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Abstract: Rapid industrialization and overpopulation have led to energy shortages and environ-
mental pollution, accelerating research to solve the issues. Currently, metal-free photocatalysts have
gained the intensive attention of scientists due to their environmental-friendly nature and ease of
preparation. It was noticed that g-C3Ny (GCN) consists of a few outstanding properties that could be
used for various applications such as water treatment and clean energy production. Nonetheless,
bare GCN contains several drawbacks such as high charge recombination, limited surface area, and
low light sensitivity. Several solutions have been applied to overcome GCN limitations. Co-doping,
tri-doping, and rare-earth-doping can be effective solutions to modify the GCN structure and improve
its performance toward photocatalysis. This review highlights the function of multi-elemental and
rare-earth dopants in GCN structure, mechanisms, and performance for photocatalytic applications
as well as the advantages of co-doping, tri-doping, and rare-earth-doping of GCN. This review
summarizes the different roles of dopants in addressing the limitations of GCN. Therefore, this article
critically reviewed how multi-elemental and rare-earth-doping affect GCN properties and enhanced
photoactivity for various applications.

Keywords: Co-doping; tri-doping; rare-earth-doping; g-C3Ny4; metal-based; non-metal-based;
photocatalysis

1. Introduction

Environmental issues and increasing energy demand are among the top challenges
today. Contaminants appear to be accumulating over time, reaching harmful levels. During
the industrial revolution in the late 18th to early 19th century, non-renewable resources
such as fossil fuels are commonly used as raw materials for power generation. Nonetheless,
the use of fossil fuels such as petroleum and coal have the potential to cause the greenhouse
effect due to the emission of CO,, NOy, and SO,, which can further escalate global warming
potential. Apart from that, it was reported that up to 4.1 billion metric tons of CO, have been
released into the environment in the past decade, and it was expected that the CO, emission
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will be doubled in the following 10 years [1]. The combustion of fossil fuels can also produce
particulate matter (PM;5). It was estimated that approximately 10.2 million deaths per
year were due to PM; 5, which caused lower respiratory infections for children below
5 years old [2]. Therefore, researchers are taking the initiative to look for alternative power
generation methods to achieve zero emission. Apart from energy, wastewater pollution is
another threat to the world. There are miscellaneous pollutants such as pharmaceutical
products [3,4], textile industry dyes [5], endocrine disruptors (ED) [6], heavy metals [7], and
pesticides [8] which can potentially bring harm to the public. For example, United Nations
(UN) environment specialists were advised that the thoughtless disposal of antibiotic
wastes could produce “ferocious superbugs” [9]. In Korea, antibiotics were detected in
more than 80% of the wastewater, drinking water, as well as surface water [10]. From
a public health perspective, antibiotics could result in allergic reactions if they exist in
domestic used water [11]. ED such as phthalate can interfere with the human endocrine
system. Exposure to ED in pregnant women can affect infants at the prenatal level and
potentially decline male fertility [12]. Meanwhile, dyes and pesticides in the water bodies,
air, and soil can cause a threat to human health [13]. Since water is basic to life, water
contamination issues have been of great importance. To date, these kinds of emerging
waste are unable to be completely treated by conventional wastewater treatment [4].
Several methods can deal with the above issues. One of the inexpensive and efficient
methods is photocatalysis. As shown in Figure 1, photocatalysis is a process that only
requires sunlight, oxygen, and a photocatalyst to perform it. Most importantly, this process
does not generate secondary waste and is able to tackle environmental issues efficiently.
When sunlight penetrates, an electron from the valence band (VB) will jump to the con-
duction band (CB) due to excitation, leaving a hole in VB. Holes at the VB will undergo
oxidation, whereas reduction is carried out at CB with electrons, creating radicals for pho-
toreaction. Photocatalysis is not only able to break down organic pollutants, but it can also
perform water splitting, CO, conversion to fuel, chemical reactions, and nitrogen fixation.

0,

Photocatalyst
Excitation

Figure 1. The mechanism of the photocatalytic process and its applications.

Numerous semiconductors with photocatalytic properties are available, for instance,
TiO; [14], ZnO [15], and SrTiO; [16,17]. However, these photocatalysts are not visible-light
active due to the large bandgap. Graphitic carbon nitride (GCN) is a metal-free n-type
photocatalyst. With the low energy bandgap of 2.7 eV, in other words, it can be photoactive
under irradiation of solar (A < 459 nm) [18]. Sometimes, the bandgap of GCN can be
varied due to different preparation methods. For example, the bandgap of urea-synthesized
GCN was 2.8 eV [19], but melamine-prepared GCN shows 2.6 eV of bandgap energy [20].
Moreover, it was reported that the thermal polymerization temperature can affect the GCN



Catalysts 2022, 12, 586

3 0f 38

bandgap as well [21]. In recent years, GCN became of interest to study due to its unique
properties. Nevertheless, the pure GCN itself consists of some drawbacks, which are the
high recombination rate and insufficient sunlight absorption that limit its performance [22].
Thus, scientists have made numerous efforts to boost the GCN photocatalytic activity by
methods such as elemental doping and heterojunction.

Based on Figure 2, the number of reports on GCN materials itself has increased
exponentially over the past 15 years. At the same time, nearly 30,000 research works
have been reported in the past 10 years for different applications. This demonstrates the
attraction and importance of this research area. With the accelerated number of publications
in GCN materials, some researchers have published comprehensive reviews in prestigious
journals. Patnaik et al. reviewed the performance of anion-doped GCN, but co-doped GCN
is not discussed in depth and is only focused on anion [23]. Zhao et al. have researched
GCN, but the authors only discussed GCN-based heterojunctions [24]. Liu et al. discussed
both metal and non-metal doped GCN, but it is focused on single doping [25]. However, co-
doped, tri-doped, and rare-earth-doped GCN and its performance in several applications
are not comprehensively discussed. As far as we are concerned, co-doped, tri-doped, and
rare-earth-doped GCN has never been critically reviewed by any researchers. In recent
years, co-doped, tri-doped, and rare-earth-doped GCN have received great attention for
research because they can improve the surface area, reduce the recombination rate, and
decrease the bandgap energy. For example, the co-doped GCN reported by Ma et al.
was shown to have 27 times greater photoactivity compared to pure GCN and six times
greater photoactivity compared to single-doped GCN [26]. Compared to single doping,
co-doping has a synergetic effect on the dopants. Thus, this review can facilitate the
further developments of new GCN-based materials as well as improve the technology
and performance of its applications. Thus, the performance of co-doped, tri-doped, and
rare-earth-doped GCN and how they improve the GCN photoactivity will be discussed
critically in this review.
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Figure 2. The number of publications using “carbon nitride*” or “g-CsN4*” as the topic keywords in
the past 15 years. Adapted from ISI Web of Science (WoS) (date of search: 16 March 2022).
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GCN Properties and Modification Method

The photoactivity of GCN was discovered by Wang et al. in 2009, and the author
showed that GCN can generate hydrogen (H;) under visible light [27]. The bandgap of
GCN is 2.7 eV, which is a solar active photocatalyst that can absorb light wavelengths up
to 460 nm [28]. It results from the sp? hybridization of the nitrogen and carbon that form
the m-conjugated graphitic planes with comparable graphite structures [29]. The materials
with delocalized conjugated m-structures have been confirmed to demonstrate a low rate
of charge recombination due to high electron-hole separation efficiency. GCN consists
of carbon and nitrogen, which is an abundant photocatalyst that can be synthesized by a
simple method, such as thermal polymerization. Most importantly, it is metal-free. The
GCN layered structure is similar to graphite due to the interlayers being held by van der
Waals forces. It was noticed that GCN consists of seven phases; however, only g-h-triazine
and g-h-heptazine exhibited its photoactivity [30]. In other words, there are two different
condensation states demonstrated on the GCN networks, which are (i) heptazine/tri-s-
triazine units (Figure 3a) and (ii) s-triazine units (Figure 3b).

(a) | N X (b)

Figure 3. The structures of (a) s-heptazine; and (b) s-triazine unit. Reproduced with permission from
Ref. [31].

The most widely used method was the high-temperature pyrolysis of nitrogen-rich
organic species such as urea, dicyandiamide, and cyanamide, which was seen as a good
synthetic strategy for generating the least defective polymeric species. Figure 4 shows a
proposed GCN formation pathway with the starting material of cyanamide. In the first
step, the reaction is a mixture of polyaddition and polycondensation process where the
cyanamide is condensing to become melamine. In the pyrolysis procedure, when the
pyrolysis temperature achieved 350 °C, essentially melamine-based products are formed,
while the heptazine forms via melamine rearrangements at approximately 390 °C. Interme-
diate products including melam, melem, and melon will be generated during the thermal
condensation [32]. When the temperature increases to 520 °C, condensation of this unit to
polymers, networks, and potentially the final polymeric carbon nitride occurs. A thermal
gravimetric analysis (TGA) was conducted by scientists, and it was reported that the stabil-
ity of GCN is up to 600 °C [33]. GCN can be fully broken down at 700-750 °C. Particularly,
GCN has the highest thermal stability among organic matter. The high thermal stability of
GCN was featured in various applications such as heterogeneous catalysis. It can also be
used as a template and structuring agent because it allows a simple removing process by
increasing the heating temperature to 600 °C and above.
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Figure 4. Reaction pathway to form GCN by using cyanamide as starting material. Adapted from
Ref. [34].

As mentioned above, GCN is a potential material for photocatalysis, but a pristine
GCN possesses limitations, for instance (i) small surface area, (ii) high recombination rate,
and (iii) low absorption of visible light. Therefore, several initiatives were taken to improve
the GCN photocatalyst. Generally, there are four ways to modify GCN, which are doping,
exfoliation, self-heterojunction, and composition (Figure 5).

Elemental
doping

GCN
modification
methods

Composition Exfoliation

Self-
heterojunction

Figure 5. A summary of the GCN modification methods.

The surface area of pristine GCN reported is low (5-10 m?/g), which is not benefi-
cial for photocatalysis reaction [35]. Exfoliation can be chemical exfoliation or thermal
exfoliation; it is a method to delaminate the GCN interlayer and obtain a higher surface
area. For example, chemical exfoliation by introducing ascorbic acid to the precursor of
GCN can improve the surface area from 5.54 to 193.98 m?/g. This is because the ascorbic
acid helps to exfoliate GCN by forming pores, creating extra active sites for the photoreac-
tion [36]. Meanwhile, thermal exfoliated GCN managed to increase the surface area from
9.64 to 127.53 m2/g [37]. Papailias et al. mentioned that chemical exfoliation would be
more beneficial for photocatalysis; that is, due to chemical-exfoliated GCN showing lower
thickness than thermal exfoliation GCN, the low thickness of GCN has more interfacial
contact of target pollutant [37]. However, the exfoliation method can cause blue shifting
in light absorption due to the quantum confinement effect (QCE), resulting in less solar
photoactivity [37].
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The high rate of photogenerated charge recombination can weaken photoactivity.
Thus, composition and self-heterojunction are generally used. It is a method by combining
two different photocatalysts to form an interface between the composites. When the
reaction takes place, the interfacial barrier is modulated, which has a direct effect on
the charge transfer characteristics of the heterojunction. The composites generally use
two or more different photocatalysts to form heterojunctions, such as WO3/GCN [38],
MoO3/GCN [39], and GCN/CdAWOy, [40]. Self-heterojunction is a band alignment strategy
that was ameliorated by fabricating isotype heterojunction by using the same material with
different phases, for example, anatase-TiO, /rutile-TiO; [41] and «-Biy O3/ 3-Biy O3 [42]. The
GCN bandgap can flexibly adjust in the range of 2.4 to 2.8 eV by using various preparation
methods and starting materials. So, researchers attempted to form a heterojunction with
dicyandiamide synthesized GCN (GCN-D) and melamine (GCN-M) synthesized GCN.
Based on Figure 6, an electron from GCN-M is transferred to GCN-D, causing electron—
hole separation and prolonged charge carrier lifespan [43]. The major drawback of this
modification method is poor redox performance [44] and difficulty to maintain long-term
stability due to pH-sensitivity [45] in a certain type of heterojunction such as Z-scheme and
Type II heterojunction.
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Figure 6. Mechanism of self-heterojunction GCN. Reproduced with permission from Ref. [43].

