic level dispersion of metal are recently developed.*®

SACs comprising of spatially isolated, individual metal
atoms stabilised on C;N, matrix, show unusual potential due to
unsaturated coordination sites for realising maximum atom-
utilisation efficiency. Consequently, C;N, based on SACs and
ADMCs with unique electronic structures serve as potential
candidates for catalysing various reactions by virtue of their
advantages such as remarkably high catalytic activity, reduced
catalyst amount, and abundance of single active sites.™

The past few years have seen significant research efforts
leading to the development of a research domain of g-C;N,
based single atom photocatalysts for various applications
(Fig. 11).

Zhang et al. employed density functional theory (DFT) to
study the improved photocatalytic activity of g-C;N, based

Fig. 12 (a) Schematic representation of three-layer g-CsN4 model, (b)
2 x 2 x 1 supercell monolayer g-CsN4. The highlighted ring
composed of six numbers of bi-coordinated nitrogen atoms is referred
to as six-fold cavity. Reproduced with permission from ref. 7. Copy-
right 2018 Elsevier.
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transition-metal (Fe, Co, Ni, Cu and Zn) single atom catalysts.
To identify the adsorption sites of single atoms of various
transition metals on multi-layered g-C;N, sheets, a three-layer g-
C;3N, structure was constructed by cleaving the (001) g-C3N,
surface. The structure comprising 24 N atoms and 18 C atoms
and with the optimised lattice parameter values of a = b =7.13
A, ¢ = 21.54 A contained numerous six-fold cavities capable of
trapping metal single atoms (Fig. 12).”

Due to the presence of empty d orbitals in transition metals,
single atoms of Fe, Co, and Ni were inserted into the layers of g-
C3;N, sheets through strong coordination with their neigh-
bouring C, N atoms. On the other hand, Cu and Zn atoms with
completely filled d orbitals stay at the six-fold cavities present in
the g-C;N, surface through coordination with N atoms present
at the edge of the cavities. The charge carrier transfer between
the interlayers of g-C3N, is reduced due to the high interlayer
distance of 3.27 A resulting in a high rate of exciton recombi-
nation. Incorporating single atoms of metal altered the inter-
layer spacing of g-C;N,. The loading of Fe, Co, and Ni single
atoms significantly shortens the interlayer distance between
slabs I and II. The value decreased from 3.27 to 2.25, 2.41 and
2.39 A for Fe, Co and Ni respectively. The interlayer charge
transfer was thus accelerated for aforementioned SACs.
However, the incorporation of Cu and Zn atoms hardly affected
the interlayer spacing with minimal reduction in values to 2.90
A and 2.75 A respectively. Similar reductions in the interlayer
spacing between slab II and slab III were also observed in Fe/g-
C;3N,, Co/g-C3N, and Ni/g-C3N, with interlayer distances of 2.47
A, 2.48 A and 2.45 A respectively. For Cu/g-C;N, and Zn/g-C3N,,
the interlayer spacing between slab II and III remains almost
unchanged at 3.28 A’

The bond population is an effective measure of the nature of
a chemical bond and a low value indicates that the ionic nature
of the bond increases and the covalent nature decreases. The
covalent nature of C-N bond in g-C;Nj, is justified by its bond
population value of >0.7. The bond population values for all the
bonds between metal atoms and adjacent non-metal atoms (C
or N) present in the catalysts are significantly lower than 0.7,
which indicates greater electron delocalisation leading to
accelerated charge transfer between g-C3;N, layers. The forma-
tions of Cu-N and Zn-N (metal-nitrogen bonds) in Cu/g-C3N,
and Zn/g-C;3;N, are not sufficient to improve the charge transfer
between layers while the presence of both metal-carbon and
metal-nitrogen bonds in Fe/g-C3;N,, Co/g-C3N, and Ni/g-C3N,
systems exhibited enhanced charge transfer properties.”

5.1.1 Photocatalytic carbon dioxide reduction. The rational
design of photocatalytic systems that are responsive to visible
light holds great potential for the effective conversion of carbon
dioxide (CO,) to value-added feedstock, thereby combating the
increased environmental issues created by uncontrolled emis-
sions. The chemical reduction of CO, to simple C,/C, chemicals
such as CO, HCOOH, CH,, HCHO, C,H,OH, CH,OH, and other
hydrocarbon compounds using renewable and inexhaustible
solar energy mediated photocatalytic process has emerged as
a possibility.*” However, the high C=0 dissociation energy of
~750 k] mol " and the optically inert nature of CO, molecule in
the wavelength range of 200-900 nm, render the reduction
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process extremely difficult and complex with multiple proton
and electron transfer pathways.*® It is therefore imperative to
develop photocatalytic systems with appropriate band struc-
tures that are responsive to solar radiation. The resulting pho-
togenerated electrons facilitate the CO, reduction process to
various value-added products. The one-electron reduction of
CO, to CO,' " is thermodynamically unfavourable due to the
highly negative reduction potential value of —1.90 V vs. NHE, at
pH 7.0.* The multiple proton-electron assisted CO, reduction
reactions occur at lower redox potential values as listed in
Fig. 13.

However, the reaction pathways are all uphill reduction
processes (AG > 0) and the conversion efficiencies are not yet
appreciable for the reduction of CO, to hydrocarbon fuels using
H,O0 as a reductant.”® Moreover, due to the very close matching
of redox potentials of possible products, the selectivity is very
poor, particularly for C, products. Furthermore, the stability of
the intermediate formed during multiple proton-electron
transfer pathways involved in the reduction reaction determines
the product selectivity.**

In the early emerging period of SACs, Du and co-workers
explored the potency of Pd and Pt single metal atoms sup-
ported on g-C;N, towards photocatalytic CO, reduction by
density functional theory (DFT) calculations. Pd and Pt single
atoms are stably confined into the six-fold cavity of g-C3N,
through the interaction of electron lone pairs present in the
neighbouring pyridinic nitrogen atoms. The calculated
binding energies for Pd and Pt were respectively —2.17 eV &
—2.95 eV. In Pd/g-C3N, & Pt/g-C3;N, systems, the noble metal
atoms act as active sites, while the g-C;N, matrix serves as
a source of hydrogen which is generated through hydrogen
evolution reaction. The evaluation of reaction pathways
suggests HCOOH, with a reaction barrier of 0.66 eV, as the
product expected for Pd/g-C3N,. On the other hand, Pt/g-C3N,
system was expected to reduce CO, to CH, with a reaction
barrier of 1.16 eV. This study established the correlation
between the metal and the product selectivity during the
photoreduction process. The distribution of Pd or Pt metal as
single atoms over g-C;N, framework led to enhanced visible
light absorption, thereby making it a potential candidate for
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visible light driven photocatalytic CO, reduction. This theo-
retical study paved the way for developing various g-C;N,
based SACs for CO, photoreduction reaction and its experi-
mental validation.®

Li and co-workers synthesised visible light active non-noble
metal Co**@CsN, catalyst for CO, reduction by stabilising
cobalt single atoms on g-C3N, matrix through Co-N coordina-
tion. Photocatalysts containing single Co** sites on C;Ng
exhibited excellent CO, reduction capacity and product selec-
tivity towards CO formation. The effect of metal loadings on CO
production and product selectivity was studied by varying cobalt
content between 0.004 and 0.430 pmol Co>* per 1 mg C;N,. A
significant amount of CO formation was observed with cobalt
loading lower than even 0.010 umol mg . The CO formation
increased linearly until a cobalt loading of 0.128 pmol mg ™" was
reached. Further increase in metal loading led to a slight
decline in CO production due to the formation of inactive cobalt
oxides. The product selectivity of the reduction reaction was
however unaffected by the presence of dormant cobalt oxide
formed at relatively high Co content.>

Zhou and co-workers successfully demonstrated the amor-
phous transformation of g-C;N, by atomically dispersing Mo
atoms over g-C;N, matrix. The Mo-C and Mo-N bonds altered
the long-range order of g-C;N, and the retention of each melon
unit led to a crystalline to an amorphous phase transition. This
transformation to amorphous g-C;N, enabled significant
enhancement in its light absorption in the visible range with
a strong band tail and an absorption edge up to 750 nm.
Additionally, the newly formed Mo-C and Mo-N bonds
enhanced the charge separation dynamics by acting as path-
ways for photogenerated excitons. The excellent photocatalytic
CO, reduction capacity of Mo/C;N, systems was attributed to
the enhanced visible light activity of the catalyst along with the
reduced recombination rate of photo excitons. Under visible
light irradiation, Mo/C3N, systems exhibited the CO and H,
production rates of 18 and 37 pmol g~ * h™* respectively which is
10.6- and 4-folds greater than that of crystalline g-C3N, >

Wang et al developed atomically dispersed rare earth
erbium (Er) atoms on carbon nitride nanotubes for CO,
reduction through a strategy involving “atom confinement and

This journal is © The Royal Society of Chemistry 2023
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coordination (ACC)”. The methodology of confining Er
precursor and urea on melamine sponge, achieved at liquid N,
temperature, facilitated coordination between dispersed Er ions
and N atoms of the g-C;N, precursor. The ACC strategy helped
to fine tune the metal content from 2.5 wt% to 20.1 wt% and
could also be utilised for a variety of rare earth metals of
lanthanide series. Photocatalytic CO, reduction by high-density
Er single-atom catalyst (HD-Er;/CN-NT) under simulated solar
light produced CH, and CO at the rates of 2.5 umol g * h™* and
47.1 umol g~ h™" respectively which is higher than that of low-
density Er single-atom catalyst (LD-Er;/CN-NT) and bare g-C3N,
nanotube catalyst (CN-NT). The presence of Er active sites in
large numbers is presumed to be the cause for improved CO,
conversion rates. Moreover, the availability of multiple basic
sites for CO, adsorption, as corroborated by CO,-TPD
measurements, promoted enhanced reduction capacity in HD-
Er;/CN-NT samples. DFT calculations revealed that the gaseous
CO formation has a low theoretical limiting potential (0.3 V)
than CH, (0.39 V). Advantageously, the limiting potential for H,
evolution reaction, calculated to be 0.82 V, was much greater
than that of CO and CH,. Hence unfavourable H, production
could be successfully alleviated by Er atom catalysts.’

Another prominent school of thought practiced in SACs is on
the synthesis of crystalline g-C;N,, primarily to overcome the
demerits associated with the bulk morphology and excessive
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defects of amorphous g-C;N,. Xiang and co-workers reported
the development of copper single atoms incorporated crystal-
line g-C3N, nanorods (Cu-CCN) by molten salt and reflux
method. The prepared Cu-CCN photocatalyst showed 100% CO
selectivity with an improved generation rate of 3.086 umol h™*
¢ ! compared to 1.68 umol h™* ¢~ * and 0.895 umol h™* ¢~ for
crystalline and bulk counterparts. The CO, adsorption capacity
of Cu-CCN samples was enhanced as single Cu atoms served as
sorption sites for CO,. Theoretical calculations revealed that the
reduction of CO, to CH, is an entropy increasing process on Cu-
CCN samples, while the reduction of CO, to CO is a process of
decreasing entropy, thereby facilitating 100% product selec-
tivity towards CO (Fig. 14(a))."®

In a noteworthy contribution, Cao et al. developed a g-C;N,
based photocatalyst with atomically fused-Cu atoms through C-
Cu-N, four-center bond formation. An artificial enzyme like
configuration, similar to hemocyanin, is created where the
single atom copper exhibited a mixed valence state of Cu*/Cu®
at the oxidation potential of +1.5 V. Composition with 0.25 wt%
copper produced CO, CH;0H and CH, at the rates of 11.21, 1.75
and 0.61 umol g~ * h™* respectively. Further increase in copper
content led to the decline of photocatalytic activity owing to the
surplus metal sites acting as charge recombination centres. CO
was the major product of CO, reduction, as the desorption of
CO molecules was made easier at single Cu atom active centres.
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The DFT studies revealed that the terminal C—-Cu-N, four-centre
active sites present in g-C;N, nanosheets served as a sink for
photogenerated electrons while providing reactive binding sites
for CO, activation. The proposed reaction pathway (Fig. 14(b))
followed the sequences of CO, adsorption followed by its
hydrogenation to form *COOH. Subsequently, OH group
dissociates from *COOH forming adsorbed *CO followed by the
desorption of CO molecule from the catalyst surface. The
enhanced CO, reduction performance of Cu/CN system over CN
is attributed to the low free energy change (AG) of 0.95 eV
associated with the rate limiting step (desorption of CO) on Cu/
CN compared to a large AG of 2.71 eV associated with rate
limiting step (hydrogenation of adsorbed *CO,) on bare CN
(Fig. 14(c)).*

In a recent contribution, Dong et al. converted CO, to CO
efficiently by employing single-atoms of La on C3N, by creating
La-N charge bridges for efficient electron transport. The pho-
tocatalyst (O/La-CN), synthesised by one-step calcination
involving the precursors of urea and lanthanum carbonate,
exhibited complete amorphisation characterised by the absence
of XRD peaks of g-C;N,. O/La-CN exhibited 80.3% selectivity at
the high yielding rate of 92 umol g~* h™* for CO. The La-N
bridge, formed by the combination of various electronic states
originating from 4f and 5d orbitals of La and the p-d orbital
hybridisation, facilitated the CO, activation, COOH* formation
and CO desorption steps.'®

The Ni-anchored g-C;N, photocatalyst was designed by
anchoring single atoms of Ni on a few-layer g-C;N, synthesised
through a self-limiting process. Such a few-layer g-C;N, struc-
ture with high porosity offers ligands for trapping Ni atoms,
thereby realising a high density of single atoms. The single Ni
atoms were distributed on the edges of the g-C;N, sheets
through an “active unsaturated edge confinement strategy”
providing maximum atom-utilisation efficiency for high CO,
adsorption capacity. The highly unsaturated Ni-N coordination
offered pathways for the electron transfer from g-C;N, to single
Ni atoms realising improved photocatalytic activity for CO,
conversion to CO. The prepared photocatalysts contained 2.54,
7.95, and 12.18 wt% of Ni content respectively for Ni;—CN, Nis—
CN, and Ni;(-CN compositions. The Nis—~CN composition
produced 8.6 umol g of CO and 0.5 pmol g~ of CH, genera-
tion in the first 1 h, and was much higher than those of bare CN
(CO: 1.1 pmol g h™, CH,: 0.1 pmol g~ * h™"), and Nip + CN
(CO: 2.7 umol g * h™', CH,: none), and NiCl,+CN (CO: 3.3 umol
g ' h™', CHy: none) compositions (Fig. 14(d-i)).**

Combining experimental and computational studies, Hao
et al. evaluated photocatalytic reduction of CO, to CO using
water as a reductant and g-C3N, containing single-atom Fe as
a catalyst. The photo-physical and photo-chemical processes
associated with CO, reduction mechanisms were analysed in
detail. The reduction mechanism involved the activation of CO,
molecules, formation of COOH radicals through water oxida-
tion (proton transfer from H,O to CO,) and cleavage of C-O
bond in COOH radicals. It is proposed that the activation
process initiates through hydrogen-bonded complexes between
CO,, H,0, and photocatalysts i.e., g-C3N, or Fe-g-C3;N,. As rep-
resented in Fig. 14(j), there are two hydrogen bonds, namely HB-
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Table 2 Summary of g-C3sN4 SACs for photocatalytic carbon dioxide reduction

Coordination site

Ref.

or structure & oxidation state

Products & rate

Synthesis method

Single atom & loading
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1(H-bond between O atom of CO, and the H atom of H,0) and
HB-2 (H-bond between H atom of H,O and the N atom of g-
C3N,) formed when g-C3N, is used as a catalyst. In the photo-
catalyst with single atom Fe, in addition to the formation of HB-
1, CO, and H,0O molecules, are coordinated with Fe atom
through Fe-C and Fe-O coordination bonds, resulting in a four-
coordination structure for Fe (Fig. 14(k)).”> Fe single atoms
dispersed in g-C;N, matrix serve as catalytically active centres
and facilitate the activation of CO,. The reaction barrier for the
cleavage of the C-O bond in the COOH radical was reduced
from 32.3 kcal mol " to 15.3 kcal mol . The change of cata-
lytically active sites from N atom to single atom Fe accelerates
the photochemical processes, thereby enhancing the CO
evolution rate from 2.7 umol g, ' and 5.1 pmol geoe %

Zboril and coworkers reported ruthenium-based SACs on
mpg-C;N, support for the efficient photocatalytic conversion of
CO, using water as a reductant. Mesoporous C3;N,, obtained
through a silica template assisted pyrolysis of dicyanamide, is
used as a matrix for the microwave assisted precipitation and
dispersion of Ru single atoms. Catalyst with Ru loading as low
as 0.4 wt% yielded methanol as the conversion product, at
ayield of 1500 umol g~ within 6 h. Single atoms of Ru bonded
to N/C sites facilitated enhanced electron transfer by virtue of
increased charge density around it.**

SACs based on g-C3;N, support exhibited superior photo-
catalytic carbon dioxide reduction efficacy compared to
conventional metal-semiconductor heterostructures and the
developments are summarised below in Table 2.

