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The Emergence of Nanocatalysis: Catalysis 
plays an indispensable role in the chemical 

industry and serves as a vital pillar on which the entire 
structure of modern chemistry and manufacturing 
stands. Its importance lies in its ability to accelerate 
chemical reactions, optimize resource use, and 
improve product quality while reducing energy 
consumption and environmental impact, which are 
all among the sustainable development goals.1–3 

Without catalysis, the chemical industry as we know 
it would be very different, with inefficiencies, higher 
costs, and greater environmental damage. Among 
the types of catalysts used in industrial chemical 
transformations, heterogeneous catalysts are the 

preferred choice compared to homogeneous 
catalysts due to their advantageous properties such 
as ease of separation, reusability, and reduction 
of environmental impacts, which contribute to 
economic and environmental sustainability.4–6 While 
heterogeneous catalysts offer many advantages, 
they suffer from their limited surface area, mass 
transfer limitations and low product selectivity.7  All 
these problems can be overcome by reducing the 
size of heterogeneous catalysts to the nanoscale; 
This gives rise to a new class of catalysts called 
“hybrid” or “semi-heterogeneous” nanocatalysts, 
which combine the advantageous properties of 
homogeneous and heterogeneous catalysts.
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borane-tert-butylamine (BTB) as a mild-re-
ducing agent in the mixture of oleylamine 
(OAm) serving both as a solvent and sur-
factant and oleic acid (OA) as a co-sur-
factant. As-synthesized Ni NPs were then 
anchored on Ketjen Carbon (Ni/KC) via an 
ultrasound-assisted liquid phase self-as-
sembly (ULPSA) method to be employed as 
a reusable catalyst. Figure 1a and 1b show 
the representative transmission electron 
microscopy (TEM) images of the colloidal Ni 
NPs and Ni/KC nanocatalysts, respectively. 
From the TEM images, it was concluded that 
colloidal Ni NPs possess a monodisperse 
particle size distribution with a size of 3.2 ± 
0.2 nm and they preserve their morphology 
and particle size after their deposition on KC. 
After the detailed characterization studies, 
the Ni/KC nanocomposites were tested 
as catalysts in the hydrogen generation 
from the hydrolysis of ammonia borane (AB) 
for chemical hydrogen storage. The Ni/KC 
catalysts were highly active for hydrogen 
generation from the hydrolytic dehydro-
genation of AB with a turnover frequency 
(TOF) of 792 mol H2. (mol Ni)-1.h-1 and even 
at low catalyst and substrate concentrations 
at room temperature. In a follow up study, 
we demonstrated that the catalytic activity 
of Ni NPs in the hydrolysis of AB could be 
further enhanced by depositing them on 
commercially available SiO2, which revealed 
the support effect on the catalytic activity of 
the Ni NPs.17

Our successful results with monodisperse 
Ni and Pd NPs as catalysts in the hydrolytic 
dehydrogenation of AB prompted us to syn-
thesize and investigate the catalytic of other 
catalytically active transition-metals such as 
Ru. Upon the great effort of my first Ph.D. 
student, Dr. Hasan Can, we achieved to 
synthesize nearly-monodisperse Ru NPs via 
tandem thermal decomposition and reduc-
tion of Ru(II) acetylacetonate (Ru(acac)3) 
by OAm serving both as a surfactant and 
reducing agent in benzyl ether at 300 °C.21 
Since we could not separate the yielded 
ultra-small Ru NPs (2.5 nm) via the centrif-
ugation process, we had to directly deposit 
them on the commercially available nano-
Al2O3. After the separation from the synthesis 
mixture and the subsequent acetic acid 
treatment of the Ru/Al2O3 nanocatalysts, 
they were tested as catalysts in the hydroly-
sis of AB at room temperature and showed 
2.5 and 6.3 times higher catalytic activity 
(TOF= 4998 mol H2. (mol Ru)-1.h-1) than Pd/
rGO and Ni/KC nanocatalysts, respectively. 

Our above studies and other studies 
in the literature have revealed that noble 
metal NPs are more active catalysts in the 
hydrolysis of AB than first-row transition 
metals.28–30 However, the practical use of 
noble metals as catalysts is limited due to 

Since transition metals are the most widely 
used catalysts in the chemical industry, tran-
sition metal nanoparticles (TMNPs), which 
have a considerably larger surface area and 
more catalytically active surface atoms than 
bulk metals, have attracted much atten-
tion over the past three decades.8–10 They 
show advantageous catalytic properties 
compared to those of homogeneous and 
bulk heterogeneous analogs, and thus 
“Nanocatalysis” has been growing rapidly for 
several decades. To date, nanoparticles of 
all catalytically active transition metals have 
been synthesized using different methods, 
their catalysis in various reactions has been 
investigated, and many of them have even 
been patented and are commercially avail-
able in the catalogs of well-known chemical 
suppliers.11 However, in the last decade, the 
interest in the use of bimetallic nanoparticles 
instead of monometallic ones has received 
great attention because the bimetallic NPs 
either in alloy or core-shell form generally 
show higher activity, selectivity and stability 
compared to the monometallic counter-
parts owing to the “Synergistic” effects (refer-
ring the geometric and electronic changes 
observed on the metals) formed between 
two distinct metal atoms.12 In particular, 
economical yet efficient catalysts could be 
developed by the preparation of bimetallic 
alloy or core-shell NPs of noble metals with 
non-precious metals, which is considered 
to be very advantageous for catalytic reac-
tions using noble metals as catalysts.13–15 
However, the composition control over the 
bimetallic nanoparticles is very important 
for the rational design of the most efficient 
catalysts in different catalytic applications, 
in which our research group, namely Metin 
Research Group (MRG) has enjoyed contrib-
uting to its progress and conceptual expan-
sion. Our major achievements in the field of 
nanocatalysis over the last decade are the 
rational design and synthesis of monome-
tallic and bimetallic nanoparticles (alloy or 
core-shell) as catalysts for various chemical 
transformations including hydrogen gen-
eration from the solid or liquid chemical 
hydrogen storage materials, C-C cross-cou-
pling reactions and hydrogenations (Figure 
1).16–28 In the first part of this article, our most 
important studies about the synthesis of 
monodisperse mono/bimetallic nanoparti-
cles and their catalytic applications in various 
chemical transformations are summarized. 

Supported Monometallic 
Nanoparticles as Catalysts

Our group has synthesized many 
high-quality transition-metal NPs including 
Ni, Pd, Ru and Pt. The first monodisperse 
NPs synthesis that was done in our group 
was the monodisperse Ni NPs in 2010.16 The 
Ni NPs were synthesized by the reduction 
of nickel(II) acetylacetonate (Ni(acac)2) with 
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different CoPd alloy compositions (Co79Pd21, 
Co35Pd65, Co27Pd73, Co14Pd86, and Co5Pd95 
NPs) were yielded, respectively. Among all 
tested Co/Pd compositions, the Co35Pd65/
KC catalyst was the most active one in the 
AB hydrolysis with a TOF of 1362 mol H2. 
(mol Co+Pd)-1.h-1, which was higher than our 
Pd/rGO nanocatalysts20. The higher activity 
of Co35Pd65/KC nanocatalysts with a lower 
Pd content than Pd/rGO is mainly attributed 
to the synergism between Co and Pd in 
the alloy structure and the presence of two 
distinct metal atoms with the optimum ratio 
on the surface of NPs ensuring the optimum 
catalysis between catalyst and substrate 
at the intermediary strength, namely the 
Sabatier principle.31

