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Broader context statement

The growing global energy demand and concerns over future energy security necessitate the 

transition toward sustainable alternatives such as semiconductor photocatalysis. This 

emerging approach enables solar-to-sustainability by harnessing artificial photosynthesis for 

next generation clean fuel production and environmental detoxification. Thus, the 

development of efficient, robust, and economically viable semiconductor photocatalysts 

derived from earth-abundant precursors is of paramount importance. In this review, we 

present a systematic evaluation of the emergence of alkali doping in g-C3N4, posing a 

considerable attention owing to its low cost, non-toxicity and sustainable & straight-forward 

synthesis approach. We critically examine and provide a comprehensive assessment of the 

incorporation of various alkali metal ions such as, Li⁺, Na⁺, K⁺ etc., into the interlayer 

cavities or lattice sites of g-C3N4 framework, which induces significant structural, electronic, 

and optical modulation to accelerate charge carrier separation for efficient solar fuel 

production and environmental detoxification. Besides, this review also highlights the existing 

research gaps and future prospects in the advancements of semiconductor photocatalysis, 

ultimately contributing to develop sustainable energy technologies for energy and 

environment security. We believe this review systematically addresses the synthesis-

structure-activity correlations and can be an effective guiding tool for dopant selection in the 

fabrication of g-C3N4-based next-generation photocatalysts.
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Abstract 

Alkali-metal doping has emerged as a powerful strategy to unlock the full photocatalytic 

potential of graphitic carbon nitride (g-C3N4) by modulating the structural and electronic 

parameters. Notably, incorporating alkali metal ions into the crystal lattice of g-C3N4 serves as 

an effective strategy to modulate its crystalline structure, enhance photon-harvesting 

capabilities, improve surface area, and optimize photocatalytic performance, all while retaining 

environmental compatibility. This review summarizes recent developments in alkali metal 

doping of g-C3N4, focusing on designing strategy, structural modifications, and the resulting 

alterations in electronic and physicochemical properties. DFT calculations, theoretical 

modelling, and various characterization techniques were systematically reviewed for structure 

elucidation and optical modification after the alkali metal ion doping in g-C3N4.  We also 

provide concrete case studies by reviewing the structure-activity relationships of various alkali 

metal-doped g-C3N4-based photocatalysts having potential application in artificial 

photosynthesis, ranging from solar fuel production, biomass conversion, organic 

transformation, pollutant degradation, to other miscellaneous applications, mainly supported 

by the in-depth photocatalytic mechanism. Finally, we conclude by highlighting the research 

gap and future perspectives. We believe this review is intended to serve as a comprehensive 

reference for both academic researchers and industrial practitioners engaged in the rational 

design of alkali-doped g-C3N4-based photocatalytic systems. 
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1. Introduction 

Global energy demand is anticipated to increase exponentially, as a consequence of rapid 

advances in industrialization and population expansion, with projections indicating a 2-fold 

rise by 2050 relative to the present consumption scenario.1–3 Concurrently, CO2 emissions due 

to the overexploitation of fossil fuels pose a serious threat to global warming and need 

immediate intervention. Achieving carbon neutrality depends on promoting eco-sustainability 

and advancing renewable energy technologies. In the contemporary era, achieving sustainable 

development necessitates the adoption of clean and renewable energy technologies to mitigate 

escalating environmental challenges. Among diverse energy alternatives, solar energy has 

become a leading contender owing to its inexhaustibility and renewable nature for meeting 

future global energy needs.4–6 Due to its potential as an environmentally sustainable solution 

for global energy challenges, solar energy production has attracted considerable research 

attention.7,8 Solar fuel production, a critical aspect of solar energy utilization, focuses on 

converting abundant feedstocks into valuable chemical fuels. More broadly, the utilization of 

solar energy towards various artificial photosynthesis applications represents a broader 

framework by harnessing the renewable precursors to drive essential photochemical reactions. 

This encompasses solar fuel production (mainly emphasizing processes like H2 production, 

CO2 reduction, H2O2 synthesis, and N2 fixation), alongside other ancillary applications such as 

organic and inorganic pollutant degradation, biomass conversion, organic transformations, and 

NOₓ removal. 

Semiconductor-based heterogeneous photocatalysis has garnered widespread research interest 

in the current era due to its potential to harness solar energy efficiently.9–11 Considerable efforts 

have been made by the researchers to design advanced semiconductor-based photocatalysts to 

enhance their potential applications.12–14 An ideal semiconductor photocatalyst must possess 

(i) a strong absorption of light across a broad spectrum, (ii) abundant surface-active sites to 

facilitate reactions, (iii) suppressed charge carrier recombination to prolong their lifetime, (iv) 

appropriate CB and VB potentials to drive redox reactions, and (v) low-cost fabrication along 

with long-term photostability.15,16 To date, a good number of semiconductor-based 

photocatalytic materials have emerged to address energy issues and environmental threats.17–

20 Amongst these photocatalysts, g-C3N4 stands out as a prominent choice and has been 

extensively studied due to its advantageous features such as cost-effectiveness, metal-free, easy 

and facile fabrication, robustness, visible light responsiveness, and suitable band edge potential 

for surface redox reactions.21,22 Despite meeting several essential criteria for an efficient 
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photocatalyst, pristine g-C₃N₄ often suffers from intrinsic drawbacks such as sluggish charge 

separation, limited surface-active sites, low specific surface area, poor electrical conductivity, 

and modest redox potential, which restrict its performance in photocatalytic and 

electrocatalytic processes. As a result, rational modification strategies have become central to 

unlocking its potential in sustainable energy conversion and environmental remediation. 

Among the various modification pathways, such as elemental doping, defect engineering, 

heterojunction construction, surface functionalization, and nano-structuring by increasing 

porosity and surface area, non-metal/carbon doping, vacancy engineering, and single-atom 

loading, alkali-metal doping (Li⁺, Na⁺, K⁺, Rb⁺, Cs⁺) has gained particular attention.23–25 In this 

regard, we have recently reported a review article highlighting that the strategic nano-

structuring can expose the isolated active sites for better photocatalytic activity. Moreover, the 

structural modification, such as elemental doping, further aids the promotional impact by 

optimizing the microstructure and optoelectronic properties.26,27 Doping serves as an effective 

strategy to introduce foreign elements into the g-C3N4 lattice, enabling modulation of its 

surface and electronic features. The introduction of metallic or non-metallic dopants alters the 

band gap energy and tunes the band edge potential, thereby broadening the light absorption, 

enhancing photocurrent generation, and modifying photo-reactivity.28–30 Due to its adaptability 

for flexible in-situ doping approaches and favorable biocompatibility, ion doping has been 

extensively studied to engineer g-C3N4-based heterostructures.31–33 In the case of anionic 

doping, the introduced species typically occupy either substitutionally or interstitially, which 

can modulate both the textural and electronic structure. In contrast, cationic dopants induce 

orbital hybridization between the dopant’s atomic orbital and the g-C3N4 molecular orbital, 

which leads to achieving the optimized VB and CB positions.34–37 Cationic dopants can further 

modify the electronic properties by band gap narrowing, improving light harvesting efficiency, 

and accelerating the charge carriers’ mobility. Common cationic dopants include alkali, 

transition, and noble metals, which impart distinctive physicochemical functionalities and 

strengthen surface interactions in the doped system. This doping is readily achieved through 

thermal polymerization or condensation, wherein the g-C3N4 precursors are simply mixed with 

the appropriate metal salts, either in the solid-state mixture or in solution-based systems, to 

yield uniformly doped systems.31–37 

Alkali metal cations interact strongly with the heptazine nitrogen framework, creating local 

electronic perturbations that are difficult to achieve through heavier dopants or structural 

modifications alone. Their incorporation can widen interlayer spacing, enhance π-electron 

Page 5 of 96 EES Catalysis

E
E

S
C

at
al

ys
is

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
3:

18
:3

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5EY00306G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00306g


5 
 

delocalization, and promote charge polarization, collectively leading to improved charge 

separation and more efficient migration of photo-generated carriers. Moreover, alkali-metal 

doping frequently induces subtle structural distortions and introduces shallow donor states, 

which modulate the band structure without significantly compromising chemical integrity. 

These effects can shift the conduction and valence band positions to better match key redox 

reactions relevant to water splitting, CO₂ reduction, nitrogen fixation, pollutant oxidation, and 

antibacterial disinfection. In some cases, small cations (e.g., Li⁺) also facilitate proton or ion 

transport at the catalyst interface, which is beneficial for hydrogen-evolution and proton-

coupled reactions. The presence of alkali metal ions can also tune surface basicity and 

adsorption behaviour, thereby facilitating the activation of molecules such as O₂, H₂O, and 

CO₂, while the modulated band potentials promote the formation of reactive intermediates 

during the photocatalytic processes.26,38  

Alkali metal doping offers several advantages, such as environmental benignity and low 

toxicity. Incorporating these ions introduces structural vacancies or defects within the lattice, 

which strategically alter electronic properties. The specific choice of dopant and its 

concentration further influences charge distribution dynamics, mitigates photo-corrosion, and 

governs overall catalytic performance. Furthermore, alkali-doped g-C3N4-based intercalated 

systems induce non-uniform charge distribution, thereby suppressing electron-hole 

recombination and amplifying charge separation efficiency. They are also extensively 

recognised as effective electronic promoters in various catalytic applications due to their 

exclusive properties.39–44  

Collectively, these structural and electronic modifications explain why alkali-treated g-C3N4 

often shows higher photocatalytic activity than the pristine material. For instance, Sun et al. 

demonstrated a facile thermal polymerization method to fabricate K+ doped g-C3N4 for 

efficient Rhodamine B degradation, which is attributed to the small grain size, dispersed active 

sites, intensified optical response in the visible spectrum, and lowered band gap due to the K+ 

doping.42 Similarly, a systematic investigation of various alkali metal ions (Li+, Na+, or K+) 

doped g-C3N4 exhibited stronger absorption in the visible region, larger surface area for 

exposed active site, and reduced band gap, which cumulatively optimized the microstructure 

and optoelectronic features for efficient hydrogen production.45 Haripriya et al. demonstrated 

that the appropriate alkali metal (Li, Na, and K) doped g-C3N4 can control the defect densities, 

achieving an optimized band structure for efficient photocatalytic H2O2 production.46 
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Moreover, the co-doping of alkali metal with other photoactive species can also exhibit 

promotional activity in photocatalysis. For instance, Liang et al. developed Bi and K co-doped 

g-C3N4, which demonstrated enhanced visible light harvesting capability and improved the 

band alignment by shifting the conduction band towards more negative, facilitating the 

photocatalytic oxygen reduction reaction.47 Moreover, the co-doping reduces the energy barrier 

for redox reactions by improving the charge transfer process. Alkali metal-containing g-C3N4 

systems can also form effective composite photocatalysts with other photoactive species and 

regulate the crystallinity, microstructure, and charge dynamics in the composite photocatalyst. 

Also, dual and multi-functional behaviour can be achieved, which is beneficial for the complex 

photocatalytic reactions.24,38,48 The effective interfacial contact in the alkali-doped g-C3N4-

based composite can significantly boost the charge transfer process to bestow the efficient 

redox reaction by complete utilization of maximum charge carriers.49,50 The synthesis of alkali 

metal-doped catalysts neither requires post-synthesis purification steps nor relies on hazardous 

chemicals; therefore, it is regarded as an inherently sustainable process. The impact of alkali 

metal ion doping on the structural, morphological, and electronic properties in the case of other 

photocatalytic materials, such as titanates, is well established in the literature. Bem et al. 

demonstrated that the substitution of H+ ions by Na+ results in a contraction of the inter-layer 

distance of titanate nanotubes.51 Furthermore, Qamar and co-workers elucidated the stabilizing 

effect of studied Na+ ions on the titanate framework.52 Even doping of sodium ions has also 

been reported to drive a structural phase transformation from layered titanate to anatase.53 

In the literature, several review articles mainly focus on the prevailing aspects of synthesis 

methodologies, structural modifications, and various photocatalytic applications of doped g-

C3N4 systems. For instance, a recent review article by Khan et al. focused on the recent 

advancement in metal and non-metal doped g-C3N4, comprising the fundamentals, 

photocatalytic mechanisms, and factors affecting photocatalysis due to the doping and co-

doping.26 Similarly, another recent review article also demonstrated the effect of s-block, p-

block, and transition metals dopants in the crystal structure of g-C3N4 to achieve the optimal 

band alignment for better light harvesting phenomena.29 Our group also demonstrated the role 

of anion doping in modulating the band edge potential and simultaneously highlighted the 

various effective synthesis strategies, nature of dopant, and doping sites in g-C3N4 for energy 

and environment-related applications.54 Similarly, a few more reviews have been reported in 

the literature, mostly focused on the overall doping phenomena in the g-C3N4 structure.26,28,55,56  

Nonetheless, systematic and comprehensive studies that explicitly rationalize the effect of 
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alkali metal doping on the photocatalytic activity of g-C3N4 crystal lattice still remain 

underexplored to date. The advent of alkali metal-doped g-C3N4 has revolutionized the field of 

g-C3N4 structural modifications by imparting novel physicochemical properties. Therefore, this 

review systematically summarizes the comprehensive assessment of how alkali metals 

influence the physicochemical, optoelectronic, and structural attributes of g-C3N4 

photocatalysts for various efficient artificial photocatalytic applications. We further discuss the 

criteria for selecting appropriate alkali metals to rationally design high-performance alkali-

doped g-C3N4 photocatalysts. The performance of these alkali-doped g-C3N4 systems across 

diverse artificial photosynthesis applications, such as solar fuel production, biomass 

conversion, organic transformation, pollutant degradation, and other miscellaneous 

applications, has been systematically reviewed using various characterization techniques, DFT 

calculations, and in-depth mechanistic analyses. Fig. 1 represents various alkali metal dopants 

incorporated in the g-C3N4 lattice matrix, developed via an economical, sustainable, and facile 

approach leading to enhanced structural and optical modulation, improved photostability, and 

superior redox reactivity for diverse energy harvesting and environmental remediation 

applications. Overall, this review aims to provide a key fundamental reference for researchers 

who are focused on advancing alkali metal-doped g-C3N4 materials for efficient and sustainable 

solar energy conversion. 
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Fig. 1 Schematic illustration of alkali-doped g-C3N4 highlighted with characteristic features 

towards energy conversion and environmental remediation. 

2. Alkali metal-doped g-C3N4  

Alkali metal-ion doping is a facile, non-interfering strategy that upgrades nearly any g-C3N4 

modification approach and can significantly resolve the limitations of the bulk g-C3N4 (Fig. 6). 

It provides a unique combination of cost-effectiveness, ease of synthesis, enhanced interlayer 

spacing, precise electronic tuning, and internal-field-driven charge separation. It is completely 

distinguishable from more complex and expensive methods like heterojunction construction, 

non-metal doping, or incorporation of a single-atom catalyst (Table 1). 

 

Table 1 Comparative assessment of alkali doping over heterojunction construction, non-metal 

doping, and single-atom catalysis. 

Li Na   Cs

Alkali metal-doped g-C3N4

K

Enhanced photoredox activity

Cost-effective

Facile synthesis

                       

Sustainable
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Criteria Alkali-metal doping Heterojunction 
Non-metal 

doping 

Single-atom 

catalysts 

Synthesis 

Complexity 

Very simple, 

(impregnation/thermal 

treatment) 

High (requires 

precise 

interface 

engineering) 

Moderate 

Very high (atom 

trapping, complex 

supports) 

Cost 

effectiveness 

Low-cost alkali salts; 

inexpensive 

processing 

High (multiple 

materials + 

step-wise 

fabrication 

Low-

moderate 

Very high (noble 

metals, advanced 

synthesis) 

Electronic 

Structure 

Tuning 

Strong modulation of 

charge density via 

ionic/electrostatic 

effects 

Strong but 

interface-

dependent 

Moderate; 

depends on 

substitution 

sites 

Excellent, but 

limited to isolated 

atoms 

Defect/Active 

Site Creation 

Easily generates 

oxygen vacancies, 

cyano defect & 

surface basicity 

Depends on 

junction quality 

Creates 

substitutional 

defects 

Creates highly 

active isolated sites 

but fewer in number 

 

Scalability 

Highly scalable 

industrially 

Limited 

scalability; 

complex 

architectures 

Good 
Challenging, 

delicate synthesis 

 

Stability 

Under 

Reaction 

Conditions 

Good 

thermal/chemical 

stability 

Interface may 

degrade 

Generally 

stable 

Stability of isolated 

atoms is often 

problematic 

(migration/sintering) 

Environmental 

Concerns 
Minimal 

Depends on 

materials used 
Minimal 

Possible issues with 

metal leaching 

 

Various alkali metal ions (Li+, Na+, K+, etc.) preferably intercalate into the nitrogen pot of the 

g-C3N4 framework, cause a distinct modification in the electronic band structure, create 

defects, vacancies, and improve the crystallinity for efficient photocatalysis. The charge 

redistribution in the interlayer of pristine g-C3N4 is absolutely necessary to achieve improved 

photocatalysis, which can be carried out by intercalating the alkali metal ions into the intrinsic 

graphitic sp2-hybridized network composed of tri-s-triazine units.39,57,58 For example, Li et al. 
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unraveled the crucial role of the interlayer electron transfer mechanism for alkali metal (K, Rb, 

Cs) intercalated in carbon nitride (CN).59 The doping of alkali metal could inhibit random 

charge transfer across the CN planes in order to feasible the directional flow of electrons (e–) 

between the adjacent layers. Consequently, the alkali metal intercalation facilitates the charge 

redistribution within the crystal lattice, thereby effectively enhancing the charge carrier 

separation to execute efficient redox reaction. Nguyen and co-workers demonstrated that 

incorporating single alkali metal dopants into g-C3N4 can reduce its vertical ionization potential 

and increase the electron affinity and Lewis acidity. Further, the alkali-doped g-C3N4 systems 

possessed a lower band gap relative to the undoped g-C3N4, which is due to the electron 

donation from the metal atom to g-C3N4.
60 We first discuss the theoretical modelling and DFT 

calculations, which elucidate the preferred doping sites of alkali metals within the g-C3N4 

lattice and the resulting changes in electronic band structure. Additionally, we systematically 

reviewed the designing strategies to incorporate alkali metals and the characterization 

techniques used to probe the induced structural modifications. Moreover, the influence of 

doping on the electronic properties is also comprehensively reviewed. The doping can create 

localized charge densities to promote the superior charge carrier mobility; thus, the CB and VB 

levels adjust and realign for efficient photo redox reaction. The appropriate alkali doping also 

tends to increase the surface basicity of the g-C3N4, promoting the easy activation and 

adsorption of the organic molecules/reactants for the efficient photocatalytic reactions. Further, 

the beneficial aspects of co-doping can further induce the defect-mediated active sites by 

promoting N vacancies in g-C3N4.
61–63 Overall, alkali metal doping can introduce additional 

electronic states, reduce the band gap energy, and induce a redshift in the absorption edge, 

thereby enhancing light-harvesting efficiency in the visible-light region. Therefore, this section 

delves into a more detailed analysis of the crystal and lattice parameter of alkali doped g-C3N4 

in terms of DFT and theoretical investigations, reviews the promising and economic designing 

strategies, highlights optoarchitecture behavior of g-C3N4, and the effect of co-doping (Fig. 2).  
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Fig. 2 Schematic illustration of the effect of alkali-doping in the g-C3N4 matrix. 

2.1 DFT calculation and theoretical modelling to unveil the effect of alkali metal doping 

within the g-C3N4 matrix 

As discussed above, the incorporation of alkali metals in the g-C3N4 framework induces notable 

variations in its micro-electronic structure, which was analyzed using the plane-wave ultrasoft 

pseudopotential simulations. The energy states of the configurations were estimated by the 

generalized gradient approximation (GGA) and local density approximation (LDA) methods.64 

The alkali metal ions are preferably incorporated in the large cavity, designated as the F 

position over other possible binding sites designated as A, B, C, D and E in g-C3N4 layers (Fig. 

3a). Further, the DFT calculation estimated the formation energy, charge transfer, bandgap 

energy and related work function values, which suggested the creation of the n-type Schottky 
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junctions at the interface of g-C3N4 and the alkali metals (Table 2). Moreover, the band edge 

potential and the corresponding band structure were significantly altered due to the 

redistribution of HOMO and LUMO energy levels after the alkali metal doping.  

Table 2 Calculated formation energy, charge transfer, theoretical band gap, and work functions 

for different alkali metal-doped g-C3N4. 