5.1.2 Photocatalytic water splitting reaction. The energy
demand of modern society is fulfilled by the consumption of
non-renewable fossil fuels. However, it's fast depletion has
necessitated the search for alternative sources of clean and
sustainable energy. Hydrogen has thus become the focus of
attention and among the myriad ways of generating it, the
production and storage of hydrogen fuel through solar light
driven water splitting has drawn considerable attention.”” Water
covers nearly 72 percent of the earth's surface and splitting it
into H, and O, in a cost-effective, sustainable, and inexhaust-
ible manner is an attractive proposition to realise the ever
increasing energy demands.*® Water splitting reaction proceeds
as two half-reactions namely, photogenerated electrons medi-
ated hydrogen evolution reaction (HER) and photogenerated
holes mediated oxygen evolution reaction (OER).*

Fujishima and Honda introduced photocatalytic water
splitting using TiO, photoelectrode under UV light irradiation®
and since then, numerous studies on H, generation from
photocatalytic water splitting using a variety of semiconductor
photocatalysts have been conducted. The positive Gibbs free
energy change (AG) of 237 kJ mol ', associated with the ener-
getics of splitting water into H, and O,, indicates it to be an
uphill reaction pathway thermodynamically.®*

The photocatalytic water splitting proceeds through the
three steps (i) exciton generation on the absorbance of energy
equivalent to the band gap energy of the semiconductor (ii)
separation and migration of photogenerated excitons (e~ and h*
pairs) to the semiconductor surface and (iii) electrons mediated
reduction of H' ions to H, and holes mediated oxidation of H,O

This journal is © The Royal Society of Chemistry 2023
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Fig. 15 Schematic diagram of photocatalytic water splitting.

to O, (Fig. 15). Among oxygen evolution and hydrogen evolution
reactions (OER and HER), OER is the more complicated half-
reaction as it involves the release of 4e~ from two H,O mole-
cules to form the double bond between two oxygen atoms.*

The pre-requisite condition that a semiconductor must
satisfy for facilitating the photocatalytic water splitting reaction,
is that the valence band (VB) maxima should be more positive
than the oxidation potential of water (+1.23 V vs. NHE) for OER,
while the conduction band (CB) minima should be more
negative with respect to the H' reduction potential (0 V vs.
NHE). The formation of water by the recombination of H, and
O, is a detrimental step to catalytic efficiency and should be
prevented.®

Copolymerising silver tricyanomethanide (AgTCM) along with
mesoporous g-C;N, precursors was demonstrated to be advan-
tageous for the synthesis of Ag/mpg-C;N, SACs. The uniform
dispersion of Ag species in the semiconductor matrix was real-
ised by inducing negative charges to C and N of C;N, matrix. This
approach was demonstrated to be superior to the conventional
impregnation-chemical reduction method that often results in
the formation of metal nanoparticles. The AgTCM-mpg-CN
catalysts with up to 10 wt% of well dispersed Ag species dis-
played much better performance for Pt assisted photocatalytic
water reduction (39.5 pmol H, h™" generation for 2 wt% AgTCM
compared to a value of 9.8 pmol H, h™" for mpg-CN).””

Wu et al. synthesised highly dispersed, isolated single Pt
atoms anchored on g-C3;N, (Pt-CN) as a stable photocatalyst for
HER. Achieving atomic level dispersions of Pt cocatalyst over g-
C;N, enhances the overall photocatalytic HER activity by facili-
tating the charge transfer as well as by providing an increased
number of proton reduction sites. HAADF-STEM analysis
revealed that >99% of Pt species are less than 0.2 nm in size
corroborating the presence of isolated single atoms of Pt over g-
C3N, matrix. The cluster formation was avoided up to a Pt
loading of 0.16 wt%. As the Pt loading was increased to 0.38 wt%
Pt nanoparticle formation was observed. The Pt-CN with Pt
loading of 0.16 wt% exhibited the highest HER activity with
a turnover frequency (TOF) of 775 h™", compared to a TOF of 83
h™" obtained for Pt-NPs-CN (Fig. 16(a and b)). Ultrafast transient
absorption (TA) spectroscopy was employed to elucidate the
unique role of Pt single atom in enhancing the HER activity.
Average recovery life time values, a measure of the extent of
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(a) Photocatalytic H, evolution with time for g-CsN4 and Pt—CN,

Probe delay (ps)

(b) photocatalytic H, evolution with varying Pt content (normalised per

Pt atom), average recovery life time values in mOD (optical density) of (c) g-C3Ny, (d) Pt—-CN, (e) an illustration of the various mechanisms
involved, (f) data on TA kinetics for Pt-NPs-CN. Reproduced with permission from ref. 64. Copyright 2016 John Wiley and Sons.

separation of photogenerated excitons, of g-C3N,, Pt-CN, and Pt-
NPs-CN were found to be =237 ps, =433 ps, and =117 ps
respectively (Fig. 16(c and d)). The two-fold and four-fold
enhancement in average recovery lifetime for Pt-CN compared
to bare g-C;N, and Pt-NPs-CN was attributed to the incorpora-
tion of Pt single atoms in g-C;N, framework. The incorporation
of isolated single Pt atoms modifies the near band-edge electron
trap states of g-C;N, favouring the H' reduction process by
photogenerated electrons (Fig. 16(e and f)).**

Yao et al. employed phosphidation followed by atomic-layer-
deposition (ALD) to atomically disperse single-site Co atoms on
g-C3N, nanosheets (Co,/PCN) for the photocatalytic HER reac-
tion using triethanolamine (TEOA) as the sacrificial electron
donor. The grafting of Co atoms over C;N, nanosheet is ach-
ieved through the formation of a covalently bonded Co,-N,
structure. Co-N coordination is confirmed with the aid of
XANES, EXAFS and XPS. Co;/PCN exhibited XANES spectrum
which is different in shape from that of cobalt oxides (CoO and
Co;0,) presumably due to Co-C/N coordination. Similarly,
a single peak observed at 1.58 A in Fourier-transformed (FT) k-
weighted x(k) function of Co,/PCN is close to Co-N bond
present in the reference material (CoPc) ruling out the forma-
tion of Co—Co, Co-P and Co-O bonds. XPS spectrum of Co,/PCN
further confirmed the existence of Co-N bond with a Co 2p3,
peak located at a significantly higher binding energy value of
781.1 eV compared to that of Co—O bond at 780 eV. Additionally,
the presence of N vacancies in Co,/PCN sample is substantiated
by XPS analysis as the pyridinic N content observed in the high-
resolution N 1s spectra is decreased. To understand the struc-
tural configuration of the Co single site in Co,/PCN, various
possible atomic configurations are proposed with specific
deposition sites/coordination sites. Accordingly, Co single

8616 | J Mater. Chem. A, 2023, 11, 8599-8646

atoms may be at the corner and center of the six-N cavity (Co-N,
and Co-Ng respectively), top of the five-membered ring (Co
N;C,), and unsaturated coordination site containing four in-
plane N atoms (Co N,). The Co-N bond length value of 2.02 A
obtained from EXAFS spectra ruled out the existence of Co-Ng
structure where the Co-N bond length value should be 2.40 A.
The experimental Co K-edge XANES spectra of Co,/PCN exactly
matched with calculated XANES spectra for Co-N, configura-
tion which confirmed the formation of Co,-N, structure
(Fig. 17(a-d)). Co4/PCN with a metal mass loading of 1.0%
exhibited an improved H, production rate of 10.8 umol h™*
which is approximately an order of magnitude higher than the
PCN with a H, production rate of 1.0 pmol h™' confirming the
unique role of Co,-N, site in improved activity (Fig. 17(e)). The
coordinated nitrogen atom present in Co,-N, structure
enhanced the electron density around the Co atom. The energy
barrier was lowered for the formation of Co hydride interme-
diate with 3H atom co-adsorbed configuration promoting H-H
coupling for accelerated H, evolution (Fig. 17(f)).>*

Wei et al. designed HER and OER phosphorus-doped g-C;N,
(PCN) photocatalysts with active Co,-phosphide species. Co;-
phosphide/PCN composite photocatalyst was synthesised by
the phosphidation of Co; oxo/C3;N, composite obtained through
the pyrolysis of cobalt precursor and g-C;N,. The phosphidation
of Co,-Ox0/C3N, using sodium hypophosphite altered the
coordination environment around Co metal atoms from oxygen
to phosphorus to form Co,-P, structure. Co;-phosphide/PCN
photocatalyst with a Co mass loading of 0.4% exhibited supe-
rior photocatalytic activity than most of the g-C;N, and oxy-
nitride based materials. H, production rate of 410.3 pmol h™*
¢ " and O, production rate of 204.6 umol h™' ¢~ " were achieved
without using noble metal co-catalysts, sacrificial reagents, or

This journal is © The Royal Society of Chemistry 2023
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Fig. 17

(a) XANES (Co K-edge) spectra of Cos/PCN in comparison with standards and possible atomic configurations (b) Fourier spectra of Co,/

PCN in comparison with standards (c) XPS Co 2p spectra of Co;/PCN and CzNy, (d) model structures of “Co;—Ny", "Co;—N", “Co;—N3zCy" with
blue, yellow and grey spheres representing N, Co and C atoms, respectively, (e) H, evolution with time under simulated solar irradiation, (f) energy
diagram of Co;—N4 for H, evolution on single-sites with the transition state of the reaction TS-(H + H — Hy). N (blue), Co (green) and H (white)
spheres. Reproduced with permission from ref. 24. Copyright 2017 John Wiley and Sons. (g) The Tauc plot of the g-CsN4 and Co; phosphide/
PCN catalysts (h) electronic band structure of Co;-phosphide/PCN catalyst. Reproduced with permission from ref. 65. Copyright 2017 John

Wiley and Sons.

other additives and by employing pure water under simulated
sunlight. The superior photocatalytic water splitting capacity of
Co,-phosphide/PCN can be attributed to the enhanced light
absorption in UV to visible wavelength range and to the intro-
duction of a new mid-gap state within the band structure of Co;-
phosphide/PCN. The band-gap energy (E,) and transition energy
(Eg) from VB to the mid-gap states for Co,-phosphide/PCN
system were estimated to be 2.97 and 2.15 eV, respectively
(Fig. 17(g)). Enhanced light harvesting capacity of Co;-
phosphide/PCN was ascribed to the small energy gap between
the mid-gap state and VB, favouring the excitation of an electron
from VB to the mid-gap states (Fig. 17(h)).*

Zhong et al. prepared Pt single atoms dispersed on g-C3;N,
nanosheets (Pt-SA-CN) by a copolymerisation strategy involving
melamine, cyanuric acid and 2,4-diamino-6-methyl-1,3,5-
triazine. Pt loading less than 0.3 wt% has been realised by the
wet impregnation method using H,PtCls. The immobilisation
and atomic level dispersion of Pt atoms over g-C;N, was
established through Pt-N coordination bonds. Pt-SA-CN cata-
lyst with a Pt loading of 0.20 wt% displayed enhanced H,
production of 4875.0 umol ¢ in 4 h. A correlation is estab-
lished with the Pt single atom size on the metal loading and its
corresponding photocatalytic activity. The size of Pt atoms in Pt-
SA-CN with 0.2 and 0.3 wt% Pt loading was found to be 0.21 and

This journal is © The Royal Society of Chemistry 2023

0.5 nm respectively and a subsequent reduction in the H,
evolution was observed with increasing Pt size.*®

Liu et al. successfully developed Pt"-C;N, single atom cata-
lyst for efficient photocatalytic water splitting by employing
high-valence metal single-atom confinement strategy. Pt"-C;N,
exhibited H, evolution at the rate of 140 umol g~ * h™*, which is
~10 times higher compared to that of Pt NP-C;N, (15 pmol g *
h™"). Upon visible light irradiation, the Pt"-C;N, system shows
a quantum efficiency of 1.5% at 420 nm. Anchoring Pt" single
atoms on g-C3N, matrix via Pt"-N bond formation facilitated
higher absorption of visible light and effectively suppressed
exciton recombination. The E, values for g-C3Ny, Pt"-C;N,, Pt
nanoparticle-C3N,, derived from Tauc plot were found to be
2.77,2.72, and 2.6 eV respectively. The flat band potential of Pt"-
C3N, (—1.01 Vvs. RHE) is appreciably shifted to a more positive
value compared to Pt NP-C;N, (—1.25 V) and g-C3N, (—1.44 V)
(Fig. 18(a)). Ultraviolet photoelectron spectra (UPS) revealed
that the VB maxima for Pt"-C;N, were shifted downward by
~0.27 V compared to g-C3;N,, which may be due to the hybrid-
isation of 5d orbital of Pt" & 2p orbital of N atom present in the
2-C3N, framework (Fig. 18(b)). The modified electronic band
structure of Pt"-C3;N, effectively promoted the overall photo-
catalytic water splitting reaction (Fig. 18(c)). Band structure
calculations based on the first principles were performed to
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schematic band structure alignment, DOS of (d) g-CsN4 and (e) Pt'-=CsN,, (f) mechanistic pathways (schematic) of the photocatalytic water
splitting by Pt'-C3N4. Reproduced with permission from ref. 23. Copyright 2018 American Chemical Society.

understand the correlation between the electronic structure of
Pt"-C;3;N, photocatalyst and its improved charge carrier transfer
kinetics. Electron density of state (DOS) analysis on g-C3N,
(Fig. 18(d)) revealed that the Fermi level (middle of the band
gap) is devoid of mobile electrons but an intersection of the
valence band and Fermi level is evident in the DOS of Pt"-C;N,
photocatalyst (Fig. 18(e)). In addition, the strong electrophilic
nature of the valence band of Pt"-C;N, formed through the
hybridisation of Pt" 5d and N 2p orbitals promotes the electron
transfer to CB catalysing HER and leaving behind the holes at
the VB to facilitate OER (Fig. 18(f)).>*

¢-C3N, functionalised with amino groups at the edges were
utilised to develop atomically dispersed Fe SACs for solar driven
photocatalytic hydrogen generation. The spontaneous coordina-
tion of dicyandiamidine nitrate with Fe ions led to the formation
of porous crimpled g-C;N,. The incorporation of Fe single atoms
altered the band and electron structures enabling faster charge
transfer kinetics realising hydrogen evolution rate of 3390 umol
h™' g" at a quantum efficiency of 6.89% at 420 nm.*’

A promising approach to optimise catalytically active sites is
by tuning the reactive metal-support interaction (RMSI) which
is conventionally realised by the high-temperature reactions (T
> 550 °C) of reducible oxides. Guo et al. reported strong RMSI in
Pt single atom containing g-C;N, obtained by the in situ pho-
tocatalytic reduction of (H,PtCls) at liquid nitrogen tempera-
tures. The strong RMSI, induced by rich N vacancies in C3N,
provided a record single atom coverage density of 0.35 mg m >
leading to 174.5 mmol g~ h™" of hydrogen evolution. Simula-
tion studies indicated that RMSI stabilises single atoms of Pt
through chemical bonds with two coordinated C (C,C) formed
by the N vacancies.®

A photoactive, single atom cobalt loaded g-C;N, catalyst
obtained through a supramolecular polycondensation process
based on dicyandiamide is demonstrated for photocatalytic

8618 | J Mater. Chem. A, 2023, 11, 8599-8646

hydrogen evolution using TEOA as a sacrificial agent and 3 wt%
Pt as cocatalyst. The synthesised Co@g-C3;N, composite
exhibited improved photocatalytic hydrogen evolution at a rate
of 2481 pmol h™" g~". The incorporation of Co single atoms
strengthened the reducing capability of the conduction band
(CB) electrons due to a shift in the CB edge minima to a more
negative value compared to that of g-C3N, (0.83 V and —0.95 V
vs. SCE respectively).*®