In the synthesis recipe of CoPd alloy NPs 
described above, TOP had to be used to 
yield monodisperse alloy NPs. However, 
TOP attaches strongly to the surface of NPs 
due to the strong interaction between the 
lone pairs on phosphorus atoms and the 
surface metal atoms, resulting in deacti-
vation. Therefore, we initiated a project to 
develop a general non-TOP synthesis proto-
col for the synthesis of MPd (M: Co, Ni and 
Cu) alloy NPs. After 3 years of the CoPd alloy 
NPs synthesis, we could develop a facile 
non-TOP synthesis protocol for the synthesis 
of NiPd, CuPd and CoPd alloy NPs. In this 
general recipe, selected metal precursors 
(M(acac)2 or M(II) acetates) dissolved in OAm 
are injected into the hot surfactant + reduc-
ing agent (OAm + borane-tert-butlamine 
(BTB) or morpholine borane (MB)) solution 
at 100 °C in a four-necked glass reactor 
under argon atmosphere. By using this 
general recipe, we could successfully syn-
thesize monodisperse CoPd23, NiPd25, and 
CuPd24 alloy NPs, of which representative 
TEM images are shown in Figure 3. As it 

the TEM images, it can be concluded that 
8 nm monodisperse spherical CoPd NPs 
were yielded by the developed recipe, and 
they were successfully deposited on KC via 
a simple ULPSA method by preserving their 
initial size and morphology. More impor-
tantly, the composition of the CoPd alloy 
NPs was controlled by tuning the initial molar 
ratio of the Co and Pd salts. Starting with 
metal salts with different Co/Pd ratios, five 

their scarcity and high cost. In this context, 
the preparation of bimetallic NPs in the form 
of alloys or core/shell, consisting of a noble 
metal and a first-row transition metal, is an 
advantageous way to prepare more eco-
nomical catalysts. This idea has directed us 
to prepare bimetallic MPd, MPt and MRu 
alloy nanoparticles as catalysts for various 
reactions. However, our aim was not only to 
prepare high-quality bimetallic alloy or core/
shell NPs, but also to achieve composition 
control between the metals and study their 
composition-controlled catalysis. The first 
monodisperse alloy NPs synthesized in our 
group were monodisperse CoPd alloy NPs 
as catalysts for the dehydrogenation of AB.22 
CoPd alloy NPs were prepared through a 
high-temperature solvothermal synthesis 
protocol comprising the thermal decompo-
sition and reduction of cobalt(II) acetylacet-
onate (Co(acac)2) and palladium(II) bromide 
(PdBr2) in the presence of OAm and trioc-
tylphosphine (TOP). It should be noted that 
the use of both PdBr2 and TOP was found 
to be essential for the formation of monodis-
perse CoPd alloy structure, which is different 
from what we have reported in the synthesis 
of Pd NPs20 As-synthesized CoPd NPs were 
then supported on KC (CoPd/KC) to be 
tested as catalysts. Figure 2a and 2b show 
representative TEM images of colloidal CoPd 
alloy NPs and CoPd/KC nanocatalysts. From 

Figure 1. TEM images of (a) the colloidal 3.2 nm Ni NPs16, (b) Ni/KC nanocatalyts. 
Reprinted (adapted) with permission from 16. Copyright 2010 American Chemical 
Society. (c) the colloidal 4.5 nm Pd NPs20 (d) Pd/rGO nanocatalysts. Reprinted from 21, 
Copyright 2012, with permission from Elsevier.

Figure 2. TEM images of (a) the colloidal 8 nm Co35Pd65 alloy NPs, (b) Co35Pd65/KC 
nanocatalyts.  Reprinted (adapted) with permission from 23. Copyright 2011 American 
Chemical Society.
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activity. In another study, we extended the 
application of Cu48Pd52/rGO nanocatalysts to 
tandem Suzuki-Miyaura and intramolecular 
C−H arylation reactions for the synthesis of 
substituted fluoranthenes.26

After our experience with the composi-
tion-controlled synthesis of MPd alloy NPs, 
we then extended our knowledge to develop 
one general recipe to synthesize MPt (M: 
Co, Ni, Cu) alloy NPs. In our recipe for the 
synthesis of monodisperse CuPt alloy NPs, 
platinum(II) and copper(II) acetylacetonates 
were co-reduced by BTB in a hot 1-octa-
decene (ODE) solution of OAm.27binary MPt 
(M = Co, Ni, Cu After the purification of 
the yielded MPt alloy NPs, they were sup-
ported on mesoporous graphitic carbon 
nitride (g-CN) to be used as electrocatalysts 
for the borohydride oxidation (BHOR) and 
hydrogen evolution reactions (HER). Figure 
4 shows the representative TEM images of 
MPt (M: Co, N, Cu) alloys and the MPt/g-CN 
nanocomposites. Figure 4a-c displays very-
well dispersed monodisperse MPt alloy 
nanoparticles with the average particle size 
of 1.6 ± 0.3 nm for CoPt, 1.9 ± 0.4 nm for 
NiPt, 2.7 ± 0.5 nm for CuPt. Without any 
purification process, the yielded MPt alloy 

can be concluded by the TEM images in 
Figure 3a-c, our recipe worked very well 
for the synthesis of monodisperse MPd (M: 
Co, Ni and Cu) alloy NPs with an average 
particle size of ca. 3 nm. Moreover, our 
developed recipe allowed us to synthesize 
MPd alloy NPs at different compositions 
by simply changing the ratio of precursors. 
use the yielded MPd alloy NPs as catalysts 
in the organic transformations, they were 
deposited on rGO via the ULPSA method. 
The NiPd/rGO (Figure 3d) and CoPd/rGO 
(Figure 3e) nanocatalysts were tested in 
the tandem dehydrogenation of AB and the 
transfer hydrogenation of nitroarenes.23,25

Both Ni30Pd70/rGO and Co30Pd70/rGO 
catalysts showed very high efficiency and 
selectivity for the conversion of a broad 
range of nitroarenes to anilines in a commer-
cially available high-pressure glass thermol-
ysis tube at room temperature (Scheme 1). 
Additionally, these nanocatalysts were sta-
ble and reusable for up to five consecutive 
runs. On the other hand, CuPd/rGO nano-
catalysts were tested in the Sonogashira 
C–C cross–couplings.24 A variety of aryl 
halides were successfully coupled to the 
biphenylacetylene derivatives with high to 
excellent yields via Cu48Pd52/rGO catalyzed 
Sonogashira cross-coupling reactions under 
mild/aerobic conditions.22 Similar to NiPd 
or CoPd/rGO, Cu48Pd52/rGO nanocatalysts 
were also stable and reusable up to the five 
cycles without significant loss in their initial 

Figure 3. TEM images of (a) the 3.3 nm Ni30Pd70 alloy NPs Reprinted (adapted) with 
permission from 26. Copyright 2014 American Chemical Society. (b) the 3.5 nm 
Co30Pd70 alloy NPs. Reprinted from 24, Copyright 2012, with permission from Elsevier. 
and (c) the 3.0 nm Cu48Pd52 alloy NPs, Reprinted (adapted) with permission from 25. 
Copyright 2015 American Chemical Society. (d) Ni30Pd70/rGO nanocatalysts. Reprinted 
(adapted) with permission from 26. Copyright 2014 American Chemical Society. (e) 
Co30Pd70/rGO nanocatalysts. Reprinted from 24, Copyright 2012, with permission from 
Elsevier. and (f) Cu48Pd52/rGO nanocatalysts. Reprinted (adapted) with permission 
from 25. Copyright 2015 American Chemical Society.