Limited light absorption is one of the popular issues for most photocatalysts; it can
directly affect the photocatalysis process. When the light absorption is low, the bandgap
is wide and vice versa. Bandgap engineering is a technique to modify the bandgap of
the semiconductor photocatalyst. Doping is a common technique to tune the bandgap
energy of the photocatalyst by introducing a small amount of foreign elements into the
photocatalyst. Most pure photocatalysts consist of some drawbacks that limit their photo-
catalytic efficiency; doping is one of the important techniques to improve the photocatalytic
performance by enhancing its characteristics. Doping can improve the photocatalyst by
(i) extending the light absorption to the visible light region by narrowing the bandgap,
(ii) suppressing the charge recombination rate to promote more charges to perform pho-
tocatalytic reaction on the photocatalyst surface, and (iii) enhancing the surface area of
the photocatalyst. For example, Panneri et al. reported that C-self-doped GCN can alter
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the bandgap value from 2.80 to 2.54 eV. This is because the bridging N atom has been
substituted by a C atom, and delocalization improved to impede the electron-hole recombi-
nation [46]. Doping not only narrows the bandgap energy but also increases the surface
area and suppresses the recombination rate at the same time. For instance, F-doped GCN
helps to reduce the charge recombination rate due to the electron-withdrawing ability,
and the strong electronegativity of F can prevent recombination [47]. B-doped GCN im-
proved the surface area from 39.5 to 55.0 m?/g by adding boric acid as a dopant. This
is due to the decomposition of boric acid at high temperatures, forming pores by releas-
ing gas from the reactant [48]. In summary, doping is a great modification method to
improve the low surface area, low light absorption, and recombination issues. The recent
advances in single-doped GCN have been reviewed earlier by other researchers [25,49].
Multi-elemental doping can provide better performance in photocatalytic reactions due to
the synergetic effect between dopants. Thus, the following section will discuss critically
co-doped, tri-doped, and rare-earth-doped GCN.

2. Multi-Elemental and Rare-Earth Element Doped GCN

There are various kinds of elements that have been reported by researchers to dope
with GCN photocatalysts for different kinds of applications. This section consists of four
sub-sections, namely metal-based co-doping, non-metal-based co-doping, tri-doping, and
rare-earth-doping.

2.1. Metal-Based Co-Doping

Elemental doping has been developed to greatly improved the photocatalytic property
of GCN. These doping could produce additional binding, form a new band, enhance the
photocatalytic performance, and adjust the energy band structure [23]. In recent years,
researchers have been switching their focus on co-doping GCN, which provides enhanced
photocatalytic activity. There are two types of co-doping of metal elements: (i) metal/non-
metal synergy and (ii) metal /metal synergy.

2.1.1. Metal/Non-Metal Synergy

Doping is not only introducing foreign elements to the GCN structure. However, it
may also form some functional groups in the GCN structure. Zhu et al. reported that K,
F co-doping contributed three changes to the GCN structure, which are (i) K junction in
between interlayers, (ii) formation of C-F bond, and (iii) formation of C=N triple bond. The
authors reported that intercalating K in between GCN interlayers can produce an internal
electric field in the GCN structure, which can boost the electron transfer of the interlayer,
and therefore, the charge recombination is retarded. As a result, these three criteria have
enhanced the photocatalytic performance of GCN. The H; production by using K, F-GCN
(1039 umol g~ h~1) was 8.5 times better than pristine GCN (122 pmol g~ h~1) [50]. Apart
from that, Jing et al. reported that K doping can donate charges to the GCN structure and
therefore induce upshifting of the Fermi level to CB minimum (CBM) [51]. Furthermore,
the C-F bond possesses a more stable and stronger bonding than C-Cl, C-Br, and C-I
due to the atomic radius factor due to its better ionic character. It was proposed that
the doping of K will be located near N due to the high electronegativity. As shown in
Figure 7, the K dopant will break the Con-Npx bond and combine with the residual N atom,
leaving the Con.npx to form C=N groups at the melon structure of K-co-doped GCN [51].
Meanwhile, the C=N group can act as an electron acceptor in the GCN structure. Thus,
the high electronegativity of F and good electron acceptor of C=N can promote efficient
charge carrier separation. This has narrowed the bandgap of GCN from 2.71 to 2.67 eV,
which allows better visible light absorption. It was reported by another research team that
halogen always contributes more to bandgap narrowing compared to alkali metals [52].
This is because halogens such as F and I can create mid-gap states. Guo et al. synthesized
uniform mesoporous K, I-GCN with the SBA-15 template. Initially, K, I-GCN has caused a
bathochromic shift in light absorption, which is good for photocatalytic activity. Figure 8a
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shows the K, I-GCN structure, proposing that I is substituted to the N position, while K is
placed at the interstitial GCN structure. Mesoporous K, I-GCN can cause a hypsochromic
shift to light absorption, in which the bandgap value was 2.80 eV, which is slightly larger
than pure GCN (2.78 eV). However, the mean lifetime of mesoporous K, I-GCN (5.79 ns)
was longer than pure GCN (2.13 ns) and K, I-GCN (5.14 ns). Figure 8b shows the PL
spectra of K, I-GCN, in which the peak intensity was greatly reduced compared to pure
GCN. The long lifetime of mesoporous K, I-GCN is mainly due to the uniform structure
of mesoporous K, I-GCN that exhibits less resistance for electron transportation, causing
fast transport of electrons and thus promoting high charge separation. Therefore, the Hy
production of mesoporous K, I-GCN (80.58 umol h—!) was 9.7 times better than that of
pure GCN (8.3 umol h—1) [52].

— a— B

Nl;l2 ///N
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7 s
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| |:> |
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Figure 7. The proposed melon structure changes due to K doping. Reproduced with permission from
Ref. [51].
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Figure 8. (a) The proposed structure of K, I-GCN, and (b) PL spectra of pure GCN, mesoporous GCN,
K, I-GCN, and mesoporous K, I-GCN. Reproduced with permission from Ref. [52].

It was reported that S-doped GCN is able to cause the reduction in crystallinity due to
the incomplete GCN polymerization and numerous H-bonds leaving the GCN intralayer,
which potentially obstructs the charge transport in the 2D plane and reduces the GCN
photoactivity [53]. To solve this problem, Chen’s research team synthesized K, S-GCN using
the molten-salt method. It was found that molten-salt synthesized GCN has narrowed
the interlayer distance of GCN and thus increased its crystallinity. High crystallinity with
dense packing of GCN can allow fast electron transportation on the photocatalyst surface
to undergo a reduction with water and produce Hj,. Surprisingly, the H, production of K,
S-GCN (8.78 mmol g_1 h~1) was 98 times better than that of pure GCN (0.09 mmol g_l h=1).
The improved photoactivity of K, S-GCN is also attributed to the introduction of S. It is
because the introduction of S can form a mid-gap state that hinders the recombination rate
by trapping the excited electrons temporarily [54]. Another research group mentioned that
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the role of K was not significant in enhancing light absorption in K, S-GCN. However, the
introduction of K can cause structural bending of the GCN layer (Figure 9a). This is because
of interatomic interactions between N, S, and K in the GCN structure, causing N from GCN
to move toward K*. As shown in Figure 9b, the N1 position is the center that is connected to
each of the heptazine structures. It was reported that the high charge recombination of pure
GCN is due to both the lowest unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) not being distributed at the N1 position of GCN, causing the
electron transport of the N1 to be obstructed. This finding is in concordance with another
research group that studies density functional theory on Pt, P-GCN [55]. Nonetheless, the
doping of K, S to GCN has resulted in LUMO and HOMO distributed in the N1 position,
which allowed the charges to transfer to neighboring heptazine. In other words, K, 5S-GCN
has improved the charge separation efficiency [56]. On top of that, the doping of K, S to
GCN has reduced the bandgap value of GCN, which is beneficial for photoactivity. The
VB maximum (VBM) of K, S-GCN has shifted to a more positive level compared to pure
GCN, which means that more driving force is allowed for oxidation. Meanwhile, the
CBM of K, S-GCN has moved to a more positive level, but the H, production capacity
has remained. According to Mulliken electronegativity, the shifting of CBM is mainly due
to S having weaker electronegativity than N [57]. Na, S-GCN conducted by Chen et al.
reported that Na has caused the shifting of VB to a positive position, which allows more
driving force for the oxidation reaction. That is because Na atoms that are sandwiched in
between two GCN interlayers can donate the outer valence electron (VE) by forming ionic
bonds with N. This can change the electron density of the GCN plane. Furthermore, the
author found that the type of co-catalyst for water splitting is important. PtCo bimetallic
co-catalyst incorporated with Na, S-GCN has extended visible light absorption compared
to Pt co-catalyst. This is because the PtCo band structure and electron density can lower
the Fermi level of Na, S-GCN and push the excited electrons from Na, S-GCN to transfer
rapidly to PtCo, which can facilitate better efficiency in electron-holes separation. Thus,
the H, generation performance of PtCo/Na, S-GCN (254.7 pmol h~1) was 1.5 times faster
than Pt/Na, S-GCN.

(b)

LUMO

Figure 9. (a) The top and side views of bending K, S-GCN, and (b) the frontier molecular orbital of
the pure GCN layer. Reproduce with permission from Ref. [56].

The Na, S-GCN produced 173.7 pmol h~! of H,, which was 14 times more excellent
than pure GCN (12.4 umol h~1). Therefore, this has concluded that both GCN dopants
and the choice for co-catalyst are the bottom line for photocatalytic water splitting. Li et al.
reported that Mo, S-GCN can promote better performance in water splitting. As seen in
Figure 10, the way of metal (Mo) binding to GCN structure was slightly different from
alkali metals such as Na and K. Instead of only interacting with the N atom, Mo from Mo,
S-GCN has bound to the S and N atoms to form a S-Mo bond and N-Mo bond, respectively.
Since Mo and S have bound directly and bond tightly to C and N in the GCN structure, it
is possible to shorten and fasten the electron transportation pathway, and therefore, the
electron can migrate easily on the photocatalyst surface for photocatalytic water splitting.
According to the author, the S-Mo group is the active site for Hy production because the
position of S-Mo can act as a trap for photo-excited electrons. Meanwhile, water can simply
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be attracted by Mo due to the nucleophile characteristic. It was found that Mo, S-GCN
produced 294 pmol g~ h~! of Hy under irradiation of visible light, while H, production
for pure GCN, S-GCN, and Mo-GCN was negligible [58].

Sacrificial agent

@C @ N Ds
.MO“H.O

Figure 10. The proposed structure of Mo, S-GCN and the electron pathway for water splitting.
Reproduced with permission from Ref. [58].

Fang et al. synthesized Na, O-GCN for water splitting application. As similar to
Na, S-GCN, the Na was located at the center of the GCN by forming coordination with
neighboring N atoms. It was observed by the author that GCN doped with alkali metals
such as K and Na can cause the high electronegativity of the GCN surface at neutral pH,
but the author did not elaborate further. Another factor that causes high colloidal stability
is the particle size of GCN. A high dispersion GCN is beneficial for some applications such
as water splitting and pollutants degradation. Moreover, the bandgap narrowing is mainly
due to the O dopant. The O atom that replaced the N site will have extra electrons due to O
having more VE. As a result, free electrons from O will then distribute to neighboring C
atoms and delocalize in 7-bonds; this phenomenon can create a defect state below the CBM,
and bandgap narrowing is occurred to promote visible light photoreaction [59]. Meanwhile,
K, O-GCN prepared by Lu et al. indicated that O doping can increase the hydrophilic
properties of GCN (Figure 11). Initially, the contact angle of pure GCN was 59.5°, but the
contact angle of K, O-GCN was 30.1° [60]. That is mainly attributed to the O from the GCN
structure forming a H-bond easily with water. High hydrophilicity is beneficial for water
treatment and water splitting applications because it can enhance the surface reaction. As a
result, the tetracycline (TC) photodegradation by using Ag deposited K, O 0.0259 min~!,
which was up to five times more rapid than pure GCN (0.0052 min~!). The purpose of
Ag loading is due to the plasmonic effect, which involved transferring excited electrons
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between a photocatalyst and noble metals to promote better charge separation. A few
researchers conducted studies on transition elements incorporated with O-co-doped GCN.
She et al. reported on Ti, O-GCN; the author found that the doping of O to GCN can promote
n-m* transition due to the lone pairs electrons from the O atom [61]. Xu et al. prepared
Mn, O-GCN for dye removal. It was reported that transition elements with high oxidation
numbers such as Mn can act as a trap for photo-excited electrons temporarily. With
the charge-quenching ability, the Amido black 10B dye photodegradation was improved
5.45-fold to 0.0267 min~!. That is because the captured electrons will then diffuse on the
surface to capture oxygen to produce O,*~ for photodegradation purposes [62]. In addition
to transition elements functioning as trapping centers, Wei et al. reported that W and O
co-doping can enlarge the GCN surface area. This is because W was coordinated with six N
atoms, forming a metallophthalocyanine-like structure. W-N bonds with active N atoms in
the aromatic ring can avoid aggregation by breaking the interlayer periodicity of GCN [63].
This may be due to the doping of the W atom into the GCN structure, weakening the van
der Waals forces between the interlayers and hence producing a high surface area of W,
O-GCN. The high surface area of W, O-GCN generated 403.57 umol g~! h~! of Hy, which
was 2.5 times higher than pure GCN (171.21 pumol h—! g~ 1).

(a)

. Ag/OKCN-6

Figure 11. The contact angle of (a) pure GCN, and (b) Ag deposited K, O-GCN. Reproduced with
permission from Ref. [60].