Dopant 
Formation 

energy (eV) 

Charge transfer 

Δq (e) 
Band gap (eV) 

Work 

function (eV) 

Li-g-C3N4 -4.477 +0.09 
0.74 (GGA-PW91) 

0.59 (LDA-CAPZ) 
5.94 

Na-g-C3N4 -4.144 +0.75 
0.78 (GGA-PW91) 

0.61 (LDA-CAPZ) 
5.57 

K-g-C3N4 -3.603 +1.26 
0.82 (GGA-PW91) 

0.65 (LDA-CAPZ) 
5.32 

Alkali metals preferably adopt interstitial doping rather than substitutional doping, due to their 

comparatively larger ionic radii relative to C and N atoms. For example, Xiong et al. presented 

a DFT calculation by “Vienna ab initio simulation package” (VASP5.3), and the most stable 

configuration of K and Na-doped g-C3N4 (CN-K2 and CN-Na2, respectively) was determined 

by PBE exchange-correlation functional, used within the spin-polarized GGA 

method.39 Despite the analogous chemical nature of K and Na atoms, they impart distinct 

charge distribution within the CN framework. Moreover, the interplanar spacing in CN is 

sufficient to host alkali metal atoms, enabling their incorporation via ion-dipole interaction. 

DFT calculation suggested that Na-atom has almost negligible effect on the crystal structure 

due to its small atomic radius (1.86 Å) and confined within the planar cavity of CN; however, 

K-atoms with relatively larger atomic radius (2.32 Å) are intercalated within the interlayer of 

CN, forming a bridging connection that enhances the interlayer charge transport efficiency. 

Moreover, the distance of the nitride cavities oriented at the centre of the nearest heptazine 

moieties and the interlayer spacing of CN were found to be 7.11 and 3.14 Å, respectively. 

Therefore, the most stable optimized crystal structure of CN is the interstitial doping of Na in 

CN-Na2, and the interlayer insertion of K in CN-K2, as shown in Fig. 3b-f.  
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Fig. 3 (a)Top views of the six doped configurations of alkali metal adsorbed on g-C3N4. 

Reproduced with permission from ref. 64. Copyright 2016, Elsevier. crystal structures of CN 

(b), CN-K2 (c), and CN-Na2 (d). (e) and (f) Top views of CN-K2 and CN-Na2. Reproduced 

with permission from ref. 39. Copyright 2016, American Chemical Society. 

Thereafter, Nnadiekwe et al. demonstrated an in-depth theoretical investigation of the band 

structure of alkali-doped g-C3N4 systems.65 Optimization of the bulk g-C3N4 and the alkali 

metal ion-doped g-C3N4 (Li+-g-C3N4, Na+-g-C3N4, and K+-g-C3N4) sheets was carried out 

using the B3LYP hybrid functional. Further, structural geometries and electronic interactions 

between g-C3N4 and the alkali metal ions were optimized by Pople's split valence 6–31G(d) 

and the LANL2DZ basis sets, respectively. It is obvious that the alkali metal cation, when 

doped in g-C3N4, can lead to a change in the structural properties and experience a change in 

the chemical and electronic features. The optimized geometries of the pristine g-C3N4, M
+(Li+, 

Na+, and K+)-g-C3N4 are presented in Fig. 4a-d. It is understood that the unit cell having central 

voids is appropriate to host the alkali metal ion. Various structural properties, such as the bond 

lengths and bond angles in the N-M+-N vicinity of alkali metal ion-doped g-C3N4, were 

estimated to comprehend the types of interaction between the alkali metal ion and electron-rich 

nitrogen atoms. However, the calculation results revealed that the M+-N distance increased in 

the order Li+-g-C3N4 < Na+-g-C3N4 < K+-g-C3N4, but the N-M+-N angles of Li+-g-C3N4 and 

Na+-g-C3N4 complexes did not differ remarkably. On the contrary, K+-g-C3N4 exhibited 

different characteristics with a longer M+-N bond, which caused a noticeable distortion in the 

planarity of g-C3N4 sheet. The electronic configuration was analyzed by calculating and 

(a)

(b) CN (c) CN-K2 (d) CN-Na2

(e) (f)
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optimizing the frontier orbital arrangements of HOMO and LUMO. It was reported that the K+ 

ion could slightly delocalize the LUMO due to the different structural properties. On the 

contrary, the electron-deficient nature of Li+-g-C3N4 can be understood from the charge 

distribution maps, suggesting the lowest HOMO-LUMO energy gap with maximum charge 

potential, compared to Na+-g-C3N4 and K+-g-C3N4, respectively (Fig. 4e-j).  

 

Fig. 4 Illustration of the optimized configuration of (a) g-C3N4, (b) Li+-g-C3N4, (c) Na+-g-C3N4, 

and (d) K+-g-C3N4, calculated frontier molecular orbitals and electrostatic charge surface 

distribution of Li+-g-C3N4 (e, h), Na+-g-C3N4 (f, i), and K+-g-C3N4 (g, j). Reproduced with 

permission from ref. 65. Copyright 2023, Elsevier. 

Zhang et al. demonstrated an in-depth DFT calculation to estimate the electronic structure of 

bulk g-C3N4 (CN) and K+ doped g-C3N4 (KCN).66 Band structures, density of states, work 

functions, and Fermi levels of CN and KCN were determined by the CASTEP module analysis 

method using the Materials Studio software. The structure optimization was achieved by 

Generalized Gradient Approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) 

functional analysis. An optimized structure of CN and KCN was demonstrated in Fig. 5a, 

suggesting the intercalation of K+ in the heptazine cavity of the cyano-bonded CN structure. 

Further, the total and partial density of states (TDOS and PDOS) of CN and KCN are presented 

in Fig. 5b and c, suggesting that the VB maxima of CN and KCN are predominantly contributed 

by N 2p orbitals, whereas the CB minima are constructed by the contribution of C 2p and N 2p 

orbitals. However, the K doping in KCN modified the CB minima, leading to a noticeable 

variation in the band gap. Furthermore, the work function and Fermi level of CN and KCN 

(a) (b)

(c) (d)

(e) (f) (g)

(h) (i) (j)

Page 15 of 96 EES Catalysis

E
E

S
C

at
al

ys
is

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
3:

18
:3

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5EY00306G

https://www-sciencedirect-com.inc.bib.cnrs.fr/topics/chemistry/charge-distribution
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00306g


15 
 

were estimated by GGA-PBE functional simulation. The lower wavefunction and higher Fermi 

level value of KCN relative to CN suggested the intercalation of K+ facilitates the formation of 

abundant photoexcited charge carriers for better photocatalytic reaction (Fig. 5d and e). Zhu et 

al. synthesized a triazine-based Li-doped g-C3N4 derived via the thermal condensation of 

melamine.67 Owing to the relatively small dimension of the nitride cavities, Li-atoms are more 

preferably to accommodate as single atoms rather than forming clusters. Furthermore, GCMC 

simulations were employed to obtain the optimized configuration of Li-doped g-C3N4. DFT 

simulation revealed Li-N bond lengths ranging from 1.82 to 2.01 Å. However, the co-existence 

of N-N and Li-N bonds exerted repulsive as well as attractive interactions, respectively, thereby 

suffering the crystal distortion within the g-C3N4 framework. 

 

Fig. 5 Theoretical representation of (a) interlayer and in-plane crystal structure, electronic 

density of states (b, c), and electrostatic potential distribution (d, e) of CN and KCN. 

Reproduced with permission from ref. 66. Copyright 2024, Elsevier. 

2.2 Designing strategies of alkali metal-doped g-C3N4  

The design principle of g-C3N4 with alkali metal-doping includes a cost-effective, sustainable, 

single-step co-condensation approach, generally utilizing hydroxides or halides of 

corresponding alkali metal ions as primary dopant sources.39–41,68–70 Conventionally, the N-rich 

precursor of g-C3N4 and the chosen alkali metal source are calcined together under controlled 

(c) (d)

(e)
(b)

(a)
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heating to synthesize the alkali metal-doped g-C3N4. In some instances, disodium 

ethylenediaminetetraacetate (2Na-EDTA) can also be used to achieve both the Na doping and 

the additional C, N source to modify the CN framework.71 The doping mechanism is strongly 

governed by the ionic radius of the dopant. Small alkali cations (Li⁺, Na⁺) preferentially occupy 

intralayer cavities, forming strong interactions with heptazine units. This interaction generates 

localized polarons, enhancing charge carrier mobility and electronic conductivity. In contrast, 

larger ions (K⁺, Cs⁺) are incorporated into interlayer spaces, acting as structural bridges that 

facilitate interlayer charge transport, promoting exfoliation and intercalation. The 

incorporation of alkali metal ions within the g-C3N4 framework can occur via two possible 

ways, as shown in Fig. 6: (i) co-condensation of alkali metal salts (KCl, KHCO3, KBr, LiOH, 

etc) with N-rich precursors of g-C3N4 during thermal polymerization and (ii) post-synthesis 

treatment, which involves the intercalation via molten salt treatment (e.g., heating g-C3N4 with 

alkali metal precursors).26,72–77 For example, Dong et al. synthesized alkali metal-doped g-C3N4 

(CN-M, M = Li, Na, K) via co-pyrolysis of melamine with the respective metal chlorides.72 

The structural and compositional features confirmed the successful alkali doping. XRD 

exhibited weakened and shifted diffraction peaks, indicating interlayer intercalation and 

framework disruption upon alkali metal incorporation. FT-IR spectra revealed the emergence 

of a –C≡N band and decreased N-H stretching, confirming substitution and defect generation. 

SEM and TEM demonstrated that Na and K doping produced nanosheets with increased 

roughness and network-like morphology, while Li showed minimal morphological change. 

BET adsorption isotherm demonstrated a reduced surface area and enlarged pore sizes for CN-

M, suggesting structural disorder induced by doping. XPS confirmed the presence of dopant 

elements, surface N vacancies, and increased –C≡N functionalities, while shifts in C 1s and N 

1s binding energies indicated electron redistribution from host N atoms to metal ions. 
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Fig. 6 Direct and step-wise synthesis of alkali metal-doped g-C3N4. 

In contrast to the one-step co-condensation process of alkali metal doping, the post-synthetic 

modification strategy follows thermal annealing, enabling simultaneous structural exfoliation 

and alkali metal doping within the g-C3N4 matrix. The synergistic effects of exfoliation and 

doping endow more accessible active sites and improve the textural features, leading to 

superior photoresponsive performance. For instance, Li-doped g-C3N4 (Li/g-C3N4) was 

fabricated via a simple two-step impregnation process from melamine and LiOH as 

precursors.69 Lithium incorporation levels at 2.7, 5.0, and 9.0 wt% was confirmed by ICP-MS. 

The XRD analysis revealed an increase in the interlayer spacing upon Li incorporation, 

indicating reduced crystallinity and structural distortion. FT-IR spectra further confirmed Li 

doping; it was found that the amine-related band at nearly 3344 cm-1 was reduced after Li 

doping, indicating H substitution by Li atoms along with the enhanced band at 2174 cm-1 

arising from the formation of controlled defect sites. Morphological changes by Li introduction 

were evident from SEM and HRTEM analyses, where pristine g-C3N4 transformed from 

smooth nanosheets to wrinkled and rock-like structures at higher Li loadings. In a separate 

study, an ultrathin porous g-C3N4 (MCN) was constructed by thermally polymerizing melamine 

and urea. Urea served as a porogen to create a porous framework. Subsequently, K-doped MCN 
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➢ Low charge carrier mobility
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(denoted as KMCN) was then prepared by hydrothermal recalcination of MCN and KOH as 

precursors.74 The successful synthesis of KMCN was evidenced by PXRD, XPS, and FT-IR 

spectroscopy. XRD data revealed that the porous structure of MCN remained intact after K 

incorporation. Moreover, a noticeable decrease in the intensities of (100) and (002) diffraction 

peaks of MCN was observed, suggesting the defect creation due to incomplete polymerization. 

Furthermore, the FT-IR analysis revealed that the peak around 3300 cm-1 was somewhat 

reduced, indicating the substitution of H by K+ in -NH2 groups, resulting in the creation of N-

K linkage. Again, XPS analysis supported the successful doping of K+. The disappearance of 

two N 1s peaks near 400.9 and 399.5 eV in KMCN and the appearance of an additional peak 

around 400.7 eV (C-N3), demonstrated the deprotonation effect caused by K-doping. 

Additionally, K 2p peaks at 295.2 eV and 292.8 eV, suggesting the successful doping of K+ 

and N-K bond formation (Fig. 7a-c). The morphological analysis revealed that after K doping 

and recalcination, the smooth surface of g-CN becomes rough, porous, and a stacked pimple-

like structure (Fig. 7d-g). The BET surface area and the pore volume of KMCN were found to 

be 50.1 m2 g-1 and 0.32 cm3 g-1, suggesting the existence of mesopores in the structure.  

 

Fig. 7 XPS spectra of (a) C 1s, (b) N 1s, and (c) K 2p of g-C3N4, MCN, and KMCN, SEM (d, 

e) and TEM (f, g) images of MCN and KMCN. Reproduced with permission from ref. 74. 

Copyright 2018, American Chemical Society. 

Similarly, Hu et al. reported a post-synthesis strategy for fabricating gradient K-doped g-C3N4 

(KCN) through sequential thermal treatment.75 Initially, bulk g-C3N4 (CN) was synthesized by 

pyrolysis of melamine at 550 °C. This CN material was then thoroughly mixed with KCl and 

(a) (b) (c)

(d) (e) (f) (g)
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subjected to secondary calcination at 550 °C under N2 atmosphere (Fig. 8a). The initial 

polymerization at moderate temperature led to the formation of a defective layer structure with 

-NH2 and -NH groups (Fig. 8b and e). Upon subsequent high temperature treatment, the 

hydrogen bonds were removed, the heptazine units were distorted, and the n-π* electronic 

transition was activated (Fig. 8c and f). Furthermore, K+ incorporation introduced –C≡N 

functionalities (Fig. 8d and g) and created a compositional gradient, leading to variation in 

band structure. Structural analysis revealed that K⁺ intercalation into the heptazine framework 

reduced the basal spacing, as evidenced by a distinct shift in the (002) XRD diffraction peak 

from 27.8° (pristine CN) to 28.2° (KCN). Morphological characterization further demonstrated 

that the introduction of K+ ions fragmented the simple plate-like particles of CN to smaller, 

irregular plate-like particles of KCN, resulting in a reduced crystallinity. HRTEM analysis 

confirmed the absence of discernible lattice fringes in KCN, indicating its lower crystallinity. 

N2 physisorption analysis indicated improved textural properties in KCN, showing type IV 

isotherms with increased surface area relative to CN.  

 

Melamine M-400 CN-x KCN-x

[002][002]

(a)

(b) (c) (d)

(e) (f) (g)
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Fig. 8 (a) Schematic representation of the formation mechanism of CN samples, Structural 

evolution viewed from [002] direction (b-d) and [100] direction (e-g). Reproduced with 

permission from ref. 75. Copyright 2025, Royal Society of Chemistry. 

The supramolecular self-assembly of g-C3N4 precursors is a template-free method, which leads 

to the production of highly porous g-C3N4. This efficient synthesis approach involves the 

formation of supramolecular aggregates via the self-assembly of g-C3N4 precursors such as 

melamine, cyanuric acid, urea, etc., through hydrogen bonding. The resultant supramolecular 

aggregates, coupled with alkali precursors to form alkali-doped porous g-C3N4-based 

photocatalysts.76,77 For instance, Lu et al. fabricated K-doped g-C3N4 porous nanosheets (CM-

K) through supramolecular self-assembly, followed by a chemical cross-linking 

copolymerization method.76 At first, the supramolecular precursor (MCA) was formed by 

treating melamine and cyanuric acid in ethanol via an H-bonded self-assembly process. The 

resultant MCA precursors were copolymerized with potassium hydrogen phthalate (KHP) 

through the cross-linking phenomenon, followed by acid-base interaction. Finally, the resultant 

precursor was calcined to obtain CM-K (Fig. 9a), having a more pronounced BET surface area 

of 127 m2 g-1 with abundant mesoporous channels. The resultant CM-K material exhibited a 

hollow box structure with enriched porosity and higher pore volumes, which can be attributed 

to the gas bubble formation during the thermal decomposition of the supramolecular complex, 

and the addition of KHP led to inadequate crystal growth, which formed a more porous 

structure with numerous adsorptive sites (Fig. 9b-e). HRTEM EDX elemental mapping 

confirmed the uniform nanoscale distribution of K throughout the g-C3N4 framework (Fig. 9g-

j), and the magnifying aberration-corrected high-angle annular darkfield scanning transmission 

electron microscopy (AC HAADF-STEM) recorded the bright spots, which correspond to the 

existence of K single atoms in the periphery of the crystalline triazine motif in CM-K12, 

resulting in successful K-single atom doping in g-C3N4 (Fig. 9e and f). Moreover, the resultant 

porous CN framework provided an appropriate micro-environment to ideally host the K atoms 

and acted as a suitable support matrix to stabilize K-single atoms in g-C3N4 interlayers via 

forming K-N coordination. The K-single atom doping was further confirmed from the K 2p 

XPS, and Fourier-transformed extended X-ray absorption fine structure (FT-EXAFS), which 

suggested the K-N binding sites existed in CM-K. Furthermore, the FT-EXAFS also confirmed 

that the oxidation state of K is between 0 and 1, which suggests the movement of e– from ‘K’ 

to the g-C3N4 matrix.  As a result, a greater number of e– incorporated into the π-conjugated 

structure of CM-K12, therefore, it exhibited a stronger Lorentzian line intensity than CM in 

EPR analysis (Fig. 18a). Thereafter, another example reported the construction of K-doped 
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tubular g-C3N4 (TCN-K) via supramolecular self-assembled of melamine, cyanuric acid, and 

potassium acetate as precursors.77 XRD analysis revealed that there is a minor shift in the (002) 

peak towards a higher angle in TCN-K, indicating a decreased interlayer stacking distance due 

to K+ doping. TCN-K exhibited a uniform porous tubular morphology with a diameter of ~ 80 

nm, and K+ incorporation did not disrupt the tubular structure, as confirmed by morphological 

investigation by SEM and TEM. The BET isotherm of TCN-K possessed a significantly higher 

surface area (62.1 m2 g-1) and pore volume (0.378 cm3 g-1), offering more abundant active sites, 

compared to TCN. XPS peaks of C and N exhibited no characteristic shifts after K+ doping, 

suggesting interstitial doping rather than substitutional doping. Moreover, a distinct doublet 

peak for K 2p3/2 at 293.1 eV and K 2p1/2 at 295.3 eV was observed in TCN-K, which provided 

direct evidence for the successful incorporation of K into the TCN lattice. 

 

Fig. 9 (a) Diagrammatic overview of the CM-K sample preparation route, TEM images of (b) 

CN (bulk g-C3N4), (c) CM (porous g-C3N4), (d) CM-K, (e) HRTEM image of CM-K with the 

corresponding SAED present in the inset, (f) HAADF-STEM image of CM-K along with the 

EDX elemental distribution maps for (g) C, (h) N, (i) K, and (j) their composite overlay. 

Reproduced with permission from ref. 76. Copyright 2024, American Chemical Society. 

(a)

(b)    (d) (e)

(f) (g) (h) (i) (j)
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Considering all the discussed examples in this section, g-C3N4 with successful alkali metals 

doping exhibits multifunctional properties, including electronic tuning through electron 

redistribution and defect creation, along with increased active-site accessibility and structural 

optimization that promotes porosity. 

2.3 Alkali metal-induced structural and optoelectronic modulation in g-C3N4 

The structural and optoelectronic modifications induced in g-C3N4 upon alkali metal doping 

are discussed in this section. The incorporation of alkali metal cations (Li⁺, Na⁺, K⁺, etc.) within 

the interlayer cavities of g-C3N4 can interrupt its ideal stacking order, leading to modifications 

of the crystal parameters and significantly altering the structural configuration. Consequently, 

more lattice defect sites and structural distortion arise, leading to higher surface and exposure 

of abundant active sites. Moreover, the doping of alkali metals modulates the electronic 

parameters by optimizing the charge distribution to create favorable electron transport channels 

that promote efficient charge transfer process. Due to the charge redistribution, shallow donor 

states are created, resulting in band gap narrowing with redshift in light absorption for better 

light harvesting.78–82 Jiang et al. demonstrated that these alkali metal atoms are introduced as 

dopants, they modulate the electronic structure by shifting the CB and VB positions and 

inducing intra-band defects. This electronic modulation arises from the interaction between the 

isolated atomic orbitals of the dopant and molecular orbitals of g-C3N4, resulting tuning of band 

edge alignments, depicted in Fig. 10a.45 The optical and electronic characteristics of g-C3N4 

differ according to the nature and concentration of the dopant. Several theoretical studies 

revealed that the introduction of Li atoms into the crystal structure of g-C3N4 significantly 

influences its electronic structure as Li atoms preferably occupy open-hollow sites in g-C3N4, 

forming three Li-N bonds with adjacent N-atoms having bond lengths of 1.82-2.01 Å.82 This 

Li-doping induced structural distortions due to the close proximity of N-Li, which enhances 

the N-N repulsion effect. Notably, it was also indicated that introducing an odd number of Li 

atoms into the g-C3N4 framework induces metallic behaviour, whereas doping with an even 

number of Li atoms alters the electronic configuration by broadening the band gap. 