Scheme 1. rGO-supported bimetallic Pd NP-catalyzed transfer hydrogenation 
reactions. Reproduced from 33 with permission from the Royal Society of Chemistry.
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images of Ni/Pd core/shell NPs. As easily 
concluded by the TEM image, very high 
quality, monodisperse 10 nm spherical NPs 
were produced (Figure 5a).18 The STEM 
image (Figure 5b) and the associated EDS 
Ni and Pd mapping images (Figure 5c) 
revealed that Ni atoms were mainly in the 
core and Pd atoms are mainly on the shell, 
which is a clear indication of the Ni/Pd core/
shell NPs formation. The as-prepared Ni/Pd 
core/shell NPs were then assembled on rGO 
to be employed as heterogeneous catalysts 
for the Suzuki-Miyaura C–C couplings of aryl 
halides and phenylboronic acid and then the 
C–H arylation of imidazo[1,2-a]pyridine with 
a variety of aryl halides.19 Figure 5d shows 
a TEM image of as-prepared Ni/Pd-rGO 
catalyst. The Ni/Pd NPs were well-dispersed 
on few-layer rGO nanosheets by preserving 
their initial morphology and size. After the 
detailed structural characterization of the Ni/
Pd-rGO nanocatalysts, they were first tested 
as catalysts in the Suzuki-Miyaura C–C 
coupling reactions. They were very active 
yet stable catalysts for the Suzuki–Miyaura 
cross-coupling of aryl boronic acids with 
aryl iodides, bromides, and even chlorides 
in a dimethylformamide/water mixture by 

structure, one metal is found in the core and 
another metal forms a thin shell around the 
core. If core/shell NPs with non-precious 
metal core and thin, precious metal shell 
are rationally designed, very economical 
catalysts can be fabricated for various indus-
trially important reactions. In this respect, 
we synthesized monodisperse Ni/Pd core/
shell NPs for the Suzuki-Miyaura cross cou-
pling18 and the C–H arylation reactions.19 
Monodisperse Ni/Pd core/shell NPs were 
synthesis via one-pot protocol compris-
ing the sequential thermal decomposition 
and the chemical reduction of the in-situ 
formed trioctylphosphine (TOP) complexes 
of Ni(II) and Pd(II) (Ni(II)-TOP and Pd(II)-TOP)
from their commercially available precursors 
(Nickel(II) acetate and palladium(II) bromide). 
The key point in the recipe of Ni/Pd core/shell 
NPs is the in situ generation of Ni(II)-TOP and 
Pd(II)-TOP complexes which decompose 
and reduce at the temperature range of 
190-210 °C and 230-245 °C, respectively. 
This sequential decomposition allowed the 
formation of Ni NPs as core and then the 
formation of thin Pd shell over the core NPs. 
Figure 5 shows a representative TEM and 
STEM as well as the EDS elemental mapping 

NPs were assembled on g-CN via the ultra-
sound-assisted liquid phase self-assembly 
method. As shown by Figure 4d-f, all NPs 
were well-dispersed over g-CN nanosheets 
by preserving their initial size and morphol-
ogy. However, it should be noted that there 
were some regional clumps observable for 
all MPt/g-CN nanocomposites, but those 
are not agglomerated particles, and they 
might be formed by the assembly of many 
MPt NPs in the same region. The Pt loading 
of MPt/g-CN nanocomposites was calcu-
lated to be 2.84 wt.% for CoPt, 2.33 wt.% 
for NiPt and 2.98 wt.% for CuPt through 
the ICP-MS analysis before their use as 
electrocatalysts for the BHOR and HER. 
Both HER and BOR current densities were 
observed to be, in general, higher for MPt 
nanoalloy electrocatalysts than in the case 
of Pt-based electrocatalysts. Among the 
MPt/g-CN electrocatalysts tested, CoPt/
g-CN demonstrated the best performance 
for the HER while CuPt/g-CN provided the 
best BHOR activity. 

After all these alloy NPs synthesis, we 
turned our attention to synthesizing sev-
eral core/shell NPs. In the core/shell NP 

Figure 4. TEM images of (a) CoPt alloy NPs, (b) NiPt alloy NPs and (c) CuPt alloy NPs, (d) NiPt/g-CN nanocatalysts, (e) CoPt/g-CN 
nanocatalysts and (f) CuPt/g-CN nanocatalysts.  Reprinted from 28, Copyright 2020, with permission from Elsevier.

https://protect.checkpoint.com/v2/___https://www.sciencedirect.com/topics/chemical-engineering/nanosheet___.YzJlOnRlY2huaW9uOmM6bzpjYjcyYzA1NTQ3ZDlhYTMzODlhNGYzNDkxOGNlMWYyZTo2OjQ0ZWU6YTg3MzlhYjEyOTA0MzliODhhODRlYmRlMGMzMmNjMTAwMmMyMDcxNjk1OTk5NjRmYzEzMzlmZTA0NWNjYzMxNjpwOlQ
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of applications. One particular application 
involves its use as a support material to 
enhance the catalytic activity of the metal 
NPs for hydrolysis of AB.36  To enhance the 
efficiency of this process, we turned to g-CN 
as a support material for the AgPd alloy 
NPs and photosensitizer. We assembled 
monodisperse AgPd alloy NPs onto 2D 
g-CN nanosheets to create a composite 
material. This composite has dual benefits: 
i) the presence of g-CN helps to stabilize 
the colloidal NPs since colloidal NPs can 
sometimes be kinetically unstable, leading 
to aggregation or other undesirable effects. 
By decorating the NPs on the g-CN support, 
they become more stable and better suited 
for catalytic purposes, ii) photocatalytic 
activity in the visible light region: the g-CN 
support has a suitable bandgap of 2.7 eV, 
which means it can efficiently absorb visible 
light. In order to compare the superiority of 
g-CN, graphene oxide and Ketjen Black 
were also used to assemble AgPd NPs. 
Among them, the catalysts composed of 
g-CN@Ag42Pd58 exhibited the highest level of 
activity compared to other catalyst compo-
nents. This enhanced activity was attributed 
to the Schottky junction formation, which 
was driven by the efficient charge separation 
arising from the photogenerated electron 
flow between g-CN and metal NPs present 
in the catalyst Figure 6a. Furthermore, the 
activity of the g-CN@Ag42Pd58 catalyst was 
additionally improved through treatment with 
acetic acid (AAt), leading to a remarkable 
initial turnover frequency of 94.1 mol H2∙(mol 
catalyst)−1∙min−1. Additionally, the g-CN@
Ag42Pd58-AAt catalyst demonstrated good 
stability during the hydrolysis of AB. 

To further enhance the photogenerated 
charge carriers, visible light harvesting ability, 
and absorption capacity of g-CN, we have 
used the strategy of creating heterojunc-
tions. The remarkable stability of g-CN, 
combined with the wide-range absorption 
capability of black phosphorus (BP) and its 
unique features, makes them an ideal pair for 
the construction of a heterojunction system. 
Therefore, we developed a photocatalyst 
based on this concept, where we explore 
the influence of ratios for both AgPd alloy 
NPs and g-CN/BP. This photocatalyst is 
denoted as g-CN/BP-AgPd and is used as 
a photocatalyst in the methanolysis of AB. 
The optimal catalytic performance of g-CN/
BP-AgPd nanocomposites was achieved 
when using a 5/1 (wt/wt) ratio of g-CN to 
BP and employing an Ag50Pd50 alloy com-
position under blue LED illumination at room 
temperature. Moreover, treating the ternary 
nanocomposites with acetic acid resulted 
in further enhancement of their activity, with 
a reported high initial turnover frequency 
of 43.7 mol H2∙(mol catalyst)−1·min−1. The 
underlying reason behind this superior 

Changing the energy source: 
Solar light

The imitation of nature’s principles across 
various domains stands as a compelling 
impetus for scientists. Given the finite nature 
of energy resources on our planet and 
their escalating depletion in tandem with 
global population growth, harnessing solar 
light has emerged as a viable solution.34 
Photocatalysis, a transformative process 
within sustainable chemistry, presents a 
myriad of advantages in contrast to tradi-
tional catalysis. Diverging from conventional 
techniques, photocatalysis epitomizes a 
more environmentally conscious approach 
by functioning under gentle conditions and 
circumventing the necessity for harsh rea-
gents. After the discovery of various carbon 
allotropes, a new type of carbon-based 
polymeric material called graphitic carbon 
nitride (g-CN) has emerged in scientific lit-
erature.35 This material has been utilized for 
two main purposes: as a support material 
for the deposition of nanoparticles and as a 
non-metallic semiconductor photocatalyst. 
Its appeal lies in its easy synthesis, consist-
ing of earth-abundant elements (C, N and H), 
high stability and versatility, which makes it 
a suitable photocatalysts for a broad range 

using K2CO3 as a base at 110 °C.19 After 
almost five years later from this study, we 
extended to use of Ni/P/rGO as catalysts 
for the C–H arylation of imidazo[1,2-a]pyri-
dine with a variety of aryl halides.19 The Ni/
Pd-rGO-nanocatalyst showed a wide sub-
strate scope and functional group tolerance 
in the C−H bond arylation protocol.