Na, B co-doped GCN was studied by Chi et al., where C atoms in GCN were replaced
by B atoms to form the Lewis acid center. Subsequently, Na has formed a N-Na-N bridge in
the GCN structure as an electron transfer channel, which accelerates excitation separation
and improves the separation efficiency of electron-hole pairs [64]. This finding was in
concordance with Ruan et al., who reported on Na, Br-GCN in the first-principles study.
The Na from Na, Br-GCN can transfer electrons among two adjacent GCN layers. That
is because Na can bind to 4 N, which promotes interlayer charge transfer [65]. Chi et al.
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found that the bandgap of Na, B-GCN (2.88 eV) was larger than unmodified GCN (2.78 eV).
However, the author mentioned that upshifted CB and downshifted VB has promoted better
redox potential and thus enhanced its photodegradation performance. These advantages
improve the photocatalytic activity of TC photodegradation with the rate of 0.05 min~!,
which was 113 times better than unmodified GCN (0.00044 min~!) [64]. Roselin et al.
produced Ag, B-GCN by dissolving boric acid along with melamine followed by calcination.
The B-doped GCN was then dispersed with Ag(NO3) alongside ethanol before calcinating
at 400 °C. The Ag, B-GCN resulted in a lower energy bandgap of 2.55 eV as compared to
Na, B-GCN due to the presence of Ag producing a surface plasmonic effect to promote
better absorption in visible light. It was found that the introduction of Ag has caused band
bending to occur at GCN CB, and the Schottky barrier was formed to facilitate charge
transfer in one direction, which can avoid charge recombination. This effect combined
with the high surface area of co-doping promotes photocatalytic activity. For this material,
Rhodamine B (RhB) dye was used for photodegradation. The result shows a significant
improvement of photodegradation of 85% in 60 min. The synergetic effect of Ag and B
improves the degradation up to 4.2 times as compared to undoped GCN [66]. Wang et al.
reported that undoped GCN led to a high charge recombination. That is because the
distributions of the HOMO and LUMO were found to have many overlaps based on the
modeling study. The doping of K and B into the GCN structure can cause the HOMO and
LUMO to be distributed in different regions. Thus, the separation of the electron-hole pairs
has accelerated due to the HOMO and LUMO overlapping having been avoided [67].

As shown in Figure 12a, Kundu et al. proposed that the doping of Pt and P can form
bridges between two heptazine structures. These two bridges have provided two new
electron transportation pathways, C-N-Pt-N-C and C-N-P-N-C, which are beneficial for
electron-hole separation [55]. This finding is similar to that of Hu et al., who reported on
Fe, P-GCN. The nitride cove of monolayer GCN is 0.71 nm, which is insufficient space
for two foreign atoms doped in the same cove. So, both Fe and P were doped at different
nitride coves to form Fe-N and P-N bonds to enhance the charge separation efficiency.
Generally, the GCN charge transfer is occur by transferring N2p VB to C2p CB. The doping
of P has caused the P3p state to be localized below CB, causing bandgap narrowing. The
Fe2* /Fe3* (0.77 V vs. NHE) reduction potential is located below GCN CB; thus, the photo-
excited charge carrier will be captured by Fe [68]. Meanwhile, the function of Ag dopant
in GCN has been discussed earlier; the plasmonic effect will facilitate charge transfer.
Nguyen et al. fabricated Ag, P-GCN for sulfamethoxazole (SMX) removal, and it was
observed that the pH of the aqueous medium would affect the stability of the photocatalyst.
As seen from Figure 12b, the pHp,c of Ag, P-GCN is 6.2, which was unstable in strong
acidic pH due to the leaching of Ag. Furthermore, the SMX is anionic when the pH is
more than 5.7, but it turns to be cationic when the pH is less than 1.6. Thus, pH 3 is
not favorable for SMX removal; the high repulsive force has caused the adsorption of
cationic SMX onto the positive charge Ag, while P-GCN is limited. The optimum pH for
SMX photodegradation with Ag, P-GCN was pH 9, which was 0.206 min~! and 6.2 times
better than pH 3 (0.033 min~!). A gradual decrease in the photodegradation performance
in pH 11 was noticed. That is because an inactive layer has formed on the Ag, P-GCN
surface. The formation of an inactive layer was due to the nucleophilic OHe attack on
the Ag, P-GCN. In addition, there was a repulsion between anionic SMX and negatively
charged Ag, P-GCN, which retards the photoactivity [69]. The expensive cost of noble
metals such as Ag and Au is still an argument for photocatalyst fabrication. To lower the
cost, Chen et al. prepared Eosin Y (EY) sensitized P, Mo-GCN. It was reported that EY
can be excited to EY1* by absorbing light and generating the lowest-lying triplet excited
state EY3* through an efficient intersystem crossing. This EY3* can undergo reduction
with triethanolamine to form EY™°. Then, the electron from EY~* is transferred to CB of
P, Mo-GCN, causing electron-holes separation. Therefore, the H, yield of EY sensitized
P, Mo-GCN has improved from 18 to 118 umol g~! h~!, which is 6.5 times better than
undoped GCN [70].
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Figure 12. (a) The proposed structure of Pt, P-GCN, and (b) The SMX photodegradation rate and
zeta potential of Ag, P-GCN. Reproduced with permission from Ref. [55].

One of the common issues for metal-non-metal co-doping is that the polymerization
and crystal growth is inhibited. Inhibited crystal growth can cause a low crystallinity of
GCN, which is not favorable for photocatalytic activity due to the loose structural packing
of GCN and increase in defect sites. However, Cao et al. reported that crystal growth
inhibition can increase the surface area of GCN. It was found that the enlarged surface area
can provide additional spacing for reactants and co-catalyst; in other words, the active site
has increased. Figure 13 shows the TEM image of Na, P-GCN that left numerous pores on
the surface (11 m?/g), but no pores were detected on pure GCN (7 m?/g). The extended
surface area and interstitial doping of Na, P-GCN has produced 191 umol h~! of H,, which
was 2.18 times higher than pure GCN (87.5 umol h™1). Duan et al. reported the P, Bi-GCN
surface area (72 m?/g) has extended 2.67 times compared to pure GCN (27 m?/g), and the
TC removal performance has improved from 0.0031 min~! to 0.0258 min~! [71]. However,
excessive Na and P doping do not improve the photoactivity of Na, P-GCN (66 umol h~1)
but perform lower water-splitting performance than pure GCN [72]. That is mainly due to
the excessive dopant such as Na and P acting as a recombination center for the exciting
charge. Generally, co-doping with alkali metals such as Na can cause the VB to shift to a
more positive level and reduce the driving force for water reduction. The main reason is
due to Na donating 3s electrons and forming ionic bonds with N, changing the electron
density of the GCN plane and leading to VB shifting [73]. To remove this problem, Yang
et al. reported that In, P-GCN does not cause shifting of VB because In5s have contributed
to a newly occupied state formed in the VB, which is close to the N2p. The bandgap
narrowing is mainly due to the P dopant; as mentioned earlier, P doping can create a defect
state below CBM, shifting the CB to a more positive level. As a result, the bandgap of In,
P-GCN has lowered from 2.60 to 2.52 eV, which is mainly due to the CB shifting from —1.01
to —0.90 eV [74].

In summary, due to the large atomic radius, most of the metal dopants were placed
in the nitride coves of the GCN surface. The role of metal in the GCN structure mainly
is to promote better charge carrier separation. Meanwhile, most of the non-metals were
replaced with either C/N atoms of a GCN structure or forming a bridge to allow electron
transportation. Non-metal does play a major role in shifting the CBM or VBM to narrow
the bandgap of GCN. Most of the time, the thermal polymerization of doped GCN can
restrain the crystal growth; however, this can be overcome by using molten-salt synthesis.
O-based co-doped GCN can enhance the hydrophilicity of GCN, which can promote better
performance in photoactivity. Nevertheless, the pH of the reaction aqueous medium does
matter; the opposite charges between the photocatalyst surface and medium can form
an electrostatic attraction and vice versa. Table 1 shows a summary of the metal-based
co-doped GCN. It was found that some of the elements are still yet to be discussed by
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researchers for metal/non-metal synergy GCN, for example, Li, Mg, Ca, Cr, and Si-based
co-doped GCN.

Figure 13. The TEM image of (a) pure GCN, and (b) porous Na, P-GCN. Reproduced with permission
from Ref. [72].

2.1.2. Metal/Metal Synergy

There is not as much study of metal-metal co-doping on GCN as metal-non-metal
co-doping. That is mainly because most of the metals are unable to substitute or replace
the C and N atoms, which do not contribute much to bandgap modification. Based on
Table 1, there are a few researchers who discussed metal-metal co-doping; for example,
Bahadoran et al. conducted research on the synergistic effect of Ag and Fe in the GCN
structure. It was used in several applications such as photocatalytic, sensors, and antibacte-
rial. However, unlike the Ag, B co-doping mentioned earlier, both Ag and Fe are decorated
on the surface of GCN where no atom substitution was reported. This modified GCN
can show excellent photodegradation activity of Penicillin G with 99.42% degradation in
25 min because the bandgap has narrowed from 2.78 (pure GCN) to 2.20 eV (Ag, Fe-GCN).
Moreover, the electrons from the GCN structure can transfer to Ag and Fe due to energy
differences [75]. The author did not discuss the Ag, Fe-GCN structure in depth. However,
this could be the plasmonic effect caused by Ag that can allow electrons from GCN to move
toward Ag, and the high oxidation number of Fe can temporarily capture electrons from
GCN. Apart from Ag, Fe has also been used as a co-doped element together with K as
synthesized by Guo et al. In this study, the K forms a bond with C and N; as suggested by
the XPS analysis, K2p /», and K2p3 /» correspond to the formation of K-C and K-N bonds,
respectively. Meanwhile, the Fe presence in the form of Fe?* and Fe®" ions induces an
oxidation state. The combination of these elements as co-dopant causes band alignment
downshifts where the VB is moved to a more positive level, causing photogenerated holes
with stronger oxidation ability. The co-doped GCN also exhibits p-type behaviors and has
a much more positive VB energy, which has a great synergistic effect on the photocatalysis
process. The rate constant of RhB photodegradation was 0.0184 mg L~ min~! as compared
to pure GCN, which is only 0.0042 mg L~ min~! [76]. K has also been coupled with
Zn as a dopant for GCN through thermal polymerization. In this study by Wu et al., the
effect of “bridging and bonding” synergy was demonstrated, where induced Zn ions form
a bond with nitrogen atoms to produce covalent interactions. This interaction boosted
the light-harvesting ability and modified the bandgap from 2.71 (pure GCN) to 2.13 eV
(Zn, K-GCN). Meanwhile, the K ions stabilize the structure and constitute efficient ion
channels for the transfer of charge carriers between interlayers. The synergy effect was
demonstrated in the H, production, which was 45.5 times (82.6 imol h—!) compared to
pure GCN (1.8 umol h=1) [77].



Catalysts 2022, 12, 586

15 of 38

Another bimetallic synergistic effect was also demonstrated using Na and Ca. The Na
and Ca were introduced in-plane where the presence of these elements partially destroyed
the GCN structure into smaller repeating units forming defects in between, which has
caused the surface area to increase from 3.1 m?/g (pure GCN) to 7.7 m? /g (Na, Ca-GCN).
These structural changes can be illustrated in Figure 14. The bandgap of these modified
GCNs decreases from 2.71 (pure GCN) to 2.67 eV (Na, Ca-GCN) due to the alteration of VB
and CB as the result of orbital hybridization between C and N atoms and dopant isolated
atoms. This property enhances the NO photodegradation by 2.45 times (59.1 pmol g~ ! h™1)
as compared to pristine GCN (23.9 umol g~! h™1). It was noticed that CaCO3 was detected
in XPS, which can cause irreversible chemisorption of the photocatalyst and possibly affect
its recyclability [78]. A combination of transition metals has also been studied by Wu
et al. on Co and Mo. This study shows that Co and Mo form a bond in the interplanar
structure Co-N and Mo-N which is favorable for photocatalytic activity. Interestingly,
the presence of Mo in the framework decomposes the GCN and forms mesopores. These
mesopores and trapping of electrons by Co and Mo bonds cause a low recombination rate
of photogenerated electron-hole pairs, subsequently improving photocatalytic activity. For
example, the Hy evolution (69.45 pumol h~!) and RhB degradation (0.0192 min~!) were
8.6 times and 10.1 times greater than pure GCN (Hjy: 8.05 pmol h~!, RhB: 0.193 min~1),
respectively. In addition to Mo, Co has also been used to couple with Va. Both Co and
V were introduced into in-planes of GCN, resulting in the structural correlation length
of interlayer periodicity decreasing. Both Co-N and V-N bonds were detected by XPS,
indicating that Co and V were bound to the GCN structure, which promotes good electron
delocalization and facilitates photo-excited charge separation. Density functional theory
(DFT) suggested that Co and V substituted C1 and C2 positions in the same heptazine
structure due to the lowest formation energy, predicting that it is the main structure of
Co, V-GCN (Figure 15a). It was noted that there is a limitation to introducing Co/V into
the structure, as it may produce new recombination centers to suppress the separation
of photogenerated charge carriers. With an optimized amount of Co/V, the modified
GCN (0.0108 min ') can achieve four times higher TC removal efficiency as compared
to pure GCN (0.0027 min~1) [79]. Liu et al. studied Fe, Co-GCN, and it was proposed
that both Fe and Co atoms be substituted to the N position but in different heptazine
structures (Figure 15b). The experimental light absorption of Fe, Co-GCN was the same as
the simulation outcome, that the Fe, Co-GCN possess extended light absorption between
450 and 650 nm. This is mainly due to the shallow donor defect of Fe, Co-GCN, that shifted

the VB to a less positive level, causing a bathochromic shift [80].
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Figure 14. A schematic diagram of Na, Ca-GCN. Reproduced with permission from Ref. [78].
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Figure 15. The models of (a) Co, V-GCN, and (b) Fe, Co-GCN. Reproduced with permission from

Ref. [80].