Employing 2D confinement strategy, Quan et al. developed
Pt single atoms confined on carbon nitride photocatalyst with
ultrahigh Pt loading of 8.7 wt% for the H, evolution reaction.
The photocatalytic performance of the synthesised samples was
dependent on the location of the Pt atoms at either the surface
or within the inner layers of g-C3N, (Fig. 19(a-d)). The interlayer
interactions altered the electronic structure by delocalising the
charge density of the Pt atom which in turn facilitated the
adsorption of protons and caused the reduction of the energy
barrier for HER (Fig. 19(e and f)). The developed photocatalyst
exhibited H2 evolution rate of 22.65 mmol g~* h™" with an
apparent quantum yield (AQY) of 22.5% at 420 nm.*®

C;3N, hollow spheres dispersed with single atoms of Cu were
developed by a molecular assembly involving melamine (ME)
and cyanuric acid (CA) with copper nitrate. Single atoms of Cu
were either embedded within g-C;N, sheets (Cul@HCNS) or
dispersed on its surface (Cul/HCNS) as Cu;Nj; species through
Cu-N coordination. The copper single atoms embedded within
the sheets were more effective in promoting interfacial charge
transfer as well as tuning the electronic band structure. The
Cul@/HCNS exhibited improved HER activity (using 3 wt% Pt
cocatalyst) with AQY of 7.1% which is 1.6, 2.7 35.4 times higher
compared to Cul/HCNS, HCNS, and bulk PCN respectively.®

Pd single atoms dispersed on ultrathin nanosheets of cyano
group rich C3N, (Pd/Dy-UCN), obtained by the copolymerisa-
tion of urea and NH,CI followed by wet impregnation was

This journal is © The Royal Society of Chemistry 2023
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Fig. 19 Charge distributions (top and side view) on Pt single atoms (a and b) on CsN4 surface (SA-Pt/g-C3N4-Sur), (c and d) within the inner layer of
C3Ny4 (SA-Pt/g-C3Ny4-In), energy profiles of HER over Pt atom (e) on C3N4 surface and (f) within the inner layer of CsN4. Reproduced with permission
from ref. 68. Copyright 2020 Elsevier.®® (g) Mechanism of charge separation, transfer and H, evolution in the photocatalyst 0.16%Pd/Dy-UCNg s0, (h)
Kubelka—Munk plot of 0.16%Pd/DyUCNg 50. Reproduced with permission from ref. 70. Copyright 2022 American Chemical Society.

demonstrated to possess improved photoinduced hydrogen
evolution rate. Pd atom coordinated with one N of the cyano
group and two sp® hybridised N atoms of the adjacent g-C;N,
layers was firmly stabilised in g-C3;N, interlayers inducing a mid-
gap state in the band structure (Fig. 19(g and h)). SACs with
0.16 wt% of Pd (0.16%Pd/DNUCN,50) produced noticeably
higher hydrogen evolution rate, compared to Pd nanoparticle
coordinated C3;N, based catalysts, at an apparent quantum yield
of 15.8% at 400 nm light irradiation.”

A two-component synergistic photocatalyst with atomic
dispersions of Co and nanoparticles of Pt-Co alloy on C3;N,
nanosheets exhibited hydrogen production at the rate of
300.9 mmol h™" g~" during overall water splitting (OWS). The
single Co atoms efficiently activated HER while the alloy parti-
cles of PtCo were active sites for OER. The synergistic combi-
nation enabled high atom utilisation and the presence of
different reaction centres permitted the transport of reaction
intermediates with efficient exciton separation.” The salient
features of the reported works are summarised in Table 3.

5.1.3 Photocatalytic nitrogen fixation. Despite constituting
more than 78% of the atmosphere, the dinitrogen molecule (N,)

This journal is © The Royal Society of Chemistry 2023

is not directly utilised by most organisms owing to its attributes
like strong N=N bond with a bond energy of —941 kJ mol ™,
high ionisation potential, and non-polarity. Since nitrogen is
indispensable for the sustenance of life, living organisms take
N, in the form of ammonia or nitrates. This is mostly realised
through 3 important pathways of biological nitrogen fixation by
azobacteria, high energy nitrogen fixation by geochemical
processes such as lightning and industrial nitrogen fixation
through the well-known Haber-Bosch process. However, the
contributions from biological and geochemical processes are
extremely low and most of the demand is met from the energy
intensive Haber-Bosch process that operates at both high
temperatures (400-500 °C) and pressures (150-250 atm).
Moreover, in the industrial synthesis of ammonia, 1.87 tons of
CO, is released for every ton of NH; produced. Photocatalytic
nitrogen fixation thus assumes larger significance and is hence
pursued widely as a sustainable process for ammonia produc-
tion in an environmentally benign manner.”

Photocatalytic nitrogen fixation proceeds by the rate deter-
mining step of N=N bond cleavage through electron mediated

activation at the reducing sites of semiconductor

J. Mater. Chem. A, 2023, 11, 8599-8646 | 8619
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photocatalysts. However, till date no reported photocatalyst
possesses the appropriate electronic band structure to facilitate
the one-electron transfer reduction of N,. The defect type acti-
vation centers utilised by most semiconductors are not
adequate to make the process efficient and commercially viable.
In this context single atom photocatalysts by virtue of their
abundant, defect-free surface-active sites for effective N,
adsorption and activation, offer promise for efficient photo-
catalytic N, fixation.™

In one of the earlier works on ‘single atom like’ copper-
doped g-C;N, containing Cu(i)-N active sites, the charge
density differences were used to simulate the electron transfer
process between Cu® and N”> molecules leading to electron
depletion and accumulation on Cu" and N, respectively. Further
successive electron transfer processes lead to NH*" through
high-energy intermediates like -N,, -N,H, or HN=NH, etc.
DOS results confirmed the delocalisation of og2p orbital
(highest occupied molecular orbital (HOMO) of N,) upon
adsorption on Cu centres as well as the shifting of wg*2p orbital
(lowest unoccupied molecular orbital (LUMO) of N,) near to
Fermi level. This led to a decrease in the electron states of the
LUMO orbital from 6.9 eV for free N, to 1.0 eV for Mg-Cu-CN
facilitating the activation of N, molecule and subsequent H"
attack leading to the formation of NH,".”

Wang and co-workers demonstrated, by first-principles
calculations, the potential use of a metal-free photocatalyst
with boron (B) single atoms decorated on g-C;N, (B/g-C3N,) for
efficient N, reduction. The sp® hybridised B with three half-
filled and one empty orbital form two B-N bonds with g-C;N,
matrix (utilising two of the half-filled sp® orbitals), facilitating
the atomic level distribution of B atoms. During the N, fixation
process, one half-filled and the empty sp® orbitals remaining in
the B atom interact with N, through the “acceptance-donation”
process facilitating active sites for N, adsorption and subse-
quent reduction Fig. 20(a-f).”* The high binding energies of
—1.04 and —1.28 eV can thus be realised in B/g-C;N, SACs
through side-on and end-on bonding with N, respectively.
Photoreduction of N, to NH; over B/g-C;N, catalyst may follow
any of the three typical mechanisms of distal, alternating, and
enzymatic mechanisms (Fig. 20(g)). The low onset potential of
0.20 V obtained by B/g-C;N, SACs supported the enzymatic
pathway for N, reduction Fig. 20(h—j). This theoretical study
also predicted low formation energy for B/g-C3N, SACs,
enhanced light absorption in the visible and infrared region,
and high thermal stability up to1000K enabling sustainable
NH; production through photocatalytic N, fixation. The B/g-
C;3N,; SACs showed enhanced visible light and infrared light
absorbance, high thermal stability and ease of preparation
enabling them to be effective for photocatalytic nitrogen
reduction.”™

Mo single-atoms on in situ formed g-C;N, were prepared by
the calcination of urea and Na,MoO,-2H,O by establishing
coordination with two N donors of g-C3N, to form MoN,
structures. The active sites for N, chemisorption provided by
low-coordinated Mo centers in 3-Mo-PCN catalyst, with a metal
loading of 0.346 wt%, facilitated high photocatalytic activity
towards NH; evolution in pure water at a rate of 50.9 umol g.,

This journal is © The Royal Society of Chemistry 2023
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h™. The use of ethanol as an electron scavenger increased the
rate to 830 pmol g.,. ' h™' at a quantum efficiency of 0.70% at
400 nm. DFT calculations supplemented experimental obser-
vations and predicted that coordinatively unsaturated Mo single
atom centres strongly adsorb N, through an end-on configura-
tion resulting in the elongation of the N=N bond from 1.11 A to
1.15 A. The photogenerated electrons are thus transferred to the
weakened N=N bond providing efficient N, reduction at
ambient conditions.”™

Chen and co-workers successfully synthesised multifunc-
tional single atom cobalt loaded g-C;N, (Co@g-C3N,4) photo-
catalyst for N, fixation reaction in a methanol/H,0 medium.
Co@g-C3N,-1 with a metal loading of 0.305 wt% selectively
reduced N, to NH; at the rate of 50.2 pmol h™" and without any
by-products like hydrazine hydrate and nitrates. In comparison
bulk g-C3;N, and g-C;N, obtained through the supramolecular
route exhibited a production rate of 8.2 umol h™* and 19.5 umol
h™! respectively.*

Single atoms of ruthenium (Ru) dispersed on the g-C3;N,
surface were obtained by the pyrolysis of a precursor mix con-
taining dicyandiamide and RuCl;-xH,O in an argon

This journal is © The Royal Society of Chemistry 2023

atmosphere. SAC containing 0.05 atomic % of Ru exhibited
photocatalytic nitrogen fixation at the rate of 2.26 mg L ™" g¢.
h™" in pure water and without hole-scavengers. The rate was 1.5
times greater than that of pure g-C3N; (Ru-CCN-0). The
improved catalytic activity was ascribed to the high N, adsorp-
tion capacity combined with increased light absorbance in the
spectral region of 200 to 800 nm owing to a redshift in the
absorption edge of Ru-CCN-0.05 compared to that of Ru-CCN-
0.7 The SAC systems demonstrated for photocatalytic nitrogen
fixation are listed in Table 4.

5.1.4 Photocatalytic environmental remediation. One of
the potential methods that is perceived for wastewater and
pollutant treatment is photocatalysis.”” Irradiation of a photo-
catalyst with energy more than or equal to its band gap energy
excites valence band (VB) electrons to the conduction band (CB)
creating electron-hole pairs. The excitons then migrate to the
catalyst surface without recombination, engaging in various
redox reactions with H,O, O,, and organic contaminants
leading to pollutant degradation.” During the process (Fig. 21),
electrons from CB react with molecular oxygen forming super-
oxide radical (O, ") which is an extremely powerful oxidising
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Table 4 Summary of g-C3N4 SACs for photocatalytic nitrogen fixation
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Single atom

Coordination site or

System & loading Synthesis method NH; evolution rate structure & oxidation state Ref.
Mg-Cu-CN Cu 0.25 wt% Direct synthesis 88mgL ' h'gy, ' Cu(1)-N, +1 73
B/g-C3N, B DFT study — Nitrogen 74
Mo-PCN Mo 0.346 wt%  Template free direct synthesis ~ 50.9 pmol g.,, ' h™' in pure water Mo-N,, oxidation 75
& without using electron scavenger, state in between 0 & +4
830 pmol g, ' h™"! using ethanol
as electron scavenger
Co@g-C3N, Co 0.305 wt% Chemical reduction 50.2 pmol h™* Nitrogen, +2 19
assisted Post synthesis
Ru-CCN Ru 0.34 wt% Direct synthesis 2.26 mg L " gee ' h 'in pure water  Nitrogen 76

agent. On the other hand, holes from VB react with hydroxide
ions (OH") or water (H,O) forming hydroxyl radical (OH") which
is also an important non-selective oxidising agent.”” The
superoxide and hydroxide radicals degrade a variety of organic
pollutants like dyes, antibiotics, etc. into CO,, H,O and inor-
ganic ions. The feasibility of these redox reactions depends on
the CB and VB positions of the photocatalyst. The necessary
condition for oxidation warrants the VB potential to be more
positive than the oxidation potential of the surface reaction to
be accomplished.® Similarly reduction reaction proceeds when
the CB potential is more negative with respect to the reduction
potential of the surface reaction. These redox reactions form
basic pathways for every photocatalytic environmental
remediation.*
Reactions:

photocatalyst + hv — e~ + h*
h* + H,O - H" + OH"
O,+e — O,

0, +H" - HO,
2HO, + 2H" — H,0, + 20H"

OH'/H,0,/O,™" + pollutant — degradation products

A
‘ = 4
-1 4'1-
’Y A
= (1] o 0,/0,” (-0.0460 eV)
:
= hV
w
I +1p-
=
2
>
+2-
OH/OH" (+2.8 eV)
+3p—

Fig. 21 Schematic of the photocatalytic process.
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Zhao and co-workers developed single-atom Ag supported
mpg-C;N, (Ag/mpg-C;N,) by a method involving the co-
condensation of dicyandiamide and silver tricyanomethanide
(AgTCM) through a silica templating approach. The photo-
catalytic activity was demonstrated by peroxymonosulfate (PMS)
mediated bisphenol A (BPA) degradation by 10% Ag/mpg-C3;N,
catalyst, where in 100% activity was achieved within 1 h of
visible light illumination. The improved catalytic activity was
realised due to the synergistic effect of atomically dispersing Ag
atoms on high surface area g-C;N, leading to a reduction in
band gap from 2.5 eV (mpg-C3N,) to 2.09 eV (10% Ag/mpg-
C3N,).»

Single Pt atom catalyst on g-C;N, described earlier®® for
photocatalytic HER has been successfully employed for the
selective photocatalytic NO oxidation to NO; . The oxidation
proceeded progressively over 150 min with a removal ratio of
96.2% for Pt 0.2-SA-CN. In comparison, pure g-C;N, and g-C3N,
with 0.1 and 0.3 wt% of single atom Pt (Pt 0.1-SA-CN, Pt 0.3-SA-
CN) exhibited 78.9%, 84.7%, and 92.0% of NO removal
respectively. Additionally, g-C;N, with photo-deposited Pt
nanoclusters of 4 nm size (Pt 0.2-VL-CN) samples exhibited
90.9% NO removal. The negative shift of CB and the increased
generation of ROS (h*, "OH or "0,”) expedited the photo-
induced catalytic activity.®

Liu et al. synthesised Ag loaded SAC on ultrathin g-C3;N,
sheets (AgTCM/UCN) via co-polymerisation of dicyandiamide
and silver tricyanomethanide (AgTCM) in the presence of
NH,Cl. AgTCM/UCN with 1 wt% Ag loading photocatalytically
degraded 86.4% of sulfamethazine (SMT) in the presence of
PMS during the 21 min of visible light irradiation. Aberration
corrected HAADF-STEM analysis revealed that Ag single atoms
of ~0.25 nm diameter were dispersed over the g-C;N, matrix.
The photodegradation of SMT was shown to proceed via any of
the three pathways involving sulfonamide bond cleavage, SO,
extrusion, and aniline oxidation.**

g-C3N, based catalyst containing Fe single atoms and ultra-
small clusters with Fe(un)-N, active sites was prepared by pyro-
lysing a precursor mix containing melamine (MA) and iron
imidazole complex (Fe-ICC). High Fe content up to 18.2 wt%
was realised in a composition (I-FeN,/g-C3N,-5) with an
optimum ratio of MA/Fe-ICC to be 5. DFT calculations revealed
that Fe single atoms preferably occupy the interlayers of g-C3N,
via bonding with nitrogen located above and below it and with

This journal is © The Royal Society of Chemistry 2023
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Density of states (electrons/eV)