All the above studies included the tran-
sition metal NPs, mostly noble metals, as 
catalysts, but as it is aforementioned, the use 
of these metals as catalysts is impractical in 
terms of sustainability. The ultimate target 
in sustainable chemistry is catalyzing the 
chemical reactions with the non-metallic 
catalysts, of course if it is possible thermody-
namically. In this respect, we have changed 
our focus from purely metal-based tran-
sition metal nanocatalysts to non-metallic 
ones that utilize solar light for possible cat-
alytic applications, which has allowed us to 
develop more sustainable chemical transfor-
mations.  The following section summarizes 
our research group’s recent studies on the 
rational design of non-metallic two-dimen-
sional (2D) semiconductor-based photo-
catalysts for different chemical conversions. 

Figure 5. (a) TEM image of the Ni/Pd core/shell NPs, (b) STEM image of asingle Ni/Pd 
core/shell NPs (c) HAADF-STEM mapping image of a single Ni/Pd core/shell NPs, (d) 
Ni/Pd-rGO nanocatalysts. Reprinted (adapted) with permission from 19. Copyright 2018 
American Chemical Society
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and W content on the photocatalytic activ-
ity of gCN/a-WOx/Pt nanocatalysts. The 
gCN/a-WOx/Pt nanocatalyst loaded with 
4.72 wt% W and 0.679 wt% Pt achieved the 
highest turnover frequency value of 419.2 
mol(hydrogen)∙mol(catalyst)

−1∙min−1. This TOF value 
was remarkably higher than that of gCN/Pt 
(287.7 mol(hydrogen)∙mol(catalyst)

−1∙min−1).

Formic acid (FA) was also studied 
because of distinguishes itself as an excep-
tional hydrogen carrier due to its non-
toxic, non-flammable, and stable nature. 
Furthermore, it is a readily available and 
cost-effective liquid organic molecule that 
remains stable under ambient conditions, 
making it stand out among various other 
potential hydrogen carriers.39 Our group has 
aimed to develop more effective photocata-
lysts for FA dehydrogenation by designing a 
Z-scheme heterojunction that utilizes a higher 
hole potential than pristine g-CN.40  A novel 
Z-scheme photocatalyst, denoted as g-CN/
Ag/Ag3PO4-AgPd was fabricated, where 
Ag3PO4 was chosen as the second semi-
conductor due to its beneficial properties, 
including narrow bandgap and strong oxi-
dizing ability. The Z-scheme heterojunction 
photocatalyst exhibited exceptional catalytic 

of g-CN/Pt to construct a Z-scheme with 
WO3.38 which is higher than that of gCN/Pt 
nanocatalysts (287.7 mol H2 mol Pt−1 min−1 
The Z-scheme of g-CN and WO3 is a highly 
efficient electron transfer mechanism, where 
photoexcited electrons from g-CN reduce 
WO3, leading to enhanced photocatalytic 
activity in many transformation reactions. 
This study aimed to synthesize g-CN/WO3 
heterojunctions and explore their potential 
as visible light active support material for the 
in situ synthesis of Pt NPs and concurrent 
hydrogen generation from AB under visible 
light irradiation. To achieve this goal, a novel 
one-pot synthesis protocol was employed, 
involving the thermal polymerization of urea 
in the presence of tungstate salts to fabricate 
g-CN/WO3 support materials. However, 
the obtained results directed the research 
towards investigating g-CN/a-WOx hetero-
junctions, encompassing amorphous oxy-
gen-deficient/nonstoichiometric tungsten 
oxide (a-WOx) species with continuously 
modified electronic structure and optical 
properties, dependent on the valence state 
of W. Subsequently, Pt NPs were grown 
on the as-prepared gCN/a-WOx nanocom-
posites during hydrolysis of AB. The study 
further explored the impact of white light 

photocatalytic activity was explained by 
the flow of photogenerated electrons from 
g-CN/BP heterojunction to the surface of 
alloy NPs shown in Figure 6b. 

Further investigations involve the in situ 
synthesis of Pt NPs supported on g-CN 
nanosheets during the hydrolytic dehydro-
genation of AB.37 The catalytic activity of the 
resultant g-CN/Pt nanocatalysts is evaluated 
for hydrogen generation from AB hydrolysis 
under white light illumination. Pt NPs are 
shown to exhibit size and shape-depend-
ent activity in AB hydrolysis, leading to a 
detailed examination of Pt loading effects 
on particle size and catalytic activity. The 
in-situ synthesis protocol demonstrates the 
unique role of g-CN, acting as both a sup-
port material and stabilizer for Pt NPs. The 
as-prepared g-CN/Pt nanocatalysts exhibit 
excellent photocatalytic activity in AB hydrol-
ysis under white-light irradiation at room 
temperature (Figure 6e). Remarkably, the 
g-CN/Pt nanocatalysts prove to be robust 
and reusable catalysts, making them prom-
ising candidates for photocatalytic hydrogen 
generation systems employing AB as a 
solid hydrogen storage material. Later, we 
were motivated to develop the performance 

Figure 6. The proposed formation of Schottky junction between (a) g-CN and metal NPs. Reproduced with permission from 36. 
Copyright 2016 Springer Nature. (b) g-CN/BP and metal NPs. Reprinted (adapted) with permission from 20. Copyright 2020 American 
Chemical Society. (c) A plausible reaction mechanism of g-CN/MnO2/MnOOH for FA dehydrogenation under light and dark, 
respectively, Reprinted from 39, Copyright 2022, with permission from Elsevier. (d) The proposed mechanism of g-CN/Ag/Ag3PO4-
AgPd for FA dehydrogenation under visible light illumination, Reprinted from 40, Copyright 2021, with permission from Elsevier. (e) 
The synthesis of gCN/a-WOx/Pt nanocatalysts for AB hydrolysis.  Reprinted (adapted) with permission from 37. Copyright 2020 
American Chemical Society.
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splitting of water molecules into hydrogen 
and oxygen using sunlight or other sources 
of light. This process also is of significant 
interest in the field of renewable energy and 
sustainable technologies because hydro-
gen gas is considered a clean and versatile 
fuel source that can be used for various 
applications, including electricity genera-
tion and as a clean fuel for vehicles. The 
ultimate goal is to develop cost-effective 
and environmentally friendly methods for 
producing hydrogen gas using renewable 
energy sources like sunlight, which could 
contribute to a more sustainable energy 
future.42 A new ternary nanocomposite, 
referred to as mpg-CN/BP-Au, was created 
and thoroughly characterized for its potential 
in two distinct applications: photocatalytic 
hydrogen evolution driven by visible light and 
electrochemical sensing.43 The nanocom-
posite exhibited impressive performance in 
both areas. When subjected to 8 hours of 
visible light exposure, the mpg-CN/BP-Au 
nanocomposite demonstrated a hydrogen 
generation rate of up to 1024 µmol g−1, which 
was double that of the original mpg-CN 
material (559 µmol g−1). A comprehensive 
assessment of existing research was under-
taken to compare the obtained outcomes. 
In the context of electrochemical sensing, 
the mpg-CN/BP-Au/GCE (graphite carbon 

PdAg NPs decorating g-CN nanosheets 
through the reduction of metal salts with 
NaBH4 aqueous solution. Remarkably, the 
photocatalytic FA dehydrogenation activity 
of g-CN/MnO2/MnOOH-PdAg was ascribed 
to scavenger experiments and the presence 
of manganese oxide species in the pho-
tocatalyst facilitated the decomposition of 
H2O2, formed during the photocatalytic pro-
cess, into •OH radicals, which exhibited high 
reactivity in the oxidation of HCOO− to CO2 
in the dehydrogenation mechanism (Figure 
6c). Notably, this conclusion had not been 
addressed in any report on photocatalytic FA 
dehydrogenation, although it is highly likely to 
be observed to some extent in various semi-
conductor photocatalysts used in this appli-
cation thus far. Additionally, radical trapping 
tests surprisingly revealed that the presented 
heterojunction photocatalysts exhibited FA 
dehydrogenation activity even in the dark, 
particularly at ambient temperatures. This 
phenomenon was attributed to the storage 
of electrons in the Mn2O3 layer formed over 
1D γ-MnOOH nanorods, possibly due to 
oxygen vacancies, leading to the formation 
of defect sites in the band structure of the 
Mn2O3 layers.