To date, the performance of metal-metal co-doped GCN in photocatalysis is not widely
reported. It was found that some metal atoms are substituted for the C or N atoms in the
GCN structure, which promote good electron delocalization of the intralayer and alter the
band edge. However, some of the metal atoms were loaded in between the interlayers
of the GCN structure, which act as a connection between two layers and promote better
charge transfer. To sum up, each of the metal elements can play different functions in
the GCN structure to enhance the light absorptivity, photoconductivity, and lifetime of

photo-excited charges.

Table 1. The summary of metal-based co-doped GCN.

Bandgap .
Precursor/ Light Source for e - Ref.
Dopant E:1ee‘1;§y Synthesis Method Reaction Application Performance of Activity (Year)
i i Water splittin Hy: 150.6 pmol h™!
DCDA, '91arr'1mon1um hydrogen phosphate, 250 high-pressure P 8 2 M [68]
Fe, P 2.38 iron(iii) nitrate nanohydrate/Thermal Na lam, RhB 2014)
polymerization 520 °C P photodegradation Rate: 0.0245 min !
Melamine, sodium 1721
Na, P ~450 nm tripolyphosphate / Thermal polymerization 350 Xe lamp Water splitting Hy: 191 pmol h™! 2017)
550 °C
Melamine, ammonium molybdate Cr (VI) reduction Rate: 0.0229 min~!
Mo, P 2.10 tetrahydrate, Bis(2-ethylhexyl) 3(0}(\) i\] Z;% lzg)p . PN (2[3(1)]9)
phosphate/Thermal polymerization 550 °C = Water splitting Hy: 118 pmolh™" g
Stimulated
. Urea, bismuth nitrate pentahydrate, sunlight TC . A [71]
Bi, P 267 HCCP/Thermal polymerization 500 °C irradiation photodegradation Rate: 0.02582 min (2019)
(PEC-L11)
Silver nitrate, urea, phytic acid/Thermal 350 W Xe lamp SMX . T [69]
Ag P 251 polymerization 550 °C (A > 420 nm) photodegradation Rate: 0.149 min (2020)
DCDA, dipotassium phosphate/Thermal 300 W Xe lamp RhB | I [81]
Kp 262 polymerization 550 °C (A > 420 nm) photodegradation Rate: 0.3126 mg L™ min (2020)
. Melamine, barium chloride,
Ba, P (mi- 2.52 Hypophosphorous acid/Hydrothermal 180 500 W Xe lamp Water splitting Hy: 12.3 pmol h! [52]
crotubes) B LT o (A > 420 nm) (2020)
C, Thermal polymerization 500 °C
DCDA, dipotassium phosphate, indium y
In, P 2.52 chloride/ Thrjezrg?(lj p[giymerization 3(0)? gﬁg lr?:;l)p Water splitting Hy: 403 mmol h~1 g~ (2[3'21]1)
Na B 288 Sodium borohydride, melamine/Thermal 350 W Xe lamp TC Rate: 0.05 min~! [64]
’ ’ polymerization 500 °C (A > 420 nm) photodegradation (78.39%, 30 min) (2022)
Silver nitrate, urea, phytic acid/ Thermal 350 W Xe lamp SMX o, . [66]
Ag B 255 polymerization 550 °C (A > 420 nm) photodegradation 99%; 30 min (2019)
Melamine, boric acid, NaCl-KCI-KBr 300 W Xe lamp s Hj: 1.18 umol h~! [67]
KB 252 mixture/Molten-salt 675 °C (A > 400 nm) Water splitting 0,: 0.58 umol h~! (2021)
ith . -1
Na.S g Sodium bicarbonate, thiourea/Thermal W Xel Water splitting H: 173.7 pmol h [73]
a' ~ polymerization, 350 °C, 600 °C 300 W Xe lamp RhB 100%, 30 min (2019)

photodegradation
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Table 1. Cont.
Bandgap .
Precursor/ Light Source for C . . Ref.
Dopant E:lee‘lﬁy Synthesis Method 8 Reaction Application Performance of Activity (Year)
Water splitting H,: 173.7 pmol h~?
Na, S 277 Thiourea, urea, sodium bicarbonate, 300 W Xe lamp hot dRhB dati Rate: 0.107 min~1 [73]
¢ : pluronic F127/Thermal polymerization (A > 420 nm) photodegradation (2019)
p-chlorophenol . s o1
photodegradation Rate: 0.011 min
LiCl-KCl mixture, trithiocyanuric acid, y
K,S 2.73 melamine/Hydrothermal 180 °C, Thermal 3(0)? X\] 4)§S lr?ﬁ)p Water splitting H,: 8.78 mmol g ! h™! (2[8-2%)
polymerization 550 °C =
Urea, molybdenum(V) chloride, sulfur 300 W Xe lamp - . 11 [58]
Mo, S 2.50 powder,/ Thermal polymerization 600 °C (A > 420 nm) Water splitting Hp: 294 umol g™" h (2021)
350 W Xe lamp TC .1
. Rate: 0.031 min
NiS 244 Nickel nitrate hexahydrate, thiourea, (A = 420 nm) photodegradation [83]
, - urea/Thermal polymerization 520 °C 300 W Xe lam COn reduction CO yield: 58.6 jtmol g~ (2022)
P 2 CHy yield: 18.9 pmol g~}
K, O Urea, potassium oxalate
C . g o 300 W Xe lamy TC . 60
(con;};())sﬁe 2.54 monohydrate/ T'};;gr?él polymerization (\ > 420 nm)p photodegradation Rate: 0.0259 min ! (2[02]2)
Sodium hydroxide, urea/Thermal
Na, O 2.72 polymerization 162(()) :’g, Hydrothermal 3(0;) ;\[ 4)33 lr?:nn)p Water splitting Hp: 45 umol h! (2[81)1/)
MG Rate: 0.0290 min !
M O 226 Manganese(ii) chloride, formic acid, 350 W Xe lamp photodegradation e mn [62]
4 ) urea/Thermal polymerization 520 °C (A > 420 nm) AB10B (2020)
. Rate: 0.0267 min !
photodegradation
Urea, formic acid, titanium
. i ! N 300 W Xe lamy E. cloacae _ . 61
Ti, O 2.04 tetrachloride/ T};Bn;lacl polymerization (> 420 nm)p inactivation 6.20 log CFU-mL "}, 60 min (2[02]1)
Ammonium metatungstate, 300 W Xe lamp . . 141 [63]
w0 2.57 melamine/Thermal polymerization 550 °C (A > 400 nm) Water splitting Hy: 403.57 pmol g™ h (2021)
Cobalt nitrate hexahydrate,
polyvinylpyrrolidone, . o . [84]
Co, O N/A 2-methylimidazole/ Thermal N/A OFX degradation 58.1%, 20 min (2022)
polymerization 600 °C
Potassium iodide, DCDA /Thermal 300 W Xe lamp s . 1 [85]
K1 2.67 polymerization 550 °C (A > 420 nm) Water splitting Hp: 41.23 pmol h (016)
K, I SBA-15, potassium iodide, DCDA /Thermal 300 W Xe lamp e . 1 [52]
(mesoporous) 280 polymerization 550 °C (A > 420 nm) Water splitting H;: 80.58 pmol h (2018)
DCDA, potassium iodide, iodine/Thermal 300 W Xe lamp Photocurrent density: [51]
KI 2.65 polymerization 550 °C (A > 420 nm) PEC measurement 50.3 A /cm? (2019)
RhB 97.5%, 50 min
Na. Cl 267 DCDA, sodium chloride/Thermal 5W LED lamp photodegradation o [86]
a ’ polymerization 550 °C (A =420 nm) TC (2019)
. 66.1%, 60 min
photodegradation
Melamine, potassium fluoride/Thermal 300 W Xe lamp - . 11 [50]
K F 2.67 polymerization 550 °C (A > 420 nm) Water splitting H»: 1039 pumol g™' h (2019)
DCDA, glucose, iron chloride/Thermal 300 W Xe lamp RhB . . [87]
C Fe 231 polymerization 600 °C (A =400-700 nm) photodegradation Rate: 0.0188 min (2014)
DCDA, potassium ferricyanide/Thermal 300 W Xe lamp RhB . 11 [76]
K, Fe 269 polymerization, 550 °C NHjz atmosphere (A > 420 nm) photodegradation Rate: 00184 mg L™ min (2019)
Molybdenum disulfide, guanidine
hydrochloride, cobalt (ii) chloride 300 W Xe lamp RhB o . [88]
Co, Mo 277 hexahydrate/Thermal polymerization (A > 400 nm) photodegradation 94.7%, 15 min (2019)
550 °C
. . . 150 W Halogen
NCa 20 S dledocldun L g Noosdsion  wimalgiht L)
poly (A > 400 nm)
Urea, cobalt acetate, vanadyl
/ 4 o 250 W Xe lamp TC . A [79]
Co, V 2.84 acetylacetonate /Hydrothermal 150 °C (A > 420 nm) photodegradation Rate: 0.0108 min 021)

Thermal polymerization 550 °C
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Table 1. Cont.
Bandgap .

Precursor/ Light Source for s . Ref.

Dopant E:lee‘lﬁy Synthesis Method 8 Reaction Application Performance of Activity (Year)
Silver nitrate, iron sulfate 25 W UV lamp Penicillin G o . [75]

Ag, Fe 220 heptahydrate/Chemical synthesis (A =350 nm) photodegradation 99-42%, 25 min (2021)
Zinc(ii) chloride, potassium 300 W Xe lamp s . 1 [77]

Zn, K 213 chloride/Thermal polymerization 550 °C (A > 420 nm) Water splitting H:82.6 pmol h (2021)

Remark: N/A: Not available; TC: Tetracycline; RhB: Rhodamine B; SMX: Sulfamethoxazole; HCCP: Hexachlorot-
riphosphazene; MG: Malachite green; AB10B: Amido black 10B; PEC: Photoelectrochemical; SBA-15: Santa
Barbara Amorphous-15; LED: Light-emitting diode; NO: Nitrogenous oxide.

2.2. Non-Metal-Based Co-Doping

The doping of non-metals can form a covalent bond with the GCN structure. This
is because non-metals usually have high ionization energy that causes electrons to be
held closer by the higher effective nuclear charge. Li et al. studied P, F-co-doped GCN
for water-splitting application, and it performed up to 17.8 times better than pristine
GCN [89]. Introducing P to the GCN structure can generate a few occupied impurity
bands [90]. As a result, P and F in this work have pushed GCN CB to a more negative
level and enhanced the driving force for water reduction by producing more H,. The
dopant of P has substituted for the C atom position in the GCN structure. P has an extra
VE compared to the C atom. Thus, it can form a negative charge on the GCN surface to
increase the adsorption capacity for a reaction. The role of F is to retard the recombination
rate by trapping electrons due to F having higher electronegativity and strong electron-
withdrawing ability [91]. It was reported that B, F doping caused a structural distortion
of GCN. This is because the F was bonded to the C atom in GCN, resulting in the partial
conversion of C-sp? to C-sp®. Due to the high electronegativity of F, the B-N bond became
longer and led to electrons transfer from heptazine to the F atom, to suppress the charge
recombination [92]. P, Cl-co-doped GCN was studied by Yang et al., and it was found
that CI does not improve much in light absorption. XPS shows that the peak of 198.1
and 200.0 eV represents Cl 2p3,, and Cl 2p; /;, respectively (Figure 16b). This denotes
that the Cl atom was occupied in the interstitial space of heptazine structure but neither
substituted nor formed a new bond with the GCN structure (Figure 16a). Meanwhile, P was
substituted in a C atom. Introducing NH4Cl in the work as a dopant precursor has produced
a N vacant in the GCN structure, which can trap electrons and facilitate slow charge
recombination, which is beneficial for photocatalysis [93]. In the study, N being vacant may
be due to NH4Cl in the heating process decomposing to ammonia and HCl, weakening
the GCN interlayer interactions and leaving N vacant on the surface [94]. Huang et al.
synthesized one-dimensional (1D) P, I-GCN successfully by two-step preparation. Initially,
P precursor and melamine were used to synthesize GCN by hydrothermal synthesis to form
a supramolecular precursor. Then, this supramolecular precursor was then calcined with
NH4I to form the final product. The advantage of 1D photocatalyst is fast electron transport
that can prevent charge recombination. The bandgap of P, I-GCN has been narrowed from
2.61 to 2.58 eV. This is because P and I have 5 and 7 VE, respectively, which helped to
increase the GCN charge density, causing the HOMO to be shifted to a higher level [95].
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Figure 16. (a)The schematic diagram of P, CI-GCN and (b) XPS spectra for Cl 2p. Reproduced with
permission from Ref. [93].