Furthermore, Li incorporation enhances the optical absorption but reduces the thermodynamic 

stability of g-C3N4. Additionally, with an increase in Li concentration, the work function 

gradually decreased in Li-doped g-C3N4. In a separate study, Ma et al. developed Ag-loaded, 

Li-doped g-C3N4 via a straightforward and economical calcination approach by taking 

melamine, CH3COOLi, and AgNO3 as precursors.83 Li+ ions with different concentrations were 
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doped into the interlayer voids of g-C3N4 (Li(x)-CN, where x = 0.05, 0.10, 0.15, 0.25%), 

forming a Li-N bond, as confirmed by XPS analysis. The Li deposition led to inhibition of the 

long-range crystal growth as evidenced by the PXRD analysis. Moreover, Li doping narrowed 

the band gap from 2.45 eV to 1.99 eV, extended visible light absorption with a red shift, 

accompanied by deepening of the color of the synthesized samples with increasing Li 

concentration (Fig. 10b and c). Further, Li(x)-CN demonstrated a significant PL quenching, 

indicating highly suppressed charge recombination and improved charge separation. 

Additionally, Ag deposition caused improved visible light harvesting via the SPR phenomena. 

This dual incorporation of Li and Ag in g-C3N4 successfully tuned its optical features and 

ultimately ameliorated the photocatalytic activity.  

 

Fig. 10 Illustration of (a) the band structure of g-CN and alkali metal-doped g-CN. Reproduced 

with permission from ref. 45. Copyright 2017, Elsevier. (b) UV-vis absorption spectrum and 

(c) band gaps of all the synthesized samples with different Li concentrations. Reproduced with 

permission from ref. 83. Copyright 2017, Elsevier. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article). 

Similarly, Zhang and co-workers synthesized Na-doped g-C3N4 samples (Na(x)-CN, where x 

= 0.02, 0.05, 0.1, and 0.2 M of NaOH) via calcination of dicyanamide and NaOH, where Na 

atoms occupied interstitial regions.84 SEM analysis revealed partial fragmentation of the in-

plane structure of g-C3N4, resulting in smaller crystallites by Na-doping. The XRD patterns 

indicated there is a slight shift in (002) diffraction peak towards the lower angle in Na(0.05)-

CN, consistent with an increase in interlayer distance due to interstitial Na-doping, resulting in 

a decrease in grain size. BET isotherm analysis of Na(0.05)-CN demonstrated a type IV 

isotherm, signifying the existence of mesoporous architecture further confirmed from the 

hysteresis loop in the low-pressure range (0.4 < P/P0 < 0.9) originated due to the intra-aggregate 

(a) (b) (c)
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porosity and an additional loop at higher pressure in the range of 0.9 < P/P0 < 1, corresponding 

to the presence of larger mesopores in Na(0.05)-CN (Fig. 11a).  The SSA of Na(0.05)-g-CN 

increased to 33.5 m2 g−1 and provides a larger number of active sites for light absorption to 

carry out photocatalytic reactions. This increased SSA might be due to Na-doping, hindering 

the g-CN crystal growth. The XPS analysis further confirmed interstitial Na incorporation, 

evidenced by peak shifting towards lower binding energy for N 1s in Na-g-CN, mediated by 

robust interaction between N atoms and Na atoms (Fig. 11b and c). Due to the electronegativity 

of the N atom, a shift of e– occurred from Na towards the N atom. Moreover, the Na 1s binding 

energy suggested that Na ions are coordinated within the C-N framework through N-bridging 

interactions. Hence, in Na(0.05)-g-CN, the availability of electron pairs on the N-atom 

contributes significantly to the redistribution of electron density and modulates the electronic 

structure. UV-vis spectral analysis suggested a red shift in the absorption edge, accompanied 

by a band gap reduction from 2.65 eV for bulk g-CN to 2.58 eV for Na(0.05)-g-CN. With 

increasing Na concentration, the CB and VB edges were gradually altered (Fig. 11d). Also, PL 

and electrochemical analysis confirmed the Na doping and subsequent structural modifications, 

and optimized band alignment exhibited an enhancement in the separation kinetics of 

photogenerated charge carriers. In another study, Sudrajat et al. fabricated Na-doped g-C3N4 

through solid-state thermal polycondensation of a mixture of urea, NaCl, and NH4Cl.85 It has 

been reported that during synthesis, exfoliation occurred and several edge defects were found. 

The XRD analysis revealed that the (002) and (100) peak intensities decreased, indicating 

lower crystallinity and exfoliation of g-C3N4, confirming an increase in interlayer spacing by 

Na doping. Moreover, an increase in Na content was found to inhibit the polymeric 

condensation process. By Na doping, the morphology of undoped g-C3N4 was disrupted to 

smaller, thinner nanosheets, evidenced by SEM and TEM analyses. These structural changes 

resulted in an increase of SSA to 27.6 m2 g-1 for the highest Na-doped sample and also led to a 

reduction in band gap, altering band edge potentials. The incorporation of Na tuned the band 

alignment by reducing the band gap and facilitating a shorter charge carrier migration path 

within the Na-g-C3N4. Due to this, there was a redshift in the PL emission and a marked 

quenching of the PL intensity, signifying the effective charge carrier separation. 
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Fig. 11 (a) BET adsorption isotherm of g-C3N4 and Na(0.05)-CN, (b) N 1s, (c) Na 1s XPS 

spectra (possible doping site of Na+ (inset)) of Na(0.05)-CN, and (d) Band gap structures of the 

prepared materials. Reproduced with permission from ref. 84. Copyright 2014, Royal Society 

of Chemistry. 

A similar example of Na-doped g-C3N4 was reported by Guo and co-workers. They synthesized 

a deprotonated Na-doped g-C3N4 (Na-CN) material via solid-state reaction involving 

mechanochemical blending of melamine and NaCl in a weight ratio of 1:10, followed by small 

tablet creation and thermal treatment within a quartz tube.86 This process facilitated a strong 

interaction between precursors, enabling Na+ insertion into the g-C3N4 crystal lattice. PXRD 

analysis suggested an expansion of the lamellar spacing due to the larger radius of Na+ ions, 

indicating the Na+ ions could potentially replace the terminal protons and interact with the 

surrounding N atoms in Na-CN (Fig. 12a and b). TEM investigation analyzed that the lamellar 

morphology assembled into a stacked structure with an interplanar distance of 1.180 nm in Na-

CN (Fig. 12c). After deprotonation, the remaining e– were delocalized over adjacent C-atoms 

and resulted in the origination of defect levels within the band gap. The UV-Vis spectra 

revealed a redshifted absorption edge (483 nm) after modification, with a decreased band gap 
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to 2.57 eV, which is 0.12 eV less than pristine g-C3N4 (Fig. 12d). Mott-Schottky analysis 

further elucidated the electronic structure of Na-CN, indicating that the valence band maxima 

(VBM) position after deprotonation remained unaltered, while the conduction band minima 

(CBM) potential of Na-CN shifted to -1.19 V, compared to pristine CN (-1.31 V), which is a 

declination by ca. 0.12 V. Moreover, a marked suppression of the PL signal suggested an 

enhanced localization of e– at the terminal surface sites of Na-CN. Additionally, the observed 

redshifts of the emission peak indicated the existence of intermediate electronic states within 

the band structure (Fig. 12e). The intensified transient photocurrent (TPC) generation indicated 

a superior separation efficiency of photoinduced carriers, which further supported the PL 

observations.  

 

Fig. 12 (a) XRD patterns of g-C3N4 and Na-CN, (b) Schematic depiction of synthesis of Na-

CN, (c) TEM of Na-CN, (d) UV-vis DRS, and (e) PL spectra of the synthesized samples. 

Reproduced with permission from ref. 86. Copyright 2016, Royal Society of Chemistry. 

K+ doping, analogous to Na+ incorporation, modifies the g-C3N4 framework and enhances its 

optoelectronic features. The introduction of K+ ions leads to reduced crystallite size, 

diminished recombination rate, enhanced charge kinetics, and improved surface properties and 

structural modification. Considering the favorable aspects of K+ doping, numerous research 

groups have investigated K-doped g-C3N4 systems for diverse photocatalytic applications.87–94 

For example, Li et al. developed an eco-friendly K-doped g-C3N4 composite supported on 

biochar via a calcination-impregnation approach employing dicyanamide, KOH, and biochar 
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as precursors.87 K-doping disrupted crystallinity and reduced particle size, while biochar 

provided a high surface area and induced porosity. K-doping caused a red shift in the absorption 

edge, resulting in band gap narrowing and modulation of electronic structure, while improving 

charge carrier separation efficiency. Wang and coworkers reported a series of K-doped g-C3N4 

(denoted as K-CN-10), fabricated through thermal polymerization using thiourea and KBr. The 

formation mechanism of K-CN-10 is depicted in Fig. 13a.88 Upon K+ intercalation, the –NK 

bonds were formed with the tri-s-triazine units, resulting in weakening of the (002) XRD peak 

intensity, with peak shifting from 27.4° to 28.3°, indicating a reduction in interplanar distance. 

The strong interaction of K+ ions with the g-C3N4 ring improved the π-conjugation by lowering 

the interlayer energy barrier and simultaneously promoted a higher extent of polymerization. 

K+ incorporation in g-C3N4 altered its morphology. Both SEM and TEM images unveiled that 

K-CN-10 exhibited an anisotropic 2D lamellar structure with mesoporous channels (Fig. 13b 

and c). The formation of this mesoporous framework was further confirmed from N2 sorption 

isotherms, which displayed a type-IV isotherm accompanied by H3 hysteresis loops, 

suggesting the synthesized material possesses slit-like pores arising from the aggregation of 

plate-shaped particles. K+ modification in g-C3N4 reduced its band gap, thereby improving its 

light absorption ability and simultaneously prolonging the lifetime of photoexcitons, leading 

to a restrained recombination rate. Thereafter, Zhang and coworkers fabricated a K-doped g-

C3N4 photocatalyst via thermal condensation process employing dicyanamide and potassium 

iodide (KI) as starting materials.89 Upon K-doping, the resultant material exhibited a redshift 

with a reduced band gap of 2.64 eV (K-C3N4). Band structure analysis suggested the VB 

position of K-C3N4 exhibited an anodic shift due to the K-doping. Furthermore, the reduced PL 

intensity of K-C3N4 suggested the slow recombination of the photogenerated charge carriers, 

thereby enhancing charge separation. EIS Nyquist plot of K-C3N4 exhibited a smaller arc radius 

than g-C3N4 due to the charge redistribution and enhanced interfacial charge transfer induced 

by K-doping. Consequently, K-C3N4 indicated a photocurrent response that was nearly four 

times higher relative to undoped g-C3N4. In a separate study, K-doped g-C3N4 (K-CN) was 

constructed by Hu et al. by calcining dicyanamide and KOH.90 The interplanar spacing (0.71 

nm) in g-C3N4 can accommodate K+ ion through ion-dipole interaction, as depicted in Fig. 13d. 

The introduction of K+ induces structural distortion in g-C3N4, causing an enhancement in 

surface energy. K+ doping caused a shift of the optical absorption edge towards a longer 

wavelength, resulting in band gap reduction from 2.65 eV to 2.52 eV in g-C3N4. Moreover, K-

doping also led to changes in the electronic state upon the hybridization of K’s atomic orbital 

and C3N4’s molecular orbital, enabling tuning of VB and CB potentials. At an optimum K+ 
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doping concentration (0.05%), the VB potential became more positive (from +1.56 eV to +2.21 

eV), while the CB potential became less negative (shifting from -1.09 to -0.31 eV) (Fig. 13e). 

XPS analysis revealed a K doping caused the change in the electron density on N atom as a 

result, minor negative shift was observed in N 1s and K 2p binding energy, which evident the 

presence of a strong -NK interaction in K-CN. Because of the electron transfer from K to N 

atoms, the electron density is more localized on the N-atom, thereby leading to a modification 

in the g-C3N4 band structure.  

 

Fig. 13 (a) Schematic representation of the stepwise synthesis, (b, c) SEM and TEM pictures 

of K-CN-10. Reproduced with permission from ref. 88. Copyright 2018, Elsevier. (d) 

Illustration showing the possible doping sites of K+ in K(x)-CN and (e) Band structures of g-

C3N4 and K(x)-CN (where x corresponds to the concentration of KOH, x=0.02, 0.05, 0.07, and 

0.09 M). Reproduced with permission from ref. 90. Copyright 2015, Royal Society of 

Chemistry. 

As mentioned in the DFT section, Xiong et al. investigated the comparative electronic 

properties of K and Na-doped g-C3N4 synthesized through a calcination process. In this system, 

K atoms were incorporated within the interlayer spaces, acting as bridges between the layers 

and extending π-electron delocalization, while Na atoms were introduced into the planar 

framework of g-C3N4, resulting in an enhancement of charge density in the graphitic plane.39 

Although both dopants enhanced the light absorption by narrowing the band gap, their 
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structural differences led to divergent photocatalytic activity. Both K and Na doping induced a 

downshift in both the VB and CB levels. The more positive VB potential in K-doped g-C3N4 

improved the oxidation capability of the photogenerated holes (h+), thereby imparting superior 

photocatalytic efficiency compared to Na-doping. This variation in activity was attributed to 

the distinct atomic radii of the respective alkali metal dopants. High-temperature treatment 

induced structural deformation, leading to the formation of -NH2 groups at the edge of the g-

C3N4 sheets. The accommodation of alkali metal ions was facilitated by these electron-rich -

NH2 groups. DFT calculations of CN-Na-2 and CN-K-2 samples further confirmed stable 

doping configurations, with K occupying the interlayer space and Na in the π-conjugated 

planes.  Moreover, Na-doping preserved the crystal structure, while K-doping caused crystal 

lattice contraction due to its larger size. The electronic location function (ELF) profiles of both 

K-and Na-doped synthesized samples, illustrated in Fig. 14a and b. In the case of CN-K-2, the 

ELF values for K-C and K-N bonds were below 0.15, suggesting a weaker covalent bonding. 

Meanwhile, the Na-N interaction experienced an even lower ELF value, supporting ionic 

interaction. These distinctions in charge localization suggested that variations in bonding 

nature influence the photocatalytic performance of the two doped materials. Furthermore, the 

compositional analysis of the band energies (VB and CB) of g-C3N4, CN-Na2, and CN-K2 was 

estimated by density of states (DOS) analysis, which underscored that the CBM and VBM of 

all three photocatalysts were constructed by the combination of C 2p and N 2p (Fig. 14c and 

d). Although Na and K did not contribute to the construction of the band structure, considering 

their electron-donating ability to the g-C3N4 framework, they narrowed down the band gap 

energy from 1.1 eV for g-C3N4 to 0.84 eV and 0.98 eV for CN-Na2 and CN-K2, respectively. 

The intercalated K atoms facilitated the charge transport channels between the layers, 

extending the π-conjugated system, reducing electronic localization, and significantly 

enhancing the charge carrier separation and mobility. This was confirmed by increased 

photocurrent, smaller EIS arc radius, quenched PL intensity, and prolonged charge carrier 

lifetime. However, Na doping increased the in-plane electron density but did not create 

interlayer bridges, which resulted in a higher recombination of photogenerated charge carriers. 
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Fig. 14 (a, b) ELF analysis of CN-K2 and CN-Na, (c) DOS of CN, CN-K2, and CN-Na2, and 

(d) Contribution of Na and K atoms to DOS (Inset: partial charge density around the doping K 

3p in CN-K2). Reproduced with permission from ref. 39. Copyright 2016, American Chemical 

Society. (e-i) Optimized structural configuration of bulk g-C3N4, Li-g-C3N4, Na-g-C3N4, K-g-

C3N4 and Rb-g-C3N4, respectively. Reproduced with permission from ref. 96. Copyright 2020, 

Elsevier. 

Xu et al. fabricated different alkali metal-doped g-C3N4 (GCN-M, M = Na, K, Rb, Cs) through 

a simple calcination method.95 Structural characterization revealed that alkali dopants 

incorporation disrupted the in-plane long-range order, decreased in interlayer distance, and 

crystallinity, as evidenced by the disappearance of the (100) characteristic diffraction peak in 

PXRD. It has been reported that the alkali cations interfere with the formation of hydrogen 

bonds that typically connect the polymeric melon strands within the plane. The introduction 

of –C≡N and hydroxyl (–OH) groups originated due to the alkali metal doping, as evidenced 

by FT-IR and XPS analysis, resulting in the optimization of the electronic structure. All the 

alkali-doped synthesized materials possessed low SSA, including Na-doped g-C3N4 (GCN-Na 

= 1.92 m2 g-1), K-doped g-C3N4 (GCN-K = 7.43 m2 g-1), and Cs-doped g-C3N4 (GCN-Cs = 

6.15 m2 g-1), except Rb-doped g-C3N4 (GCN-Rb = 38.77 m2 g-1). UV-Vis absorption spectra 

revealed a significant red shift in the absorption edges for the alkali metal modified samples 

(a)

(c) (d)

Energy, eV Energy, eV

(e)    (g)

(h) (i)

(b)
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(GCN-Na, GCN-K, GCN-Rb, and GCN-Cs), indicating enhanced visible light harvesting 

ability with the corresponding optical band gaps of 2.73 eV, 2.69 eV, 2.59 eV, and 2.72 eV, 

respectively. The effect was most pronounced for Rb⁺ and K⁺, demonstrating that the larger 

cations have a more pronounced effect on the structural variation, which altered the band edge 

potential, i.e., both CB and VB positions shifted upwards. The PL intensity was drastically 

quenched in the alkali metal-doped samples and followed the trend GCN-K > GCN-Rb > 

GCN-Cs > GCN-Na, which indicated an effective decline of radiative recombination. Further, 

the EIS Nyquist plot demonstrated GCN-K has a shorter arc radius, indicating a reduced charge 

transfer resistance. On the contrary, Zhang and colleagues demonstrated that Rb-doped g-C3N4 

exhibited the highest photoactivity compared to the Li, Na, and K-doped g-C3N4.
96 This 

superior photocatalytic performance can be ascribed to the fine-tuned structural variation and 

optimized band alignment achieved due to Rb doping. Although all the synthesized alkali 

metal-doped samples exhibited a significantly enhanced photo-absorption response in UV-Vis 

spectroscopy, Rb-doped g-C3N4 demonstrated an extended absorption range of 500–1100 nm. 

Further, the band gap energy of Rb-doped g-C3N4 was markedly decreased to 2.0 eV compared 

to the bulk g-C3N4 (2.65 eV). Computational modeling and calculated doping energies further 

revealed the most favorable carbon substitution sites in alkali metal-doped g-C3N4, as 

represented in Fig. 14e-i. Both the experimental observation and DFT study also demonstrated 

that the extended absorption edges were led by K and Rb dopants, compared to Li and Na. 

2.4 Effect of co-doping  

Additionally, co-doping with synergistic elements presents a powerful strategy to engineer the 

photophysical properties of g-C3N4 relative to the mono-doping systems. Combining alkali 

metal ions with other metals or non-metals has emerged as a sophisticated approach for altering 

the electronic structure, optical properties, and surface chemistry of g-C3N4.
58,97–104 The 

synergy arises from the complementary roles where alkali metals primarily enhance the textural 

features of g-C3N4, thereby facilitating the incorporation of secondary dopants and modulating 

the electronic environment. This synergistic interplay leads to improved charge separation 

dynamics, broadened spectral response, and superior photocatalytic performance. Various 

alkali metal ions containing functionalized co-doped g-C3N4 systems are known to improve 

interlayer Van der Waals interaction and enhance charge separation.98,104–106 Even some metal 

cations, through interlayer intercalation, accelerate charge transfer between the layers, resulting 

in the aggregation of localized e– and thus favor the formation of active species for various 

photo-redox reactions. Therefore, the influence of alkali metal co-doped g-C3N4 systems has 
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been investigated in this section. For instance, K, P co-doped g-C3N4 grafted with −C≡N group 

(MPCN) was synthesized by a dual-step synthesis method involving copolymerization of urea 

and hexachlorocyclotriphosphazene (HCCP), followed by subsequent treatment in molten KCl 

medium (Fig. 15a).107 The co-incorporation of P and K shifted the (100) XRD peak of MPCN 

from 13.1° to 11.5°, indicating an expansion of in-plane structural periodicity and a shift in the 

(002) plane, which suggested an increase in the interlayer spacing (Fig. 15b). The successful 

K+ intercalation and −C≡N group grafting was evidenced by FTIR and XPS analysis (Fig. 15c-

f). From FT-IR spectra, the peaks at 1000 cm-1, 1153 cm-1, and 2180 cm-1 correspond to N-K 

bond, asymmetric vibration of K-CN2 group, and −C≡N group of MPCN, respectively (Fig. 