In the photocatalytic HER process, a pho-
tocatalyst material is used to facilitate the 

activity in FA dehydrogenation, with a turn-
over frequency value of 2107 mol H2∙(mol 
catalyst)−1∙min−1, which was significantly 
higher than other photocatalysts, includ-
ing g-CN/Pd and g-CN/AgPd. Mechanistic 
investigations confirmed the effectiveness 
of holes in the photocatalytic reaction, and 
the reusability tests revealed the importance 
of Ag3PO4 in the catalytic activity (Figure 
6d). Further exploration if a g-CN-based 
S-scheme heterojunction, formed with a 
semiconductor possessing a higher VB 
potential than Ag3PO4 used in our previous 
work, could lead to enhanced photocatalytic 
activity in FA dehydrogenation. Accordingly, 
a novel S-scheme heterojunction between 
g-CN and MnO2 was synthesized, given its 
more positive VB potential than Ag3PO4.39 

However, through the incorporation of a 
hydrothermal treatment process into the lit-
erature method, we discovered that a ternary 
nanocomposite, g-CN/MnO2/MnOOH, and 
it demonstrated a remarkable photocatalytic 
FA dehydrogenation (turnover frequency 
value of 3919 mol H2∙(mol catalyst)−1∙min−1) 
upon the addition of PdAg NPs into the 
structure. Detailed characterization of g-CN/
MnO2/MnOOH revealed the presence of 
2D δ-MnO2 nanosheets and 1D γ-MnOOH 
nanorods, along with thin Mn2O3 layers on 
the nanorod surface, as well as ultra-small 

Figure 7. (a) The synthesis of gCN/BP/Au and the proposed mechanism for HER and electrochemical sensing. Reprinted from 42, 
Copyright 2021, with permission from Elsevier. (b) The synthesis of BP/MoS2-M (M: Ni, Co) for HER and electrochemical sensing. 
Reprinted from 43, Copyright 2023, with permission from Elsevier. The proposed mechanism of (c) BP/WS2-M (M: Ni, Co), (d) gCN/
WS2-M (M: Ni, Co) Reprinted from 45. Copyright 2023, with permission from Elsevier for HER under visible light illumination. 
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displayed remarkable stability under visible 
light irradiation for an extended period, pro-
ducing 2.63 mmol g−1 H2 in 8 hours, which 
was significantly higher than that produced 
by pristine m-gCN (0.559 mmol g−1 H2) and 
g-CN/BP binary heterojunctions (2.03 mmol 
g−1 H2). The study conclusively demonstrated 
that the photocatalytic activity of g-CN/BP 
binary heterostructures for HER can be fur-
ther enhanced by depositing transition metal 
NPs on them, particularly Ni NPs.

In the next study, we developed a straight-
forward approach to enhance the pho-
tocatalytic activity of binary g-CN/MoS2 
heterojunctions by doping them with Ni 
or Co via a chemical reduction method.45 
By depositing MoS2 onto g-CN through 
an in-situ solvothermal method, a “type-I” 
heterojunction was formed. The subsequent 
doping with Ni and Co further improved 
the photocatalytic HER under visible light 
illumination, thanks to the creation of 
S-deficient MoS2-x nanostructures when 
exposed to light. Notably, this novel strat-
egy achieved Ni or Co-doped g-CN/MoS2 
heterojunctions with very low metal loading 
(0.1 wt%), resulting in a heterojunction with 
S-deficiency MoS2 structures. As a result, 
the g-CN/MoS2-Ni and g-CN/MoS2-Co het-
erojunctions exhibited significantly higher 

g-CN and BP, with additional Schottky junc-
tions formed between metal NPs and g-CN/
BP nanocomposites upon the generation 
of transition metal NPs. The g-CN/BP-M 
nanocomposites exhibited enhanced optical 
properties and charge kinetics compared 
to g-CN and gCN/BP, leading to improved 
catalytic activity in the photocatalytic HER 
under visible light illumination. Remarkably, 
the g-CN/BP nanocomposites produced 
3.6 times more H2 gas than pristine g-CN 
nanosheets, and this activity was further 
enhanced with the introduction of Ni, Co, 
and Cu NPs on them. The g-CN/BP-Ni 
ternary nanocomposites demonstrated the 
highest photocatalytic H2 evolution activity 
among all materials tested, achieving 4.7-
fold and 1.3-fold higher activity compared 
to pristine g-CN and g-CN/BP binary het-
erojunctions, respectively. In addition to 
experimental findings, a density functional 
theory (DFT) study showed that ternary 
nanocomposites were primarily composed 
of g-CN over BP, and the inclusion of Ni NPs 
led to a narrowed band gap and improved 
visible light absorption of the g-CN/BP 
binary heterojunctions. This enhancement 
in photocatalytic activity was attributed to 
increased photon absorption and improved 
charge separation on the 2D/2D hetero-
junction. The g-CN/BP-Ni nanocomposites 

electrode) assembly displayed a linear detec-
tion range for paracetamol spanning from 
0.3 to 120 µM, with a minimum detectable 
concentration of 0.0425 µM under optimal 
conditions. The enhanced catalytic and 
photocatalytic activity of the mpg-CN/BP-Au 
nanocomposite can be attributed to the 
formation of heterojunctions between BP 
and g-CN materials. This heterojunction 
structure resulted in improved absorption of 
visible light and reduced recombination of 
photocarriers. Moreover, the presence of Au 
nanoparticles contributed to an accelerated 
adsorption rate of mpg-CN/BP-Au due to 
their exceptional electrical properties and 
spillover effect. The porous architecture of 
mpg-CN/BP-Au facilitated efficient charge 
carrier movement for both photocatalytic 
hydrogen production and electrochemical 
sensing (Figure 7a).

We continued to develop innovative het-
erojunction photocatalysts by creating tran-
sition metal NPs anchored on pre-prepared 
gCN/BP binary heterojunctions, termed 
gCN/BP-M (M: Co, Ni, and Cu).44 These novel 
heterojunctions were utilized as visible-light 
driven photocatalysts for the photocatalytic 
HER. Characterization of the binary and 
ternary nanocomposites revealed the estab-
lishment of type I heterojunction between 

Figure 8. (a) C-H arylation reactions via traditional methods vs. our strategy. Reproduced from50 with permission from the Royal 
Society of Chemistry.,  Plausible reaction mechanism of (b) FLBP/gCN. Reproduced from 51 with permission from the Royal Society 
of Chemistry., (c) Bismuthene for C–H arylation reactions. Reprinted from 52, Copyright 2022, with permission from Elsevier.
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WS2 facilitated effective electron transfer and 
enhanced light harvesting compared to pris-
tine gCN or WS2. The transition metal-doped 
heterojunctions exhibited increased activity 
and stability due to reduced recombination 
rate and prolonged charge carriers’ lifetime 
in the formed S-scheme heterojunction 
(Figure 7d). The improved photocatalytic 
activity was attributed to the interaction 
between transition metals and S−2, resulting 
in defects due to sulfur atom deficiency in 
WS2, and efficient charge migration in the 
formed S-scheme heterojunction. The pre-
sented ternary heterojunction holds promise 
for significant contributions to the field of 
photocatalysis and potential applications 
in photoredox catalysis due to its favorable 
properties.