Oxygen has been used as a dopant by Huang et al. to form a P, O-GCN using
guanidium hydrochloride (GAHCI). In addition to modification, the properties of GCN
can also be altered by different precursors. For example, the surface area of GAHCI-
produced GCN (65.08 m?/g) was 3.4 times higher than melamine-prepared GCN. This was
mainly because of the drastic decomposition of GAHCI during calcination, which acted
as a template for the porous structure, which ends up forming high-porosity GCN [96].
O has replaced N in the GCN structure, so an extra electron from O was delocalized and
redistributed to C in the GCN structure. This has led to a defect state that occurred at
CBM,; as a result, the CB of P, O-GCN (—0.80 eV) has downshifted compared to pristine
GCN (—0.83 eV). In addition, the substitution of foreign atoms such as P and O has
formed an internal electric field [90]. Pristine GCN is a planar and symmetry structure; the
displacement of positive and negative charge in GCN can cause dipole moment, causing
the build-up of an electric field and facilitating charge separation [97,98]. As a result,
enrofloxacin removal performance with P, O-GCN (0.01 min~!) was 2.6 times better than
pristine GCN (0.0038 min~!). A Z-scheme was studied by Huang et al. to combine
P, O-GCN and TiO,, but the light absorption of P, O-GCN/TiO, (3.14 eV) was lower
than P, O-GCN, which was mainly due to TiO, being a less solar-active photocatalyst. P,
O-GCN VB (1.77 eV vs. NHE) was not positive enough to allow *OH to be produced
(*OH/OH™ =1.99 eV vs. NHE). So, TiO; in the Z-scheme plays a role in oxidizing OH™
to *OH for enrofloxacin removal. Simultaneously, the electron from TiO, transferred to P,
O-GCN to prevent recombination (Figure 17). The photoactivity was seven times higher
than P, O-GCN (0.0695 min~') and 18.3 times higher than pristine GCN [99].

Hu et al. reported on the P atom from P, S-GCN. It was found that P, S-GCN has made
three changes in GCN, which are (i) P has substituted the C position, (ii) S has substituted
the N position, and (iii) an interstitial bridge has formed in between two heptazine and
linked by a S atom. It was mentioned by the author that pristine GCN consists of a
carbon vacancy that can hinder electron transportation. > and S substitutional doping
contributed a bathochromic shift to GCN, but interstitial S does not. This is because S
only formed a weak covalent bond with both sides of the N atom (N-5-N), which does
not change the electronic band of P, S-GCN. However, the interstitial bridge does help to
prevent charge recombination. Figure 18 illustrated the doping position of P, S-GCN; it
was proposed by the author that charge transfer via N-5-N4-C2-N1-P in the GCN structure
has made the photocatalytic activity stronger [100]. Another research group noticed that
the structure of P, S-doped GCN was shrunk compared to pristine GCN. This means that
the doping of P can inhibit the growth of crystals on GCN and that it is possible to fasten
the charge separation [101]. This was also mentioned by Ma et al., that the inhibited
crystal growth of P can lead to a high surface area of GCN because of the formation of
pores [26]. The methyl orange photodegradation by using P, S-GCN (55.37%) from Jiang
et al. was reported to be 7.66 times higher than pristine GCN (7.22%) [101]. Razaida et al.
reported a few P, S-GCN nanocomposites to further retard the charge recombination: for
example, Type II P, S-GCN/Ag3zVOy, [102], Z-scheme P, S-GCN/BiOBr/Ag/AgCl [103],
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and Z-scheme P, S-GCN/Ag3POy [104]. According to Raizada et al., a Type II and Z-
scheme heterojunction can help to improve photocatalytic activity mainly due to two
reasons: (i) charge recombination is retarded due to the charges, which can transfer from
photocatalyst I to photocatalyst II or vice versa; (ii) the driving force to produce *OH is
enhanced due to Ag-based photocatalyst possessing more positive VB compared to GCN,
which can undergo photo-oxidation more efficiently.

>420nm visible light

—0.33 eV e CB]

Anatase
1r TiO,

199¢v 2 L o0
-OH/OH™ 4| ® ® vB

Figure 17. The mechanism of P, O-GCN/TiO, photocatalyst under visible light irradiation. Repro-
duced with permission from Ref. [99].

vaca

Figure 18. The proposed mechanism of the P, S-GCN charge transfer pathway. Reproduced with
permission from Ref. [100].

Zhang et al. found that P, B-GCN can increase the surface area of GCN. The intro-
duction of B increased the GCN surface area to 128.4 m? /g, because B disrupted the GCN
interlayers by increasing the distance between interlayers. P, B-GCN shows a decrease in
surface area (61.0 m?/g), but the author reported that small holes are observed from the FE-
SEM image, and it shows that the stacked lamellar was in a loose structure, light-harvesting
increased, and the bandgap narrowed, which is beneficial for photoactivity. The triazine
photodegradation has ameliorated from 0.0085 min~"! (pristine) to 0.0233 min~! (P, B-GCN).
This is because the VBM has been shifted to a less positive value and therefore narrowed
the bandgap [105]. It was found that B has replaced the C position in GCN. Compared with
other anions, B is an electron-deficient element that has only 3 VE; thus, it was possible to
act as a Lewis acid site and promote photodegradation. Dong et al. synthesized P, B-GCN
nanosheets to further enhance their surface area. P, B-GCN nanosheets were synthesized
by the re-calcination of P, B-GCN. It was found that the P, B-GCN nanosheets (85.6 m?/ g)
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had a surface area that was 6.7 times higher than P, B-GCN (12.7 m?/g) [106]. Recalcination
of P, B-GCN can lead to mass loss by releasing ammonia gas. This caused the P, B-GCN
sheets to be dispersed and therefore the surface area to be enlarged, which is beneficial for
its photodegradation behavior [3].

Du et al. reported that the bandgap of O-GCN (2.94 eV) was wider than pristine GCN
(2.53 eV). The reason that caused the wide O-GCN bandgap is due to (i) the CB having
moved to a more negative value, due to the CBM having shifted, and (ii) the exfoliation
process. The author has exfoliated O-GCN (142.80 m?/g) due to the low surface area
of pristine GCN (15.54 m?/g). QCE is the main reason that caused exfoliated GCN to
possess a wide bandgap due to the smaller size of GCN produced by exfoliation [35,107].
Interestingly, the GCN in this study underwent a freeze-drying process before exfoliation.
The authors believe that the rapid sublimation of GCN with the freeze-drying method
can produce a more porous structure. The introduction of B has further increased the B,
O-GCN surface area. The water volatilization temperature is in a similar region to the
boric acid decomposition temperature; because of that, boric acid is suggested to be used
as the dopant to increase the porosity of GCN [108]. Apart from that, B also narrowed
the bandgap of O-GCN. In other words, the B, O-GCN bandgap has been narrowed to
2.85 eV and increased the surface area to 160.58 m?/ g [109]. In addition to bi-elemental
doping, Sun et al. reported on B, cyano-GCN for nitrogen photo-fixation. The cyano group
has bonded to the heptazine structure, forming defects in the heptazine structure. Since
the cyano group is an electron-withdrawing group, it can undergo the nitrogen photo-
fixation process to form ammonia by reducing Nj. Both B and cyano groups are electron
acceptors; they can perform electron trapping to enhance the charge separation. In addition,
N vacancy was found in the heptazine structure due to the high temperature (600 °C) of
GCN synthesis. As a result, the nitrogen photo-fixation performance of B, cyano-GCN
(115.53 umol g_1 h~1!) was 25.5 times better than pristine GCN (4.53 umol g_1 h=1) [110].
Figure 19 illustrates the location of the B, cyano group and N vacancy in GCN structures.

Figure 19. The structure of B, cyano-GCN. Reproduced with permission from Ref. [110].

There are several precursors to dope sulfur into a GCN structure such as thiourea,
sulfur, and dibenzyl sulfide. The calcination of thiourea is the easiest method to form
5-GCN; it is not only a dopant but also a precursor producing GCN. Babu et al. found
that while doping B and S to GCN, B can cause a downshift of CB and an upshift of VB.
This is because of S; an extra electron to the neighboring atom caused the m-conjugated
network to be reconstructed. VB upshifted is due to the defect states of S being built at
the top of the HOMO. It was noticed that the bandgap of B-GCN has slightly broadened
compared to pristine GCN; this is because introducing B can cause a restructure of 7-VB
and m-antibonding CB [111]. A similar finding was found by Han et al. due to the VB
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of S, B-GCN being downshifted [112]. Nonetheless, incorporating S in the S, B-GCN can
narrow the bandgap due to S being an electron donor in the GCN structure. According
to Babu et al., the bandgap has shortened from 2.70 (pristine GCN) to 2.50 eV (S, B-GCN).
Interestingly, Mott-Schottky shows that the S, B-GCN is an inverted “v” shape curve,
meaning that it has two types of slopes, which are positive and negative (Figure 20a).
This indicates that S, B-GCN is a p-n junction photocatalyst, which can accelerate the
photocatalytic activity because it can form an electrical potential and direct charges in
opposite directions (Figure 20b). As a result, the water splitting of S, B-GCN (53.2 umol h™1)
was eight times more efficient than pristine GCN (6.6 pmol h=1) [113]. Apart from the
bandgap, radical active species play a significant role in photodegradation. Yi et al. found
that the bandgap S, CI-GCN (2.55 eV) has successfully narrowed 0.11 eV compared to
pristine GCN. The Cl in this study formed a new bond with C in the GCN structure,
while S was replaced with N. Thus, Cl is located in between the interlayer of GCN. The
Cl 3p orbital can act as an electron acceptor by receiving an excited electron to perform
oxidation. Initially, the VB was positioned at 1.86 eV, which is unallowed in *OH production
(*OH/OH™ =1.99 eV vs. NHE); however, the downshifted S, CI-VB was 2.14 eV, and the
CB was —0.41 eV. The O, oxidation to O, ~* is —0.33 eV vs. NHE. So, this signifies that S,
Cl-GCN can generate O, * from O, oxidation at CB and produce *OH by reducing OH™
at the VB at the same time. As a result, the RhB photodegradation with S, CI-GCN was up
to 0.0859 min~—!, which was 12.4 times faster compared to pristine GCN (0.0018 min—1).
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Figure 20. (a) The Mott-Schottky graph for S, B-GCN shows 2 slopes, and (b) the illustration of the
p-njunction. (Reproduced with permission from Ref. [113].)

C, O-doped GCN can promote better electron conductivity and therefore enhanced the
charge transfer. The presence of free electrons or polar groups may have a great contribution
to electron conductivity. Wu et al. reported that C and O atoms were substituted for the N
position in the GCN structure, causing the formation of unpaired electrons by O. This is
because N has 5 VE, but O and C have 6 and 4 VE, respectively. Thus, C, O-GCN can act
as an electron donor and electron acceptor to promote better charge carrier transfer [114],
same as the B, S-GCN, B, P-GCN, and B, O-GCN; it is a donor—acceptor co-doping. So,
the bandgap of C, O-GCN has been shortened from 2.78 eV (pristine GCN) to 2.69 eV,
and the recombination time of electron-holes pairs was improved by nearly double [115].
Similar findings were found by different researchers; Samanta et al. reported that C, O-
GCN enhanced the CO; reduction 1.5 times compared to pristine GCN [116]; Jing et al.
reported that C, O-GCN was 25.6 times better in bisphenol A photodegradation compared
to pristine GCN [117]; Zheng et al. mentioned that C, O-GCN performed nearly six
times faster in indomethacin photodegradation compared to pristine GCN [118]. All these
are due to the narrow bandgap, the photogenerated electron-hole recombination being
suppressed, and the large surface area of C, O-GCN. Cui et al. synthesized C, I-GCN
by using dicyandiamide (DCDA). The authors noticed that the surface area of C, -GCN
was small (14.6 m?/g) but the surface area increased to 54.4 m? /g after re-calcination.
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The recalcination of GCN leads to the hypsochromic shift of porous C, I-GCN, and the
bandgap has been widened by 0.06 eV. Nevertheless, the H, production of porous C, I-GCN
(168.2 umol h~!) was approximately 10 times better than pristine GCN (17.0 pmol h™1)
due to active sites increasing [119].