*
g Reduction

g2z o
Oxidation

<— Major Aldehyde Oxidation Pathway

Fig. 22 Structures depicting possible locations for Fe single atom and cluster over g-C3N4; Fe single atom in (a) 6-fold cavity centre, (b)
interlayer. Fe cluster sites in the interlayer (c), Site 1, (d) Site 2 (e) Site 3. Reproduced with permission from ref. 84. Copyright 2018 American
Chemical Society. (f) The carbon vacancies and single atom site of Pd in g-CsN4 and (g) corresponding DOS. Reproduced with permission from
ref. 90. Copyright 2021 Elsevier. (h) Schematic diagram representing the mechanism of benzaldehyde oxidation and associated H, evolution with
photoinduced electron and hole transfer. Reproduced with permission from ref. 91. Copyright 2021 Elsevier.

a binding energy (BE) of —3.92 eV compared to a low BE of
—2.77 eV in Fe atom at the center of the 6-fold cavity. Addi-
tionally, ultra-small Fe clusters (Fe, dimer as a model) are stable
only at the interlayers with a BE of —2.50 to —2.83 eV. A high
binding energy value (—3.92 eV) further revealed that Fe atoms
remain isolated preferably over its cluster formation (Fig. 22(a-
d)). The developed I-FeN,/g-C3N,-5 catalyst are shown to exhibit
rapid photo-fenton degradation (100% within 15 min at pH 7) of
organic contaminants like methylene blue (MB), methyl orange
(MO), rhodamine B (RhB), and phenol. The degradation process
proceeds via the rapid generation of HO" radicals from H,0, at
the Fe(u)-N, active sites.®*

Silver single-atom catalyst based on amorphous g-C;N, was
developed by Tong et al. through a supramolecular gel forma-
tion involving precursors of melamine and silver nitrate. The
thermal polymerisation yielded a high density of silver atoms
that selectively broke H-bonds of layered g-C;N, inducing
amorphisation. An optimised MA composition with Ag atomic
ratio of 11.6% exhibited a narrow E, value of 2.54 eV, improved
visible light absorption, and accelerated charge transfer leading
to the effective degradation of naproxen (NPX).*

Ammonia-assisted selective catalytic reduction (SCR-NH3) is
the conventional methodology to reduce NO emissions but
suffers from the disadvantages of particulate formation, hard-
ware corrosion and direct release of unreacted NHj;. Direct
reduction of NO with CO, without NH; injection, is an envi-
ronmentally benign approach to circumvent the disadvantages

This journal is © The Royal Society of Chemistry 2023

of the SCR-NH; process. Ni Single atoms on monolayer g- C3N,
(Ni-g-C3N,) were demonstrated to be an efficient and stable
catalyst for the photocatalytic reduction of NO to N, at about
350 °C and space velocity of 15000 h™'. Ni-g-C;N, adsorbed
multiple numbers of NO molecules simultaneously and the N,O
intermediate was rapidly reduced to N, with an energy barrier of
0.50 eV. The oxidised catalyst was regenerated rapidly by CO
through OR2 mechanism with an energy barrier of 0.16 eV.*

Zeng et al. employed an in situ growth process to develop
single-atom cobalt based polymeric C;N, (pCN) catalyst and
demonstrated its catalytic efficacy for the degradation of
oxytetracycline (OTC). The anchoring of single-atom Co on pCN
was realised through Co-O and Co-N covalent bond formation.
The catalyst with the cobalt loading of 1.28% (Co(1.28%)-pCN)
displayed an excellent rate constant of 0.038 min ' for OTC
degradation which was nearly 4 times more than that of pCN.*”

Gawande et al. evaluated the photodegradation of pharma-
ceutical pollutants utilising single-atom Ni dispersed on C3N,
nanosheets (saNi-nC3;N,). The pyrrolic N mediated Ni-N coor-
dination confirmed by spectrometric analyses, is responsible
for the improved interfacial charge transfer via N-Ni-N bridges.
Gemfibrozil, a model pollutant was degraded up to 75.9% in 30
minutes of visible light irradiation. The degradation efficiency
of saNi-nC3N, was better than the widely used TiO,
photocatalyst.®®

Chen et al. prepared single atoms of various transition
metals (SA-TM, TM = Cr, Mn, Fe, Co, Cu) on g-C3N, containing
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abundant pyrrolic N (PN-g-C3N,) through an aqueous self-
assembly process involving the precursor mix of xanthine, cya-
nuric acid, melamine. Transition metal ions were adsorbed on
the self-assembled MCAXT through binding sites provided by
imidazole groups and subsequent calcination in N, atmosphere
formed SA-TM/PN-g-C3;N, catalysts that exhibited excellent
performances for Heterogeneous Fenton-Like Reaction (HFLR).
Cr dispersed SACs were found effective for visible light induced
photocatalytic degradation of bisphenol A, in the pH range of
3.0-11.0 with outstanding cyclic stability. The enhanced charge
carrier production as well as their separation along with the
cycling of the Cr**/Cr** couple boosted the HFLR performance.
Theoretical studies predicted that Cr(u)-N, active sites with its
structure analogous to metalloporphyrin mimicked peroxidase
nanozymes for the effective homolysis of peroxide O-O in
H,0,.*

Wang et al. designed Pd SACs (Pd-Cv-CN) for photocatalytic
NO conversion, by anchoring Pd atoms on carbon vacancies
present in modified g-C;N, (Cv-CN) via a photo-reduction
process. The theoretical simulation predicted the possibility
of isolated Pd-Nj; active site formation. The DOS plot of Pd-Cv-
CN revealed a negative shift in the peak positions on the
negative energy side due to the modification of 4d orbital of Pd
(Fig. 22(g and f)). This has led to an increase in band levels and
a decrease in the band gap for Pd-Cv-CN compared to that of g-
C;3N,. The developed Pd-Cv-CN effected 56.3% of NO conversion
in 30 min illumination time, while pristine CN and Pd nano-Cv-
CN converted only 12.7% and 46.0% of NO respectively.*”®

Polymeric g-C;N, containing Pt dispersions in the form of
single atoms SA-Pt (0.2 nm), nanoclusters CL-Pt (1 nm), and
nanoparticles NP1-Pt and NP2-Pt (4 and 7 nm diameter
respectively) was demonstrated for the simultaneous benzal-
dehyde oxidation to benzoic acid and photocatalytic hydrogen
production. The catalytic efficiency was highest for Pt single
atoms compared to nanoclusters and nanoparticles of Pt. For
SA-Pt catalyst, the benzaldehyde conversion and H, evolution

View Article Online
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reached a value of 70.8 mmol gp. ' and 34 mmol gp, ' respec-
tively in 3 h. Upon visible light excitation, SA-Pt catalyst
promoted the transfer of photo-generated holes for benzalde-
hyde oxidation while CB electrons promoted the proton reduc-
tion leading to H, evolution (Fig. 22 (h)).** The SACs explored for
photocatalytic environmental remediation with the applica-
tions demonstrated are presented in Table 5.

5.1.5 Photocatalytic H,O, synthesis via oxygen reduction
reaction (ORR). Semiconductor mediated photocatalytic H,O,
synthesis from oxygen and water is an attractive and environ-
mentally benign process.” To realise appreciable efficiencies,
both the 2e™ oxygen reduction reaction (ORR, eqn (1)) and 2e~
water oxidation reaction (WOR, eqn (2)) need to be catalysed.”
However, the 2e~ WOR process occurs at high oxidation
potentials (1.76 V versus NHE, normalised hydrogen electrode)
owing to thermodynamic considerations and is therefore diffi-
cult by photocatalytic approaches.*»*

H,0,, being an excellent hole scavenging material is prone to
oxidation at these potential values.” On the other hand,
photosynthesis of H,O, by 2e~ ORR pathway has been hitherto
achieved albeit with a low efficiency of less than 8% for non-
sacrificial H,O, production eqn (3).”” In order to enhance the
efficiency of non-sacrificial H,O, synthesis, concurrent promo-
tion of both 2e”~ ORR and 4e~ WOR eqn (4) is necessary.”® O,,
generated in situ as a product of 4e” WOR, is also a reactant for
the 2e” ORR and hence the rapid consumption of O, by ORR
will accelerate the kinetics of WOR.”® Therefore, the presence of
active sites, in SACs with O, selectivity for the 2e~ ORR
promotes artificial H,O, synthesis via photocatalysis.*

2¢” ORR O, + 2H" + 2¢~ — H,0, (0.695 V versus NHE) (1)
2¢~ WOR 2H,0 — H,0, + 2H" + 2¢™ (1.76 V versus NHE) (2)

Non-sacrificial H,O, production 2H,O + O, — 2H,0, (3)

a
Griffiths-type Yeager-type Pauling-type Q
0 o 0} o 0
M M M M M M M M M M M M M M M M
b

0, 0,/H,0, (0.695 V vs NHE)
2e- 0,/H,0,(1.23 V vs NHE)

0 4e”

~“0 @

Metal particles

0, 0,/H,0, (0.695 V vs NHE)
2e 0,/H,0,(1.23V vs NHE)

VRN
S .
% al ® /

Single metal atoms

Fig. 23 (a) O, adsorption modes on a metal surface, ORR pathways on (b) metal nanoparticles and (c) single metal atom sites.
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4e” WOR 2H,0 + 4h"™ — O, + 4H" (1.23 V versus NHE) (4)
4e” ORR O, + 4H" + 4e~ — 2H,0 (1.23 V versus NHE) (5)

The adsorption of O, on the metal surface occurs via end on
Pauling-type and side on Griffiths and Yeager types (side-on)
(Fig. 23(a)).*>** The Pauling type end-on O, adsorption mini-
mises O-O bond fission and the 4e— ORR eqn (5) can be sup-
pressed.’ End-on and side-on adsorption of O, molecules
occur on metal particles leading to O-O bond splitting. In SACs
O, molecules adsorb on atomically dispersed sites through the
end-on type, reducing the breaking of O-O bond
(Fig. 23(b)).o>1¢

Single atom photocatalysts (SAPCs) with metals of d*° elec-
tronic configuration favour efficient charge separation through
the formation of intermediate bands and form reactive centres
with a high density of charge carriers.”*'”” Such SACs are
considered as potential catalysts for the photocatalytic H,O,
synthesis through the 2e~ ORR.' Ohno et al. developed Sb
dispersed g-C3N, (Sb-SAPC) where single atoms of Sb enabled
the photoreduction of O, through the 2 electron ORR, gener-
ating H,O, at the rate of 12.4 mg L ™" in 120 min. The N atoms of
C;N, surrounding the Sb single atoms, on the other hand,
enhanced the kinetics of water oxidation. The apparent
quantum yield (®AQY, 17.6% at 420 nm) and conversion effi-
ciency (solar to chemical), 0.61% were better than the best
performing photocatalysts reported. The analysis of the prod-
ucts of photocatalysis suggested that the H,0, generation was
through the two-electron ORR pathway.'*****

In another noteworthy contribution, SACs with single atoms
of (Fe, Ni, Co, In and Sn) were prepared through a wet-chemical
synthetic route followed by thermal treatment. Invoking time
dependent DFT (TDDFT) calculations, it was demonstrated that
the inclusion of metal single atoms on melem units significantly
altered the charge separation process. The adsorption energy
(EapX) of melem was similar for single atoms of In and Sn sug-
gesting lesser tendencies for charge recombination while Fe (2+
and 3+), Co and Ni (2+) increased the E,,X due to dominant
recombination. Moreover, iso surfaces created due to the incor-
poration of In and Sn single atoms favoured the adsorption of
oxygen accelerating oxygen reduction at the sites.'* Table 6 lists
the reported systems for photocatalytic H,O, synthesis.

5.2 Thermal catalysis

Catalysts play a vital role in numerous industrial processes for
the synthesis of chemicals."” The development of efficient
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catalysts that demonstrate product selectivity in appreciable
yields is an essential requirement for the bulk synthesis of
chemicals.’” Consequently, the majority of industrial catalysts
are based on noble metals on appropriate supports as they are
capable of activating important molecules like CO, H,, O,, H,O,
etc. Nevertheless, the widespread practical application of noble
metal-based catalysts in bulk manufacture is significantly
hampered by the scarcity and exorbitant cost of precious
metals.'**'* Transition metal catalysed organic reactions,
which can be classified under thermal catalysis are now actively
employed in the fields of pharmaceutical synthesis, materials
development, and biological sciences.'*® However, such catalyst
systems suffer from shortcomings like poor selectivity, low
utilisation efficiency, minimal catalytically active species and
unwanted side reactions during their practical application.'””
SACs are currently receiving significant attention by virtue of
their high conversion efficiency in thermal catalysis for organic
transformations.*® The beneficial aspects of both homogeneous
and heterogeneous catalysts are integrated in SACs."*®

SACs are shown to catalyse organic reactions efficiently
owing to the presence of unsaturated metal centres, unique
electronic structure and 100% atom utilisation efficiency.
Electron transfer between metal single atoms and the coordi-
nating atoms of the support induces positive charges (partial or
full) on the metal atoms of SACs and offers an enhanced rate of
conversion of substrate into product. Furthermore, metal atoms
are spatially isolated in SACs due to which the reactive inter-
mediates of the catalytic reactions are adsorbed differently to
prevent undesirable side reactions for which the presence of
adjacent metal sites is mandatory.'”® Development of SACs and
ADMCs provides the most ideal strategy for creating cost-
effective catalysts for organic transformations (Fig. 24).*°

Single-site [Pd] mpg-C3;N, heterogeneous catalyst obtained
by silica templated thermal condensation of cyanamide, was
demonstrated as the first stable single-site heterogeneous
catalyst for the hydrogenation of alkynes and nitroarenes.
Atomically dispersed [Pd] mpg-C;N, with 0.5 wt% of Pd and
with an average particle size of 0.3-0.4 nm displayed excellent
product selectivity (>90%) and significantly improved catalytic
activity over conventional nanoparticle based heterogeneous
catalysts. For 1-hexyne hydrogenation, the reaction rate at 30 °C
and 1 bar pressure was 3 orders higher in magnitude than the
conventional catalysts like Ag, Au, and CeO,. The performance
was further improved at 60 °C and 2 bar pressure where 100%
selectivity for 1-hexene was realised. The [Pd] mpg-C;N, single-
site catalyst also displayed excellent chemoselectivity and

Table 6 Summary of g-C3N,4 SACs for photocatalytic H,O, synthesis via oxygen reduction reaction (ORR)

Coordination site or structure

System Single atom & loading Synthesis method H,0, production rate & time & oxidation state Ref.

Sb-SAPC Sb 10.9 wt% Template free 12.4 mg L™, 120 min Nitrogen, +3 100
direct synthesis

M-SAPC Fe, Ni, In, Co, Sn, Template free In-SAPC & Sn-SAPC exhibited Nitrogen, oxidation state of Fe 101

0.5-0.6 mmol per
1 g catalyst

direct synthesis

8626 | J Mater. Chem. A, 2023, 11, 8599-8646

superior H,0, production

is between 1 & n1, and for Co, Ni, In & Sn
is close to m, 1, m & 1v respectively
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Thermal catalysis

Oxidation
reaction

’

Fig. 24 Various reactions catalysed by g-C3sN,4 based SACs in the area of thermal catalysis.

stereoselectivity (cis/trans ratio >20) as has been shown in the
hydrogenation reaction of 3-hexyne to cis-3-hexene and 2-
methyl-3-butyn-2-ol to 2-methyl-3-buten-2-ol. [Pd] mpg-CsN,
catalyst is also capable of catalysing the hydrogenation reaction
of nitrobenzene to aniline. The improved catalytic activity of
[Pd] mpg-C;N, single-site catalyst was rationalised by DFT
calculations which confirmed hydrogen activation and alkyne
adsorption on single-site Pd atoms. g-C;N, as a matrix facili-
tates the homogeneous distribution of Pd atoms, promotes H,
activation and inhibits CO poisoning of metal active sites.*
Dual functional catalyst Ag/mpg-C;N, SAC as mentioned
earlier for photocatalytic HER, was also demonstrated to be very
effective for alkyne hydrogenation with near 100% selectivity for
the conversion of 1-hexyne at a reaction rate exceeding 100
mOlajiyne h™ molAg’1 at 303 K and 10 bar compared to the rates
of 60 and 40 moOlyjyne h™' moly, " for catalysts prepared by
impregnation-reduction and spray deposition respectively."”
SAC with extremely low loading (519 ppm) of Au on mpg-
C3N, (Auy/mpg-C;N,) demonstrated high turnover frequency
(50200 h™") for the oxidation of silane in the presence of water
and oxygen. The coordination of Au" with three N atoms or C
atoms in the repeating tri-s-triazine units of g-C;N, provides
atomic level dispersion of highly active Au'. In comparison with
Au,/mpg-C3N,;, HAuCl, and Au nanoparticles showed inferior
performance for the oxidation of diphenylmethylsilane with
water. Au;/mpg-C;N, also displayed excellent catalytic activity
for the oxidation of various organosilanes with greater than
95% yield. It was proposed that the Au' single atoms activate the
Si-H bond through oxidative insertion forming a Si-Au"-H
intermediate which further reacted with H,O to form silanol
and H, with the regeneration of the Au' active sites (Fig. 25(a)).>®
Single atom palladium catalysts (Pd-ECN) on C3;N,, obtained
by the thermal exfoliation, is demonstrated to outperform
conventional catalysts (homogeneous and nanoparticle based
heterogeneous systems) for the Suzuki coupling between bro-
mobenzene and phenylboronic acid pinacol ester. The ECN
matrix not only provides appropriate coordination of Pd atoms
in catalyst formation but also participates in the catalytic

This journal is © The Royal Society of Chemistry 2023

process through adsorption, stabilisation and activation of
substrates and intermediates. The Pd-ECN SACs displayed 63%
conversion with 90% selectivity towards biphenyl. The rate of
product formation increased linearly from 0.22 to 0.57 mmol
product min~' g., ' with the loading of Pd (from 0.25 to
0.66 wt%). However, as the concentration is increased to
1.25 wt%, the reaction rate is decreased to 0.32 mmol
product min~' g.,. . The turnover frequency (TOF) varied
between 558 and 549 h™", respectively, for (0.25 and 0.66 wt%
Pd) but was reduced significantly to 163 h™" as Pd content
increased to 1.25 wt%.'"* The electron density around the N-
sites of ECN matrix activated bromobenzene while the lattice
flexibility of ECN facilitated multiple coordination patterns for
enhanced stability. This mechanism is further verified by per-
forming the reaction with single atom Pd on mesoporous C3N,
(Pd-MCN) which displayed less activity albeit high stability and
selectivity. The mediocre catalytic performance of Pd-MCN is
ascribed to the enhanced structural disorder present in MCN
relative to ECN.""