The arylation of heteroarenes holds sig-
nificant importance in organic chemistry 
as it enables the synthesis of molecular 
structures that form crucial frameworks in 
functional materials with desirable optical 
and electronic properties and biological 
activity.50–53 While traditional cross-cou-
pling reactions have been widely used for 
this purpose, the need for pre-activation 
of heteroarenes and functionalized cou-
pling partners limits their applicability.54 
Consequently, the direct C–H activation 
strategy for heteroarene arylation has gained 
attention in recent years. The conventional 
approach involves precious metal cata-
lysts like Pd and Ru at high temperatures, 
but visible-light-mediated photocatalytic 
methods have emerged as a promising 
alternative.51 However, these photo-induced 
C–H activations mostly rely on costly and 
toxic noble-metal complexes, prompting 
the exploration of metal-free photocatalysts 
such as EY.  Despite their potential, the prac-
tical application of organic chromophores 
like EY requires special chromatographic 
purification methods due to their solubility 
in most organic solvents.53 Therefore, we 
present a groundbreaking approach by 
utilizing BP as a metal-free, visible-light-re-
sponsive, and reusable heterogeneous pho-
toredox catalyst for the direct C–H arylation 
of furan and thiophene derivatives with aryl 
diazonium salts under visible-light irradiation 
at room temperature (Figure 8a).55 This 
marks the first instance of employing BP 
as an efficient and environmentally friendly 
catalyst for such transformations, further 
advancing the field of visible-light-mediated 
C–H functionalization. However, we got 
motivated to develop BP catalyzed C–H 
functionalization method further since BP 
limits reusability procedure owing to its low 
chemical stability. In the pursuit of design-
ing efficient photocatalysts with favorable 
optical, chemical/thermal properties, and 
long-term stability, the combination of 2D 
materials composed of earth-abundant 

MoS2–Co nanostructures reached 65.202 
mmol g−1 and 68.455 mmol g−1, respectively, 
within 8 hours of photocatalytic reaction, 
which were approximately 1.58 and 1.66 
times higher than unsupported BP/MoS2 
heterojunctions. The improved hydrogen 
evolution was attributed to the formation 
of a heterojunction between BP and MoS2, 
and the presence of Ni or Co as cocatalysts 
facilitated the easy reduction of protons for 
H2 generation.

In another study, 2D/2D binary hetero-
junctions of BP and tungsten disulfide (WS2) 
was successfully prepared and investigated 
their photocatalytic activity for HER under 
visible light irradiation.48 The pristine BP 
showed weak photocatalytic activity due to 
fast recombination of photoinduced charge 
carriers. However, the BP/WS2 hetero-
junction catalyst exhibited approximately 
three times higher hydrogen production 
with a solar-to-hydrogen (STH) efficiency of 
5.7%, attributed to the large contact areas 
facilitating photogenerated charge trans-
fer. Incorporating earth-abundant transition 
metal (Ni or Co) NPs further enhanced the 
HER activity of the BP/WS2 binary nano-
composites. The presence of Co NPs as a 
co-catalyst in BP/WS2 binary heterojunction 
significantly improved the STH efficiency 
to 31.2%, attributed to increased photon 
absorption, active sites, and longer charge 
carrier lifetime through reduced recombina-
tion rates. The ternary heterojunction cata-
lysts, BP/WS2-Ni and BP/WS2-Co, showed 
3.2 times and 2.9 times more hydrogen 
evolution, respectively, compared to BP/
WS2. This noble-metal-free catalyst system 
demonstrated high stability and efficiency 
in photocatalytic hydrogen production. The 
study suggests that BP/WS2 binary hetero-
junctions offer specific active sites and higher 
photocatalytic efficiency than pristine BP 
nanosheets under visible light (Figure 7c). 
We replaced BP with g-CN and the prepa-
ration of ternary g-CN/WS2-Y (Y: Ni, Co) 
heterojunctions using the chemical reduction 
method for the photocatalytic HER was 
studied.49 The pristine WS2 semiconductor 
was grown on 2D g-CN material through the 
hydrothermal method. The heterojunction 
structure, morphology, and photophysical 
properties were extensively characterized. 
The g-CN/WS2-Ni and g-CN/WS2-Co het-
erojunctions were designed to enhance the 
photocatalytic hydrogen evolution activi-
ties compared to g-CN/WS2. Under visible 
light irradiation, the HER activities of g-CN/
WS2-Ni and g-CN/WS2-Co were about 
2-fold and 1.5-fold higher, respectively, than 
that of g-CN/WS2. Moreover, their STH effi-
ciencies were calculated as 0.61%, 0.64%, 
0.56%, and 0.32% for g-CN/WS2-Ni, g-CN/
WS2-Co, g-CN/WS2, and g-CN, respectively. 
The 2D/2D heterojunction between gCN and 

photocatalytic H2 evolution performance 
compared to g-CN/MoS2 heterojunctions by 
enhancing the separation rate of photogen-
erated electron-hole pairs. The HER activ-
ity for g-CN/MoS2-Ni and g-CN/MoS2-Co 
samples reached 5.924 and 5.159 mmol 
g−1, respectively, in 8 hours. The increased 
hydrogen generation with Ni or Co-doped 
g-CN/MoS2 heterojunctions can be attrib-
uted to effective electron-hole separation 
and the creation of MoS2-x nanostructures, 
providing more active sites for H2 genera-
tion. We also proposed an electron migra-
tion mechanism based on the band-edge 
potentials of g-CN and MoS2 to explain the 
enhanced photocatalytic activity of g-CN/
MoS2-Ni, Co heterojunctions

In another study, novel BP/MoSx, BP/Cu, 
and BP/Pt nanocomposites were success-
fully synthesized at liquid/liquid interfaces.46 
The catalysts were thoroughly characterized 
using advanced analytical techniques. The 
catalytic activity of MoSx was compared to 
Pt and Cu nanoparticles, given their simi-
lar redox potentials. MoSx nanostructures 
exhibited better dispersion on BP nano-
sheets compared to metallic nanoparticles, 
resulting in higher durability in the catalytic 
HER. The BP-based nanocomposites dis-
played superior catalytic activities compared 
to their pristine forms, attributed to enhanced 
electron transport through synergistic effects 
and heterojunction formation between BP 
and metal nanoparticles. Additionally, the 
nanocomposites had increased active sites 
due to more homogeneous particle distri-
bution and reduced agglomeration. Among 
the BP-based nanocomposites, BP/MoSx 
displayed the highest catalytic activity, likely 
because anchoring MoSx onto BP nano-
sheets preserved the oxidation of both cat-
alyst particles and BP nanosheets. Kinetic 
calculations revealed that BP/MoSx nano-
composites were the most efficient HER cat-
alysts, significantly increasing reaction rates 
compared to the absence of a catalyst or the 
presence of free MoSx. BP-based nanocom-
posites exhibited efficient catalytic activities 
for HER due to their enhanced conductivity 
properties, active sites, and surface area.

In comparison to the previous study, in this 
work, we focused on using 2D semiconduc-
tor-based Ni or Co doped black phospho-
rus/molybdenum disulfide (BP/MoS2–Y (Y: 
Ni, Co)) heterojunctions for dual applications 
in photocatalytic hydrogen evolution and 
as a novel electrochemical nitrite sensor 
(Figure 7b).47 The fabricated BP/MoS2–Y (Y: 
Ni, Co) heterojunctions demonstrated signif-
icantly enhanced photocatalytic hydrogen 
evolution activity under visible light illumi-
nation, utilizing Eosin Y (EY) sensitizer and 
triethanol amine (TEOA) electron donor. The 
H2 generation rate of BP/MoS2–Ni and BP/
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and secondary alcohols, showing enhanced 
C–C formation compared to pristine g-CN. 
This enhancement is attributed to its supe-
rior visible light absorption capacity, excellent 
high surface area, and enhanced separation 
of photogenerated charge carriers. We con-
tinued our research with guanidine-based 
g-CN by treating at three different temper-
atures (450, 500, and 550 ℃).59 The effect 
of polycondensation temperature on the 
structure of heptazine units has remarkably 
changed the photocatalytic performance 
on NO photooxidation. g-CN synthesized 
at 500 ℃ (g-CN500) exhibited the best 
photocatalytic performance, making it the 
ideal candidate for anchoring with 8.0 ± 0.5 
wt.% Fe3O4 NPs. This innovative approach 
resulted in a photocatalyst Fe3O4/ g-CN500 
having even higher activity and selectivity 
towards solid-state NOx oxidation and stor-
age under visible light irradiation.