In summary, unsymmetric GCN allowed n-7t* transition, which can enhance light
harvesting at visible light [120]. Introducing N vacant, dopant, and 1D nanomaterials
can retard the charge recombination and enhance light absorption. S, B-GCN possesses a
p-n junction which can facilitate good performance in photocatalysis. P, --GCN and a N
defect in GCN structure are good to suppress charge recombination. Thermal exfoliation
is a simple method to enlarge the GCN surface area without using additional chemicals.
Table 2 shows a summary of non-metal co-doped GCN reported by different scientists.
To date, there has been no report on Br-based co-doped GCN. On top of that, non-metal
co-doped GCN is not only for photocatalysis applications but also for non-photocatalytic
applications. For instance, Kang et al. synthesized chemical and thermal exfoliated B,
N-GCN with a 966.46 m?/g surface area for Zn-air battery [121]; Piri et al. prepared P,
Se-GCN for nitroaromatic reduction [122]. This is because co-doped GCN exhibited some
unique properties, for example, good thermal stability, strong chemical stability, and high
surface area.

Table 2. The summary of non-metal-based co-doped GCN.

Bandgap

Precursor/ Light Source for e - Ref.
Dopant E:1ee‘r,%y Synthesis Method Reaction Application Performance of Activity (Year)
DCDA, Diammonium hydrogen 250 W high RhB [26]
PO 251 phosphate/Hydrothermal pressure Na lamp hotodegradation Rate: 0.027 min~! 015)
dissolution—precipitation method 150 °C (A =400-800 nm) P 8
Guanidium HCl, PVP, HCCP/ 350 W Xe lamp Enrofloxacin . . [90]
ro 2.30 Thermal polymerization 550 °C (A > 420 nm) photodegradation Rate: 0.01 min (2019)
P, O composite 235 Guanidium HCl, PVP, HCCP/Thermal 350 W Xe lamp Enrofloxacin Rate: 0.0695 min " [99]
anatase TiO, ’ polymerization 550 °C (A > 420 nm) photodegradation (98.5%, 60 min) (2020)
Methyl orange TOC: 55.37%, 2 h
Ps 262 HCCP, thiourea/ Thermal polymerization 300 W Xe lamp photodegradation [101]
550 °C (A > 420 nm) Tetracycline oG 7083 21 (2017)
photodegradation Rt
Melamine, HCCP, sulfur/Thermal Methylene blue Rate: 0.048 min~! [100]
S 2.68 polymerization 550 °C 300 W Xe lamp photodegradation 100%, 2 h (2018)
PS Water splitting 8163.5 pmol g~ h™!
4 283 Dibenzy] sulfide, diammonium phosphate, 300 W Xe lamp [123]
) (Onfz— : melamine/Thermal polymerization 650 °C (A > 400 nm) RhB Fully photodegrade, (2019)
dimensional) photodegradation 5 min
P, S composite P, S-GCN: HCCP, thiourea/Thermal polymerization 2, 4 dimethyl . .1 [104]
AgsPO; 251 530 °C SSWLEDlamp )t odegradation Rate: 0.0086 min (2019)
P, S composite P, S-GCN: HCCP, thiourea/Thermal polymerization Phenol . - [102]
AgsVO, 251 520°C SSWLEDlamp o iodegradation Rate: 0.0087 min (2019)
Thiourea, thiocyanuric acid, 300 W Xe lamp e . 11 [124]
LS 2.60 HCCP/Thermal polymerization 550 °C (A > 400 nm) Water splitting Hp: 1969 pmol g™ h (2020)
250 W Hg lamp Ciprofloxacin 95.0%. 90 min
P, S composite Diammonium hydroggn phosphate, sulfur (A > 420 nm) photodegradation e [125]
7nCr LDH 2.64 powder, melamine/Thermal (2020
Ivmerization 550 °C 150 W Xe lamp . )
polymerization (A > 420 nm) Water splitting H,: 1319 pmol, 2 h
P, S composite P, S-GCN: Thiourea, ammonium hydrogen Phenol . .1 [103]
BiOBr/Ag/AgCl 2.60 phosphate/Thermal polymerization 520 °C 35 WLED lamp photodegradation Rate: 0.0089 min (2020)
P, S with Ag Urea, thiourea, phosphoric acid/Thermal 300 W Xe lamp .. L. 7.0 log E. coli [126]
deposited 2.66 polymerization 520 °C (A > 420 nm) E. coli inactivation inactivation, 60 min (2020)
Melamine, selenium black, HCCP/Thermal Reduction in o . [122]
P Se N/A polymerization 550 °C N/A nitroaromatics 99.0% removal, 25 min (2021)
1-Butyl-3-methylimidazolium :
P B e 300 W Xe lamp Oxytetracycline . - [106]
(Nanosheets) 2.61 hexafluorophosphate, boric trioxide, (A > 420 nm) photodegradation Rate: 0.01 min (2019)

melamine/Thermal polymerization 520 °C
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Table 2. Cont.
Bandgap .
Precursor/ Light Source for c . . Ref.
Dopant E:lee‘lﬁy Synthesis Method Reaction Application Performance of Activity (Year)
P B Melamine, phosphoric acid, boric 8 x 8 W visible . . "
(One- 2.66 acid/Hydrothermal 170 °C, Thermal lamps h ?ISIOfen(;Ct. TI({)a(‘E?. 6(;%%/6 I;En . ([2]02271])
dimensional) polymerization 500 °C (A =460 + 40 nm) photodegradation # 6&.570, 70 mun
Boron trioxide, ammonium phosphate Visible light Atrazi -
o A . L trazine . L1 [105]
P B 2.63 dibasic, urea/Thermal polymerization 550 irradiation hotodeeradation Rate: 0.0233 min 2021)
°C (A > 400 nm) P 5
Sodium pyrophosphate, ammonium 300 W Xe lam Ho: 1690.56 o1 89]
P F 241 fluoride, melamine/Thermal p Water splitting 2: 00 HMOLE
~am N (A > 420 nm) 6h (2021)
polymerization 550 °C
Norfloxacin -
Ammonium chloride, melamine, photodegradation Rate: 0.0193 min~! 193]
P, Cl 2.73 ammonium phosphate/Thermal 70 W visible light (2020)
polymerization 550 °C RhB Rate: 0.047 min !
photodegradation T
P11 Melamine, phosphorus acid, ammonium
(One- 2.58 iodide/Hydrothermal 180 °C, thermal 300 W Xe lamp Water splitting H»: 93.9 pmol h! %]
| on erm. . (A > 420 nm) (2017)
dimensional) polymerization 500 °C
DCDA, glutathione/Thermal 300 W Xe lamp - X 11 [115]
C 0 2.45 polymerization 520 °C (A > 420 nm) Water splitting Hy: 1838 mmolh™' g (2018)
2-Methyl imidazole, thiourea, CO; reduction 418 mmol g1, 6h [116]
¢o 262 urea/Thermal polymerization 550 °C 300 W Xe lamp (2019)
H,0, production 603 pmol H,0,
202 p produced in 30 h
Methylammonium iodide, DCDA /Thermal 350 W Xe lamp Indomethacin . L [118]
¢o 259 polymerization 550 °C (A > 420 nm) photodegradation Rate: 0.0391 min (2020)
Bisphenol A Rate: 0.0488 min !
S Visible light photodegradation (97.85%, 60 min)
Propanedioic acid, urea/Thermal . s . [117]
C 0 1.70 olvmerization 550 °C irradiation 1.02% conversion in 3 h; (2021)
POy (A >420 nm) Conversion of selectivity 96%;
toluene benzaldehyde formation
rate: 391 pmol g~ h~!
. . Visible light
C 1 2581 DCDA, urea, 1-ethyl-3-methyl imidazolium irradiation Water splitting H,: 168.2 pumol h-! [119]
iodide/Thermal polymerization 550 °C (2018)
(A > 420 nm)
RhB RhB rate: 0.0859 min~—!
sl 255 Ammonium chloride, thiourea/Thermal Xe lamp photodegradation (98.3%, 30 min) [128]
’ ’ polymerization 550 °C (A > 400 nm) 4-NP Rate: 0.0095 min—" (2020)
photodegradation (74.0%, 120 min)
. S, . . .
S, Cl composite N Thiourea, ammonium chloride/Thermal 300 W Xe lamp e . 1 [129]
CdSe-amine CI-ZG7%N‘ polymerization 550 °C (A > 420 nm) Water splitting Hp: 18.8 mmolh™" g (2021)
Melamine, thiourea, boric acid / Thermal 150 W Xe lamp N . 1 [113]
S,B 2.50 polymerization 550 °C (A > 420 nm) Water splitting Hy: 53.2 pmol h (018)
Thiourea, melamine, boron RhB Rate: 0.0495 min ! [112]
5B 248 trioxide,/ Thermal polymerization 520 °C B00WXelamp o odegradation (100%, 80 min) (2018)
DCDA, boric acid / Thermal polymerization Nitrogen 11 [110]
B, cyano group 2.54 600 °C 300 W Xe lamp photo-fixation 115.53 umol g=* h (2021)
Boric acid, melamine/Thermal 300 W Xe lamp e . 1 [109]
B,O 2.85 polymerization 550 °C (A > 420 nm) Water splitting H,: 9751 pumolh™' g 021)
DCDA, N-ethylpyridinium Visible light [130]
B,F 2.65 tetrafluoroborate /Thermal polymerization irradiation Water splitting H,: 687 umol, 2 h (2018)
550 °C (A > 420 nm)
DCDA, 1-Ethyl-3-methylimidazolium [131]
B, F 2.72 Tetrafluoroborate/Thermal polymerization 300 W Xe lamp Water splitting H,: 351 pmol h™! (261 8)
550 °C
St;;rizc'e Pentaerythritol, boric acid, Power density: [121]
B,N 966.46 melamine/Thermal polymenozahon 550 °C, N/A Zn-air battery 193.6 mW cm2 (2021)
m? gt hydrothermal 120 °C

Remark: N/A: Not available; HCl: Hydrochloride; PVP: Polyvinylpyrrolidone; HCCP: Hexachlorotriphosphazene;
RhB: Rhodamine B; 4-NP: 4-nitrophenol; PSA: Prostate-specific antigen; PEC: Photoelectrochemical; DCDA:
Dicyandiamide; LDH: Layered double hydroxide; CdSe-D: Cadmium Selenide-diethylenetriamine.
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2.3. Tri-Doping

Like co-doping, the tri-doping system introduces three different elements in the GCN.
The outstanding photoactivity of tri-doped GCN is mainly due to the bathochromic shift of
light absorption to promote good photoactivity under sunlight, the formation of defects
to facilitate rapid charge transfer, and improved surface functionality. Liu et al. worked
on S, P, O-GCN. The outcome has similarity to Hu et al., a group that researched the P,
S-GCN and reported that S can form a N-5-N bridge in between two heptazine rings.
However, one of the differences between P, S-GCN and S, P, O-GCN is the introduction
of an O dopant. Liu et al. reported that an O dopant has replaced the N position in GCN.
Compared with Hu's outcome, the extra O in the GCN structure provides an extra two
electrons to be excited and transferred under the irradiation of light, resulting in higher
photoactivity. As a result, the bandgap of P, S, O-GCN has reduced from 2.4 (pristine
GCN) to 2.34 eV. At the same time, the H, production was 2479 pmol g~! h~! for S, P,
O-GCN, which was 5.3 times better compared to pristine GCN (465 umol g_1 h~1) [132].
Another research group reported that S, P, O in the GCN structure play different roles
in photocatalysis [133]. For example, P in GCN localizes the excited charges and acts as
active sites for photocatalysis reactions dye to P-induced high charge transfer in the GCN
structure. Meanwhile, O and S in GCN contribute to the electrons transfer process at the
GCN-conjugated bonds across neighboring heptazine units. Therefore, the synergetic effect
of 5, P and O can enhance photocatalytic performance [133].

Ma et al. reported on S, Co, O-GCN by hydrothermal post-treatment. It was found
that Co and S restrain the crystal growth of GCN, and therefore, the surface area has
been increased from 9.1 to 11.9 m?/g. However, it was mentioned by the author that
hydrothermal treatment can change the GCN morphology by lowering down its surface
area. For example, Figure 21a shows the pristine GCN in bulk and the large size of the layer
structure; introducing S and Co has restrained the crystal growth of GCN. Thus, the size of
the layer structure has fragmented into small sizes (Figure 21b). Figure 21c was the S, Co,
O-GCN that underwent a hydrothermal process. The morphology of GCN has changed and
reassembled into nanoplates and nanorods, but the surface area has decreased to 6.5 m?/ g.
Meanwhile, O in the S, Co, O-GCN can promote the hydrophilic properties of GCN and
thus increase the adsorption of the hydrophilic dyes such as RhB. It was noticed that S, Co,
O-GCN performs slightly higher adsorption in dark reactions. Since the surface area has
decreased from 9.1 (pristine GCN) to 6.5 m?/ g (S, Co, O-GCN), the high adsorption of S,
Co, O-GCN is not due to the surface area but is due to the hydrophilicity of photocatalyst.
On top of that, S, Co, O-GCN can perform fast photodegradation under anoxic conditions.
Instead of oxygen aeration of RhB, O from the S, Co, O-GCN itself can act as a trap for
electrons to produce O, ~°. Then, O, ~* can react with holes to produce HyO, [134].
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Figure 21. The FESEM micrograph of (a) pristine GCN, (b) S, Co-GCN, and (c) S, Co, O-GCN.
Reproduced with permission from Ref. [134].