15c). From XPS analysis, the peak intensity of C 1s spectra at 286.4 eV significantly enhanced 

after the K doping, demonstrating the influence of the alkali group in the creation of −C≡N 

linkages in MCN and MPCN.  Additionally, the C 1s peak shifted to a higher binding energy 

in MPCN compared to CN and MCN, indicating reduced charge density at the carbon atom 

due to P substitution (Fig. 15d, h, i). The absence of a discernible P-C signal at nearly 131.5 

eV confirmed that P predominantly replaced the C atom rather than the N atom in the CN 

matrix. The 2p of P exhibited two peaks around 132.8 eV and 133.8 eV corresponding to P-N 

and P=N binding sites, respectively, suggesting the successful P doping (Fig. 15g). The K+ 

intercalation reduced the band gap in MPCN, and the conjugation between the chromophoric 

−C≡N group and C=C bonds of the heptazine ring in MPCN extended the visible light 

absorption, causing a red shift in UV-Vis spectra. PL analysis demonstrated that P, K co-

doping, along with terminal −C≡N grafting, significantly quenched the PL intensity by 

inhibiting the charge recombination process. Similar to the above example, the synergistic 

incorporation of B and K into g-C3N4 nanosheet reduced the band gap, extended visible-light 

absorption, and adjusted the charge transport channels.108 These changes improved the electron 

distribution and transfer, which effectively inhibits the charge carrier recombination. 
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Fig. 15 (a) Diagrammatic sketch of MPCN formation, (b) XRD, (c) FT-IR of CN, PCN, MCN, 

and MPCN, XPS spectra of (d) C 1s, (e) N 1s, (f) K 2p, and (g) P 2p of CN, MCN and MPCN 

samples, (h, i) Optimized atomic model of PCN illustrating two possible substitutional sites. 

Reproduced with permission from ref. 107. Copyright 2023, Elsevier.  

Thereafter, Liang et al. fabricated K, Bi co-doped g-CN (designated as Bi/K-g-CN) via a one-

step thermal polycondensation approach.47 The synthesized Bi/K-g-CN possessed a layered 

porous morphology with higher SSA, larger pore diameter, and availability of numerous active 

sites, confirmed from SEM (Fig. 16a-d) and BET sorption analysis. EDS mapping revealed the 

homogeneous distribution of both K and Bi dopants in the g-CN structure (Fig. 16e-h), and the 

incorporation of these dopants caused N-defects, which led to a change in its electronic 

structure. N2 sorption analysis identified a type IV adsorption isotherm and H3-type hysteresis 

loops for Bi/K-g-CN suggesting the formation of a porous structure, and the SSA was found to 

be more than that of undoped g-CN.  XPS analysis indicated a higher C/N ratio in Bi/K-g-CN 

(1.25) relative to pristine g-CN (0.73), attributed to a higher number of N-defects. Further, the 

DFT calculations revealed the optimized configuration of g-CN, K-g-CN, Bi-g-CN, and Bi/K-

g-CN (Fig. 16i-l). The larger ionic radii of Bi and K caused significant lattice distortion in g-

CN, which led to the removal of N atoms to form N-defect sites. Moreover, the optical 

absorption of Bi/K-g-CN exhibited a redshift and reduced band gap energy compared to all the 

synthesized photocatalysts. The band structure analysis further confirmed the dual doping, 

resulting in the more negative CB and VB edge potential compared to g-CN, and thereby 

minimizing the photocatalytic reaction threshold for enhanced photoactivity. The synergistic 

effect of these co-doping created charge heterogeneity, optimized the band position, and 

improved charge separation.  
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Fig. 16 (a-d) SEM pictures, (e-h) EDX profile of Bi/K-g-CN, and (i-l) Theoretical structural 

models of all the prepared materials. Reproduced with permission from ref. 47. Copyright 

2024, Elsevier. 

In another study, Wang et al. reported the fabrication of Na, Cl-co-doped g-C3N4 via a simple 

calcination route employing dicyanamide and NaCl as precursors.109 The incorporation of an 

optimal NaCl (0.5) content resulted in a highly crystalline material characterized by sharp 

PXRD peaks and a slim lamellar morphology. XPS analysis indicated Na 1s signal at 1071.8 

eV, corresponding to Na+ species, and the Cl 2p peaks at 197.9 and at 199.6 eV, suggesting the 

coordination of Cl⁻ with the C and N-atoms, confirming the co-existence of Na and Cl atoms 

in the g-C3N4 framework. After co-doping, the absorption edge was found to be red-shifted, 

(i) (j)

   (l)

(a) (b) (c) (d)

(e) (f)    (h)

K3-CNg-C3N4

Bi3.6K3-CNBi3.6-CN
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and the band gap energy was reduced from 2.76 eV to 2.67 eV, attributed to the structural and 

textural modification. Mott-Schottky analysis verified n-type behavior with a positively shifted 

band potential responsible for enhanced oxidizing ability. The co-doping exhibited a 

remarkably diminished PL emission intensity, suggesting a suppressed charge carrier 

recombination, while the photocurrent responses also corroborated with PL results, 

demonstrating improved charge separation and migration efficiency. In a relative study, Na 

and S-co-doped g-C3N4 was successfully constructed through a simple one-step pyrolysis 

approach.110 The incorporation of Na and S atoms induced structural disruption in the layered 

structure of g-C3N4, as evidenced by PXRD analysis. The presence of Na and S in the 

synthesized material was corroborated from FT-IR and XPS analysis, attributed to the Na-N, 

C-S, and C=S bond formation. Furthermore, the synthesized material exhibited a red shift in 

the optical absorption edge, suggesting narrowing of the band gap and thereby enhancing the 

light-harvesting capability.  

To conclude, all alkali metal-doped g-C3N4 systems have been proven to exhibit significantly 

higher efficiency as visible-light-active photocatalysts relative to pristine g-C3N4. However, 

the K-doped g-C3N4 photocatalysts have been extensively investigated in the literature for 

various artificial photosynthesis applications due to their tailored electronic and optical 

characteristics. The enhanced photoresponsive features in alkali metal-doped systems arise 

from their easily tunable band structure, which generates suitable redox potentials to facilitate 

diverse photo-redox reactions. Furthermore, the co-doping represents a promising approach 

that deliberately introduces structural disorder, irregular stacking of adjacent g-C3N4 layers, 

and high density of defects, leading to local charge redistribution and optimization of the 

electronic properties. Table 3 summarizes the synthesis methods, precursors, type of dopant, 

BET surface area, and band gap of some reported alkali metal-doped g-C3N4 photocatalysts. 

Table 3 List of alkali metal-doped g-C3N4 systems synthesized using various precursors. 

Photocatalysts Precursors Dopant 
Synthesis 

method 

Surface 

area 

(m2 g-1) 

Bandgap 

energy 

(eV) 

Ref. 

KCNN Urea, KCl K 
Thermal 

polymerization 
68 2.50 61 

Li/g-C3N4 
Melamine, 

LiOH 
Li 

Impregnation 

method 
- 

2.51– 

2.68 
69 
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Rb-CN 
Melamine, 

RbNO3 
Rb Calcination - 2 96 

CN-BK Melamine, KI, 

H3BO3 
K, B 

Thermal 

polymerization 
81 2.51 108 

10% K-CCN Dicyandiamide, 

KOH 
K 

Thermal 

polymerization 
17.7 2.54 111 

AMCN/RF 

Urea, KCl, 

NaCl, 

resorcinol, 

formaldehyde 

K, Na 
Calcination, 

Sonication 
- 

2.07–

2.13 
112 

Na(0.3)-CN 
Melamine, 

Na2CO3 
Na 

One-step 

calcination 
7.8 2.34 113 

g-C3N5:K0.01 
3-amino-1,2,4-

triazole, KBr 
K Calcination - 1.9 114 

RbGCN10 
Dicyanamide, 

RbCl 
Rb Calcination 10.2 2.71 115 

CoPc/K/Na/PCN-

2 

Dicyandiamide, 

KCl, NaCl 
K, Na 

Ionothermal 

polycondensation 

followed by 

Hydrothermal 

method 

11.5 2.63 116 

CN-80PK 
Dicyandiamide, 

K2HPO4 
K, P 

Thermal 

polymerization 
38 2.62 117 

Na1.2- 

P0.2-CN 

Melamine, 

NaOH, 

NH4H2PO4 

Na, P 
Thermal 

polymerization 
- 2.61 118 

Li/P-g-C3N4 
Melamine, LiCl, 

ADP 
Li, P Calcination 14.1 2.19 119 

Pd/K-gC3N4 
Cyanamide, 

KCl, PdCl2 
K, Pd Calcination - 2.7 120 

Ag/OKCN-6 

Urea, 

K2C2O4·H2O, 

Ag(acac) 

K, O, 

Ag 

Thermal 

polymerization 
- 2.54 121 

CeO2/K/Na/CN 
Urea, KNO3, 

NaNO3 
K, Na 

Two-step 

calcination 
60 - 122 

GCNML 
Urea, LiCl, 

Mg(NO3)2·6H2O 
Li, Mg Calcination 84 2.58 123 
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3. Applications of alkali metal-doped g-C3N4  

Alkali metal-modified g-C3N4 demonstrates versatile applicability in photocatalysis, with 

several notable applications described below. 

3.1 Solar fuel production 

Solar fuel production via artificial photosynthesis over a suitable photocatalyst proceeds 

through a defined sequence of fundamental steps. The initial step requires adsorption of 

reactant molecules on the photocatalyst surface, then, upon irradiation of incident photons, 

electron-hole pairs are generated in the photocatalyst, where photon energy (hν) must meet or 

exceed its bandgap energy (Eg). Subsequently, the photogenerated e– get promoted from VB to 

CB, leading to their effective separation and migration to the semiconductor surface. The final 

step involves the surface redox reactions to generate sustainable fuels. However, some of the 

charge carriers may undergo recombination, including both bulk and surface recombination.124–

126 Consequently, the overall quantum yield critically depends on the efficacy of charge 

separation and the successful migration of charge carriers to surface-active sites for productive 

redox chemistry. 

Alike g-C3N4, alkali metal-doped g-C3N4 is a two-dimensional polymeric semiconductor 

predominantly comprising of earth-abundant carbon and nitrogen, featuring a framework 

constructed from interconnected tri-s-triazine units linked via planar tertiary amine linkages. 

Possessing a narrow optical band gap, alkali metal-doped g-C3N4 exhibits significant 

absorption within the visible light spectrum, extending to higher wavelengths. Its appropriate 

structural framework and electronic band structure provide sufficient thermodynamic driving 

force for various types of solar fuel generation, which includes photocatalytic water splitting, 

CO2 reduction, H2O2 generation, and N2 fixation as discussed below. Moreover, the structure-

activity relationship to underline the mechanistic investigations was also accomplished by in-

depth DFT calculations along with theoretical modellings and in situ characterizations (Fig. 

17). 
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Fig. 17 Schematic depiction of alkali metal-doped g-C3N4 with modified structural and 

optoelectronic features for multi-dimensional applications. 

3.1.1 Photocatalytic H2 production 

The photocatalytic H2 production via the H2O splitting reaction associates with a huge 

thermodynamic barrier, which requires a Gibbs free energy of ΔG° = 237.13 kJ mol-1 (equation 

1) and a photon energy of 1.23 eV to accomplish the reaction. This process comprises two half-

cell reactions, photocatalytic H2 and O2 evolution, as shown in equations 2 and 3: 

Overall water splitting (OWS) reaction 

2𝐻2𝑂 + ℎ𝜈 ⟶ 2𝐻2 + 𝑂2, ∆𝐺° = 237.13 kJ mol-1  (1) 

Photocatalytic H2 evolution  

4H+ + 4e− ⟶ 2H2, ∆E° = 0 V  (2) 

Oxygen evolution reaction (OER) 

2H2O ⟶ 4H+ + 4e− + O2, ∆E° = 1.23 V  (3) 
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As indicated by equations 2 and 3, the band edge potentials of the photocatalyst must align to 

satisfy the thermodynamic requirement of the OWS reaction. i.e., the CB potential and VB 

potential are essentially negative than 0V vs NHE, and positive than 1.23V vs NHE, 

respectively. During photocatalysis, the H2O oxidation is carried out by photogenerated h+ at 

the VB, generating protons (H+), which subsequently get reduced to H2 by photogenerated e– 

at the CB of the photocatalyst. Although the VB position of many photocatalysts 

thermodynamically satisfies the requirement for water oxidation, the OER remains kinetically 

sluggish owing to its 4e– and 4H+ transfer mechanism involving high-energy surface 

intermediates (equation 3). The large overpotential of 1.23 V (equation 3) and slow interfacial 

hole transfer lead to pronounced charge recombination and limited OER efficiency.127 These 

challenges can be addressed by using suitable sacrificial agents that selectively trap the h+ and 

liberated H+ at VB. This enhances charge separation, prolongs the lifetime of CB e– and 

facilitates H+ reduction for H2 evolution. This process selectively suppresses the high-energy-

demanding H2O oxidation at VB, while the e– and H+ donor nature of the sacrificial agent 

promotes the efficient H2 production at CB via the photocatalytic H2 evolution process.128–131 

Alkali metal-doped g-C3N4-based photocatalytic systems are suitable since they promote 

efficient charge transfer and effective utilization of photogenerated carriers for enhanced H2 

production relative to pristine g-C3N4.
45,76,132–135 Moreover, the change in the free energy for 

the water splitting reaction is reduced by alkali doping in the g-C3N4 crystal lattice.  Towards 

this, Sun et al. reported K-doped g-C3N4 nanosheets (CNK), prepared by thermal calcination 

of melamine pre-treated with KOH, which exhibited an enhanced photocatalytic H2 generation 

of 919.5 mmol h-1 g-1, approximately 13 times superior to bulk CN.132 The K-doping caused a 

red shift in visible light absorption, narrowing the band gap of CNK, which modified the band 

structure by up-shifting the CB edge. Incorporation of K atoms in g-C3N4 interlayers 

suppressed the photogenerated charge carriers' recombination, confirmed by PL spectra. The 

enhanced photocatalytic performance was ascribed to the increased surface area, which offers 

abundant surface-active sites, optimized band edges that favor efficient photoreduction 

processes. Coupling K-doped g-C3N4 with TiO2 nanobelts (TCN-K) substantially boosted the 

hydrogen evolution efficiency, primarily owing to optimized charge transport facilitated by the 

interfacial linkages of K-atoms.133 Analogous to the previous example, a similar observation 

in the reduction of band gap, accompanied by improved light harvesting, was reported after K-

doping. The incorporated K atoms were chemically bonded to both C and N atoms in the g-

C3N4 framework, improving interlayer charge transfer. Further, the K-intercalation and 1D 

TiO2 nanobelts in TCN-K synergistically improved light absorption, separation and migration 
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of photoinduced charges, reduced electron localization, and extended π-conjugation. As a 

result, TCN-K composite exhibited a H2 evolution rate of 50 μmol h-1 g-1, approximately 2.5 

times higher than CN-K (without TiO2, 19 μmol h-1 g-1).  

Similarly, Lu et al. demonstrated that effective H2 production could be accomplished by 

fabricating the K single atom in g-C3N4 (CM-K12).
76 UV-Vis analysis and total density of states 

(TDOS) calculation revealed that the incorporation of K within the g-C3N4 framework resulted 

in a red shift of light absorption and a narrower band-gap with more optimized band structure, 

respectively (Fig. 18b and c). The efficient separation and migration of photogenerated charge 

carriers were dominated in CM-K12, as evident from the PL and EIS Nyquist plot. Further, DFT 

calculation also revealed the CM-K surface possessed higher electron density compared to CN 

and CM because of K-doping, thereby dramatically enhancing the H2O adsorption ability and 

also lowering the activation energy barrier of H+ adsorption to facilitate better H2 evolution 

(Fig. 18d and e). All these findings signified CM-K as a superior photo-responsive 

photocatalyst which satisfies the thermodynamic requirement for the H2 evolution and 

therefore exhibited an excellent hydrogen production of 127.78 μmol h-1 under visible light 

irradiation, representing nearly 23-fold higher compared to pristine g-C3N4 (Fig. 18f). 

 

Fig. 18 (a) EPR spectra, (b) UV-vis DRS absorption spectra, (c) corresponding band structure, 

(d) Calculated TDOS of CM and CM-K12, (e) Gibbs free energy profile for photocatalytic H2 

production through the generation of H* over CM and CM-Lx. Charge density difference maps 

for CM-K12, and (f) H2 evolution performance of the prepared photocatalysts, where CN-Kx 

denotes K-single atom doped porous g-C3N4 with x = 6, 12, 18 corresponding to the amount of 

(a) (b) (c)

      (f)

Page 41 of 96 EES Catalysis

E
E

S
C

at
al

ys
is

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
3:

18
:3

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5EY00306G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00306g


41 
 

KHP precursor added. Reproduced with permission from ref. 76. Copyright 2024, American 

Chemical Society. 

Thereafter, Guo et al. reported that Na-doped, deprotonated g-C3N4 (Na-CN) exhibited 

significantly enhanced photocatalytic performance, achieving 31.5 μmol of H2, delivering a 

higher AQY of 1.45% and 15.2 μmol of O2 evolution within 1 hour under visible light 

illumination in the absence of scavengers.86 This performance markedly surpassed that of 

pristine g-C3N4, which showed a very low H2 evolution rate (AQY of 0.05% at 420 ± 15 nm). 

The significant boost in photoactivity was attributed to improved optoelectronic properties 

arising from deprotonation and Na doping, which facilitated more efficient charge transfer and 

prevented the formation of the kinetically unfavorable H2O2 intermediate that typically hinders 

photocatalytic performance (Fig. 19a). The enhanced H2 evolution highlights the pronounced 

effect of deprotonation on overall water-splitting reaction under sacrificial-agent-free 

conditions, along with outstanding photostability and reproducibility. This improvement in the 

photocatalytic activity can be attributed to the accelerated transfer of photogenerated h+ to 

surface-adsorbed –OH species, facilitating O2 evolution. Similarly, the photocatalytic H2 

evolution behavior of K-doped g-C3N4 using Pt as a cocatalyst and triethanolamine as the 

sacrificial agent was investigated by Wang and coworkers.88 The optimized K-doped material 

exhibited the hydrogen evolution of 1337.2 μmol g−1 h−1 under visible light irradiation, 

markedly surpassing the pristine g-C3N4 (239.8 μmol g−1 h−1) (Fig. 19b). The band edge 

potential was altered by varying the doping percentage. The optimized K doping in the K-CN-

10 sample improved the band structure and achieved the required CB potential, appropriate for 

efficient H2 evolution. The photocatalyst also exhibited excellent stability and reusability, 

maintaining consistent activity and no photo-electronic structural change over four successive 

cycles (Fig. 19c). 

 

Fig. 19 (a) Cyclic test for H2 and O2 evolution over Na-CN. Reproduced with permission from 

ref. 86. Copyright 2016, Royal Society of Chemistry. (b) Photocatalytic activity towards H2 

(a) (b) (c)
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production from water, and (c) Photostability test over the K-CN-10. Reproduced with 

permission from ref. 88. Copyright 2018, Elsevier. 

In a systematic comparative study on alkali metal-doped g-C3N4 for photocatalytic hydrogen 

production under visible-light illumination, Jiang et al. evaluated the impact of Li, Na, and K 

doping on the photocatalytic H2 evolution of g-C3N4.
45 Among all the alkali metals tested, Na-

doped g-C3N4 demonstrated the best performance, achieving a hydrogen evolution rate of 18.7 

µmol h-1, nearly 3.7 times higher relative to pristine g-C3N4 and approximately twice that of 

K-doped g-C3N4. This outstanding performance of Na-g-C3N4 was ascribed to its finely tuned 

microstructure, improved light-harvesting ability, and optimized band structure, which together 

enabled superior charge carrier separation and enhanced charge transfer ability. 

Electrochemical analyses confirmed that Na doping led to the highest photocurrent response 

and the lowest charge transfer resistance, while photoluminescence (PL) spectra revealed 

suppressed radiative recombination. Collectively, these results demonstrate that Na is the most 

effective alkali dopant in g-C3N4 for boosting the photocatalytic H2 generation under visible 

light. 