The usage of stable inorganic semicon-
ductor material, BP was extended further 
on developing efficient and that can absorb 
a broad range of solar wavelengths to trigger 

such as thermal treatment. We also present 
the development of three distinct g-CN-
based photocatalysts through vacancy 
engineering.58 The investigation focused 
on their photophysical and morphologi-
cal properties, along with their improved 
photocatalytic performance. By subject-
ing g-CN to post-annealing at different 
temperatures (610, 630, and 650 °C), we 
achieved the formation of more porous, 
thin-layered, and higher surface area g-CN 
with increasing temperature. Additionally, 
the introduction of N-vacancy in g-CN led 
to remarkable photophysical properties, 
revealing the emergence of new mid-gap 
states among the band energy levels. Out of 
these photocatalysts, the g-CN annealed at 
650 °C (A-g-CN650) demonstrated the high-
est photocatalytic activity in the oxidative 
Mannich reaction. It achieved an impressive 
conversion rate of 98% within just 2 hours, 
significantly faster than other reaction kinet-
ics previously reported. Furthermore, the 
A-g-CN-catalyzed photooxidative Mannich-
type reaction was examined with various 
nucleophiles, such as nitromethane, primary, 

elements to form heterojunctions emerges 
as an environmentally friendly option. In this 
research, a remarkably effective photoredox 
catalyst was developed by creating a binary 
heterojunction using few-layer BP (FLBP) 
and g-CN.56 This synergistic FLBP/g-CN 
heterojunction demonstrated exceptional 
activity in the photoredox C–H arylation of 
heteroarenes with diazonium salts under vis-
ible light irradiation, leading to product yields 
of up to 94% under ambient conditions 
(Figure 8b). Interestingly, the FLBP/g-CN 
activity exhibited a volcano-shaped relation-
ship concerning the BP loading ratios, with 
the best performance achieved at 35 wt% 
FLBP. A comprehensive investigation of the 
substrate scope was conducted to com-
prehend its restrictions concerning various 
heteroarenes (furan, thiophene, and N-Boc 
pyrrole) in conjunction with diazonium salts 
containing both electron-donating (ED) and 
electron-withdrawing (EWD) groups, encom-
passing a total of 29 examples. Moreover, 
the mechanistic studies and charge migra-
tion experiments allowed the proposition of 
a unique band diagram illustrating distinct 
electron-hole migration between g-CN and 
FLBP, deviating from nonclassical type-I het-
erojunction in the heterojunction structure.

 After sparkling of BP, researchers have 
been exploring the potential of 2D semi-
conductor materials composed of group 15 
elements (pnictogens) as efficient photocat-
alysts in various applications. However, there 
has been no example of using bismuthene 
as a photocatalyst until our report, for the 
first time, the use of bismuthene as a highly 
efficient photocatalyst in a liquid-phase 
organic transformation. Bismuthene exhib-
its remarkable photocatalytic properties 
under various reaction conditions.57 The 
photoredox C–H arylation of (hetero)arenes, 
achieving high product yields of up to 98% 
under indoor light illumination, darkness, 
outdoors, and low temperatures (Figure 8c). 
This protocol worked efficiently on a wide 
range of substrates, not only heteroarenes 
(furan, thiophene, and pyrrole) and but also 
arenes (benzene and nitrobenzene) with 
aryl diazonium salts (total of 43 examples) 
possessing both electron-withdrawing and 
electron-donating groups. To gain insights 
into the catalytic activity of bismuthene, 
DFT calculations were performed and indi-
cated a possible electron transfer towards 
arenes increasing their reactivity. The study 
revealed the underlying mechanistic details 
that contribute to the remarkable catalytic 
performance of bismuthene in the C–H 
arylation of (hetero)arenes.

The unique versatility of g-CN is its skel-
eton consisting of carbon and nitrogen ele-
ments, opening new modification options, 

Figure 9. Proposed mechanism of (a) BP/Au. Reprinted (adapted) with permission from 
62. Copyright 2020 American Chemical Society. (b) BP/Ag for photothermal therapy. 
Reproduced with permission.63 Copyright 2022, Wiley.
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a photochemical reaction, instigating the 
production of reactive oxygen species that 
differentially dismantle aberrant cells or path-
ogens, while concurrently safeguarding the 
integrity of neighboring healthy tissue.62 The 
BP nanosheets and BP/Au nanocompos-
ites have been shown to possess effective 
antibacterial and antibiofilm properties when 
exposed to NIR light.63 The inherent photo-
thermal effect, nanoknife effect, and oxida-
tive stress activity of BP/Au nanocomposites 
lead to bacterial morphological defects 
and cell death. The antibacterial efficacy 
was confirmed through various methods, 
including the photothermal effect, bacterial 
growth curve, colony counting, GSH deple-
tion assay, live/dead fluorescence staining, 
and scanning electron microscopy (SEM). 
While BP nanosheets alone, with or without 
NIR light, were not able to completely elim-
inate the bacteria, BP/Au nanocomposites 
exposed to NIR light successfully eradicated 
all bacteria by destroying the bacterial cell 
membranes (Figure 9a). Additionally, the 
antibiofilm activities of both BP nanosheets 
and BP/Au nanocomposites were inves-
tigated, and it was found that the nano-
composites reduced the biofilm formation 
of E. faecalis by up to 58%. This research 
presents a new and promising approach for 
combatting pathogenic bacteria and lays 

reaction.61 Under light irradiation, the BPNs 
generated excited electrons in its conduction 
band (CB) and holes in its valence band (VB). 
These excited electrons were transferred 
to Cu (II) ions, leading to the production of 
active Cu (I) catalyst. The ability of BPNs to 
initiate the CuAAC reaction was explored 
by studying the reaction between various 
alkyne and azide derivatives under both 
white LED and NIR light irradiation. The use 
of NIR light allowed for deeper penetration, 
enabling the synthesis of diverse macro-
molecular structures, including functional 
polymers, cross-linked networks, and block 
copolymers. The intermediates and final 
products were thoroughly characterized 
using spectral and chromatographic analy-
ses to evaluate their structural and molecular 
properties.

The utilization of photocatalysis has gar-
nered prominence in bio-applications, nota-
bly in the domains of photothermal therapy 
and photodynamic therapy. Photothermal 
therapy exploits light-absorbing agents to 
transduce light energy into thermal energy, 
precisely directing its effects towards cancer 
cells or distinct tissues through controlled 
hyperthermia induction. In contradistinc-
tion, photodynamic therapy employs pho-
tosensitive compounds and light to initiate 

various photochemical processes is highly 
appealing.60 One of them was using BP as 
a photocatalyst and onium salts as co initia-
tors to initiate the polymerization of different 
monomers using visible and near-infrared 
(NIR) light. When exposed to light, few-layer 
BP generates excited electrons and holes, 
which then participate in electron transfer 
reactions with onium salts. These reactions 
lead to the formation of free radicals capa-
ble of initiating free radical polymerization. 
Among the tested onium salts, aryldiazo-
nium salt proved to be the most efficient in 
the photopolymerization process, primarily 
due to its favorable reduction potential when 
coupled with the conduction edge potential 
of BP. This innovative approach also opens 
up possibilities for the in situ preparation of 
composite materials composed of BP and 
polymers.