The summarized literature for tri-doped GCN is shown in Table 3. The amount
of literature reporting tri-doped GCN is still small. Nonetheless, a tri-doping system
can integrate the benefits of each of the dopants to further enhance the performance in
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photocatalysis. For example, Ma et al. reported that introducing S, Co, O to GCN not
only can restrain the crystal growth but can also enhance the pollutant adsorption and
promote good photodegradation performance in anoxic conditions. As a result, combining
different dopants to the GCN structure can solve several limitations of pristine GCN. Apart
from photocatalytic applications, Wu et al. synthesized Fe, Co, O-GCN for tetracycline
degradation with persulfate activation. This is because Fe, Co, and O tri-doped GCN
possess unique electronic structures and high surface areas.

Table 3. The summary of tri-doped GCN.

Dopant Bandgap Precursor/ Reaction Avplication Performance of Ref.
P Energy (eV) Synthesis Method Condition PP Activity (Year)

. . 250 W

Thiourea, cobalt nitrate hexahydrate, . ) .1 ,
S, Co, O 252 DCDA/ Thermal polymerization high-pressure Na ~ RhB pho.todegra- Rate: 0.0026 min [134]
500 °C. Hvdrothermal 150 °C lamp dation 95%, 120 min (2015)
1y (A = 400-800)
Ammonium phosphate, 1
. . 300 W Xe lamp e Hp: 7330 pmol g~ 7, [132]
PS,0 2.34 thiourea/ Theg?glogolymerlzatlon (A > 420 nm) Water splitting 3h (2019)
. Methylene blue

. HCCP, H,O,, melamine, _ o [133]
PS50 2627 sulfur/Thermal polymerization 550 °C 350 W Xe lamp photogl(;sfrada 95%; 2h (2020)
Fe. Co Urea, iron (iii) nitrate nanohydrate, dg;;xiig:iy [135]
o) N/A cobalt nitrate hexahydrate/Thermal N/A persulfate 90%, 120 min (2022)

s : <]
polymerization 550 °C activation

Remark: N/A: Not available; HCCP: Hexachlorotriphosphazene; RhB: Rhodamine B; DCDA: Dicyandiamide.

2.4. Rare-Earth Doping

The doping of rare-earth elements to a GCN structure can be an effective method
to promote better photocatalytic reactions. Unlike transition elements that have several
different oxidation states, all the elements in the lanthanide series exhibited a +3 oxidation
state. It was reported that rare-earth-doped GCN can concentrate the target pollutant on
the photocatalyst surface and fasten the photodegradation rate [136]. That may be due
to an unfilled 4f orbital that can facilitate photo-induced carrier distribution by acting
as a capturing state to suppress photogenerated charge recombination. Table 4 lists the
rare-earth-doped GCN reported by researchers. Jin et al. reported on Ce-GCN by thermal
polymerization synthesis. Similarly to metal-doped GCN, the metal dopant is coordinated
at the center of GCN. That is because the ionic radius of Ce3* was 103 pm, which is much
large than C (70 pm) and N (65 pm) atoms, and therefore, substitutional doping is not
favorable. Meanwhile, 0.5% doping of Ce-GCN showed 2.12 times better performance in
RhB photodegradation compared to bulk GCN (0.0073 min~!), which was 0.0155 min~!.
This is mainly because the bandgap energy is reduced from 2.70 to 2.57 eV, and the Ce
doping site can trap the photo-excited electrons to prevent charge recombination. It was
known that lanthanide ions can act as a Lewis acid in the GCN structure by capturing
photo-excited electrons at CB. It was noticed that the doping of Ce to GCN can cause
both C1s and N1s peaks, which shifted the binding energy to a higher level. Since Ce
is forming a bond with N atoms, the lone pair of electrons from N are transferred to
Ce. Thus, the shifting of the binding energy of N1s is mainly because the doping of Ce
decreased the electron densities of the N atom in the GCN structure [137]. Yet, due to
the high electronegativity of N, the electrons in the C-N bond are closer to the N atom.
Therefore, the electron density of C was also affected after introducing Ce dopant to the
GCN structure, leading to Cls binding energy shifting. Kulia et al. synthesized Ce-GCN by
the chemical-controlled ion-adsorption method; this preparation method can be controlled
by several parameters, such as temperature, pH, and the amount of GCN. It was found
that the optimum condition for Ce3* ion-adsorption was 25 °C, pH 6, and 0.2 g L1 of
GCN. A similar finding to Jin et al., the XPS peak shifting of N1s was detected in the Ce-
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GCN structure. Furthermore, the author reported on Atomic Dipole Corrected Hirshfeld
(ADCH) charges of several nitrogen atoms; it was found that N from Ce-GCN shows less
negative than bulk GCN, confirming that the part of the electron from N has moved to
Ce3* (Figure 22). A computational study found that the LUMO-HUMO gap of GCN was
increased from 3.48 eV (bulk GCN) to 3.92 eV (Ce-GCN); the large LUMO-HUMO indicates
that the Ce-GCN shows higher chemical stability compared to bulk GCN. The Ce from
Ce-GCN contributed a high composition to LUMO (o-LUMO: 20.17%, B-LUMO: 5.44%)
instead of HOMO («x-SOMO: 0.70%, 3-SOMO: 0.73%), revealing that the Ce3* acts as an
electron acceptor in GCN structure, that can capture photo-excited electrons to prevent
charge recombination. The photodegradation rate of methylene blue was improved from
0.0100 (bulk) to 0.0174 min~! (Ce-GCN) under sunlight irradiation. This is due to the
extended light absorption of Ce-GCN at 600-800 nm, retarded charge recombination, and
large surface area (86.37 m?/g) [138].

'Q"Q Atom ADCH charge (AQ)Hirshfeld
indices | Isolated g-CsN4 | g-C3N4/Ce**
“ ‘ NIl -0.377 -0.351 1.949
‘ ‘ NI12 -0.377 -0.351 1.949
F Y B N29 -0.422 -0351 1.949
@ ‘ ‘ @ N33 -0.460 -0.351 1.949
O O O : ”) N34 -0.460 -0.351 1.949
.‘ i‘ N36 -0.422 -0.351 1.949
Ce. 1

9
@ Q :
o d / ,d‘w
0°e%0%0% %
P
Figure 22. The ADCH charges and charge differences of the nearest carbon and nitrogen atoms
adjacent to the central Ce3* ion within Ce-GCN. Reproduced with permission from Ref. [138].

Li et al. reported on Er-GCN with different doping dosages. It was found that
excessive Er doping can occupy the active sites of GCN on the surface, which can lower
photoactivity. The Er*" can be reduced by trapping an electron (Equation (1)); the electron
can then react with oxygen on the GCN surface to form a superoxide anion, and the Er?* is
oxidized back to Er®* (Equation (2)). However, excessive Er doping can cause the Erdt /Er?T
reduction more rapidly than Er?*/Er®* oxidization, resulting in excess Er ions acting as
a recombination center for photogenerated charge carriers. The optimum Er dosage in
this study was 0.0070 g of Er(NOj3)3-5H,0 in 2 g of melamine, with 0.0204 min~—! of TC
removal rate, which was 1.74 times faster than bulk GCN (0.0117 min™1). Apart from
that, the author mentioned that the optimum TC photodegradation was in pH 4. That is
because the pKa of TC is 3.30, 7.68, and 9.68. When the pH was below 3.30, both TC and
Er-GCN were in positive charge, and it is vice versa for pH 7.68 and above. The same
charges of both target pollutant and photocatalyst can cause electrostatic repulsion, which
is unfavorable for photodegradation. To prevent charge repulsion, the best condition for
TC photodegradation was pH 3.30-7.68. In addition, the author reported that an acidic
condition is more favorable for the reaction of the photogenerated hole, and therefore, pH
4 was the optimum condition for TC photodegradation. The photocatalyst toxicity test was
completed with an E. coli test; it was found that the inhibition percentages of all GCNs in
the study were 3.25% and lower, indicating that the toxicity was negligible [136].

Er’t + e~ — Er*T (1)

Er*" + 0, » Er’" +0,° )

Furthermore, Li et al. also reported on Sm-GCN and mentioned that superoxide
anion is the dominant active species for tylosin photodegradation. It was reported that
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the optimum pH for photodegradation was pH 7 because the pKa of tylosin is pH 7.1.
Excessive protons in the aqueous solution have occurred when the pH is low. The excess
protons can react with superoxide anions to form H,O,, which reduces the number of
active species in the reaction. Meanwhile, a high pH value can cause an excess of OH™ in
the aqueous solution; the OH™ can react with photogenerated holes to produce water and
lower the photodegradation rate. Foreign anions such as nitrate, sulfate, and chloride can
interfere with the photodegradation performance of tylosin. That is because these anions
can consume the active species in an aqueous system to oxidize themselves [139]. Nonethe-
less, Sm-GCN (0.0165 min~!) has a better tylosin photodegradation rate than Er-GCN
(0.0131 min~!) in 90 min, indicating that Sm-GCN was more efficient in photocatalysis.
Sarkar et al. reported a DFT study in which higher atomic numbers of lanthanides such
as Gd, Eu, and Sm have better photocatalytic performance due to better photo-electron
transfer, high electrophilicity, and stronger HOMO-LUMO delocalization compared to low
atomic numbers of lanthanides [140].

Wang et al. synthesized Eu-GCN by adding diluted nitric acid to melamine and
Eu,0O5 with thermal polymerization. The purpose of adding diluted nitric acid is to form
melaminium cation by protonating the melamine. The melaminium cation will then exhibit
a layered structure by connecting nitrate anions. The nitrate anions will then produce
huge amounts of gases during thermal calcination, leaving nanosheets with a high surface
area. The introduction of Eu®* has caused the nanosheets to form a hollow morphology,
which may be due to Eu** connecting with C-N and producing a lantern-like morphology
(Figure 23). The lantern-like hollow structure of Eu-GCN has brought a few advantages,
which are (i) high surface area, (ii) the inner surface of the hollow structure promoting
light scattering and reflection, which improves the light utilization, and (iii) shortening
the charge diffusion distance. This finding was similar to another research group that
studied Tb-GCN for tylosin photodegradation [141]. The surface area of Eu-GCN was
137.2 m? /g, which is 6.5 times higher than bulk GCN (21.1 m?/g). The light absorption
edge was enhanced from 445 to 493 nm due to the introduction of the Eu®* impurity
state. As a result, the TC photodegradation performance of Eu-GCN (0.03330 min~!)
was 1.71 times stronger than bulk GCN (0.01945 min~!) [142]. Tang et al. reported on
Eu-GCN for CO, reduction and water-splitting applications. The Eu-GCN was prepared
by two-step calcination synthesis, which is (i) thermal calcination of urea for 550 °C and
(ii) Eu(NO3)3-6H,0 was added to GCN and further calcined at 380 °C. The surface area of
Eu-GCN was improved from 57.9 (bulk GCN) to 111.3 m?/ g, which was 1.92 times better
than bulk. The H; production was 78.1 pmol h-! g_l, which is 7.3 times better than bulk
GCN (10.7 umol g~ h~1) [143]. Tang et al. reported on Eu-GCN in the same year, but the
synthesis method was slightly different. The Eu-GCN was prepared by one-pot synthesis
for this time, which was mixing Eu(NO3)3-6H,O and urea for 550 °C calcination, and the
final Eu-GCN is formed. The highest surface area of Eu-GCN in this study was 90.1 m?/g,
which was slightly lower than the previous study (111.3 m?/g). One of the reasons that can
explain the higher surface area in the previous study was due to the two-step calcination
process. It was reported that double calcination can enlarge the surface area, but the light
absorption will slightly drop [3]. As a result, the bandgap of Eu-GCN in the previous study
was 2.60 eV, which was broader than Eu-GCN in this study (2.55 eV) [144]. This reveals
that the synthesis method and conditions can alter the GCN properties.



Catalysts 2022, 12, 586

29 of 38

Figure 23. The FESEM image of (a) bulk GCN shows a flat surface, and (b) Eu-GCN shows a
lantern-like hollow surface. Reproduced with permission from Ref. [142].