Strategic co-doping of alkali metals with complementary metal or non-metal dopants into the 

g-C3N4 host framework tailors its electronic configuration, leading to band gap modulation and 

boosting charge separation kinetics, which can lead to superior photocatalytic efficiency. For 

instance, Guo et al. reported K, I co-doped mesoporous g-C3N4 (MP-CN-KI) for photocatalytic 

H2 production, synthesized by one-pot thermal polymerization of dicyandiamide, SBA-15 

hard-template, and KI (Fig. 20a).135 The successful formation of mesoporous g-C3N4 co-doped 

with K and I was validated through the combined characterization of BET, XRD, SEM, TEM, 

and XPS analysis. The resultant MP-CN-KI exhibited a type IV isotherm with H1 and H3 

hysteresis loops, and a BET surface area of 71.48 m2 g-1, which was around 8.6 times higher 

than the bulk g-C3N4. FT-IR analysis suggested the existence of the azide group, which could 

be due to the SBA-15-mediated synthesis and K, I doping. Further, the SBA-15 driven 

mesopores led to the formation of numerous uncondensed surface exposed amine groups as 

confirmed from the broadening of the N-H stretching frequency in the range of 2900-3500 cm-

1. The microstructure analysis from SEM and TEM measurements suggested a rod-like 

morphology with numerous porous channels decorated on the surface of MP-CN-KI, 

suggesting better charge diffusion by reducing the paths and easing the migration of charges 

from bulk to surface. Moreover, the K and I incorporation led to the improved charge 

conductance; hence, the combination of the mesoporous framework with appropriate K and I 

Page 43 of 96 EES Catalysis

E
E

S
C

at
al

ys
is

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
3:

18
:3

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5EY00306G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00306g


43 
 

doping resulted in a significant quenching in the PL-emission peak for MP-CN-KI compared 

to the pristine CN. MP-CN-KI exhibited improved light harvesting with a narrowed band gap 

energy and a red shift in light absorption, due to the synergistic effect of mesoporous creation 

along with the K and I co-doping. Overall, the ease of charge diffusion, better charge 

separation, improved optoelectronic features, and enhanced charge carriers’ lifetimes due to 

the mesoporous framework, along with the K, I doping, synergistically enhanced the 

photocatalytic H2 evolution rate to 81 μmol h-1 for MP-CN-KI, which is 10-fold greater than 

bulk CN (Fig. 20b-e). The robust framework of MP-CN-KI exhibited an impressive 

photostability even after 5 consecutive cycles. 

 

Fig. 20 (a) Diagrammatic sketch for the formation of MP-CN-KI, (b) EIS Nyquist plots, (c) 

Transient photocurrent response, (d) Photocatalytic H2 evolution of all the synthesized samples, 

and (e) cyclic stability of MP-CN-KI under visible light illumination. Reproduced with 

permission from ref. 135. Copyright 2018, Elsevier.  

Again, Fang et al. demonstrated a Na, O-co-doped g-C3N4 synthesized via the solvothermal 

method, followed by the calcination to amplify the H2 production rate.136 The resultant Na, O-

co-doped g-C3N4 exhibited a highly crystalline material having enhanced optoelectronic 

features relative to bulk g-C3N4. The successful incorporation of O-atom modified the band 

gap energy level by creating structural defect states due to the interference of the O 2p orbitals, 

which have a potential lower than the N 2p orbitals. Further, the substitutional doping of N 

atoms by O atoms liberated additional electrons, which were restricted within the range of π-

delocalization, and contributed to the defect states. Na, O-co-doped g-C3N4 exhibited a visible-
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light-mediated H2 production rate of 810 μmol h-1 with a quantum yield of 22.3%. Similarly, 

another report of co-doping by Cao et al. demonstrated the synthesis of a P and Na co-doped 

g-C3N4 (Na-P co-doped g-C3N4) through pyrolysis of melamine with a very low amount of 

sodium tripolyphosphate as the precursor for Na and P.137 The controlled doping (0.01 wt%) 

of Na and P resulted in an interstitial doping of Na and P, which can be evidenced by DFT 

calculation (Fig. 21a). The two non-equivalent C-atoms and three non-equivalent N-atoms of 

the tri-s-triazine of g-C3N4 can accommodate the Na and P atoms in two interstitial sites. 

Although trace amounts of doping (below 0.1%) didn’t show any remarkable change in 

absorption edge, with increasing the amount of doping (1-3%), the absorption edge was 

progressively red-shifted. XPS analysis comprises a peak at 133.7 eV, attributed to the P-N 

bonding, while another peak at 1070.33 eV, representing the Na 1s species, existed as Na-N 

binding sites in Na-P co-doped g-C3N4. A slight negative shift in the binding energy of the Na-

N bond was observed, which was due to the strong coordination of the lone pair of the N-atom 

and the Na atoms during thermal treatment, confirming the interstitial doping of Na in Na-P 

co-doped g-C3N4. Further, the in-depth electronic structure was estimated by DFT calculations, 

where the TDOS analysis revealed that the valence band maxima of both g-C3N4 and Na-P co-

doped g-C3N4 were composed of N atoms, while the conduction band minima of g-C3N4 was 

composed of the contributions of C and N atoms. However, the conduction band minima of 

Na-P co-doped g-C3N4 were constructed by P, C, and N atoms, resulting in the extended π 

delocalization of the photoexcited e– via a charge transport channel due to ‘P’ bridging (Fig. 

21b and c). On the contrary, Na doping facilitated the increase in the charge density due to its 

electron donation ability to adjacent N atoms in Na-P co-doped g-C3N4. Overall, the controlled 

dual doping of Na and P in Na-P co-doped g-C3N4 led to exposed surface-active sites, excellent 

charge migration, better charge separation, and high surface charge density, caused the 

directional flow of photogenerated e– and minimized the reaction barrier for H2 evolution, 

thereby displayed enhanced H2 production of 191.0 μmol h-1 (2.2 times higher than g-C3N4) 

under visible light. 
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Fig. 21 (a) Optimized model of g-C3N4 demonstrating the interstitial doping sites (position 1 

and 2 represent the doping sites for P and Na, respectively), the calculated density of states 

(DOS) for (b) g-C3N4 and (c) Na-P co-doped g-C3N4. Reproduced with permission from ref. 

137. Copyright 2017, Elsevier. (d) CO generation rate of pure g-C3N4 and various alkali metal-

doped g-C3N4, (e) cyclic stability performance of Rb-CN, and (f) a schematic figure showing 

how the charge transfer pathway in Rb-CN for CO2 photoreduction. Reproduced with 

permission from ref. 96. Copyright 2020, Elsevier. 

Zhu et al. synthesized a series of K and halogen (F, Cl, Br, I) co-doped g-C3N4 photocatalysts 

by a simple single-pot thermal condensation to evaluate their hydrogen evolution 

performance.138 Among all the synthesized doped systems, K, F co-doped g-C3N4 (F–K–C3N4) 

demonstrated the highest photocatalytic activity, with a H2 evolution rate of 1039 μmol h-1, 

approximately 8.5 times more than bulk g-C3N4. This amplification in the photoactivity was 

primarily attributed to the combined effect of K+ and F⁻ dopants. The construction of robust C-

F and C-K bonds not only induced a red shift in the light absorption but also effectively tuned 

the band structure and improved charge carrier separation. Furthermore, the introduction of K+ 

ions created an internal electric field within the g-C3N4 matrix, which promotes the directional 

charge transport in the resultant material.  

3.1.2 Photocatalytic CO2 reduction 

The photo-assisted CO2 reduction to produce a wide range of sustainable hydrocarbon fuels 

presents a significant strategy to mitigate various environmental issues, including global 

warming.139–141 However, the inherent thermodynamic stability of the CO2 molecule is 

(a)

(d) (e) (f)

(b) (c)
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attributed to its strong C=O bond, with its high bond strength of 750 kJ mol-1, which impedes 

adsorption and activation on the photocatalytic surface. Hence, high energy is required to 

activate the C=O bond for respective hydrocarbon conversion.25,78,140–144 The efficacy of a 

semiconductor photocatalyst in this process is governed by band structure alignment, i.e., the 

CB minima position must be more negative to thermodynamically drive the CO2 reduction 

reaction, and the VB maxima must be more positive to promote hole scavenging. The 

photocatalytic CO2 reduction can be either a single-electron or a multi-electron reduction 

process. In the former case, i.e., the single-electron CO2 reduction process (CO2 + e⁻ → CO2˙⁻) 

is thermodynamically infeasible, as this process is associated with a highly negative redox 

potential of 1.85 V vs NHE.141–145 However, a viable photocatalytic pathway typically involves 

a multi-electron, proton-coupled reaction that requires relatively less negative reduction 

potential. The product selectivities for CO2 photoreduction and conversion efficiency are 

further complicated by competing kinetic and thermodynamic factors. For instance, the 

photoreduction of CO2 to CH4 by 8e⁻ reduction is thermodynamically favorable and is 

kinetically constrained. Conversely, reduction pathways involving less number of e–, such as 

CO or HCOOH production, often exhibit faster kinetics but may be less thermodynamically 

favorable.143–145 Various photoreduced products of CO2 photoreduction with respect to the 

number of photogenerated e– and reduction potential values are given below (equation 4-12), 

CO2 +  e− ⟶ CO2
•−,   𝐸° = −1.85 V   (4) 

CO2 + 2H+ + 2e− ⟶ HCOOH,   𝐸° = −0.61 V (5)  

CO2 + 2H+ + 2e− ⟶ CO + H2O,   𝐸° = −0.53 V (6)  

CO2 + 4H+ + 4e− ⟶ HCHO + H2O,   𝐸° = −0.48 V (7) 

CO2 + 6H+ + 6e− ⟶ CH3OH + H2O,   𝐸° = −0.38 V (8) 

CO2 + 8H+ + 8e− ⟶ CH4 + 2H2O,   𝐸° = −0.24 V (9)  

2H2O + 4h+ ⟶ O2 + 4H+,   𝐸° = +0.81 V  (10) 

H2O + h+ ⟶ OH• + H+,   𝐸° = +2.31 V  (11) 

2H+ + 2e− ⟶ H2,   𝐸° = −0.42 V  (12) 
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It can be seen that the relative energies of key intermediates significantly influence the product 

selectivity. Moreover, the optimum photocatalyst surface dictates the CO2 adsorption extent 

and the respective band structure favors the specific multi-electron reduction process to achieve 

better selectivities for the CO2 photoreduction process.146–149 The g-C3N4 surface facilitates 

optimum adsorption and activation of CO2, but due to its unsuitable CB position, the 

photoreduction is not that effective.  Therefore, the rational design of g-C3N4 via alkali metal 

doping precisely engineers its band edge positions to provide sufficient overpotential for the 

desired multi-electron CO2 reduction, which is also considered a low-cost and environmentally 

benign technique. Several studies from the literature are discussed over alkali metal-doped g-

C3N4-based photocatalysts.80,91,96,114,150 For example, Zhang and coworkers demonstrated the 

photoelectric properties of pristine and alkali-doped (Li, Na, K, Rb) g-C3N4 and conducted a 

comparative study of photocatalytic CO2 reduction.96 Among all synthesized alkali-doped 

materials, Rb-g-C3N4 (Rb-CN) formed thin mesoporous nanosheets and showed red-shifted 

absorption with reduced band gap. Further, Rb-CN displayed maximum photoconductivity and 

lowest electron transport resistance (confirmed from EIS study), compared to other synthesized 

photocatalysts. The CO yields were 3.6, 5.8, 7.4, 9.8, and 12.1 μmol g-1 for bulk g-C3N4, and 

all the synthesized alkali-doped g-C3N4 (Fig. 21d). Among all, Rb-CN exhibited the maximum 

photoactivity and maintained excellent catalytic stability towards CO2 photoreduction (Fig. 

21e). The photoreduction process was accomplished with multiple reaction steps, where the 

CO2 molecules got adsorbed onto the Rb-doped-g-C3N4, activated by the photoexcited charge 

carriers on the surface of Rb-doped-g-C3N4. As a result, the CO2 molecule converted to surface 

adsorbed *CO2 active intermediate, which underwent a 2e− reduction process to generate CO, 

as shown in Fig. 21f. 

Similarly, to enhance CO2 photoreduction activity, flaky g-C3N4 with Na-doped and N-defect, 

designated as bmw-DCN-x (where x = 10, 20, 30, 40, NaCl: DCDA mass ratio), was fabricated 

using NaCl and DCDA as precursors (Fig. 22a).151 NaCl acted both as a Na source and a 

structure-directing agent to generate N defects at the interlayer edges while creating a flaky 

morphology of g-C3N4. FT-IR revealed that bmw-DCN-X exhibited an additional band at 2177 

cm-1, corresponding to the existence of −C≡N groups. On the contrary, this peak was absent in 

bulk g-CN. The formation of Na-doping and N-defect was evidenced by XPS and EPR 

analysis. The combinational effect of Na doping and N-defect led to optimization of the 

microstructure of   bmw-DCN-30, which further endowed a narrower band gap, improved light 

harvesting, efficient charge separation, and excellent photoexciton migration. CO2 adsorption 
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capacity (both physical adsorption and chemical adsorption) substantially increased in bmw-

DCN-30, compared to bulk-CN (BCN), attributed to the increase in surface basic sites on the 

photocatalyst. Similar to Lewis acid adsorption, CO2 adsorbed on these basic sites with Na 

atoms and N defects likely serve as the active basic position, thereby improving the CO2 

adsorption and activation on the bmw-DCN-30 photocatalyst. This resulted in an optimal CO2 

photoreduction performance for bmw-DCN-30, achieving CO and CH4 production rates of 30.6 

μmol g-1 h-1 and 5.4 μmol g-1 h-1, respectively, which were 15 and 11 times higher than BCN 

(Fig. 22b and c). 

 

Fig. 22 (a) Diagrammatic illustration for the synthesis of Na-doped flaky g-C3N4 with N-

defects, (b) CO and (c) CH4 evolution rates of BCN and bmw-DCN-x. Reproduced with 

permission from ref. 151. Copyright 2021, Elsevier. 

In another example, Debnath and coworkers presented a photocatalytic CO2 conversion using 

K-doped g-C3N5 (g-C3N5:K(0.01) fabricated by thermal polymerization of 3-AT and KBr (Fig. 

23a).114 K-doped g-C3N5 exhibited an enhanced CO2 photoreduction in visible light irradiation 

(a)

(b) (c)
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with a Pt cocatalyst. The CH4 production rate reached 0.46 μmol g-1, approximately 1.7 times 

and 2.7 times higher than g-C3N5 and g-C3N4, respectively. The azo linkage and K-doping 

reduced the band gap energy to about 1.9 eV, resulting in an enhanced visible light harvesting, 

as confirmed from UV-Vis DRS analysis and DFT analysis (Fig. 23b). Additionally, K-doped 

g-C3N5 observed PL quenching, indicating suppressed e−/h+ recombination, facilitating better 

charge carrier separation and transfer (Fig. 23c and d). Furthermore, doping of K+ in g-C3N5 

provided more active sites for the CO2 adsorption, contributing to higher photocatalytic 

CO2 reduction activity, and maintained its performance stability over four consecutive cycles. 

According to the structure optimization analysis, as shown in Fig. 23e-g, the larger radius of 

K+ didn’t favor substitutional doping but resulted in an ion-dipole interaction between the N 

atom of g-C3N5 and K+. This interaction augments optimized electronic adjustment and better 

charge transfer efficiency to boost the enhanced charge separation. As a result, K-doped g-

C3N5 exhibited photoreduction of CO2 to CH4 with 100% selectivity. Likewise, K+ intercalated 

ultrathin g-C3N4 nanosheet (denoted CNS K) was reported for CO2 reduction.150 The 

photocatalyst was synthesized via H-bonding self-assembly followed by thermal condensation 

of DCDA and KOH. CNS K exhibited an enhanced photocatalytic performance, achieving CO 

and CH4 at a production rate of 1.65 μmol g-1 h-1 and 0.15 μmol g-1 h-1, respectively. The 

introduction of K+ into the g-C3N4 interlayers broadens the optical absorption, thereby 

modifying the band energy structure and also shortening the charge carrier migration to 

accelerate e– transfer. Additionally, K+ intercalation created built-in electric fields that 

restrained the charge recombination and increased surface amino groups, enhancing CO2 

adsorption. The In-Situ DRIFT analysis evidenced that the infrared absorption peaks 

correspond to the intermediates such as b-CO3
2–, m-CO3

2–, CO3
2–, and HCO3

–, confirming 

stronger CO2 adsorption and activation on the CNS K surface. 

Page 50 of 96EES Catalysis

E
E

S
C

at
al

ys
is

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
3:

18
:3

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5EY00306G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00306g


50 
 

 

Fig. 23 (a) Schematic depiction of the synthesis of g-C3N5 and g-C3N5:K(0.01), (b) UV-vis 

DRS, (c) PL spectra, (d) EIS Nyquist plots of the synthesized samples, and (e-g) Crystal 

structure models of g-C3N4, g-C3N5, and g-C3N5:K(0.01), respectively. Reproduced with 

permission from ref. 114. Copyright 2022, American Chemical Society. 

3.1.3 Photocatalytic H2O2 production 

The photocatalytic production of H2O2 from H2O and O2 is an endergonic process, requiring a 

Gibbs free energy of 117 kJ mol-1, which proceeds via two photochemical pathways: (a) water 

oxidation reaction (WOR) and (b) oxygen reduction reaction (ORR). WOR is a 

thermodynamically challenging process because it is associated with more complex kinetics 

and requires a much higher positive oxidation potential to achieve. On the contrary, the 

photocatalytic H2O2 production is usually achieved via the ORR pathway over alkali metal-

doped g-C3N4 photocatalyst. ORR pathway can be accomplished with two distinct routes: (i) a 

two-electron single-step reduction process and (ii) a one-electron two-step reduction process. 

In the first pathway, O2 is converted directly to H2O2 by accepting 2e– and 2H+ in a single step 

known as concerted 2e– ORR (equation 13).  In the other way, the second pathway involves 

the formation of superoxide radical (O2
•–) by the reduction of O2 with one e–, as shown in 

equation 14. Finally, the generated O2
•– active species reacts with 2H+ and e– to produce H2O2 

(equation 15).25,152–155 

Two-electron single-step ORR: 

O2 +  2H+ +  2e− ⟶  H2O2  (𝐸° =  +0.68 V vs. NHE) (13) 

One-electron two-step ORR: 

(a) (b) (c)

(d)

(e) (f) (g)

g-C3N4 g-C3N5
g-C3N5:K0.01

g-C3N5:K0.01

g-C3N5

Or

g-C3N5

g-C3N5:K0.01

-Z
ʺ

(o
h

m
)

Zʹ      
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O2 + e− ⟶ O2
•−  (𝐸° =  −0.33 V vs. NHE)  (14) 

𝑂2
•− + 2𝐻+ + 𝑒− ⟶ H2O2  (𝐸° =  +1.44 V vs. NHE) (15) 

The presence of appropriate surface-active sites and a necessary band structure in alkali-doped 

g-C3N4 is crucial to accomplish both the reaction pathways for efficient H2O2 production.43,156–

161 For instance, Na-doped g-C3N4 photocatalyst (BNCN) was reported by Gou et al., which 

acted as a three-dimensional charge carrier transport channel to facilitate efficient H2O2 

production.156 BNCN was fabricated by a double pyrolysis method where dicyandiamide and 

NH4Cl were first calcined to produce g-C3N4, which was subsequently pyrolyzed under Ar 

atmosphere with NaBH4 and sodium acetate to form BNCN (Fig. 24a). The resultant BNCN, 

having Na intercalation and −C≡N anchoring moiety, possessed a lamellar curly-like structure, 

as analyzed from the SEM analysis. The successful −C≡N anchoring was understood from the 

FT-IR, solid state NMR, and XPS analysis. The Na intercalation was estimated by PXRD 

analysis, which observed the shifting of the (002) plane towards a lower angle, suggesting the 

positioning of Na within the interlayers of g-C3N4. As a whole, the respective modification 

could form a 3D charge carrier transport channel in BNCN, as demonstrated in Fig. 24b. Due 

to this, an enhanced degree of electronic delocalization and promotional effect of interlayer 

charge transportation can be experienced. The synergistic effect of the Na doping and −C≡N 

grafting led to modifying the band structure of BNCN, due to which it exhibited an extended 

light absorption ability with a narrower band gap. The modified band structure in BNCN has a 

more negative CB potential, which suitably facilitates the reduction of O2 to H2O2. The 3D 

transport channel, due to the −C≡N moiety and Na intercalation, directed the charge density to 

form an internal electric field (IEF), which promoted the charge separation efficiency. 

Furthermore, O2-TPD analysis suggested the BNCN exhibited better O2 adsorption efficiency, 

which is a key step of the O2 reduction. Various trapping experiments and controlled reaction 

confirmed that the O2
•– was the active intermediate in H2O2 formation, which was obtained by 

the reduction of O2 by photogenerated e−.  Fig. 24c demonstrated that the efficient H2O2 

production was dominated by the 3D transport channel of BNCN, where the effective IEF could 

efficiently separate the charge pairs and the intercalated Na atoms, further triggering the charge 

transportation longitudinally to promote further charge separation. As a result, more 

photoexcited e− were involved in the O2 reduction and exclusively formed H2O2.  
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Fig. 24 (a) Diagrammatic sketch of BNCN formation, (b) a schematic showing 3D charge 

transport pathway, and (c) Photocatalytic H2O2 production in 12h. Reproduced with permission 

from ref. 156. Copyright 2025, Elsevier.  

Another example demonstrated that the ‘K’ doping promotes faster space charge transmission, 

followed by the efficient charge carrier separation to exhibit better H2O2 production.157 KBr 

guided calcination of thiourea led to the formation of K and Br doped g-C3N4 (K-CN). The K+ 

was reported to be retained in the interstitial cavity of the heptazine ring, which was confirmed 

from the PXRD analysis. KBr-mediated synthesis modified the framework structure, which 

can be understood from the FT-IR and XPS analysis. FT-IR analysis demonstrated that after 

the K doping, a stretching frequency at 2177 cm-1 corresponding to −C≡N linkage was observed 

in the K-CN framework. Moreover, the bending frequency at 805 cm-1 corresponding to the 

heptazine ring gradually diminished due to the increasing content of K, suggesting the 

heptazine ring transformed to −C≡N moieties. The C 1s spectra of K-CN exhibited a new peak 

at 286.4 eV, which was attributed to −C≡N and was absent in PCN, without K-doped material. 