Guo et al. designed SACs with neighbouring Pt and Ru
(Pt-Ru) monomers in N deficient g-C;N, (PtRuSA-CN620) by
photoreduction at liquid nitrogen temperature. Conventionally
the structure of g-C3;N, contains a C atom coordinated to three N
atoms while a few N atoms (denoted as N, sites) are coordi-
nated only with two C atoms. The creation of nitrogen vacancy
leads to the formation of two neighbouring two-coordinated C
atoms (denoted as C, sites) in the g-C3N, framework. The
structure simulation revealed that the creation of N vacancies in
2-C;N, increases the largest vertical dimension from 4.20 A to
5.47 A which facilitates the incorporation of Pt and Ru atoms of
diameter 2.2 A as two neighbouring monomers. During photo-
reduction, the photogenerated electrons concentrate on the N
vacancies of CN, facilitating the reduction of noble metal ions
into monomer atoms.®

Due to the electronegativity difference, C,¢ sites are posi-
tively charged while N2C sites are negatively charged. During
the photoreduction of Pt and Ru metal ions to Pt-Ru mono-
mers, negatively charged [PtClg]*~ ions preferentially get
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Fig. 25 (a) The plausible mechanism of Au;/mpg-CsN, catalysed water-based silane oxidation. Reproduced with permission from ref. 26.
Copyright 2017 John Wiley and Sons. (b) Scheme for the synthesis of PtRuSA-CN620 by the photoreduction method, (c) CO conversion over
synthesised catalysts at CO concentration of 1 vol%, (d) CO oxidation monitored by in situ infrared spectra using PtRUSA-CN620. Reproduced
from ref. 8. Under the terms of Creative Commons License, published 2019 Royal Society of Chemistry. (e) Reaction profile for CO, insertion over
Cu—CN-8.0 & CN catalysts (inset: the optimised structure of Cu—CN-8.0). Reproduced with permission from ref. 112. Copyright 2020 American
Chemical Society. Reaction scheme and catalytic performance of Pd;/CsNy4 for (f) hydrogenation of styrene, (g) hydrogenation of furfural (h)
hydrodechlorination of 4-chlorophenol. Reproduced with permission from ref. 113. Copyright 2020 American Chemical Society.

adsorbed on C,¢ sites while the positively charged Ru** ions are
adsorbed on N,¢ sites to form C-Pt-Ru-N coordination in
PtRuSA-CN620 (Fig. 25(b)). Pt-Ru monomers with the above
coordination structure contains two Pt-C, one Pt-N and three
Ru-N bonds with a more negative adsorption energy (E.qs) value
of —9.40 eV. They are found to be more stable compared to Pt-
Pt/Ru-Ru monomers, Pt-Ru monomers with C-Ru-Pt-N, N-Pt-
Ru-N coordination structure, and isolated Pt/Ru atoms.®

The PtRuSA-CN620 catalyst with 0.45 wt% Ru and 0.51 wt%
Pt exhibited 100% CO conversion into CO, at the lowest
conversion temperature of 150 °C by Eley-Rideal (E-R) mecha-
nism through preferential adsorption of O, followed by activa-
tion on the catalyst surface (Fig. 25(c)). The feeble IR absorption
peaks for CO molecule at 2171 and 2111 cm ™ in the tempera-
ture range of 110 to 300 °C, ruled out the possibility of Lang-
muir-Hinshelwood (L-H) mechanistic pathway for CO
oxidation in which both CO and O, adsorption take place on
catalyst surface (Fig. 25(d)).®

Photocatalytic non-oxygenative coupling of amines to imines
employing H,O as an oxidant is a prospective approach, by
virtue of its ease of handling, for the bulk synthesis of imines.

8628 | J Mater. Chem. A, 2023, 11, 8599-8646

Single atoms of copper (0.85 wt%) embedded within g-C3N,
sheets (Cul@HCNS) exhibited superior benzylamine oxidation
(BOR) to imine at the rate of 10 583 pmol g~ ' h™" and with 96%
selectivity. The catalytic activity was found to be 3.8 and 2.5
times better than Cu single atoms on the surface of g-C;N, (Cul/
HCNS) and hollow C3N, spheres comprising of C3;N, nano-
sheets (HCNS) respectively. The BOR activity of Cul@HCNS was
much higher than the most performing precious metal Pt/MOF
and was comparable with commonly employed Ni/CdS catalyst
which is toxic and photocorrosive.*

mpg-C;N, containing single-atom Cu (Cu-CN-x) up to
26.6 wt% was synthesized by a one-pot two step strategy using
urea and CuCl,. The first heat treatment at 180 °C led to the
coordination and precondensation between urea derived N-
containing species and Cu®** ions through the formation of
Cu-N bond. Subsequent calcination at 550 °C resulted in the
confinement of Cu single atom in CN matrix through the
replacement of one C atom and coordination with three N
atoms. The synthesized Cu-CN-x (x indicates the Cu wt%) dis-
played excellent catalytic activity towards carboxylation of
terminal alkynes, utilizing atmospheric CO,. Cu-CN-8.0 aided

This journal is © The Royal Society of Chemistry 2023
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the carboxylation of phenylacetylene with 97% yield of phenyl-
propiolic acid and with highest TOF of 9.7 h™*. The mechanism
involves the formation of an alkynyl carboxylic intermediate via
the addition of deprotonated phenylacetylene to CO, The
reaction further proceeds through CO, insertion in copper
acetylide to result in Cu(r)-propiolate complexes, leading to
phenylpropiolic acid. DFT calculations supplemented the
experimental observations as the above addition reaction on
Cu-CN is exothermic in nature with a reaction energy of
—0.27 eV and an energy barrier of +0.85 eV. On the contrary,
pure CN was shown to be catalytically inactive due to the high
endothermic reaction energy of +1.39 eV coupled with a high
activation energy barrier of +2.31 eV (Fig. 25(e))."**

Atomically dispersed palladium on g-C3;N, (Pd;/C3N,) was
synthesised by confining them into the six-fold cavity via N-
coordination employing a spatial confinement-reduction
strategy involving urea and Na,PdCl,. The catalytic perfor-
mance of Pd;/C;N, SACs with Pd loading of 0.18 wt% was
demonstrated for various selective hydrogenation reactions and
the hydrodechlorination reaction of 4-chlorophenol. Pd;/C;N,
exhibited a high TOF value of 834 h™" with 98% conversion for
hydrogenating styrene to ethylbenzene. In comparison catalysts
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with nanoparticles of Pd (Pd NPs/C;N,) up to 11 wt% metal
loading displayed the TOF values of 476 h™" only. Alternatively,
g-C3N,, single atom Pd dispersed in MWCNTs-NH, (Pd-
MWCNTSs-NH,, 0.32 wt%) and nitrogen doped carbon (Pd,/N-C,
0.82 wt%) showed negligible activity. The control sample of
commercial Pd/C (5 wt%) and Na,PdCl, salt exhibited TOF
values of 333 h™™.

Pd,/C;N, was also utilised for selectively hydrogenating
furfural using H,O as a solvent at 90 °C temperature and 1 atm
H, pressure. Pd;/C;N, exhibited 64% conversion of furfural to
furfuryl alcohol with a TOF of 146 h™" and 99% product selec-
tivity. In comparison Pd NPs/C3;N, exhibited only 39% of
conversion with a TOF of 67 h™" and 99% product selectivity.
Furthermore, Pd1/C;N, was also utilised for the hydro-
dechlorination of 4-chlorophenol at 80 °C using ammonium
formate as the source of hydrogen. 99% conversion and 99%
product selectivity towards phenol were achieved within 10 min
and with an exceptionally high TOF of 13 333 h™". In contrast,
Pd NPs/C;N,, Pd,/MWCNTSs-NH,, Na,PdCl, salt, and Pd,/N-C
yielded no product while Pd/C exhibited 35% of conversion
along with 99% selectivity and a TOF value of 1527 h™".1%?
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Au SACs (Au,/g-C3N,) synthesised by the calcination of
HAuCl,/g-C3N, in N, atmosphere at 300 °C, was demonstrated
for the acetylene hydrochlorination reaction to produce vinyl
chloride which is an important monomer in polyvinyl chloride
industry. Au exists in +1 oxidation state and forms Au'-Nj active
sites through N coordination. DFT study indicated that Au'-Nj
active sites preferentially coordinate with HCIl than acetylene
inhibiting Au-N; to Au’ reduction and thereby sustaining the
catalytic active sites for hydrochlorination reaction. In contrast,
the conventional catalyst, AuCl; on carbon preferentially coor-
dinates with acetylene leading to the reduction of Au™ ion to Au®
thereby losing its catalytic activity. Au atom occupies the Cv2
defect site present in g-C3;N,. The electron localisation function
(ELF) maps revealed that the Au-Nj sites are having a T-shape
structure with lone-pair electrons (Fig. 26(a—c)). Au,/g-C3N,
single atom catalyst exhibited 70% conversion of acetylene in
600 min without any loss of activity. In comparison, HAuCl,/g-
C;N, catalyst exhibited a maximum conversion of 72.1%, but
got significantly decreased to 14.5% in just over 500 min as
a result of the reduction of Au" to Au’. However, the Au NPs/g-
C3N, catalyst showed only very weak activity confirming that Au®
is catalytically inactive towards acetylene conversion. Au-Nj
active sites preferentially adsorb HCI by a dissociative mecha-
nism with an adsorption energy (E.qs) of —2.25 eV which is
higher than the E,qs of acetylene (—1.17 eV), preventing the
reduction of Au' to Au’ by C,H,. But in the case of AuCl;/C
catalyst, C,H, has a higher adsorption energy of —1.04 eV than
HCI (—0.74 eV). The interaction of HCl with Au,/g-C3N, weakens
the Au-N bond as evident from the shifting of the d band center,
associated with the Au 5d orbital, farther from the Fermi level in
PDOS of HCI adsorbed catalyst. However, in the case of acety-
lene adsorbed catalyst, there is no shift of band center associ-
ated with the 5d and 6s orbital in the PDOS (Fig. 26(d-f)). The
competitive HCl adsorption prevents Au' to Au’ reduction
rendering enhanced stability for the catalyst. g-C;N, as
a support contributes towards the enhanced stability of the
catalyst through m-m interaction of its electron-deficient hep-
tazinic center with electron-rich C,H,. The HCI adsorbed on the
active site interact with the acetylene following Langmuir-
Hinshelwood (LH) mechanism. The DFT calculation supple-
ments the improved performance of Au,/g-C3N, by predicting
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a small energy barrier for C-H and C-Cl bond formation (0.98
eV) along with small desorption energy of 0.87 eV for the
product.™**

The non-oxidative dehydrogenation of propane (denoted as
PDH) is an effective synthetic route for the economical
production of propylene. The mechanistic pathway for PDH
involves C-H bond scission followed by propylene adsorption
on the catalysts. Hence low values for C-H bond activation
energy (AE) and propylene adsorption energies (E.q) on catalysts
are essential attributes. Additionally, the desorption energy of
propylene should also be low compared to the energy required
for breaking the C-H bond to realise higher selectivity towards
propylene. Li et al. demonstrates that the sum of AE and E,q can
be used as a theoretical indicator to elucidate the catalyst effi-
ciency. Thus, a positive value suggests that C-H bond dissoci-
ation is slower than propylene desorption while a negative value
is an indicator of propylene being strongly adsorbed on TM/g-
C;3N,. Employing DFT calculations, the group screened the
potential of 12 transition metals supported on g-C3N, (V, Cr,
Mn, Zr, Nb, Ru, Rh, Pd, Os, Ir, Pt, Au) as SACs for PDH. The
study predicts that a single atom transition metal catalyst can
be active and selective for PDH by virtue of its highly exposed
d states that enable C-H bond activation and rapid desorption
of propylene through weak propylene- adsorption mode.

2-C3Ny, being thermally stable up to T ~550 °C, can effec-
tively perform the role of stable support for PDH catalysis which
conventionally operates at 530 °C. Moreover, the support facil-
itates firm anchoring of single atoms, preventing agglomeration
at high-temperature operating conditions. The adsorption
energies of single metal atom should be similar to or higher
than their cohesive energies for them to bond on g-C;N,. This
selection rule is satisfied by five transition metals of V, Cr, Mn,
Zr, and Nb. Together with conventionally active metals like Ag,
Ry, Rh, Pd, Os, Ir, Pt, and Au, atomically dispersed SACs based
on g-C3;N, were employed for PDH catalysis. Of the 12 systems
studied, Ag1/g-C;N, displayed poor PDH activity owing to its
high reaction energy (AE) for the first C-H bond cleavage and
high propylene adsorption energy (E.q). On the other hand, the
rate-limiting step of PDH was characterised by a low activation
barrier of 1.11 eV for V,/g-C;N, catalyst. Moreover, high selec-
tivity was also displayed by V,/g-C;N4 as the adsorption energy
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Fig. 27 (a) Possible adsorption sites for single metal atoms in g-C3Ny4 layer, (b) adsorption energies of various metal single atoms on available
adsorption sites in the g-CsN4 surface. Reproduced with permission from ref. 115. Copyright 2020 American Chemical Society.
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of propylene (—0.59 eV) was much lower compared to the acti-
vation barrier for deep dehydrogenation (1.97 eV).