The development of photoinduced cop-
per-catalyzed azide-alkyne click (CuAAC) 
reaction routes that can work with 
long-wavelength light is highly appealing in 
the fields of organic and polymer chemistry. 
In a follow-up study, we introduce a new 
synthetic approach for the photoinduced 
CuAAC reaction using BPNs as photo-
catalysts and they were exposed to white 
LED and near-infrared (NIR) light during the 

Figure 10. (a) Internal interaction between GQDs, gCN and BP for superior photodegradation performance,65 (b) Proposed 
mechanism of BPQDs/GCN-rGO for photooxidation reactions,66 (c) The work functions of BP, CNQDs, rGOBP, CNQDs@rGOBP 
and internal electric field (IEF) between semiconductors, before, after contact and under irradiation, respectively, and the obtained 
bending of band edges for rGOBP, and CNQDs. Reprinted from 67, Copyright 2023, with permission from Elsevier. 
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min-1 respectively. Experimental measure-
ments of Fermi levels confirmed the non-
classical-type-II heterojunction of BPQDs/
CN-rGO. The photocatalyst was found to 
facilitate different organic transformations, 
generating key reactive species like O2

•–, 
h+, and 1O2. Notably, it selectively converted 
glycerol to glyceric acid (45%) and styrene 
to benzaldehyde derivatives (40%) and also 
enabled the generation of •CF3 radicals 
from the Langlois reagent, where h+ played 
an essential role (Figure 10b). We anticipate 
that the ternary heterojunction, BPQDs/
CN-rGO, will find extensive applications in 
various conditions and contexts.

Conclusion and Future Outlook
In this article, we highlighted our research 

group’s studies about the synthesis and 
catalysis of monodisperse transition metal 
NPs, non-metallic 2D semiconductor mate-
rials and their nanocomposites for various 
applications including the hydrogen gener-
ation from the chemical hydrogen storage 
materials, sustainable organic transforma-
tions, pollutant degradation from water and 
photoredox C-H functionalization. There 
are many synthesis protocols available for 
the synthesis of transition metal NPs, but a 
minority of them provides size, shape, and 
composition-controlled synthesis of high 
quality/monodisperse NPs, which glows 
our synthesis strategy described above as 
a preferable one.  Although we reported 
many successful syntheses of mono/bime-
tallic NPs, the synthesis of monodisperse 
transition metal NPs is very challenging 
due to the number of parameters that must 
be optimized requiring chemical and time 
waste. Moreover, most of the current syn-
thesis protocols result in low yield of mon-
odisperse NPs. In this respect, we believe 
that artificial intelligence/machine learning 
should be integrated to the synthesis of 
transition metal NPs and recipe optimization 
on the way to sustainable chemistry.  As we 
highlighted above, another way to develop 
more sustainable catalysts might be the use 
of non-metallic 2D semiconductor materials 
as photocatalysts for various chemical trans-
formations under sunlight irradiation. In this 
regard, the studies on the rational design of 
heterojunction photocatalysts including dif-
ferent 0D/2D/3D semiconductor materials as 
well as the non-precious metal NPs should 
be continued. 

(rGOBP We employed advanced instru-
mental techniques to characterize these 
heterojunctions. The interaction between 
CNQDs and rGOBP at the interfaces led to 
a heterojunction with excellent photophys-
ical properties. We tested the photocata-
lysts for degrading methyl orange (MO) and 
found that the combination of CNQDs and 
rGOBP resulted in superior performance 
compared to using them individually. When 
the components were combined in aqueous 
media, the degradation efficiency of organic 
pollutants was 2.5 times higher than using 
the materials separately. The photocatalytic 
activity was attributed to a nonclassical 
type-I heterojunction, and the researchers 
also studied the band potentials and charge 
flow at the interfaces. The strong interac-
tion among the components and structural 
matching enhanced the chemical stability of 
BP. Overall, CNQDs@rGOBP offers a sus-
tainable and metal-free photocatalyst with 
controllable band potentials and high charge 
separation properties, making it a promis-
ing option for eco-friendly photocatalysts 
(Figure 10c). Furthermore, we introduced 
another novel and effective photocata-
lyst called GQDs@CNBP, which exhibited 
exceptional performance and stability for 
degrading organic pollutants in water under 
visible light.68 Using advanced techniques 
like XRD, FTIR, XPS, and ssNMR analyses, 
we studied the structure-activity relationship 
of the heterojunction. The results revealed 
strong connections between CN and BP 
through P–N bonds, with GQDs’ polar func-
tional groups attached to P–O in BP and 
N–O in CN on the CNBP surface (Figure 
10a). This ternary heterojunction demon-
strated significant coupling at the interfaces, 
leading to enhanced photophysical proper-
ties. It outperformed pristine components 
and similar photocatalysts reported in the 
literature for degrading MO and tetracycline 
(TC). We also confirmed a photogenerated 
charge migration pathway and proposed a 
photodegradation mechanism based on the 
band alignments of the ternary structure. We 
identified GQDs@CNBP as a complex-type-II 
heterojunction, involving the farthest charges 
on the band edges. Notably, GQDs@CNBP 
achieved photooxidation of glucose using 
only water as a solvent and no additional 
agents, indicating efficient charge separa-
tion and stability. Besides, we expanded the 
scope of BPQDs/CN-rGO, as a metal-free 
photocatalyst with remarkable abilities for 
various organic transformations using a pho-
tooxidation mechanism.69 By optimizing the 
contents of individual components in binary 
and ternary heterojunctions, we discovered 
synergistic interactions that significantly 
improved photocatalytic performance. The 
ternary heterojunction demonstrated supe-
rior efficiency in degrading MO and TC, 
with reaction kinetics of 0.1289 and 0.0335 

the foundation for the future development 
of innovative platforms to fight against bac-
terial infections. In this study, we developed 
a new type of nanocomposite using BP 
nanosheets and silver (Ag) NPs that can 
be activated by NIR light.64 This composite 
demonstrated improved antibacterial prop-
erties compared to using BP nanosheets 
alone. The enhanced antibacterial effects 
were achieved by inhibiting bacterial growth, 
raising the surrounding temperature, and 
producing reactive oxygen species when 
exposed to NIR light. The nanocompos-
ites showed higher antibacterial efficiency 
against certain types of bacteria, specifically 
Gram-positive ones, compared to Gram-
negative bacteria (Figure 9b). Different tests, 
such as agar plate assays, Live/dead flu-
orescence staining, and the oxidation of 
GSH test, confirmed that NIR light boosts 
the antibacterial performance of both BP 
nanosheets and BP/Ag nanocomposites. 
The findings suggest that these NIR-light-
driven BP-based nanocomposites could 
be viable alternatives to antibiotics for anti-
bacterial applications. Moreover, their ability 
to perform effectively under NIR light offers 
potential for various applications, including 
biofilm, wound, and cancer therapy.

In recent years, we started a series of 
photodegradations of organic pollutants 
from wastewater using metal-free ternary 
heterojunctions. Ternary heterojunctions 
represent a fascinating and promising class 
of materials in the realm of semiconduc-
tor physics and nanotechnology.65 These 
structures involve the strategic integration 
of three distinct semiconductor materials, 
each possessing unique electronic and 
optical properties. Ternary heterojunctions 
offer a rich playground for tailoring material 
interfaces, band alignments, and charge 
transport characteristics, thereby enabling a 
diverse range of applications. As research-
ers delve deeper into the synthesis, charac-
terization, and theoretical understanding of 
ternary heterojunctions, they pave the way 
for innovative breakthroughs that have the 
potential to redefine the landscape of mod-
ern semiconductor technology.66 We suc-
cessfully created CNQDs@rGOBP ternary 
heterojunctions using elements C, N, O, and 
P, which are abundant in nature.67the state-
of-the-art photocatalytic systems for various 
applications have not yet reached the desired 
level due to poor visible-light absorption and 
the high-cost requirements of the devel-
oped photocatalysts. Recently, the combi-
nation of different semiconductors via band 
engineering has been regarded as a highly 
efficient strategy to construct metal-free 
photocatalysts. In this study, a novel ternary 
heterojunction photocatalyst was fabricated 
by decorating reduced graphene oxide/
black phosphorus binary heterojunctions 
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