This further clarifies the −C≡N linkages were formed due to K doping. Further, the peak 

(a)

(b) (c)
BNCN

446.53 µM

   

Time (h)

H
2
O

2
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position of C 1s and N 1s of K-CN was noticeably changed to that of the PCN, suggesting the 

electronic structure got altered due to the K doping. K-CN exhibited a redshift light absorption 

because of the electron-withdrawing nature of −C≡N linkages present in the K-CN framework. 

The PL analysis suggested, the K doping significantly reduced the PL intensity by efficiently 

inhibiting the charge recombination process. The K present in the interlayers of K-CN 

promotes the charge separation by facilitating the flow of e− among the interlayers of K-CN, 

while the −C≡N moieties, being electron-negative in nature, could trap the photoexcited e− and 

enhance the charge separation process. As a result, K-CN exhibited a smaller EIS radius and 

higher photocurrent density than PCN, indicating K-CN possessed better photogenerated 

electron mobility with efficient charge separation (Fig. 25a and b). The linear sweep 

voltammetry (LSV) curve using rotating disk electrode (RDE) test was carried out to reveal 

that the photocatalytic H2O2 process involved a 2e− reduction process. Furthermore, the 

scavenging test confirmed that the photocatalytic H2O2 production was achieved by a two-step 

one-electron ORR process in which O2
•– and 1O2 were the sole reactive oxygen species (ROS). 

It was also reported that the Br− in K-CN could promote the formation of 1O2 to expedite the 

H2O2 production rate. Based on the controlled experiment, the photocatalytic H2O2 efficiency 

was governed by the O2 adsorption ability, which was used as a feedstock. The K-CN exhibited 

a comparatively stronger O2-TPD signal and possessed a lower ΔG value of K-CN from DFT 

calculation, suggesting a better O2 adsorption ability of KCN than PCN. The photocatalytic 

mechanism of H2O2 production over the K-CN photocatalyst involved a two-step single-

electron oxygen reduction pathway and energy transfer pathway, which was initiated by the 

formation of photoinduced charge carriers upon light irradiation. As a result, the 

photogenerated h+ oxidized the adsorbed ethanol to produce H+, while the photogenerated e− 

reduced O2 to O2
•–. The resultant H+ and O2

•– reacted to produce •OOH reactive species, which 

were reduced to HO2
− species and subsequently interacted with H+ to produce H2O2. 

Additionally, the energy transfer process facilitated the conversion of O2 to 1O2 through 

intersystem crossing (ISC), which also participated in the H2O2 production, as shown in Fig. 

25c. 
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Fig. 25 (a) EIS curves, (b) Transient photocurrent response of PCN and K-CN, respectively, 

(c) Schematic representation of the proposed mechanism for photocatalytic H2O2 production.  

Reproduced with permission from ref. 157. Copyright 2025, Wiley-VCH.  

Mandal et al. developed a photocatalyst (denoted as CKCN) by the simultaneous incorporation 

of K+ ion and amorphous carbon in g-C3N4, significantly enhancing the photocatalytic 

production ability.43 This dual-mode structural modification enhanced porosity, induced intra-

band defects, and facilitated the distribution of exposed active sites, resulting in a H2O2 

production of 9000 μmol g-1 h-1 with approximately 30% AQY under visible light irradiation. 

The elemental mapping analysis confirmed the homogeneous distribution of C, N, O, and K 

atoms, indicating a successful doping of K atoms. The XRD analysis revealed the disordering 

of the CN framework and defect formation due to the dual incorporation effect. Furthermore, 

the EPR analysis suggested that CKCN exhibited an intensified signal of Lorentzian line 

compared to CN, which evidenced the formation of unpaired e– due to N-vacancy and the 

amorphous structure of CKCN. Again, CKCN exhibited a reduced band gap (2.68 eV), broader 

(a) (b)

(c)

PCN

0.05 K-CN

g-C3N4

0.05 K-CN
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optical absorption, superior charge separation, and migration in CKCN, as evidenced through 

optoelectronic and electrochemical analysis. Moreover, the hole scavenger and spin trapping 

experiments confirmed that the H2O2 production over CKCN was dominated via the O2 

reduction pathway to form O2
•– as an active intermediate. Further, the band structure analysis 

found that the formation of CKCN was accomplished with a more negative CB level than g-

C3N4, appropriate for the reduction of O2/O2
•–, which augments the efficient H2O2 production. 

3.1.4 Photocatalytic N2 reduction 

Photocatalytic N2 fixation offers a promising alternative pathway for NH3 synthesis under 

ambient conditions compared to the energy-intensive Haber-Bosch process. The reduction of 

N2 to NH3 is a challenging reaction due to its high thermodynamic barrier, primarily stemming 

from the molecule's inherent stability.162–164 The exceptionally high bond dissociation energy 

of the N≡N bond (941 kJ mol-1) restrains its adsorption and subsequent activation on the 

photocatalyst surface, thereby causing a potential barrier in N2 photoreduction. In contrast, 

photocatalytic N2 reduction offers a promising alternative pathway for NH3 production under 

ambient conditions (ΔG° = 339 kJ mol-1).165–167 The mechanism of N2 photoreduction over a 

photocatalyst surface to synthesize NH3 includes two simultaneous processes. Upon light 

irradiation, the photogenerated h+ in VB splits H2O to H+ and O2; this H+ migrates to CB to 

produce H2. Again, at the CB, this H+ can be utilized by the photogenerated e– and N2 to 

produce NH3. The photoreduction of N2 to NH3 is a multi-electron reduction process that 

requires 6 e– to be reduced, which is kinetically unfavorable. It is more crucial to drive the N2 

photoreduction over H2O splitting. The redox potential of N2/NH3 is -0.922 V, which can be 

theoretically achieved due to the favorable CB position (approx. ~ 0.9V) of alkali-doped g-

C3N4. Besides, the competitive photocatalytic process of H2O splitting and N2 reduction usually 

brings complexity to efficient N2 reduction.165–169 Moreover, the recombination of the exciton 

pair further slows down the N2 reduction kinetics. However, the optimized microstructure and 

modulated defect engineering via alkali metal doping offer better N2 photoreduction by 

overcoming the above bottlenecks.170–172 The alkali-doped g-C3N4 photocatalytic systems also 

extend to the photocatalytic N2 fixation due to the conducive band alignment and acceptable 

optoelectronic features. 

Photoexcited electron-hole recombination can significantly hinder the rate of N2 photofixation. 

By tailoring the microstructure environment and introducing alkali metal-induced defect sites, 

charge separation is exceptionally improved by mitigating their rapid recombination, which 
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accelerates the photoreduction kinetics of N2. Thereby, since alkali-doped g-C3N4-based 

photocatalysts exhibit favorable band alignment and enhanced optoelectronic characteristics 

that support their ability to drive efficient photocatalytic N2 fixation. For example, Gu et al. 

reported that a three-dimensional microporous g-C3N4 with Li doping (Li-3D-GCN) was 

synthesized via an efficient template-free method.173 The resultant Li-3D-GCN was 

characterized by PXRD analysis, suggesting the phase purity of the material. The (002) 

diffraction plane exhibited a noticeable shifting towards a lower 2-theta value due to the 

expansion of the interlayer spacing after the Li doping (Fig. 26a). Further, the Li doping caused 

a significant red shift in the optical absorption, as illustrated in Fig. 26b. The Li doping, along 

with porous and high surface area in Li-3D-GCN, reduced the band gap compared to bulk g-

C3N4 and Li doped in bulk g-C3N4 (Li-GCN). The SSA of Li-3D-GCN was 59.5 m2 g-1, which 

was very high compared to 7.9 m2 g-1 for bulk g-C3N4 and 8.4 m2 g-1 for Li-GCN, suggesting 

the unlocking of easy diffusion and accessible charge transportation in the Li-3D-GCN 

framework (Fig. 26c).  The porous structure of Li-3D-GCN was further revealed from the 

morphology analysis. The formation of Li-N bonding sites was analyzed by the XPS analysis, 

which acted as the active center for the photocatalytic N2 reduction. The N 1s peak was 

distinctly shifted after the Li doping, suggesting the unsaturated e– on the N atom is more 

localized towards the Li atom due to the Li-N coordinate interaction. N2-TPD analysis and DFT 

calculation confirmed the potential N2 adsorption ability of Li-3D-GCN (Fig. 26d and e). The 

porous framework in Li-3D-GCN allowed more exposed Li-N bonding sites, which efficiently 

adsorbed N2 molecules. Furthermore, the Hirshfield charge analysis found that the Li doping 

can significantly increase the Hirshfield charge of C and N atoms, which facilitates the efficient 

charge carrier flow in Li-3D-GCN to facilitate the more intense charge carrier separation. The 

charge density analysis also showed that the flow of e– occurred between the Li atom of the Li-

N bonding sites to N2 to accomplish the photoreduction process (Fig. 26f). As a result, Li-3D-

GCN exhibited a superior NH4
+ production of 4.8 mg L-1 h-1 gcat

-1, which was 2.5 and 20 times 

higher than Li-GCN and bulk g-C3N4, respectively.  
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Fig. 26 (a) XRD patterns, (b) UV-Vis absorption spectra, (c) N2 adsorption-desorption 

isotherms, (d) N2-TPD of the synthesized catalysts, Schematic representation of (e) Optimized 

configuration of N2 adsorption on bulk g-C3N4 and Li-3D-GCN, (f) Charge density distribution 

for N2 adsorption on Li-3D-GCN, where the yellow and blue region denotes charge 

accumulation and depletion, respectively. Reproduced with permission from ref. 173. 

Copyright 2019, Royal Society of Chemistry.  

Similarly, another example demonstrates that the effect of appropriate co-doping can 

significantly boost the N2 photoreduction process.174 A series of alkali-doped g-C3N4 

crystalline materials, such as LK-HTCN (Li-K co-doping), KN-HCN (K-Na co-doping), LKN-

HTCN (Li-K-Na co-doping), and LN-HTCN (Li-Na co-doping), were synthesized using the 

systematic combination of appropriate alkali metal precursors (Fig. 27a). The phase purity and 

crystallinity of the synthesized material were determined by the PXRD analysis, which 

suggested that Li doping promoted the construction of the triazine phase, whereas K and Na 

promoted the development of the heptazine phase (Fig. 27b). FT-IR analysis confirmed the 

existence of −C≡N linkages, and its peak intensity was comparatively higher in KN-HCN than 

in LK-HTCN, LKN-HTC, and LN-HTCN, corroborating the influential nature of K+ 

optimizing the microstructure and promoting more −C≡N linkages for enhanced optical 

properties and better charge carrier separation (Fig. 27c). Further, the N vacancy was attributed 

to the strong EPR signal of KN-HCN, associated with a greater number of free e– (Fig. 27d). 

The morphological analysis suggested KN-HCN possessed a bulk structure, while LK-HTCN, 

LKN-HTCN, and LN-HTCN possessed nanorod structures. Moreover, the (002) in KN-HCN 

Li-3D-GCN

      

bulk g-C3N4

Wavelength / nm

A
b

s
.

2 Theta / degree

In
te

n
s
it

y
/ 

a
.u

.

Relative pressure (P/P0)

Temperature /  C

 
 
  
  
 
 
  
  
 
  
 

bulk g-C3N4

Li-GCN

Li-3D-GCN

bulk g-C3N4

Li-GCN

Li-3D-GCN

(a)    (c)

(d) (e)

(f)
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was wider than that of LK-HTCN, LKN-HTCN, suggesting the presence of heptazine phases 

due to the incomplete condensation process. The XPS analysis was employed to further 

confirm the existence of the −C≡N moieties as well as the formation of K-N bonding sites 

through ion–dipole interactions in the CN interlayers and in KN-HCN, which could act as 

charge transport channels and bridging layers for promoting the transportation and separation 

of charge carriers. The effective charge separation was further understood from the lower PL 

intensity of KN-HCN. The light absorption was significantly enhanced after the alkali doping 

and the formation of −C≡N linkages with crystalline phases in all the samples; however, KN-

HCN exhibited a strong absorption edge with noticeable red shift in the optical absorption, 

which could be due to the relatively higher content of −C≡N linkages in its framework. The 

potential role of K and Na co-doping endowed KN-HCN with a stronger photocurrent density 

and better charge separation ability. As a result, among all the synthesized photocatalysts, KN-

HCN exhibited the highest ammonia yield of 17.01 μmol g-1 h-1 while maintaining the 

photostability even after the fourth cycle, suggesting the robustness of KN-HCN in 

photocatalytic ammonia production (Fig. 27e). Further, the variation of wavelength led to 

produce different amount of NH3, coinciding with the UV-Vis analysis (Fig. 27f). The 

combinational effect of −C≡N linkage and K-Na co-doping for the efficient ammonia 

production was demonstrated in Fig. 27g. In the photocatalytic N2 reduction process, the 

photogenerated h+ oxidized H2O to O2 and H+, while the photoexcited e−, on coupling with H+, 

reduced the surface-adsorbed N2 to produce NH3. 

Page 59 of 96 EES Catalysis

E
E

S
C

at
al

ys
is

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
3:

18
:3

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5EY00306G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00306g


59 
 

 

Fig. 27 (a) Diagrammatic sketch for the synthesis routes for the obtained samples, (b) XRD, (c) FT-

IR spectra of LK-HTCN, KN-HCN, LKN-HTCN, and LN-HTCN, respectively, (d) EPR spectra of 

BCN and KN-HCN, (e) NH3 production rate of all the prepared samples, (f) NH3 production of KN-

HCN at different wavelengths, and (g) Illustration of the proposed photocatalytic N2 reduction over 

KN-HCN. Reproduced with permission from ref. 174. Copyright 2022, Royal Society of Chemistry. 

The demonstration of a wide range of the above-discussed case studies prevails the promising aspects 

of the alkali metal doping approach in the g-C3N4 matrix for efficient solar energy conversion for 

sustainable fuel production. Besides these examples, Table 4 further summarizes a list of alkali-

doped g-C3N4-based photocatalysts governing the production of a wide range of solar fuels. 

Table 4 List of alkali-doped g-C3N4-based photocatalysts employed for various solar fuel 

production. 

Photocatalysts Precursors 
Synthesis 

method 

Type of 

solar fuel 

producti

on 

Light 

source 
Yield Ref 

Heptazine

Triazine

BCN

LK-HTCN

KN-HCN

LN-HTCN

LKN-HTCN

2 Theta (degree)

In
te

n
s
it

y
 (

a
.u

.)

Wavenumber (cm-1)

T
ra

n
s
m

it
ta

n
c
e

 (
a

.u
.)

LN-HTCN

LK-HTCNKN-HCN

LKN-HTCN

Magnetic field (G)

In
te

n
s

it
y
 (

a
.u

.)

N
H

3
y
ie

ld
 (

µ
m

o
l 

g
-1

 h
-1

)

Samples Wavenumber

N
H

3
y
ie

ld
 (

µ
m

o
l 

g
-1

 h
-1

)

(a)
(b)

(c)

(d)

(e) (f)

(g)

BCN

KN-HCN
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NaK20-CN 
Melamine, NaCl, 

KCl 
Calcination 

H2 

evolution  

300 W Xe 

lamp  

4502 

μmol h-

1 g-1 

58 

KCN-75 
Melamine, KCl 

flux 

Thermal 

polymerization 

H2 

evolution  

300 W Xe 

lamp 

382 

mmol 

h-1 

75 

CM-K12 

Melamine, 

Cyanuric acid, 

potassium 

hydrogen phthalate 

Supramolecular 

self-assembly, 

cross-linking 

polymerization 

H2 

evolution  

300 W Xe 

lamp (λ ≥ 

420 nm) 

127.78 

μmol h-

1 

76 

K‐CN/ZCS 

Urea, KCl, Cd 

(CH3COO)2·2H2O, 

Zn 

(CH3COO)2·2H2O, 

thioacetamide 

Calcination, 

hydrothermal 

H2 

evolution  

300 W Xe 

lamp 

9.606 

mmol 

h-1 g-1 

93 

2.5CCNC 
Melamine, Cesium 

acetate 

Thermal 

polymerization 

H2 

evolution  

Xe lamp, 

300 mW 

cm-2 

9.02 

mmol 

g-1 h-1 

134 

K(0.05)-CN 
Melamine, 

C2H3KOS 
Calcination 

H2 

evolution  

300 W Xe 

lamp (λ ≥ 

420 nm) 

1319 

μmol h-

1 g-1 

175 

K-CN/DFNS-2 
Melamine, KOH, 

DFNS 
Calcination 

CO2 

reduction 

300 W Xe 

lamp 

1.7 

mmol 

g-1 

(CH4) 

80 

g-C3N5:K0.01 
3-amino-1,2,4-

triazole, KBr 
Calcination 

CO2 

reduction 

300 W Xe 

lamp 

(λ=385-

740 nm ) 

0.752 

μmol g-

1 (CH4) 

114 

CNS K 
DCDA, KOH, 

Polyethylene glycol 
Calcination 

CO2 

reduction 
- 

1.65 

μmol g-

1 h-1 

(CO) 

150 

bmw-DCN-30 DCDA, NaCl Calcination 
CO2 

reduction 

300 W Xe 

arc lamp 

(λ ˃ 400 

nm) 

30.6 

μmol g-

1 h-1 

151 

3 Na-CN 
Dicyandiamide, 

NaHSO3 

Thermal 

polymerization 

CO2 

reduction 

300 W Xe 

lamp 

21.5 

μmol g-

1 h-1 

(CO) 

176 
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K-gCN DCDA, KOH Calcination 

CO2 

conversio

n 

5 W LED 

bulb 

1192 

mg L-1 

(Format

e) 

177 

CKCN Urea, KNO3 Calcination 

H2O2 

Productio

n 

300 W Xe 

lamp 

9000 

μmol g-

1 h-1 

43 

10 wt% K-g-

C3N4 
DCDA, KI 

Thermal 

polymerization 

H2O2 

Productio

n 

Direct 

sunlight 

200 

μmol g-

1 h-1 

46 

KCN/ZnO 
Melamine, KCl, 

LiCl, ZIF-8 
Calcination 

H2O2 

Productio

n 

AM 1.5 
4.76 

mM 
50 

MPCN 
Urea, HCCP, KCl, 

LiCl 

Thermal 

polymerization 

H2O2 

Productio

n 

300 W Xe 

lamp (λ ˃ 

420 nm) 

4424 

μmol g-

1 h-1 

107 

0.05 K-CN Thiourea, KBr Calcination 
O2 

reduction 

10 W blue 

lamp (λ= 

420~430 

nm) 

26 

mmol 

g-1 h-1 

157 

Li- C3N4 Urea, Li2CO3 
Thermal 

polymerization 

O2 

reduction 

300 W Xe 

lamp, AM 

920 

mmol 

g-1  

158 

KCT5-5 Urea, KCl, Ti3AlC2 
Calcination, 

hydrothermal 

H2O2 

Productio

n 

500 W Xe 

(λ= 420–

780 nm) 

3401 

mmol 

L-1 

159 

KCN-6 Melamine, KCl 

Thermal  

polycondensatio

n 

 

H2O2 

Productio

n 

300 W Xe 

lamp (λ ˃ 

420 nm) 

818.9 

μmol g-

1 h-1 

178 

CN-KI3-KI-

MV 
Melamine, KI 

Oil bath reflux 

Calcination 

H2O2 

Productio

n 

300 W Xe 

lamp (λ ˃ 

420 nm) 

46.40 

mmol 

g-1 h-1 

179 

K-g-C3N4-x 
Melamine, 

Potassium oxalate 
Calcination 

H2O2 

Productio

n 

300 W Xe 

lamp (λ ≥ 

420 nm) 

706.9 

μmol L-

1 

180 

Li-3D-GCN Urea, LiCl 
Thermal 

polymerization 

N2 

fixation 

250 W 

sodium 

lamp (λ= 

400–800 

nm) 

4.8 mg 

L-1 h-1 

gcat
-1 

173 

KN-HCN 

Melamine, 

KCl, NaCl 

 

Calcination 
N2 

fixation 

300 W Xe 

lamp 

17.01 

μmol g-

1 h-1 

174 
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3.2 Applications of alkali metal-doped g-C3N4 towards degradation and removal of 

contaminants 

Over recent decades, the escalating contamination of water, soil and air has become a critical 

global challenge, driven significantly by industrial discharge and domestic wastewater. Various 

organic and inorganic contaminants, such as dyes (for example, methyl orange, methylene blue, 

RhB, etc), antibiotics, insecticides, and other chemical pollutants, pose widespread concern to 

the ecosystem. Conventional methods, such as adsorption, membrane-based filtration, 

enzymatic degradation, and coagulation, are often incompetent to eradicate these potential 

pollutants or may generate harmful secondary by-products. Photocatalysis offers a promising 

and sustainable approach for degrading such pollutants. This process involves the acceleration 

of a photoreaction over a semiconductor photocatalyst under UV or visible light. g-C3N4 has 

emerged as a prominent photocatalyst for the degradation of pollutants.181–184 When g-C3N4 

absorbs photons possessing energy equal to or greater than its band gap, it generates 

photoexcitons, and these charge carriers initiate a series of redox reactions, forming reactive 

oxygen species (ROS) such as OH• and O2
•–. These ROS are highly active and are capable of 

derivatizing the complex pollutants into simpler, non-toxic compounds. Precisely, the critical 

aspect of heterogeneous photocatalysis is photo-assisted oxidation of pollutants to benign 

substances. The underlying mechanism encompasses the generation of excitons and the 

subsequent pollutant degradation, depicted by the following equations (16-22): 

GCN + hν ⟶ e− + h+ (16) 

h+ + OH− ⟶ OH•  (17) 

h+ + H2O ⟶ OH• + H+ (18) 

e− + O2 ⟶ O2
•−  (19) 

h+ + pollutants ⟶ Oxidation products (20) 

e− + pollutants ⟶ Reduction products (21) 

OH• + pollutants ⟶ Degradation products (22) 

As mentioned in the earlier section, the pristine structure of g-C3N4 lacks structural demerits, 

causing limited optoelectronic features, but the recent studies demonstrate that the alkali metal 

ion incorporation can effectively provide more exposed active sites, suppress the charge 
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recombination rates, and create transport channels for photoexcited e– to boost the 

photocatalytic activity.185–188 

As demonstrated by Ma et al., the Li-doping, along with variable concentration of Ag 

nanoparticles deposition, effectively tuned the optical absorption and altered the band 

alignment of g-C3N4.
83 Li-doping and Ag deposition exhibited significantly higher 

photocatalytic performance, degrading RhB around 85% within 30 min while maintaining high 

photostability compared to pristine g-C3N4, Li-doped g-C3N4, and Ag/g-C3N4. The enhanced 

photodegradation efficiency of RhB was primarily ascribed to the improved charge separation 

induced by the modified band alignment due to Li incorporation, causing a positive shift of the 

valence band potential (from +1.57 V to +1.99 V), thereby promoting a more favorable 

oxidation process. Ag nanoparticles shrank the photogenerated e– from the CB level of g-C3N4 

by forming a Schottky barrier at the Ag/g-C3N4 interface. These e– readily reacted with 

adsorbed O2 to generate O2
•– radicals, contributing to pollutant degradation. 