In SACs based on C;N,, the lattice constant of the planar
structure (7.14 A) is slightly higher than the buckled C;N,
structure (7.00 A). The buckled structure is more stable than the
planar structure by 2.05 eV. The four possible adsorption sites
(A, B, C, D in Fig. 27(a)) of the single metal atoms move from
their initial positions on structural relaxations. The adsorption
energies of various single metal atoms on the g-C;N, surface are
shown in Fig. 27(b). V, Cr, Mn, and Zr are g-anchored firmly on

tO e S i
+ NaN3 + —
DMF
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2-C3N, as the cohesive energies are lower than their adsorption
energies. Moreover, the Pd single atoms of synthesised Pd,/g-
C;3N, had adsorption energy smaller than the binding energies
of above-mentioned TMs enabling the practical viability of TM
based SACs for PDH."**

g-C3N, containing single atom Cobalt (Co SACs) up to
23.58 wt% loading was demonstrated to be an excellent catalyst
for oxidation of ethylbenzene in the air with a high turn-over
frequency of 19.6 h™' and 97% selectivity for acetophenone
formation. The catalytic pathway involves the formation of Co-
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2@mpgCsN,4 with respect to (b) time and (c) temperature, (e—-g) the structural model for the Cu coordination in Cu-based SACs (e) Cu adsorbed
in the heptazinic pore of CzN4 (Cu(ads)/C3Ny), (f) Cu substituted the carbon in C3N4 (Cu(sub)/C3Ny), and (g) Cu adsorbed on N-doped graphene
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Reproduced with permission from ref. 117. Copyright 2022 the authors. Published by American Chemical Society.
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O bond through O, adsorption while ethylbenzene adsorbs on
the catalyst surface. The subsequent abstraction of the H atom
from the CH, group of ethylbenzene produced acetophenone
through the intermediates of phenylethyl radical and hydro-
peroxyl radical.**®

The potential of g-C;N, based ultra-high density copper
single atom catalyst (UHD-Cu,/PCN SAC) was demonstrated for
catalysing the azide-alkyne cycloaddition reaction between
benzyl azide and 4-ethynylanisole at 60 °C using water-tert-
butanol (1:1) mixture as solvent. The effect of Cu content on
the catalytic activity to yield 1-benzyl-5-(4-methoxyphenyl)-1H-
1,2,3-triazole was investigated. As the Cu loading increased,
the number of active sites as well as the site-specific activity for
UHD-Cul/PCN SAC also enhanced remarkably yielding 92% of
1,5-disubstituted triazole in 12 h. However, no explanation was
provided for the selective formation of the 1,5-disubstituted
triazole rather than the 1,4-regioisomer.™

Recently, single atom copper catalysts on mesoporous
graphitic nitride (saCu-x@mpgCsN,), obtained by the template
assisted direct synthesis involving sodium tricyanomethanide,
CuCl,-2H,0, cyanamide and SiO, particles, were demonstrated
to catalyse click cycloaddition between various phenylacetylene
derivatives and in situ formed azides (from benzyl bromide, and
sodium azide) (Fig. 28(a)). Cu-2@mpgCz;N, catalyst with
1.6 wt% of Cu loading exhibited a yield of 45% for 1-benzyl-4-
phenyl-1H-1,2,3-triazole in DMF solvent at 130 °C for 30 min
(Fig. 28(b and c)). The reaction mechanism evolved from the
three possible coordinating structures (Fig. 28(e-g)), involved
acetylene activation by adsorption on Cu(ads)/C3N, with
a minimal thermodynamic barrier of +0.09 eV relative to
Cu(sub)/C3;N, (+0.48 eV) and Cu(ads)/NG (+0.66 eV). Subse-
quently, sodium azide reacts with the C atom of acetylene
forming a stable linear intermediate over Cu(ads)/C;N, with
a free energy change of —4.19 eV compared to Cu(ads)/NG and
Cu(sub)/C;N, with more positive free energy values of —1.10 eV
and —2.73 eV respectively. A triazolate pentacyclic ion attached
to the Cu SAC was formed on the completion of cyclisation with
free energies of —3.79 eV, —5.34 eV, —5.47 eV for Cu(ads)/NG,
Cu(sub)/C3N,, and Cu(ads)/C3N, respectively. The final step of
catalyst regeneration was by the desorption of sodium triazolate
molecule where the desorption energy barrier was highest for
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Cu(ads)/C3N, (2.27 eV) compared to Cu(ads)/NG (0.59 eV) and
Cu(sub)/C3N, (2.14 eV) (Fig. 28(h and i)).""”

Sleim et al. demonstrated the complete conversion of CO to
CO, by thermal oxidation at 184 °C utilising single atoms of Cu
incorporated on ultra-thin sheets of porous C;N, (Cu-P-g-C3N,).
The SAC developed was characterised by a high surface area of
240 m* g~ ' and contained 1.8 wt% of Cu atoms isolated through
coordination with the nitrogen of C;N,. The Cu-N coordination
sites bond weakly to the intermediates and products enabling
faster reaction kinetics at relatively low temperature.*®

The potential of metal embedded C;N, catalysts (M@gt-
C3N,, where M stands for Mo, Ni, Co, Cu, Mn and Fe) were
evaluated through first principles calculations and ab initio
molecular dynamics (AIMD) simulations, for the -catalytic
hydrogenation of CO, to HCOOH, CO, and CH3;OH. The p
orbitals of pyridinic N atoms in s-triazine-based graphitic C3N,
(gt-C5N,), bond strongly with the d (p) orbitals of single metal
atoms activating H, and CO,. The co-adsorbed state, thus
formed, acts as intermediates to the hydrogenation of CO, to
different C; products, with the metals Mn, Fe, Mn and Co
providing superior catalytic performance compared to others.
The binding energy (AE,) values of a metal single atom
anchored on gt-C;N, and the AE}, values for all the M@gt-C3N,
vary from —2.25 to —3.72 eV confirming the thermodynamic
feasibility of metal incorporation on gt-C;N,. Furthermore, the
thermal stability of the SACs was evaluated from AIMD simu-
lations and estimating the energy barrier values for surface
migration of metal atoms. Considering Co@gt-C;N, as a repre-
sentative example, it was established that the framework
structure was retained without bond fission and metal migra-
tion even after 10 ps AIMD stimulation. A high energy barrier of
2.11 eV ruled out the possibility of Co atom migration. Addi-
tionally, the evaluation of electronic properties through band
structure analysis, charge density difference and electron spin
density calculations indicated that Cu@gt-C;N, possessed
metallic nature whereas all other metal atoms induced semi-
conducting properties. This was attributed to the availability of
more valence electrons in Cu compared to the rest of the metals
as well as to the strong hybridisation of Cu orbitals with
neighbouring N orbitals resulting in a high Fermi level value of
—2.02 eV relative to the range of —2.98 to —2.15 eV for other

< Electrocatalysis )

CO, reduction
eCO,RR

H, evolution
HER

~

0, reduction
ORR /)

\ O, evolution
) OER

Fig. 29 Various electrocatalytic reactions catalysing by g-CsN,4 based SACs.
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metal SACs. The hydrogenation of CO, starts with the adsorp-
tion of CO, and H, molecules in bidentate configuration. The
adsorption energies (E,qs) of CO, over the metal atom, vary
between —0.33 to —1.25 eV whereas E,qs of H, lies between
—0.70 and —1.21 eV. The co-adsorption of CO, and H, is ener-
getically more favourable for all M@gt-C3;N,, except for that of
Mn. For the representative Co@gt-C;N, system, H, adsorption
proceeds exothermic route with an E, 45 value of 1.13 eV followed
by the adsorption of CO, whereas co-adsorption occurs with the
release of energy of 0.19 eV. CO, hydrogenation follows the
Langmuir-Hinshelwood (L-H) mechanism which starts with
the coadsorption of CO, and H,. The CO, hydrogenation
process follows various pathways to produce various products.
The HCOO* pathway led to HCOOH formation. A reverse water-
gas shift (RWGS) reaction pathway produces CO, whereas
a mixed reaction pathway involving CO intermediate hydroge-
nation (CO-hydro) and RWGS results in CH;OH formation. The
hydrogenation of CO, led to the formation of CO intermediate
with high E,q4s ranging from —2.07 to —2.61 eV which makes the
desorption of CO difficult from the catalyst surface and thereby
facilitates further hydrogenation to produce CH;OH. In the case
of Co@gt-C;N, which was theoretically predicted to be the most
efficient system for CO, hydrogenation, HCOOH formation
occurs with the lowest energy barrier of 0.58 eV, whereas the
formation of CO and CH;OH occurs by overcoming an energy
barrier of 0.67 eV and 0.95-1.19 eV respectively.'*® The SACs
demonstrated for thermal catalysis with the salient outputs are
presented in Table 7.

5.3 Electrocatalytic applications of g-C;N, based SACs

Electrocatalysis is perceived to be a promising approach to meet
the continuously increasing energy demand by employing
various technologies, such as the electrolysis of water, CO,
reduction, fuel cells, etc. The underlying electrochemical
processes enable the sustainable utilisation of renewable elec-
trical energy with appreciable energy conversion efficiencies.
Precious metals (Pt, Ir, Ru, Rh, Pd, efc.) and their metal oxide-
based catalysts are widely used in the field of electro-
catalysis.' However less availability and high cost hinder their
widespread application. The utilisation of single atom catalysts
of precious & non-precious metals with high intrinsic activity,
unique electronic structure, and high atom utilisation efficiency
help to improve the electrocatalytic performance for various
reactions (Fig. 29)."

5.3.1 Electrocatalytic CO, reduction. Electrocatalytic
reduction of CO, (eCO2RR) to valuable feedstocks by utilising
renewable electrical energy is an environmentally benign
strategy to mitigate carbon emission, fossil fuel depletion, and
reduce the climatic impact of the green-house effect.'™ CO,
reduction proceeds via multi electron-proton transfer steps and
converts it to various products like CO, HCOOH, CH,, CH;0H,
C,H;0H, and C,H, and higher hydrocarbon etc*** as shown in
the equations below.

CO, + 2H" + 2¢- — HCOOH

CO, +2H" +2¢~ — CO + H,0
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C02 + 6HJr + 6e” — CH3OH + H20
CO, + 8H" + 8¢~ — CH,4 + 2H,0
2C02 + 12H+ +12¢~ — C2H4 + 4H20

2C02 + 12HJr + 12" — C2H50H + 3H20

Zhang et al. developed Mn based SACs through thermal
treatment of a precursor mix containing manganese acetate,
dicyandiamide (DCD), and CNT under an inert atmosphere of N,
at 600 °C. SACs with Mn-Nj sites embedded in the mixed matrix
of g-C3N, with carbon nanotubes (Mn-C3;N,/CNT) exhibited
excellent eCO2RR in aqueous electrolyte with 98.8% of faradaic
efficiency (FE) and CO partial current density (jco) value of 14.0
mA cm >, at a low overpotential of 0.44 V. jco further improved to
18.6 and 29.7 mA cm ™2 at an overpotential of 0.42 and 0.62 V,
respectively by the usage of ionic liquid (IL) electrolyte. Theo-
retical studies and XAS analysis revealed that CO, can easily get
adsorbed on Mn-N; active site which facilitated a low free energy
barrier for COOH* intermediate formation.'*

The potential of atomically dispersed Er atoms on g-C3N,
nanotubes described earlier for photocatalytic CO, reduction,
has been evaluated for eCO2RR. HD-Er;/CN-NT exhibited
enhanced cathodic current compared to pure CN-NT and LD-
Er,/CN-NT.°

Yan Jiao et al. used DFT calculations to predict different C-C
coupling pathways for the eCO2RR to C,H, over Cu-C3N, SACs
utilising Cu/C or Cu/N dual active sites present in it. The reduction
proceeded via 12 e~ and 12 proton transfer pathways at a potential
of —0.764 V vs. SHE. The first in the process is the protonation of
a CO, molecule to *COOH at any of the three active sites of Cu,
C, N present in the catalyst. DFT study and associated AG calcu-
lations divulged that the Cu active site with a AE of 0.37 eV is
preferred to N active site with 1.47 eV. Even though active sites of
C possess the lowest AE of 0.37 eV, it is difficult to facilitate C-C
coupling as the reaction proceeds. Based on the sites and inter-
mediates involved in the formation of C,H,, 14 different pathways
are suggested in two categories involving the Cu/N dual active
sites and Cu/C dual active sites. The Cu/C pathway exhibited
a better synergistic effect than Cu/N which is beneficial for pos-
sessing catalytic activity comparable to Cu (100).***

Electrochemical CO, reduction to formate was demonstrated
in exfoliated g-C;N, (GCN) containing atomic dispersions of Cu
(Cu-GCN). XANES analysis indicated the presence of both Cu**
and Cu' with an average oxidation state of +1.4 confirming
different Cu-N co-ordinations, coupled with DFT calculations,
the authors predicted a partially polymerised GCN that retained
a few amino functional groups coordinated to Cu as the Cu
atoms are expected to interact preferentially with pyridinic N
atoms. The catalyst Cu-GCN(20) exhibited CO2RR activity in
bicarbonate solution through the formation of formate as the
only product in the liquid phase, with a faradaic efficiency of
12% and a current density of 14 mA mgcat’l. However, in the
phosphate solution HER was predominant over CO2RR and
hydrogen was obtained as a result of HER rather than CO2RR.***
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Single atom &

Products, FE, current

Coordination site or

System loading Synthesis method density (j) & overpotential structure & oxidation state Ref.
Mn-C;3;N,/CNT Mn 0.17 wt% Template free direct CO, FE 98.8%, jco Mn-Nj, +2 123
synthesis 14.0 mA cm ™2 at 0.44 V
Er;/CN-NT Er 18.4 wt% Freeze drying assisted HD-Er;/CN-NT exhibited Er-Nj, +1 9
direct synthesis higher cathodic current than
LD-Er;/CN-NT & CN-NT
Cu-C3N, Cu DFT study C,H,, Predicted Cu/C active sites — 124
favours C,H, formation than Cu/N
Cu-GCN(20) Cu 20 wt% Chemical reduction assisted Formate (HCOO™), FE 12% Nitrogen, +1 & +2 125
post synthesis
ZnSA-CN-G Zn, 1.2 wt% Freeze drying assisted CO, FE 87.1% at —0.5V Nitrogen, oxidation state 126

direct synthesis

Ge et al. successfully developed an efficient electrocatalyst
(ZnSA-CN-G) for CO2RR by dispersing zinc single atoms (ZnSA)
on graphitic carbon nitride nanosheets (CN) and graphene (G)
through the pyrolysis of a precursor mix containing DCDA,
graphene-oxide nanosheets (GO nanosheets) and ZnCl,. During
the pyrolysis process at 700 °C, the conversion of DCDA to CN
facilitated the atomic level dispersion of Zn single atoms to CN
matrix with Zn-N coordination and GO was reduced to gra-
phene. ZnSA-CN-G catalyst with a metal loading of 1.2 wt%,
exhibited excellent conversion of CO, to CO with 87.1% of FE at
a potential of —0.5 V vs. RHE. The enhanced electrocatalytic
activity is derived from the availability of abundant Zn single
atoms as well as from the enhanced surface area & electrical
conductivity of ZnSA-CN-G.***

The electrocatalytic CO, reduction capabilities demon-
strated for g-C;N, based SACs are presented in Table 8.