A few works of literature reported on multi-element-doped rare-earth GCN. As men-
tioned above, most of the lanthanides in GCN functioned as electron trapping to prolong
the charge carrier lifetime. Guo et al. prepared B, Eu-GCN for TC photodegradation.
The function of the B dopant can create an impurity state above VB to promote lower
energy for charge excitation. As a result, B, Eu-GCN has four possible pathways for charge
activation, which are (i) photo-excited electron transfer from VB to CB, (ii) photo-excited
electron captured by impurity state from Eu®*, (iii) photo-excited electron migrated from
Bls impurity state to GCN CB, and (iv) photo-excited electron from Bls is captured by
an impurity state of Eu>*. Compared with bulk GCN, the PL intensity of B, Eu-GCN was
greatly reduced, indicating that the charge separation efficiency was greatly enhanced due
to impurity states. The bandgap energy was reduced from 2.92 (bulk GCN) to 2.83 eV
(B, Eu-GCN), because the impurity states slightly lowered the excitation energy. Thus, the
TC photodegradation performance was improved from 0.0112 min~! (bulk) to 0.0477 min !
(B, Eu-GCN) in 50 min reaction time. It was found that the VB of B, Eu-GCN was only
+1.58 eV (vs. NHE) in this study, which is not positive enough for OH™ /OH?® (+1.99 eV) and
H,O/OH?* (+2.40 eV) reactions to produce OH®. A scavenging test showed that superoxide
anion was the dominant active species, which was followed by OH®. Since OH*® is unable
to be oxidized by neither water nor OH™, thus, it was predicted that the OH® is formed by
the reduction in superoxide as in Equations (3) and (4). [145].

O,°+e” +2H" = HyO, (3)

H,0, +e~ — OH® + OH™ 4)

Wu et al. reported on C, Ce-GCN, by mixing benzoic acid with melamine and
Ce(NO3)3-6H,0 for thermal calcination. The functional group of benzoic acid, COOH, can
be easily deprotonated and form a hydrogen bond with melamine. So, it can easily dope
the C atom to the GCN structure under thermal calcination. The function of the C dopant is
slightly different from the B dopant as mentioned above. C self-doped to the GCN structure
can promote better delocalization in between conjugated bonds, which can enhance the
electrical conductivity of GCN and provide new channels for the charge carriers’ migration.
It was reported that the C, Ce-GCN powder shows a darker color compared to bulk GCN,
and the light absorption was red-shifted from 470 (bulk GCN) to 530 nm (C, Ce-GCN)
based on UV-DRS analysis. The electron delocalization of bulk GCN usually moves in X
and Y directions. However, the red-shift is mainly attributed to electron migration along
the Z direction [146], meaning that the electron moves toward the Z direction in C, Ce-GCN
as well. As a result, the C in GCN promotes extra pathways for electron migration, and
the Ce traps these electrons to prevent fast recombination. The average lifetime of charge
carriers was 5.84 ns for C, Ce-GCN, which was 1.91 times longer lifetime than bulk GCN
(3.05 ns). This study removed 90.1% of TC in an hour, with the photodegradation rate of
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0.04027 min~!, which was 5.7 times faster than bulk GCN (0.00706 min—!) [147]. Apart
from the use of benzoic acid as the source of carbon dopant, Zhu et al. prepared C, Ce-GCN
by using alternanthera philoxeroides griseb (alligator weed) as the source of carbon dopant.
The use of alligator weed in this study is due to its high absorption to Ce3*/Ce?*, fast
growth, and wide abundance. The alligator weed was initially kept in the Ce salt solu-
tion for 2 weeks; then, it was ground into powder and mixed with different amounts of
melamine for calcination. This method has successfully synthesized a high crystalline and
large surface area (63.8 m?/ g) of C, Ce-GCN. The 2-mercaptobenzothiazole removal was
96.5% in 90 min, which was much better than the bulk GCN (39.0%, 90 min) [148]. This is
an alternative way to reduce the production cost and promote green method preparation
for C-based-doped GCN, which can relieve environmental pollution.

In addition to non-metal/rare-earth co-doped GCN, Pan et al. reported on metal/rare-
earth co-doped GCN by using Fe and Ce cations. It was found that the Fe and Ce cation can
undergo a redox reaction (Equation (5)). The Fe3* in the GCN structure can trap the photo-
excited electrons by reducing itself to Fe?". Then, these trapped electrons are transferred to
Ce for further trapping, and the Fe?™ oxidizes itself back to the Fe>" oxidation state. These
electrons will then allow migration to the GCN surface for further reaction. The Fe, Ce-GCN
in this study has reduced the bandgap of GCN from 2.65 to 2.53 eV, which is due to the
impurity bands extending the visible-light photoactivity. Therefore, the photo-reduction of
Cr(VI) was 0.0197 min—!, which was four times better than bulk GCN (0.0049 min—') [149].

Ce’t + Fedt — Ce*t + Fe?t (5)

Rare-earth doped GCN does help reduce the photogenerated charge carrier recombi-
nation, since the unfilled 4f orbital can temporarily capture the photo-excited electrons. The
introduction of rare-earth dopants also creates an impurity state in the GCN band structure,
which provide two pathways for electron excitation, which are (i) VB to CB and (ii) VB to
impurity state. The VB to impurity state provides lower excitation energy, which causes
the light absorption of GCN to be bathochromically shifted to enhance the photoactivity
in visible light. Compared to single-doped, multi-element-doped rare-earth GCN would
provide an extra impurity state in the GCN band structure and thus perform photocatalysis
more effectively. Biomass synthesized GCN will be a great idea to reduce production cost
and relieve pollution from the environment. There are still some lanthanides that are not
studied for GCN doping, such as Pr, Nd, Pm, and so on.

Table 4. The summary of rare-earth single-doped and co-doped GCN.

Bandgap .
Precursor/ Light Source for o .. Ref.
Dopant E::e‘l}?y Synthesis Method Reaction Application Performance of Activity (Year)
250 W
Cerium (IV) sulfate tetrahydrate, high-pressure Na RhB . 1 [137]
Ce 257 melamine/Thermal polymerization 550 °C lam; hotodegradation Rate: 0.0155 min 2015
poly p p 8
(A =400-800 nm)
Ce 270 Urea, cerium nitrate hexahyrate/Chemical Sunlight intensity MB Rate: 0.0174 min " [138]
' controlled ion-adsorption ~212 Klux photodegradation (95%, 180 min) (2020)
TC . A .
photodegradation Rate: 0.0204 min—", 90 min
Erbium (iii) nitrate pentahydrate, Tylosin L . [136]
Er 2.50 melamine,/ Thermal polymerization 550 °C >0 ¥ X€ lamp photodyegradaﬁon Rate: 0.0131 min~" 90 min (2020)
RhB . A .
photodegradation Rate: 0.0747 min™", 30 min
RhB Rate: 0.1185 min~!
E 248 Nitric acid, melamine, europium (iii) 300 W Xe lamp photodegradation (98%, 50 min) [142]
u ’ oxide/Thermal polymerization 500 °C (A > 420 nm) TC Rate: 0.0333 min-! (2018)
photodegradation (82%, 50 min)
Urea, europium nitrate [144]
Eu 2.55 hexahydrate/Thermal polymerization 300 W Xe lamp Water splitting Hy: 2425.7 umol g1, 6 h (2019)

550 °C
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Table 4. Cont.

Bandgap .
Precursor/ Light Source for C . . Ref.
Dopant E:lee‘lﬁy Synthesis Method Reaction Application Performance of Activity (Year)
Urea, europium nitrate CO; reduction CHy: 22.8 pmol h=t g1 [143]
Eu 2.60 hexahydrate/Thermal polymerization 300 W Xe lamp — - (20i9)
550 °C, 380 °C Water splitting H: 781 pmolh™' g
TC Rate: 0.0241 min~!
Terbium(III) nitrate pentahydrate, nitric photodegradation are: o i [141]
Tb 247 acid, melamine/Thermal polymerization 170 W Xe lamp - (2021)
550 °C Tylosin Rate: 0.0271 min~!
photodegradation
RhB Rate: 0.0727 min~?, 30 mi
Samarium (iii) nitrate pentahydrate, nitric photodegradation ate: 0. mm -, S0 min [139]
Sm 25 acid, melamine/Thermal polymerization 35 W Xe lamp ] (2620)
550 °C Tylosin Rate: 0.0165 min "', 90 min
photodegradation ’
Tron (i) Cr(VI) Rate: 0.0197 min~!
ron (iif) nitrate, cerium nitrate, hotodegradation (99.8%, 120 min) )
Fe, Ce 2.53 urea/Thermal polymerization 550 °C, 30)(\) ‘;V Z;?) lamp P & [2]04;(}
hydrothermal 160 °C (A 2 420 nm) RhB 88.7%, 120 min (2020)
photodegradation o
TC 90.1%, 60 min
Melamine, benzoic acid, cerium nitrate photodegradation o 12
L 300 W Xe lamp [147]
C,Ce 255 hexahydrate/Thermal polymerization
(A > 420 nm) RhB (2020)
550°C ) 99.4%, 120 min
photodegradation ’
Ce salt, alternanthera philoxeriodes griseb, 300 W Xe lamp 2-MBT o, . [148]
C Ce 270 melamine/Thermal polymerization 500 °C (A > 420 nm) photodegradation 96.5%, 90 min (2020)
B.E 281 Nitric acid, melamine, europium (iii) oxide, 400 W halogen TC Rate: 0.0477 min ! [145]
e ’ boric acid / Thermal polymerization 550 °C lamp photodegradation (90.8%, 50 min) (2021)
B, Eu Nitric acid, melamine, europium (iii) oxide,
(composite 288 boric acid /Thermal polymerization 550 °C 400 W halogen TC Rate: 0.0873 min~! [150]
with ’ Ammonium molybdate tetrahydrate, lamp photodegradation (99.0%, 50 min) (2021)
MoS») thiourea/Hydrothermal 200 °C
Cerium (iii) chloride heptahydrate,
manganese chloride tetrahydrate, urea, 2,4-DCP Rate: 0.156 min~! [151]
Mn, Ce N/A formic acid/Thermal polymerization N/A Degradation (100%, 30 min) (2022)
520°C
Melamine, cerium chloride pentahydrate,
Gd, Ce, 219 iﬁ?:;?hrziifegl)r?tl;ah};ggﬁﬁ’ijfnm;?;ﬁ 300 W Xe lamp Naproxen Rate: 0.0085 min—! [152]
Sm, Er ’ Y % (A > 420 nm) photodegradation (82.0%, 180 min) (2022)

hexahydrate/Thermal polymerization
550 °©

Remark: N/A: Not available; 2-MBT: 2-mercaptobenzothiazole; TC: Tetracycline; RhB: Rhodamine B; MB:
Methylene blue; 2,4-DCP: 2,4-dichlorophenol.

3. Conclusions and Prospects

Pristine GCN consists of several limitations, such as fast recombination, limited light
absorption, and small surface area. These limitations require to be solved to enhance
photoactivity. Each elemental doping can play a different function in GCN. For example,
metal and rare-earth-doped GCN can provide a defect state for photo-excited trapping and
thus prolong the charge carrier’s lifetime. Non-metal doped GCN usually alters the VBM
or CBM of band structures to provide extra electrons for photocatalysis. C-based GCN
provides fast electron delocalization in X, Y, and Z-axis pathways to allow more electrons
to migrate on the GCN surface for photoreaction. O-based GCN usually can increase the
hydrophilicity of GCN and enhance the surface contact in aqueous reactions. Molten-state
synthesis can produce high crystallinity of GCN, which is beneficial for electron migration
with GCN structures. However, some dopants can inhibit the crystal growth of GCN,
leading to low crystallinity. The low crystallinity is due to the drastic decomposition of
GCN during thermal calcination, producing a high surface area of GCN, which is also
good for photoactivity. In addition, the low surface area of GCN can be improved by a
few methods, such as (i) introducing a template, (ii) recalcination, (iii) addition of nitric
acid, and (iv) freeze drying. It was found that recalcination and the addition of nitric acid
are the simpler, safer, and more economical ways to produce ultrathin GCN nanosheets.
Nonetheless, introducing a template can produce a uniform pore size distribution of
GCN. Meanwhile, the hollow structure of GCN can cause light scattering and reflection
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and improve light utilization. To date, some of the elements are still not yet studied by
researchers, such as Br, Li, Mg, Si, Nb, Pr, Pm-based co-doped, and tri-doping. Instead of
single doping, multi-element doped GCN is important in photocatalytic application study
because it can solve several issues with one solution, such as extending the light absorption
by tuning the bandgap, suppressing the charge recombination, and enhancing the surface
morphology. It was suggested that p-n junction GCN can be produced by co-doping of a
p-type element and an n-type element. The p-n junction can form an electrical potential
that allows electrons and holes to transfer to the opposite direction and facilitate a better
photocatalytic reaction. In order to make sure the photocatalysts are stable, safe, and have
no leaching during photocatalysis, it is encouraged to perform a toxicity assessment for the
photocatalyst and compare the structure of the photocatalyst before and after photoreaction
to make sure the photocatalyst is stable.
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