Another example of photodegradation and mineralization of RhB by utilizing a visible light 

active Na-doped g-C3N4 was reported by Zhang et al..84 Their study includes Na-doped g-C3N4 

exhibiting a promotional effect in the photoactivity, achieving a RhB degradation rate 3.5 times 

higher than the pristine g-C3N4. This could be ascribed to the incorporation of Na-doping, 

which facilitated enhanced surface area, a shift in band edge potential, reduced band gap, and 

the photogenerated charge separation. The mineralization efficiency was determined by 

estimating the total organic carbon (TOC). The improved mineralization efficiency was 

attributed to the tuning of the band structure, altering the optical energy level and expanding 

π-delocalization upon the Na doping. As a result, Na-doped g-C3N4 exhibited a 3.5-fold 

enhancement in the RhB degradation rate over pristine g-C3N4. 

In the next study, Sudrajat et al. reported the visible-light-driven photocatalytic mineralization 

of 17α-ethynylestradiol (EE2) over a highly photo-active Na-doped g-C3N4.
85 The Na-doped 

g-C3N4 displayed a remarkable enhancement in the photoactivity than the neat g-C3N4, 

achieving 95.7% EE2 degradation with 89.4% mineralization efficiency in the first cycle. This 

enhancement resulted from electronic modification in g-C3N4 induced by Na-doping, which 

generated a new energy state in between the CB and VB, thereby altering the band structure, 

facilitating the separation of photogenerated charge carriers, and reducing their recombination. 

These combined effects drove the superior degradation and mineralization of EE2. The CB of 

Na-doped g-C3N4 favored the formation of O2 into O2
•– radicals as the active species. This 

demonstrated the beneficial role of Na in enhancing EE2 mineralization. In another case study 
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suggested the incorporation of K in g-C3N4 effectively reduced the recombination tendency of 

excitons and enabled the degradation of naphthalene efficiently.87 This advancement in 

photoactivity was primarily attributed to the cooperative effect of K doping and the integration 

of biochar. Biochar often acts as a cocatalyst, offering effective charge transportation, open 

active sites for adsorption of pollutants, and providing a promotional effect of dispersion in 

polar solvents due to its hydrophilic nature. It also functioned as an electron acceptor to mitigate 

the charge recombination. An optimized mass ratio of K-doped g-C3N4/biochar (1:0.8) 

achieved 82.19% naphthalene degradation within 180 min, demonstrating excellent 

photostability for more than five cycles. Similarly, Zhang et al. demonstrated a K-doped g-

C3N4 photocatalyst for the photo-assisted degradation of MB and phenol.89 It was found that 

the K-doping altered the electronic structure as well as improved the overall photocatalytic 

performance, resulting in a 3.3 and 5.8-fold higher photodegradation activity of MB and 

phenol, respectively, than pristine g-C3N4 (Fig. 28a). The K incorporation in K-doped g-C3N4, 

the flat band potential was uplifted by 0.2 V, exhibiting an anodic shift in the valence level, 

which enhanced the oxidizability nature of the photocatalyst for efficient photodegradation 

activity. Moreover, MB degradation activity increased with increasing the ‘K’ content up to 

22%. Later, the photodegradation activity got reduced on further increasing the K content as 

more defective sites were generated, which might cause the rapid charge recombination and 

hinder the condensation process. The smaller arc radius observed in the EIS Nyquist plots (Fig. 

28b) indicated the improved charge distribution and transfer efficiency in K-doped g-C3N4. 

This is corroborated by the photocurrent response along with reduced PL intensity (Fig. 28c). 
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Fig. 28 (a) Rate constants of photocatalytic degradation of phenol, (b) EIS Nyquist plots, and 

(c) Photocurrent responses of pure g-C3N4 and K-C3N4 with varying KI concentrations. 

Reproduced with permission from ref. 89. Copyright 2015, Elsevier. (d) Photocatalytic 

degradation of RhB over the synthesized catalysts, (e) UV-vis DRS spectra, and (f) PL spectra 

of GCN-0, GCN-Na, GCN-K, GCN-Rb and GCN-Cs samples. Reproduced with permission 

from ref. 95. Copyright 2017, Royal Society of Chemistry. 

K-doped g-C3N4 also exhibited efficient RhB degradation activity under visible light 

irradiation.90 The photo-degradation activity followed first-order kinetics with a rate constant 

of approximately 6.4 times greater than that of neat g-C3N4. The enhanced photo-degradation 

was due to the synergistic effect of K-doping, which increased the surface area, decreased the 

band gap energy, and promoted easy charge separation. Similarly, Xu et al. compared the 

photodegradation of RhB using various alkali metal-doped (Na, K, Rb, Cs) g-C3N4 samples.95 

Under identical experimental conditions, neat g-C3N4 decomposed 45% of RhB in 40 min; in 

contrast, GCN-Na, GCN-K, GCN-Rb, and GCN-Cs exhibited degradation efficiencies of 16%, 

83%, 79%, and 52%, respectively (Fig. 28d). GCN-K demonstrated the most pronounced 

enhancement in activity among all alkali metal-doped samples. From the analysis of band gap 

energy and UPS spectra, a negative shift in both CB & VB potentials was detected, which 

favored the photoreduction process of O2, generating superoxide radicals (O2
•–), along with 

excellent stability. On the contrary, GCN-Na showed the least efficiency, attributed to the 

negligible structural, optical, and electronic modifications by Na doping (Fig. 28e and f). 

(a) (b) (c)

(d) (e) (f)
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Another example demonstrated the utilization of Na, Cl-co-doped photocatalyst in the 

photodegradation of RhB.109 The resultant Na, Cl-co-doped g-C3N4 (CN-NaCl-0.5) was 

synthesized by a one-step thermal condensation of dicyandiamide and NaCl. The dual 

incorporation of Na and Cl led to several promotional effects, such as improved crystallinity 

of the material, increased the inter spacing distance of the adjacent layers, exhibited red-shift 

optical absorption, caused a narrow band gap with positive shifting of the CB and VB band 

position, reduced charge recombination, and better charge separation for maximum 

photoresponse. As a result, CN-NaCl-0.5 exhibited a visible light-mediated 97.5% of RhB 

degradation in 50 min, whereas neat g-C3N4 exhibited a degradation rate of 55.5% only. The 

next study demonstrated the co-doping of both K and Na into the lattice of g-C3N4 for the 

photodegradation and mineralization of RhB.189 In this work, melamine was mixed with the 

different contents of the eutectic mixture of NaCl and KCl (at their melting point ̴ 476 °C) and 

underwent thermal condensation at 520 °C for 2h. The resultant K, Na co-doped g-C3N4 is 

attributed with excellent textural properties, due to the template effect of the employed molten 

solution of NaCl-KCl. Both Na and K were coordinated into the g-C3N4 lattice via ion-dipole 

interaction between the alkali metals and triazine moieties of g-C3N4. Considering the ionic 

radii of Na (100 pm) and K (150 pm), which is higher than that of C (70 pm) and N (65 pm), 

didn’t facilitate the substitutional doping; however, the nitrogen pot having in-planar distance 

of 0.71 nm facilitated the interstitial doping of Na and K by forming Na-N and K-N binding 

sites via ion-dipole interaction. Furthermore, the band structure was optimized due to the co-

doping of Na and K, resulting in a favorable CB and VB edge potential for smooth generation 

of O2
•– and •OH active intermediate to catalyze the oxidative degradation of RhB, with 10 times 

higher photoreactivity than pristine g-C3N4. 

Sun et al. reported alkali metal-doped g-C3N4 nanosheet (M-CN, M = L, Na, K) synthesized 

through copolymerization of melamine and alkali metal hydroxides for photocatalytic 

degradation of organic pollutants.42 PXRD confirmed the increased interlayer spacing and 

reduced crystallinity due to alkali ion intercalation. SEM and TEM analyses revealed that 

doping reduced the grain boundaries and introduced a porous structure, which alters the 

morphology of g-C3N4, thereby enhancing the SSA. This increased SSA of M-CN provides 

more active sites to facilitate diffusion and mass transfer of reactants.  XPS analysis revealed 

a strong M-N coordination within the g-C3N4 framework, altering the electronic structure and 

charge distribution. UV-Vis DRS spectra (Fig. 29a) indicated that M-CN exhibited enhanced 

visible light absorption and exhibited a higher absorbance, tuned the band structure by reducing 

the band gap, and charge carrier recombination, which was demonstrated by PL and TRPL 
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spectra. Transient photocurrent and EIS data further confirmed that K-CN has a superior 

conductivity and lower charge-transfer resistance. The integration of M+ into the g-C3N4 

framework increased the local negative charge density, attracting h+ and repelling e–, thereby 

impeding the photoexcited charge carrier’s recombination. These structural, electronic, and 

optical properties collectively improve the photoactivity of M-CN. The RhB degradation 

efficiency of all the synthesized catalysts under visible light irradiation followed the order: K-

CN (90%), Na-CN (83%), Li-CN (79%), with K-CN exhibiting an enhanced photocatalytic 

performance and retaining 85% efficiency after 5 cycles, with structural stability (Fig. 29b-d).  

 

Fig. 29(a) UV-vis absorption spectra of CN and M-CN samples, (b) Photocatalytic degradation 

kinetics of RhB, (c) Comparison of RhB degradation rates by CN and M-CN, and (d) 

Evaluation of catalytic stability of K-CN over five consecutive degradation cycles. Reproduced 

with permission from ref. 42. Copyright 2024, Royal Society of Chemistry. 

Taking advantage of oxygen functionalization, enhanced charge transport through K-

intercalation was investigated in the activity of K, O co-doped g-C3N4 samples towards 

photocatalytic NO removal, investigated by Li and coworkers.190 Due to oriented charge flow 

across the layers, there is an accumulation of photoelectrons required for the generation of 

(a) (b)

   (d)
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active species for photocatalytic redox reactions. Intercalated K-atom as a mediator exhibited 

oriented charge transfer to strengthen the interlayer interaction (Fig. 30a). Based on DFT 

calculations, the band structure of g-C3N4 (CN), O-doped g-C3N4 (OCN), as shown in Fig. 30b 

and c, indicated the role of O atoms as adjusters and K-atom as a mediator, resulting in a 

favorable band offset and spatial charge carrier separation. The potential energies of neat g-

C3N4 and K, O co-doped g-C3N4, as shown in Fig. 30d and e, indicated an increase after the 

incorporation of O and K atoms. This difference in potential energy provides a driving force to 

transfer e– between the layers through the K-atom as a channel. Further, the role of O-adjuster 

atoms was further studied using Bader effective charge analysis, suggesting the change in the 

local charge density in OCN layers due to the continuous flow of charge from adjacent C and 

N to the O atom (Fig. 30f and g). As a result of this electron accumulation near the O atom and 

the promotional role of the intercalated K atom, which could alter the internal vdW force to 

strengthen the interlayer charge transfer for better charge separation (Fig. 30h and i). Hence, 

the availability of a greater number of e– on K, O co-doped g-C3N4 samples favored the 

generation of O2
•– for the photooxidation of NO. Further, according to ref. 39, K-doping in g-

C3N4 experienced a more positive shifting of the VB edge potential position than Na-doping, 

and thereby the VB level of K-doped g-C3N4 possessed a stronger oxidizability, resulting in a 

higher NO removal efficiency than Na-doped g-C3N4.  

 

 

Fig. 30 (a) Schematic representation of the Internal van der Waals Heterostructure (IVDWH): 

illustrating the “Cake Model” and structural framework of OCN-K-CN, (b) Calculated total 

density of states (TDOS), (c) Band alignment diagram of the OCN-K-CN IVDWH, (d, e) 

Layered electrostatic potential distribution, (f, g), Bader charge distribution for pristine CN and 

OCN-K-CN, (h, i) Charge density difference mapping of K-CN and OCN-K-CN, where blue, 

green, red, and gold spheres correspond to N, C, K, and O atoms, respectively. Reproduced 

with permission from ref. 190. Copyright 2018, American Chemical Society. 

   

(b) (c)

(d)

(e)

(f)

(g)

(h)
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One of the major problems in the food industry and drinkable water bodies is the contamination 

of nitrite (NO2
−), which usually occurs due to the reckless dumping of various inorganic and 

organic pollutants into the environment. Moreover, its over-concentration can lead to various 

potential threats and health hazards to mankind. Therefore, it is absolutely necessary to detect 

the NO2
− via a facile route. For instance, Na and K-doped g-C3N4 was utilized for the 

electrochemical sensing of NO2
−.191 The experimental outcomes suggested that Na-doping 

created abundant electroactive sites, which were responsible for the highest redox current 

response, facilitated high conductivity, and very good electron transfer ability that enabled 

efficient electrochemical oxidation of NO2
−. Similarly, uranium (VI) contamination is 

currently becoming a global threat due to the enormous increase in nuclear activity, mining, 

industrialization, etc. Among various decontamination approaches, photocatalytic reduction of 

highly soluble U(VI) contaminant to the less soluble U(IV) is a relatively promising approach 

to mitigate the uranium contamination. For instance, a K-doped, −C≡N functionalized 

defective g-C3N4 (KHCN) photocatalyst was fabricated via a facile alkali etching process with 

KOH for the removal of U(VI).44 The alkali etching enhanced the SSA of KHCN, which 

improved the adsorption of uranium, significantly accelerating the photocatalytic process. The 

XRD analysis revealed a notable attenuation in the intensity of the (002) plane of KHCN, 

suggesting a reduction in the interplanar stacking distance and diminished crystallinity. 

Additionally, the (100) plane became weaker and broader, indicating structural disorder of tri-

s-triazine units and the presence of defects in the CN framework. Further, the structural 

modification due to doping and defect creation was confirmed from SEM, FT-IR, and XPS 

analysis. Compared to CN, KHCN samples exhibited surface corrosion and abundant voids 

due to −C≡N induced defects. KHCN-2.5 showed a ladder-like thin-layered edge structure, 

implying partial layer exfoliation, confirmed by TEM. This suggested that −C≡N groups 

interrupted heptazine growth, forming fragmented nanosheets or debris. PL analysis revealed 

that KHCN exhibited a reduced intensity compared to pristine CN, indicating suppressed 

recombination of charge carriers due to the introduction of K⁺ ions and −C≡N groups. KHCN 

also exhibited a red-shift absorption edge compared to CN, extending visible-light absorption 

due to a narrow band gap (2.28 eV).  Furthermore, from XPS-VB spectra, the more negative 

CB potential of KHCN facilitated the O2 reduction to O2
•– which favors the formation of 

immobilized (UO2)O2⋅2H2O adduct on the catalyst surface to execute the photocatalytic 

removal of U(VI). Hence, synergistic incorporation of K+ ions and −C≡N groups in the CN 

framework effectively augmented the electronic structure, improved charge dynamics, and 

boosted visible light absorption, enabling superior U(VI) removal efficiency. 
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In addition to the above examples, several studies on alkali metal-doped-g-C3N4-based 

photocatalysts have demonstrated excellent activity in pollutant degradation and removal of 

hazardous species as outlined in Table 5. 

Table 5 List of alkali metal-doped g-C3N4-based photocatalysts for efficient pollutant 

degradation. 

Photocatalysts Precursors 
Synthesis 

method 

Reaction 

condition 
Pollutants 

% of 

Degradation 
Ref 

K–CN 
Melamine, 

KOH 

Thermal 

polymerization 

500 W Xe 

lamp 
RhB 90% 42 

 LiK15 : 5 
Urea, LiCl, 

KCl 
Calcination 

500 W Xe 

lamp 

Methylami

ne 

 

93.1% 79 

 KTCN/ZnO 

NWs 

Melamine, 

KCl, 2,4,6-

triaminopyri

midine 

(C4H7N5) 

Calcination Xe lamp MB 99.25% 115 

ZnO/NaTCN 

Melamine, 

NaCl, 2,4,6-

triaminopyri

midine 

(C4H7N5), 

Zn(CH3COO)

2·2H2O 

Calcination Xe lamp MB 98.54% 185 

CsGCN1 DCDA, CsCl 
Thermal 

condensation 

20 W CFL 

bulbs 
AR 94 dye 93.4% 187 

0.4-PCN 
Melamine, 

K2CO3 

Thermal 

polymerization 

300 W Xe 

lamp 
RhB, CFH 

RhB (93%), 

CFH (33.4%) 
188 

K-g-C3N4 
Melamine, 

KCl 

Thermal 

polymerization 

8 W VUV 

lamp 
TMP 91% 192 

3-CN 

Urea, 

(Fe(NO3)3·9

H2O, NaNO3  

Calcination Dark MB 100% 193 

 Ni-MOF/Na-

CN-4@MS 
Melamine, Calcination 

300 W Xe  

 lamp 
MB 99% 194 
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NaCl, 

Ni(NO3)2⋅6H2

O, H2BDC 

KPCN/GO/Zn

Fe2O4 

Melamine, 

(NH4)2HPO4, 

KCl 

Thermal 

polymerization

, hydrothermal 

500 W 

halogen 

lamp 

RhB, MB, 

TC 

RhB (96%), 

MB (93%), 

TC (87%) 

195 

 

3.3 Miscellaneous application 

This review also demonstrates how the influence of the alkali metal in g-C3N4 can stretch the 

opportunities in various exciting applications other than solar fuel production and contaminants 

degradation to justify its practicality. Several research groups have already demonstrated the 

advantageous aspects of g-C3N4 in the photocatalytic oxidation process.196–203 However, alkali 

doping further exhibits a promotional impact due to the appropriate band alignment and 

electron transport channel, which efficiently facilitates the photocatalytic oxidation of various 

biomass compounds and organic molecules. A binary composite of K intercalated g-C3N4 and 

Bi2MoO6 (BMO/K-CN) forming a Z-scheme heterojunction was reported for the oxidation of 

para-methoxybenzyl alcohol under simulated solar irradiation.204 The successful composite 

formation was confirmed from the PXRD observation (Fig. 31a). Further, the FESEM analysis 

suggested the hexagonal Bi2MoO6 (BMO) deposited on the lamellar-type sheets of K-doped g-

C3N4 (K-CN). The successful interfacial contact was confirmed from the XPS analysis, 

suggesting K doping occurred in the interstitial position beset with the heptazine unit and 

coordinated with N as N-K bonding sites, due to which K-CN experienced charge 

delocalization, encompassing better charge separation. Comparing the O 1s XPS profile of K-

CN and BMO/K-CN, the latter experienced a down shift, which clearly suggested the chemical 

interaction of BMO and K-CN. Similarly, after the composite formation, the up shift in the 

binding energies of C, N, and the down shift in the binding energies of Bi, Mo, and O of 

BMO/K-CN, strongly suggest the flow of e– from K-CN to BMO in BMO/K-CN. As a result, 

an appropriate band structure corresponding to the Z-scheme heterojunction of BMO/K-CN 

was constructed. The Z-scheme heterojunction was further confirmed by the terephthalic acid 

and DMPO test. BMO/K-CN exhibited red-shift light absorption with respect to BMO but 

maintained a similar type of light absorption trend with K-CN, as confirmed from the DR UV-

vis analysis (Fig. 31b). The large interfacial contact area between BMO and K-CN promoted 
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enhanced electron transfer ability as well as better charge separation efficiency. As a result, the 

BMO/K-CN exhibited a one-pot conversion of para-methoxybenzyl alcohol oxidation and CO2 

reduction without any additional oxidant or co-catalyst. BMO/K-CN could able to achieve 31% 

para-methoxybenzaldehyde as oxidation product and 21 mmol g-1 h-1 of CO as CO2 reduction 

product in 6 h under simulated solar light irradiation. All spectroscopic evidence and controlled 

experiments suggested, upon photoexcitation, the photoexcited e− in the CB of K-CN moved 

towards the h+ in the VB of BMO; therefore, the remaining e− in the CB of BMO utilized in 

the reduction of CO2, while the h+ in the VB of K-CN oxidized para-methoxybenzyl alcohol 

(Fig. 31c).  