5.3.2 Electrocatalytic nitrogen reduction reaction (eNRR).
The large-scale commercial synthesis of ammonia is currently
realised through the traditional Haber Bosch process which is
a high temperature, high pressure route and consequently is
highly energy intensive and environmentally non-friendly."”
The conversion of N, to NH; through electrochemical means is
an attractive option by virtue of the milder conditions of oper-
ation and low energy requirements. Electrocatalytic nitrogen
reduction reaction (eNRR), analogous to nitrogen fixation by
nitrogenase enzymes, is the most sustainable pathway for
ammonia production. Bulk catalysts like Fe and Rh are
demonstrated for eNRR but with low efficiency, poor selectivity
and slow kinetics.”® Single atom catalysts with an optimal
concentration of highly active metal sites have shown the
potential to be highly effective for eNRR through improved
selectivity, kinetics and efficiency.?”'*®

eNRR is a six-electron reaction progressing in both asso-
ciative and dissociative mechanisms. The former involves the
release of NH; simultaneously with N=N bond cleavage and
proceeds through the distal, alternating, and enzymatic
pathways. In the dissociative route, N=N cleaves into two
separate N atoms before hydrogenation. The reduction
process is initiated by the adsorption of N, to metal atoms and
the adsorption energy calculations suggest that it proceeds

This journal is © The Royal Society of Chemistry 2023

in between 0 & +2

preferably via an end on configuration.”® Computing AG
associated with the formation of possible species (N,H*,
N,H;, N,H;, N,H,, N* NH* and NH,) and identification of
the potential determining step (PDS) through different path-
ways facilitate mechanisms to evaluate the efficiency of the
catalyst.***

In one of the initial reports on SACs based on g-C;N,, Zhao
and Chen employed DFT based computational studies to
investigate the effectiveness of a variety of single atoms (Ag, Ru,
Pd, Rh, Au, Pt, W, Ni, Ti, Mo Cr, Mn, Co, and Fe) on C;N, for
eNRR (Fig. 30(a)). The structural stabilities of the catalysts were
computed from the energy of the adsorption of the metal atoms
on g-C3Ny, (Fig. 30(b)). Single atoms of Ti, Mn, Pd, Ag, Au and W
were adsorbed on the six-fold cavity of g-C;N, with metal-N
bond lengths varying in the range of 2.28-2.51 A. The group
comprising of Cr, Ni, Fe, Co, Cu, Mo, Ru, Rh, and Pt were
anchored favourably at the corner of the same cavity with
metal-N bond lengths of 1.90-2.11 A. The difference in
adsorption sites was ascribed to the differences in atomic radii
and electronegativity values. Electron transfer from metal
atoms to C3N, induces positive charges on metals facilitating
eNRR and suppressing the competitive HER."*

Ding et al. compared the suitability of g-C;N, and graphene,
as support layers with differences in their coordination envi-
ronment, for incorporating single atoms of V, Nb, and Ta
(Fig. 30(c)). Their subsequent use as electrocatalysts for
nitrogen reduction was evaluated based on the ability of the
catalyst to adsorb nitrogen for the activation of N=N, the
creation of a stable N,H* adsorption on the catalyst and the
destabilisation of NH}. The reactivity screening revealed that V,
Nb, and Ta anchored onto graphene support, could only weakly
stabilise the NH, species and hence were considered to be
unsuitable for eNRR. The binding energy of single atoms on
C;3N, was used to ascertain the structural stability of SACs. The
values ranging from —6.48 to —7.58 eV confirmed that the C;N,
layers with the corner vacancy are best suited to facilitate the
anchoring of TM atoms. The band gap and spin density distri-
bution calculations indicated strong N, adsorption capacity for
TMs on C;3N,. The E, of C;N, lowered significantly from 2.84 eV
to 1.36 eV (Ta/C3N,) and 1.35 eV (Nb/C3N,). Among the three
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(a) g-C3N4 monolayer structure with possible coordination sites for single metal atoms and their (b) adsorption energies (calculated)

HER. Reproduced with permission from ref. 132. Copyright 2018 John Wiley and Sons. (c) Optimised monolayer g-C3N4 structure with V, Nb, Ta
single atoms. Reproduced with permission from ref. 133. Copyright 2020 American Chemical Society. (d) Structural transformation of h-C3N4 to
h-C4Ns, (e) —AG; versus group number for 4d and 5d TMs (f) AG; for the screened TM-SACs. Reproduced with permission from ref. 134.
Copyright 2021 American Chemical Society. (g) Alternating mechanism of NRR on Au;/CzN4 with optimised structures of various intermediates,
(h) free energy profile of NRR using Au;/C3sN4 and Au (211), (i) change in electron density induced by anchored Au atom on g-CsN4 (cyan and pink
colour indicate accumulation and depletion of electron density respectively), (j) limiting potential difference in NRR and HER. Reproduced with

permission from ref. 135. Copyright 2018 Elsevier.

TMs evaluated, SACs based on Nb/C;N, were shown to possess
the highest catalytic efficiency with high selectivity for NRR
compared to HER by virtue of the AG max of 0.05 eV realised
through a distal mechanism.**

Singh et al employed density functional theory for the
design of transition metal (TM) anchored heptazine-derived
graphitic C4,N; (h-C,N;) based SACs. The catalytic efficiency
was gauged by the ability of a metal to facilitate HER through
the adsorption and protonation of nitrogen. The number of
valence electrons of TM was identified to be an indicator to
predict the catalytic efficiency of SACs. Among the carbon
nitrides, h-C,N; formed by the replacement of two N atoms with
C atoms was identified to be a better support than C3;N,, as the
former is metallic offering a free flow of electrons (Fig. 30(d)). 27
transition metals anchored SACs were investigated and the
evaluation of N, adsorption energies qualified Sc, Co, Ni, Zr, Nb,
Mo, Ru, Ta, W, and Os for eNRR (Fig. 30(e and f)). Subsequently,
considering the feasibility of protonation of N; to N,H* inter-
mediate, only 3 of the 27 TMs namely Mo, W and Ta were found
comparatively more effective. Among the three qualified, only
Mo and W showed higher selectivity for eNRR and the highest
efficiency was accorded to Mo based SACs by virtue of their
extremely low overpotential of 0.02 eV versus SHE. The esti-
mated faradaic efficiency was 97.3% for Mo-SAC.

8636 | J Mater. Chem. A, 2023, 11, 8599-8646

Thermodynamic analysis of the reduction pathways (distal,
alternating and mixed) suggested that the most favourable
mechanism for the conversion of N, to NH; by Mo-SAC is the
mixed mode with a limiting potential of —0.18 eV vs. SHE. The
potential limiting step (PLS) for this mechanism is the conver-
sion of N,H,* to NH — NH, intermediate.'

Wang et al. evaluated the catalytic performance of atomically
dispersed Au on C;N, for the electrochemical reduction of N, to
NH*" in an aqueous sulphuric acid solution. A high ammonium
yield rate of 1305 ug h™" mg,, " had been realised and the yield
was roughly 22.5 times more than that obtained by employing
Au nanoparticles as catalysts. The direct eNRR to NH*" was thus
demonstrated with an energy utilisation rate of 4.02 mmol k] .
DFT calculations revealed that the mechanistic pathway
involves an alternating mechanism with the reduction of N, to
*NNH as the rate determining step with a positive AG value of
1.33 eV for Au-C3N, SACs compared to a higher AG value of
2.01 eV for Au nanoparticles (Fig. 30(g and h)). The electron
density difference due to the anchoring of Au on g-C;N, also
favoured stronger binding interaction between Au and *NNH
(Fig. 30(i)). Bader charge population analysis confirmed charge
transfer from Au to C;N, leading to the shifting of the d-orbital
position towards the Fermi level enabling enhanced interaction
with intermediates. The selectivity of Au-C3;N, SACs towards

This journal is © The Royal Society of Chemistry 2023
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Table 9 Summary of g-C3N4 SACs for electrocatalytic nitrogen reduction reaction

System Single atom & loading  Synthesis method

Coordination site or
Rate, FE, limiting potential structure & oxidation state Ref.

TM@C;N, TM = Ag, Ru, Pd, Rh, DFT study

Au, Pt, W, Ni, Ti,
Mo Cr, Mn, Co, Fe

W@C;N, is predicted to exhibit the Nitrogen 132
highest NRR activity with a limiting
potential of —0.35 V

TM/CN TM =V, Nb, Ta DFT study Nb/CN is predicted to exhibit highest Nitrogen 133
NRR activity with a low AGpax (0.05 €V)
TM-SAC TM = Sc, Co, Ni, Zr, Nb, DFT study Mo-SAC is predicted to be the most Nitrogen 134
(TM h™'-C,N3;) Mo, Ru, Ta, W, and Os effective eNRR catalyst with an ultralow
overpotential value of 0.02 V & high FE
Au-C;N, Au 0.15% Post synthesis - reduction Rate: 1305 ug h™' mga, ', FE: 11.1% Nitrogen, +1 135
under inert atmosphere  at —0.10 V
NRR, compared to HER, was ascertained based on the ther- 5.3.3 Electrocatalytic hydrogen evolution. Hydrogen is

modynamic limiting potentials which was computed to be a clean source of energy with high energy density and is
—0.88 V for SACs relative to —1.67 for Au nanoparticles-based considered to be the fuel of the future. Green hydrogen
catalysts (Fig. 30(j)).”*® Table 9 summarises the g-C;N, based produced through economically viable water electrolysis
SACs demonstrated for eNRR applications.

enables sustainable energy generation without carbon
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Fig. 31 Data elucidation of HER activity, (a) LSV curves in 1.0 m KOH, at a scan rate of 5 mV s for Co—C3N4/rGO, Co—C3N4, CsN,4/rGO, and Pt/
C, (b) overpotential values of the developed catalysts for a current density of —10 and —500 mA cm™2, (c) Tafel plots, (d) mass activity of the
developed catalyst in comparison with Pt/C, at different overpotentials (e) time-dependent overpotential curves of Co—CzN4/rGO, Co—CzNy, in
comparison with Pt/C. Co—N and Co-3N systems with (f) d-band centers, (g) energy profiles, charge density differences in structures of (h) Co—
N3, (i) Co—N1. Reproduced with permission from ref. 138. Copyright 2022 American Chemical Society.
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footprints. The efficient production of high-purity green
hydrogen via electrocatalysis is being pursued by researchers
worldwide. Electrocatalytic hydrogen evolution is thus a prom-
ising pathway in the efforts for affordable hydrogen generation.
SACs have been recently demonstrated to be efficient HER
electrocatalysts for hydrogen generation.'*

Dai et al. employed computational studies to explore the
potential of transition metal (TM = Ti, V, Cr, Mn, Fe, Co and Ni)
based SACs on holey g-C3N, (TM/g-CN) for overall water split-
ting (HER & OER). Among the various TM/g-CN SACs designed,
Co,/g-CN and Ni,/g-CN were predicted to perform as the most
efficient bifunctional electrocatalysts owing to the strong
interaction between the intermediates and catalysts as governed
by the d band centre of the metal atoms. The calculations
indicated that Co,/g-CN and Ni;/g-CN SACs can attain over-
potential values of 0.15 V and 0.12 V respectively for HER.
Values are comparable with that of Pt reference catalyst with
0.09 V overpotential value.*®”

Single Atom Co dispersed over g-C;N, matrix coupled with
RGO and having a metal loading of 6 wt% (Co-g-C3N,/rGO SACs,
Co-CNG) are shown to perform (10 mA cm ™ 2; ~47 mV) at par
with commercial Pt/C catalysts for electrocatalytic HER (10 mA
cm™? at ~48 mV). The Co-CNG was better than the commercial
Pt/C catalyst with 4 times higher mass activity with 500 h
durability (Fig. 31(a-e)). DFT studies supplemented the experi-
mental observations and the superior HER activity of Co-CNG
was ascribed to the presence of 20% and 80% of Co-N and
Co-3N type coordination structures respectively. Coordination
engineering is thus promoted as a pathway to boost HER for
Co-N site than Co-3N model by virtue of the unique electronic
structure, downshift of d-band centres and low free energy
barriers (Fig. 31(f-i))."**

The electrocatalytic hydrogen evolution reported for g-C;N,
based SACs is summarised in Table 10.

5.3.4 Electrocatalytic oxygen evolution reaction & oxygen
reduction reaction (OER & ORR). Technologies for renewable
energy sources such as fuel cells, hydrogen generation by water
splitting, etc. rely on the fundamental reactions of oxygen
evolution and oxygen reduction (OER and ORR). Conventionally
noble metals (Pt) and oxides (RuO,) are the benchmark catalyst
for highly efficient ORR and OER.** However, the widespread
use of such catalysts is largely hindered due to their unafford-
able cost coupled with poor selectivity and stability. Addition-
ally, as the reactions are of competing nature due to its
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reversibility, catalysing both by the use of a single catalyst is
non-realisable.**®*** 1t is therefore desirable to develop bifunc-
tional catalysts with appreciable OER and ORR activities. SACs
due to their desirable attributes in terms of structural and
electronic properties can function to perform the dual roles of
catalysing OER and ORR reactions.

In one of the earlier works, Park et al. developed molecularly
dispersed nickel on C;N, matrix (Ni-CN) by employing a direct
synthetic methodology involving the precursors of melamine
and Ni(u) chloride hexahydrate precursors. The optimised
catalyst displayed OER activity with an onset potential of 1.54 V
(vs. RHE) which was 80 mV less positive than g-C3N,. Atomic
dispersions of Ni species on C3;N, through Ni-N bonding were
confirmed by EXAFS analysis.

Qiao et al. developed organometallic complexes of g-C;N,
with transition metals (M—C3N,) as electrocatalysts for both
OER & ORR activities. Theoretical studies predicted that among
the 3d transition metal centres, (M—C;3;N,, where M = Cr, Mn,
Fe, Co, Ni, Cu, Zn) Fe, Ni and Co possess the potential to exhibit
bifunctional activity toward reversible ORR/OER processes due
to high stability of structures. The representative catalyst of Co-
C3N, with multi-walled carbon nanotubes (CNT) exhibited
higher electrode conductivity exposing all the electrocatalyti-
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cally active sites of Co-C3N,. An onset potential of 0.9 V and
a diffusion limited current density of ~5 mA cm™? in O,-satu-
rated 0.1 M KOH solution was obtained for the Co-C;N,/CNT
catalyst via 4e- dominated ORR pathway. The catalyst also
showed an onset potential of ~1.5 V and an anodic current
density of 10 mA cm ™2 at 1.61 V for OER activity in N,-saturated
1 M KOH solution. The excellent bifunctional performance of
Co-C;3N,/CNT catalysts was at par with precious metal bench-
marks and was attributed to the presence of Co-N, active
sites.'*

Liu et al. developed SAC based electrocatalyst by stabilising
Au;N, single-sites on g-C3N, (Au;N, single-site/C;N,) via a post
synthesis strategy involving electrostatic adsorption. Au;N,
single-site/C3;N, exhibited excellent catalytic activity with good
durability for ORR and OER with mass activity values of ~9000 A
2au ' and ~1500 A g4, at a half-wave potential (Ey,,) of 0.76 V
and at an overpotential 0.45 V respectively. The catalytic
performances were 20 and 26 times higher than the conven-
tional Pt/C and RuO, benchmarks. DFT calculations coupled
with analysis of the electronic structure revealed the injection of
electrons from Au;Nx site to g-C;N, enabling the formation of

Table 10 Summary of g-CsN,4 SACs for electrocatalytic hydrogen evolution

Coordination site or

System Single atom & loading  Synthesis method = Current density (j) & overpotential structure & oxidation state  Ref.
TM/g-CN T™M = Ti, V, Cr, Mn, DFT study Co,/g-CN & Ni;/g-CN SACs are Nitrogen 137
Fe, Co, Ni predicted to be the most effective HER
catalysts with overpotential
values of 0.15 V and 0.12 V
respectively
Co-gC3N,/rGO  Co 6 wt% Template free 10 mA em™?, 47 mV 20% Co-N & 80% Co-3N 138

(Co-CNG) direct synthesis
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an additional energy level near the Fermi level. This promotes
faster redox kinetics for highly efficient OER and ORR reactions.
Moreover, the presence of mobile electrons near the Fermi level
facilitated surface adsorption of the key intermediates *OO and
*OH on Au;N, single-sites with a theoretical binding energy of
1.3 and 1.5 eV, close to that Pt and RuO, (1.4 eV and 1.7 eV).”?

In a noteworthy contribution, Sun et al. prepared Fe, N
doped hollow carbon catalyst (C-FeHZ8@g-C3N,) by the pyrol-
ysis of a precursor mixture containing ZIF-8, C;N, and ferric
acetyl acetonate. The Fe-N, atomic level coordination was
affected by C3;N, and ferric acetyl acetonate as N and Fe
precursors respectively. The optimised catalyst exhibited high
ORR activity with E;, values of 0.18 and 0.845 V in acidic and
alkaline conditions. The use of C;N, prevented agglomeration
of Fe during high-temperature pyrolysis and facilitated the
formation of Fe-Nx sites through its cyano products formed
during decomposition at 950 °C. The incorporation of g-C3N,
during the synthesis provides an effective pathway for the sta-
bilisation of single atoms in Fe-C-N catalyst."**

Wang and co-workers developed a hybrid ORR-OER elec-
trocatalyst (NGM-CN-Fe) with atomic Fe-N, between g-C3N,
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and graphene and were utilised as a material for air electrode
cathode in Zn-air battery (ZAB). Fe is atomically dispersed over
2-C3N, (bulk CN-Fe) through template free direct synthesis
involving dicyandiamide (DCDA) and ferric chloride precursors.
Exfoliated porous CN-Fe nanosheets derived from bulk CN-Fe
through sonication were subjected to hydrothermal treatment
in the presence of graphene nanomesh and annealed at 600 °C
to form hybrid NGM-CN-Fe SAC. The catalyst exhibited supe-
rior ORR activity with a current density of —6.42 mA cm > at an
improved onset potential of nearly 0.00 V which is 13 times
larger than that of atomic Fe dispersed g-C;N, (CN-Fe). Both
pure g-CsN, (CN) and CN-Fe displayed an onset potential
around —0.26 V and the current density was —0.45 mA cm™ > at
—0.5 V. In comparison with commercial Pt-C (20 wt%) catalyst,
NGM-CN-Fe exhibited a comparable onset potential, better
half-wave potential with 20 mV improvement & enhanced
current density. The superior activity of NGM-CN-Fe SAC is
attributed to the existence of Fe-N,, coordination sites via
atomic Fe-bridged coordination between g-C;N, and nitrogen-
doped graphene nanomesh.'**
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Reproduced with permission from ref. 10. Copyright 2021 American Chemical Society.
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Li et al. demonstrated the development of OER catalyst with
highly dispersed Co atoms over the hierarchical structure of g-
C3N, and carbon spheres (C3N,@CS), where ultrathin g-C3;N,
aided the atomic level dispersion of Co atoms. As the electro-
catalytic performance of the SACs is influenced by the chemical
bonding between the support and single atoms, catalysts with
Co-O coordination (Co-O-C3N,@CS), and Co-N coordination
(Co-C3N,@CS), were precisely synthesised by changing the
calcination atmosphere from air to argon. Co-O-C3;N,@CS and
Co-C;3;N,@CS catalysts exhibited appreciable OER activity and
delivered overpotentials of 0.23 V at 10 mA cm > and 0.47 V at
50 mA cm 2, respectively in alkaline media. The Co-O-
C;N,@CS exhibited higher OER performance, at low over-
potentials, as the higher electronegativity of O, compared to N,
accelerated the adsorption of oxygen species. However, at high
overpotentials the activity worsened due to unfavourable
desorption energies.**®
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Employing first principle calculations, Guo et al. established
the suitability of a single transition metal atom dispersed g-
C;3N, catalyst for ORR. The adsorption energy of the key inter-
mediate OH (AE«oy) and the d-band centres form the basis of
predicting the overpotential for ORR. The study predicted that
among the various TM/g-C;N, catalyst, Pd/g-C;N, exhibited
a low overpotential value of 0.46 V qualifying it to be an effective
substituent for the conventional Pt catalyst.**’

N-doped porous carbon containing Fe atoms (Fe-g-C3N,/
HPNCPs, 2.15 wt%) coordinated to C;N, matrix was demon-
strated to be an effective ORR electrocatalyst, with an E;,, of
0.902 V, outperforming the commercial Pt/C catalysts. The
hierarchical structure characterised by a micro-mesoporous
architecture enabled increased mass transport to the catalyti-
cally active single atomic Fe-N, sites favouring enhanced ORR
activity with appreciable durability.**®
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Reproduced with permission from ref. 150. Copyright 2022 John Wiley and Sons.

8640 | J Mater. Chem. A, 2023, 1, 8599-8646

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2ta09776a

View Article Online

Journal of Materials Chemistry A

Review

10 93IS UONBUIPIOOD

ssewr ‘AIsuap Jua1Ind ‘@I ‘reryuajod 39suo0) A1Ande IO B YO

R woje 9f3uIs

A $8°0 38 |3V SO€ :L1A108 ssew aeduwoy
0ST T+ ‘'N-0D ‘W v £0°£T:(1f) A1SUsp JUsLIND d1AUD ‘A 068°0 : ¥/FT IO aAnI3Ng B se 'NED-3 %M $T 0D DN®DV/SVS0D
A6'0® ,_SWyW £oT6 aerdway
671 T+ ‘IN-ad :f1a108 og1oads ssew ‘A 68°0 T ‘A T£6°0 [enualod 319sU0 IO aAnI3nj € se 'N¢D-3 %IM ST 9 D/N/2d
A[oAn0adsal YIO B YHO 10J A €F°0 pPUe Z€'0 JO SanfeA
i} N/D renuajodiaso ym Aanoe ewndo aaey 03 pajorpaid st NDNA/UA Apnis 1Aa ny o3 1L, = AL ND-NA/IALL
A[panoadsax
A 0F°0 PUB A T9°0 JO sanjea [enuajodioao yim sisk[ered Y40 IN ‘0D ‘o ‘Ul
LET U2301IN 2ATIO3JJ9 Js0W 3y} aq 03 pa3oIpaxd a1k SHVS ND-8/'IN B ND-8/"0D Apmis 14a 1D ‘A 1L = WL ND-,_8 INL
€+ 33 0 U2aMIdq UI arerdwoy
8vT 33e3s UONEBPIXO ‘“N-94 A T06°0 ‘T IO 2ADISNy € st YNED-3 %M ST'C 2 SADNJH/"ND-3-24
A 9%°0 Jo [enuajodioao
LV — ue [3m A1ande YO poos 31qryxa 03 pasdipaid st INED-3/pd Apnis Lid ny - 1L, = WL YNED-3/INL
LW Vi
0S :AISUap JUAIIND A £F°0 [enIualodiano :SO@®YNED-0D 2 WD yu SD®YNED-0D
9¥T N-0D 8 0-0D 0T :AISUap JUAIIND A €770 [eNUN0dI1240 :SO®YNED-0-0D YIO SISOUIUAS 1504 %M 60°0 B €T°0 0D 3 SO®'NED-0-0D
aerdwo
SPT LYN-9d WD VW ZH'9— AISUSP JUSLIND A 0°0 ;[eRua3od 39sU0 ~qIO aAndny e se YN¢D-3 o 91-ND-INDN
aerdwoy
i4as T+ ‘'N-o4 UOTTPUOD SUT[EN[E UT A S7§°0 UOTIIPUOD JIPIdR UL A 8T°0 * ¥/17 :yJ0O aanI3ng B se 'NED-3 %M £T°€ 9 "NE¢D-3® 8ZH9d-D
A S¥°0 Tenuajodiono je T:<m V 00ST Jo A1anoe uondiospe o1383S01109[0
7T I+ “N'ny SSBW YHO ‘A 9270 JO ¥Mg 38 | _"V3 ¥ 0006 JO A11ANOE SSEIN IO -SISaIUAS 1504 %M £°0 Y NEDANIY
A9T %8 T°0
Je, WO VW QT :)Isuap JuaLIND ‘A 6T :fenualod 39suo YO »N\Eo SISOUIUAS 10D ‘Uz ‘nD ‘IN ‘0D
ehT T+ ‘°N-0D v G :AISuap JuaLnd ‘A 6°0 :[enuajod 1osU0 AJO LND/'ND-0D 30011p 221y dre[dwd, ‘o ‘UN 1D =N IND/'NFD-N
SISOUIUAS
féian u230DIN A2 $S'T renuajod 19sU0 JFO 30211p 9913 aye[dwiay, %38 7' IN ND-IN
e 9JB)S UONBPIXO R 2INIONIS (A1anoe poylaw SISOYIUAS durpeo| wsAS

(44O 8 ¥3O) uondeas uondNPaJ USBAXO 8 UOIIDEDI UOIINIOAS USBAXO D13A1EIRD0303)9 40} SOVS YNED-D Jo Alewuwns 1T 91qel

"07:8€:80 G¢/TT/T0 UO papeojumod "€20C S¢ Uo paystidnd

J. Mater. Chem. A, 2023, 11, 8599-8646 | 8641

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2ta09776a

Published on 25 2023. Downloaded on 01/11/25 08:38:40.

Journal of Materials Chemistry A

The potential of Co,/g-CN and Ni;/g-CN SACs described
earlier for overall water splitting, have been evaluated for OER.
The theoretical calculations predicted that Co,/g-CN and Ni,/g-
CN SACs can exhibit overpotential values of 0.61 V and 0.40 V
respectively for OER reactions that are comparable with that of
IrO, reference catalysts with 0.55 V overpotential value.*”

By combining DFT with machine learning Guo et al. pre-
dicted the possibility of developing highly efficient OER and
ORR bifunctional catalysts based on single atom transition
metal (TM) dispersed over g-C;N, (Fig. 32(a and b)). The defects
induced by the nitrogen vacancies in g-C3;N, (VN-CN) facilitate
a strong RMSI with TM single atoms providing stability for TM/
VN-CN. Among various TMs, Rh/VN-CN indicated low over-
potentials of 0.43 and 0.32 V for ORR and OER respectively
(Fig. 32(c-h)).*

Peng et al. demonstrated the development of Fe, N co-doped
carbon (Fe/N/C) using Fe coordinated g-C;N, and glucose as
precursors. The intense mixing of urea-derived g-C;N,, FeCl,-
-6H,0 and glucose under ultrasonication resulted in the forma-
tion of Fe coordinated g-C;N, matrix. The adsorbed glucose on
hydrothermal treatment, formed linear and/or branchlike oligo-
saccharides. Carbonisation at 1100 °C resulted in the conversion
of g-C;N,-coordinated Fe embedded in glucose-derived carbon to
porous Fe/N/C. The pyridinic N atoms of heptazine rings (known
as N pots) in the g-C;N, matrix can prevent the aggregation of the
metal species during high-temperature pyrolysis by realising
coordination between lone pairs of electron and metal species.
The negative adsorption energy values calculated via DFT studies
for Fe** ion (—38.26 eV) and Fe atom (—3.54 €V) on the N pots
further substantiated the role of g-C;N, in realising atomic level
dispersion of Fe on carbon matrix. Fe/N/C-575 A (Fe/N/C-575)
sample after the ORR catalytic activation steps such as acid
leaching and second annealing exhibited good ORR activity with
large onset protectional (E,nser = 0.972 V) and half-wave potential
(B2 = 0.890 V) with a mass specific activity (j,) of 9.103 mA mg ™"
at 0.9 V. The availability of a large number of Fe-N, active sites
over the high surface area matrix, synergistic activity of Fe single
atoms with N-C nanosheets, and the enhanced mass transfer due
to high porosity collectively contributed towards the enhanced
ORR performance of Fe/N/C-575-A catalyst."*

Xu et al. demonstrated a facile template strategy for the
development of ORR electrocatalyst based on N-doped gra-
phene containing up to 14.0 wt% of Co single atoms and atomic
clusters. The catalyst CoSAs/AC@NG was obtained by the
pyrolysis of dicyandiamide with the formation of layered g-C;N,
as the sacrificial template with abundant N anchoring sites to
realise the single Co atom loading. The catalyst was synthesised
by the low-temperature pyrolysis (550 °C) of a precursor mix of
glucose, dicyandiamide (DCDA) and CoCl,-6H,0 followed by
a high-temperature annealing at 800 °C for the conversion of g-
C;N, to porous carbon. The numerous defective sites and
high N content acted as the anchoring sites for Co single atoms
and the transformation of intermediate products to conductive
carbon led to the in situ formation of high-density cobalt single
atoms in nitrogen-doped graphene (Co SAs/AC@NG). XANES
analysis revealed that the valence state of cobalt is close to +2 as
the Co K-edge absorption position of Co SAs/AC@NG varied
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with that of Co foil but was similar to that of CoO. The EXAFS
spectral analysis of the catalyst confirmed Co-N(O) coordina-
tion through a major peak at =1.41 A, and a weak peak at 2.22
A, indicating the presence also of Co clusters. The EXAFS
fittings suggested an average coordination number of 3.7 £ 0.3
for Co-N(O). It was inferred from the XPS and XAS analysis that
the most dominant active sites in Co SAs/AC@NG are likely to
be the Co-N, moiety (Fig. 33 (a-g)). C040SAs/AC@NG with E; , of
0.890 V, kinetic current density (J,) of 17.070 mA cm ™2 and mass
activity of 305 A g~ at 0.85 V outperformed the commercial Pt/C
(Ji of 4.845 and mass activity of 60.5 A g~ ') for ORR reaction
(Fig. 33(h and i)). Additionally, Co,,SAs/AC@NG exhibited
excellent performance in Zn-air battery as an air electrode
material with a high-peak power density value of 221 mW ¢cm >
and with high cycling stability.*

Table 11 lists the OER and ORR applications of g-C;N, based
SACs.

6 Conclusion and future perspectives

Single atom catalysts have emerged as potential systems with
attractive features for a multitude of applications. The use of g-
C;3N, as an efficient matrix for the development of SACs has
been hitherto established to a fair level of certainty. The ease of
anchoring single atoms on the matrix through abundant
nitrogen sites in g-C;N, facilitated the development of a variety
of SACs for applications in different domains of catalysis.
Advanced analytical tools like EXAFS, XANES, aberration cor-
rected HAADF-STEM and EELS are used to confirm the single
atom formation with a positive (partial/full) oxidation state.
Computational studies have also been employed to validate the
geometrical and coordination structures as well as to elucidate
and predict the catalytic mechanisms.

Conventional approaches of synthesising g-C;N, based SACs
like wet chemical reduction, high-temperature heat treatment
of precursor mix under an inert atmosphere, and supramolec-
ular self-assembly techniques are presumed to be advantageous
over hardware intensive atomic layer deposition method (ALD).
Even though precise control of single atom dispersion is
possible in ALD, metal loading realisable is relatively low. The
scale up possibilities in kilogram batches have been recently
demonstrated in a multistep high temperature treatment under
an inert atmosphere. Single atoms of 15 transition metals in
ultra-high density have been developed on g-C;N, support. The
process is thus amenable for large-scale production in appre-
ciable yields. Downsizing metal species to single atoms signif-
icantly improves metal utilisation efficiency imparting desirable
catalytic properties. However, enhanced metal-support inter-
action, though beneficial for catalyst stability, often impedes
catalytic activity due to unfavourable product desorption. A
balance has to be thus established between catalyst stability and
activity for which an in-depth analysis of the metal-support
interaction and mechanistic reaction pathways are essential.
Real-time analysis involving operando techniques has to be
explored further for g-C;N, based SACs.

The use of synchrotron based spectroscopic tools is an
essential requirement to elucidate the metal oxidation state and
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coordination structure in SACs. Apart from this catalyst char-
acterisation, the study of the catalytic mechanism necessitates
real-time analysis as mentioned before, the accessibility of
which is scarce.

Of the reported systems thus far, g-C;N, SACs are primarily
based on single metal systems predominantly of precious
metals. The techno-economic feasibility of such systems for
large-scale applications is limited due to cost and availability.
The shortcoming can presumably be circumvented by the use of
dual or multiple metals as atomic dispersions over g-C3N,. This
can be realised by substituting precious metals partly with non-
precious ones to balance affordability with catalytic perfor-
mance. This is particularly true for applications demanding
multi-site synergism like CO, reduction and organic trans-
formations. For example, in photocatalytic CO, reduction SAC
with single sites normally facilitates the reduction of CO, to C;
products like HCOOH, CO, CH;OH, HCHO, CH,, etc. The
product selectivity mainly depends upon the stability of the
intermediates formed during the multi-electron-proton trans-
fer. SACs with multiple metal sites can offer better stability to
the intermediates compared to single metal sites thereby
promoting extended electron proton transfer as well as C-C
coupling to produce higher hydrocarbons. Along with dual
metal sites, it is also feasible to incorporate single atom alloy
catalysts based on g-C;N, for enhanced activity by tuning elec-
tron density distributions around the multi centers.

Researchers have already employed DFT calculations to
prove the efficiency of g-C;N, based SACs for electrocatalytic
applications such as CO, reduction, N, reduction, etc but the
experimental verification of the hypothesis is still required. The
poor conductivity of g-C3N, support may impede its electro-
catalytic activity to a larger extent and it may be advantageous to
develop hybrid matrices incorporating materials of high elec-
trical conductivity and charge transfer capacity (graphene, N-
doped carbon, etc.).

One area of high practical relevance for the use g-C;N, based
SACs is believed to be organic reaction catalysis as a majority of
the industrially relevant reactions employ homogeneous cata-
lysts for enhanced kinetics and high yield. Recovery of the
catalyst, particularly of precious metal compositions is vital for
recyclability and cost effectiveness. g-C3N, SACs are affordable
solutions to bridge this gap and are presumed to be of high
practical viability even though most of the works reported still
employ Pt, Pd, Au based SACs. However, the recent report on the
large-scale synthesis of g-C;N, Cu SAC and its demonstration
for organic transformation opens up myriad possibilities for the
industrial utilisation of SACs. Nevertheless, this would neces-
sitate a thorough understanding of the underlying mechanisms
leading to the regiospecificity and selectivity of products. This
review comprehensively analysed the developments in g-C3N,
based SACs and overviewed the synthesis, characterisation,
analysis and applications.
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