 

Fig. 31 (a) XRD profile and (b) UV-vis DRS spectra of K-CN, BMO, and 5BMO/K-CN, and 

(c) Picture illustrating the mechanism for CO2 photoreduction coupled with p-MeOBA 

oxidation over 5BMO/K-CN photocatalyst. Reproduced with permission from ref. 204. 

Copyright 2025, American Chemical Society. 

Another example of efficient photooxidation of substituted benzylamine and simultaneous 

production of H2O2 was demonstrated by Liu et al.116 K and Na-doped g-C3N4 nanosheet 

(K/Na/PCN) was first synthesized via an ionothermal polycondensation of KCl, NaCl, and 

DCDA, in which K and Na ions were stabilized by the N atoms of heptazine units. Being a 

promising photoactive material with appropriate CB and VB edge potential, cobalt 

phthalocyanine (CoPc), having a planar structure, efficiently formed a Z-scheme 

heterojunction with K/Na/PCN through π-π stacking and H-bonding between the hydroxyl 

units of K/Na/PCN and CoPc (Fig. 32a). The resultant CoPc/K/Na/PCN, having an effective 

interfacial Z-scheme heterojunction interaction, experienced a strong interfacial intrinsic 

electric field, which significantly improved the charge carrier separation efficiency and thereby 

possessed enhanced redox ability of separated charge carriers to execute the efficient 

photoredox reaction. The photogenerated e− of CoPc and the h+ of K/Na doped g-C3N4 

combined, while the h+ of VB of CoPc and e− of CB of the K/Na doped g-C3N4 remained 

separated to be utilized in the reduction of O2 to O2
•− and abstraction of H+ from benzyl amine 

(a) (b) (c)
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(PhCH2NH2) to PhCH2NH2
•+ respectively. The O2

•− coupled with H+ to form H2O2, and the 

resultant PhCH2NH2
•+ further reacted with the h+ to release another H+ and formed PhCH=NH 

as an intermediate species. The PhCH=NH underwent an addition reaction with another 

molecule of PhCH2NH2 to form N-benzylidenebenzylamine (N-BDBA) and NH3 as the final 

product (Fig. 32b). Similarly, Dong et al. reported a highly efficient alkali-doped g-C3N4, 

which was enriched with triune active sites such as alkali metal doping, −C≡N linkage, and N-

vacancies for efficient ozone activation and atrazine degradation.72 Na, K and Li doped g-C3N4, 

designated as CN-M, M = Na, K and Li, facilitated the ozone adsorption and exhibited an 

enhanced electron transfer phenomenon due to the intercalation of alkali metal, which 

reportedly reduced the layer distance and acted as an electronic bridge. Moreover, the alkali 

doping created the −C≡N defect and N vacancies in the M-CN framework. The electron-

withdrawing effect due to the −C≡N linkage facilitated the light harvesting by modulating the 

electronic structure, and the N vacancies promote optimized charge distribution in M-CN. 

Therefore, the combinational effect of alkali metal doping, −C≡N linkage, and N-vacancies 

stimulated the M-CN framework for better ozone oxidation and atrazine degradation than 

undoped g-C3N4.  
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Fig. 32 (a) Schematic depiction of the preparation process and structural configuration of 

CoPc/K/Na/PCN Z-scheme heterojunction composites, and (b) Illustration of the proposed 

mechanism of the photooxidation of benzyl amine to N-BDBA. Reproduced with permission 

from ref. 116. Copyright 2025, Elsevier. 

Furfural is a useful biomass-derived platform chemical that acts as a potential precursor for the 

production of various sustainable chemicals and fuels. The selective oxidation of furfural to 

furoic acid is an interesting and important transformation due to the wide range of applicability 

of furoic acid as a building block in the food industry, pharmaceuticals, and biofuel additives. 

Wang et al.205 and Liu et al.206 demonstrated the photocatalytic approach for furfural oxidation 

reaction using a composite of K-doped g-C3N4 and a photoactive NH2-UIO-66 MOF (K0.1-

(a)

(b)
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CN/UN-20). The former used Er doping as the promoter, and the latter used an aqueous 

solution of Na2CO3 externally as the mediator and promoter for the photooxidation process. Er 

and K doped g-C3N4 (Er@K-C3N4/UIO-66NH2) exhibited 90.4% furfural oxidation with 

63.4% furoic acid selectivity. The successful formation of the heterostructure and the K and Er 

doping not only enhanced the light harvesting ability but also promoted the electron transfer 

process to boost the charge carrier separation efficiently for efficient oxidation reaction (Fig. 

33a). Similarly, the type II heterostructure between the K-doped g-C3N4 and NH2-UIO-66 

provided a strong interfacial contact in the heterostructure, accelerating excellent electron 

transfer ability. Again, the strategically tuned band gap width of the resultant heterostructure, 

when combined with the aqueous solution of Na2CO3, efficiently generated the desired reactive 

oxygen species (ROS) to facilitate the photocatalytic oxidation process of furfural. The 

photocatalytic process began with the excitation of charge carriers upon light irradiation, and 

the formation of the interfacial heterojunction promoted the charge separation by exhibiting 

band bending phenomena due to the generation of an interfacial intrinsic electric field (Fig. 

33b). The photoexcited e− in the CB of K-CN reduced O2 present in air to O2
•– and subsequently 

formed H2O2 by reacting with aqueous H+. The in-situ generated H2O2 preferentially oxidized 

furfural to 70.7 % yield of furoic acid, while the Na2CO3 avoided the formation of unwanted 

ROS by selectively quenching the h+ in the VB of NH2-UIO-66.  
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Fig. 33 Schematic illustration of the proposed reaction mechanism of furfural photo-oxidation 

over (a) Er@K-C3N4/UIO-66NH2. Reproduced with permission from ref. 205. Copyright 2024, 

Elsevier. and (b) K0.1-CN/UN-20. Reproduced with permission from ref. 206. Copyright 2024, 

Elsevier.  

Being a nitrogen-rich material, g-C3N4 possesses appropriate basicity and active sites for 

various types of biomass oxidation reactions, and glucose isomerization reaction. The 

fabrication of alkali-doped g-C3N4-based active catalysts can be achieved by a molten salt-

assisted synthesis method, which can induce the appropriate basicity in the g-C3N4 structure, 

(a)

(b)
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to potentially enable the glucose to fructose isomerization reaction.207 The glucose to fructose 

isomerization was generally achieved in the presence of the Bronsted basic sites via a proton 

transfer mechanism. Based on this, several alkali metal-doped g-C3N4 materials were 

synthesized via the thermal condensation of urea and respective alkali/alkaline metal chlorides, 

as shown in Fig. 34a.  The resultant materials were evaluated for the glucose to fructose 

isomerization reaction, and the K-doped (K-C3N4) and Mg-doped g-C3N4 (Mg-C3N4) exhibited 

the best activity in the glucose to fructose transformation. The PXRD and FT-IR analysis 

indicated the successful doping of alkali metal in g-C3N4 (Fig. 34b and c). The CO2-TPD 

analysis confirmed that the basicity of the alkali/alkaline-doped material was significantly 

higher than the undoped g-C3N4 (Fig. 34d). Among various samples, Mg-C3N4 and K-C3N4 

exhibited a broad CO2 desorption peak at higher temperature (370-480 ᵒC), suggesting their 

stronger basic sites and higher overall basicity chemisorbed the CO2 molecules. The time and 

temperature dependent catalytic activity test suggested that the Mg-C3N4 exhibited 

32.5% fructose yield after 240 min at 90 ᵒC, while Na-C3N4, K-C3N4, and Ca-C3N4 afforded 

23.2%, 28.7%, and 28.4%, respectively.  

 

Fig. 34 (a) Diagrammatic illustration of the synthesis of M-C3N4, (b) XRD patterns, (c) FT-IR 

spectra, and (d) CO2-TPD of all the prepared samples. Reproduced with permission from ref. 

207. Copyright 2022, American Chemical Society. 
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Similarly, another work of glucose to fructose isomerization was achieved via a photocatalytic 

approach using the Li and K co-doped g-C3N4 (CM-Molten) synthesized via the molten salt-

assisted thermal condensation of melamine-cyanuric acid (MCA) supramolecular precursor 

(Fig. 35a).208 For comparison, the MCA supramolecular precursor was also pyrolyzed without 

molten salt and designated as CM-Air. The effect of the molten salt-driven pyrolysis was 

studied through several characterization processes. CM-Air exhibited small-sized nanosheet 

morphology, whereas CM-Molten exhibited a curled tubular shape consisting of micro-sized 

nanosheets with high crystallinity, confirmed from the existence of a well-defined (002) 

crystalline phase (Fig. 35b).  High crystallinity of CM-Molten was analyzed by PXRD analysis, 

suggesting the existence of various diffraction planes corresponding to poly(triazine imide). 

Additionally, the successful intercalation of Li+ in CM-Molten was also validated by the PXRD 

analysis. On the contrary, such crystalline phases were absent in the PXRD pattern CM-Air, 

which demonstrated that the molten-assisted pyrolysis induced a high degree of crystallinity in 

the material (Fig. 35c). The molten-assisted synthesis was also responsible for the existence of 

−C≡N linkages, confirmed from the FT-IR and XPS analysis. This resulted in the enhanced 

light harvesting ability with red shift light absorption and a narrow bandgap energy compared 

to the CM-Air (Fig. 35d).  Moreover, these structural changes led to the existence of N 

vacancies and excess unpaired e– in CM-Molten as confirmed from the EPR analysis (Fig. 35e). 

As a result of the combinational effect of better light harvesting, improved charge separation, 

and extended functionalities due to the −C≡N linkages and N vacancies, the transient Lewis 

acid-base active sites could be created in CM-Molten to accomplish the photocatalytic glucose 

to fructose isomerization (more than 25% conversion and ~70% fructose selectivity) under 

visible light while CM-Air exhibited very negligible activity of the glucose isomerization. As 

a result of the combinational effect of better light harvesting, improved charge separation, 

extended functionalities due to the −C≡N linkages and N vacancies, an efficient charge transfer 

pathway was achieved, as demonstrated in Fig. 35f. As a consequence, the transient Lewis 

acid-base active sites could be created in CM-Molten to accomplish the photocatalytic glucose 

to fructose isomerization (more than 25% conversion and ~70% fructose selectivity) under 

visible light, while CM-Air exhibited very negligible activity of the glucose isomerization. The 

overall mechanism involved the activation of the aldehyde group by the Lewis acid sites, while 

the O atom at C-2 was activated by the Lewis base sites, resulting in the formation of an H-

bonding intermediate, which further underwent deprotonation and H+ transfer pathways to 

produce fructose (Fig. 35g). 
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Fig. 35 (a) Schematic representation of CM-Molten synthesis via supramolecular self-

assembly assisted by molten-salt approach for photocatalytic glucose isomerization, (b) 

FESEM image of CM-Molten, (c) XRD, (d)UV-vis absorption spectra, (e) EPR spectra of CM-

Air and CM-Molten, (f) Picture illustrates the enhanced charge separation in CM-Molten with 

oriented N-vacancies and -C≡N functionalities, and (g) Suggested glucose-to-fructose 

isomerization mechanism over CM-Molten. Reproduced with permission from ref. 208. 

Copyright 2021, American Chemical Society.  

Exceptionally, Li, among all the alkali metals, when doped in g-C3N4, exhibited excellent 

hydrogen adsorption efficiency and was suitable for hydrogen storage applications. Thus, Li-

doped g-C3N4 sheets suitably drove efficient hydrogen adsorption. For instance, based on first-

principles calculations on density functional theory, Zhu et al. reported the application of Li-

doped g-C3N4 towards hydrogen storage under ambient thermodynamic conditions.67 Their 

study revealed that porous open hollow sites of g-C3N4 sheets are found to be favorable to dope 

Li-atoms by coordinating with the N-atoms. The high electronegativity value of N-atoms not 

only induces a positive charge on Li-atoms but also polarizes H2, enabling a strong binding 

(a) (b)

   (c) (d)

(f) (g)
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(3.26 eV) with the substrate. The energy of hydrogen adsorption by Li-doped g-C3N4 was 

calculated as 3.48 kcal/mol and studied as a good system having potential in energy storage. 

Similarly, another report by Song et al. proposed the first principles calculations for the 

reversible storage of H2 over a super alkali NLi4 cluster decorated g-C3N4 sheet ((NLi4)2@g-

C3N4).
209 The calculation results demonstrated two NLi4 ‘superalkali’ clusters stably anchored 

on a 2×2 g-C3N4 supercell in (NLi4)2@g-C3N4, having a total binding energy of -4.39 eV, 

exhibited a total of 18 H2 molecules adsorption with an adsorption energy of -0.29 eV at 200K 

and 1 atm pressure. Charge analysis indicated the optimized structure containing the NLi4 

cluster, which accommodated Li as Li+, temporarily polarized the H2, and enhanced non-

dissociative adsorption without forming strong chemical interactions. However, the 

temperature-dependent simulations further demonstrated that about 83.3% of the adsorbed H2 

got desorbed at 300 K and 1 atm, demonstrating a temperature-responsive, reversible storage 

behavior of H2 that favored uptake at lower temperatures and promoted effective release near 

room temperature at atmospheric pressure, fulfilling a desirable combination for reversible H2 

storage application. Besides, Li-doped graphitic carbon nitrides such as (g-C3N4 and g-C4N3) 

are also explored in Li ion batteries.210 A melamine-derived triazine-based g-C3N4 having a 

single-layer nanosheet with a small pore size distribution, which can accommodate Li single 

atoms rather than cluster accumulation. According to the report, mono-layered Li-doped g-

C3N4 acted as anode material, while the bulk Li-doped g-C4N3 acted as cathode material. 

Optimized Li-doped g-C3N4 can adsorb hydrogen in quasi-molecular form, having the H-H 

distance of 0.76 Å. The distance between the hydrogen molecule and the Li-atom was 2.5 and 

2.18 Å in Li2C3N4 and Li2C4N3 systems, respectively, while the average distance between the 

H2 molecule and the Li-atom was 2.86 Å and 2.43 Å. Every Li-atom has a tendency to adsorb 

three hydrogen molecules. Gravimetric density of H2 adsorption over Li2C3N4 and Li2C4N3 are 

10.2 and 10.3 wt%, respectively, whereas the volumetric density is 100.2 g/L in both cases.  

4. Conclusion and future perspectives 

This review consolidates current advancements in the design and functional tuning of alkali-

metal-modified g-C3N4, emphasizing how these dopants reshape its structural, electronic, and 

photocatalytic behaviour (Fig. 36). The discussion highlights how mono and co-doping have 

proven highly effective in tailoring the electronic structure, interfacial characteristics, and 

photoresponse behavior of g-C3N4-based materials. Smaller ions tend to substitute into the 

lattice, while larger ions more commonly intercalate into the layers or occupy cavity sites, 

generating increased porosity, disturbed stacking, and reduced crystallite size due to modified 

Page 81 of 96 EES Catalysis

E
E

S
C

at
al

ys
is

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
3:

18
:3

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5EY00306G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00306g


81 
 

polycondensation paths. An in-depth demonstration of theoretical modellings and DFT studies 

is also provided in this review to underscore the charge density distribution, band structure 

analysis, and charge transfer mechanism, confirming that alkali ions incorporation leads to 

structural reorganizations that extend the optical absorption to red shift, narrowing the band 

gap, and optimizing the VB and CB levels for efficient utilization of charge carriers. 

Simultaneously, nitrogen vacancies are often formed during doping, acting as complementary 

active sites, enabling more efficient electron migration. By leveraging these synergistic effects, 

alkali-metal-doped g-C3N4 shows considerable promise for various sustainable and 

environmentally friendly photocatalytic processes, including solar fuel production, organic 

pollutant decomposition, biomass conversion, and energy-related applications. Insights drawn 

from case studies integrating morphological analysis, spectroscopic characterization, and 

mechanistic evaluation underscore the versatility and practical potential of these materials for 

efficient photocatalysis and energy harvesting. The insights summarized here provide a 

foundation for rational design of high-performance, energy-efficient photocatalytic systems 

based on alkali metal-engineered g-C3N4 nanostructures. Overall, we trust this review can 

become a reference tool for the fabrication of advanced and highly efficient alkali-doped g-

C3N4-based energy harvesting materials.  

 

Fig. 36 Schematic depiction of the key outcomes and future prospects of alkali metal-doped g-

C3N4. 

On the contrary, several unsolved hitches and research challenges are highlighted as future 

prospects for advancing the alkali-doped g-C3N4-based photocatalysts in solar energy 

harvesting applications (Fig. 36). The respective research gaps need to be well addressed by 
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making continuous efforts through extensive research in the domain of alkali doping in g-C3N4. 

Some of the points are highlighted below, 

1. Rationalization of dopant behaviour 

A deeper mechanistic insight into dopant location, bonding environment, and framework 

stability is needed. Since the appropriate doping of alkali metals provides a polarized charge 

density distribution for enhanced charge separation efficiency, a thorough investigation of 

advanced theoretical modellings, DFT calculations, simulations, and machine-learning-

assisted design can help to predict the structure-property relationships, guide ideal dopant 

selection, and minimize trial-and-error experimentation. 

2. Development of doping databases 

Integrating such rationalized results from computational predictions with detailed experimental 

metadata (selection of precursors, synthesis parameters, defect states, morphology difference, 

structural outcomes, and photoactivity metrics) into a standardized database platform would 

accelerate the data-driven rational design of alkali-doped g-C3N4. Combining the database with 

an advanced high-throughput simulation process enables molecular-level estimation to control 

of dopant site, structural configurations, photocatalytic performances, and product selectivity 

while maintaining very high reproducibility 

3. Device-level integration 

The introduction of alkali metal causes substantial electronic, structural, and interfacial 

modifications. Moreover, considering the non-toxic, economic, and easily synthesizable nature 

of alkali metal-doped g-C3N4-based materials, it will be advantageous to expand their practical 

implementation in terms of progressive device designing for different types of energy-related 

applications, such as PC and PEC electrodes, hybrid solar-driven reactors, ion storage and 

electrochemical energy-storage device, membranes, owing to their facile fabrication of device-

grade films and composites using various promising techniques (powder suspensions, 

immobilized thin films and heterostructure formation).  

4. Multi-parameter structural tuning 

Currently, many research groups are continuously working on advancing the structural features 

of g-C3N4-based materials to achieve highly efficient, multifunctionality-integrated energy 

materials. However, more research is needed to fine-tune the structure and optoelectronic 
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properties through multiple modifications and tailor the morphology to achieve highly efficient 

alkali-doped g-C3N4-based photocatalytic materials with the inherent quality of best 

photostability. In this regard, it is also crucial to develop a comprehensive database and 

advanced simulation methodologies that can serve as useful tools for future researchers to 

engineer at the molecular level of alkali-doped g-C3N4 materials, thereby precisely predicting 

and controlling their structural configurations, photoactivity, and product selectivity. 

5. Multifunctional active sites installation 

Semiconductor photocatalysis has the potential to mimic natural photosynthesis; however, the 

major solar energy conversion process, such as CO2 reduction, N2 reduction, and water splitting 

reaction, often requires co-catalysts or sacrificial agents, which create complexities and 

difficulties, causing industrial infeasibility. Therefore, it is essential to modulate the structure 

and optoelectronic parameters in alkali metal-doped g-C3N4 to install multifunctional active 

sites by rationalizing the co-doping, precise defect management, and modifying physico-

chemical properties for efficient solar fuel production with a co-catalyst and sacrificial agent-

free condition, which is a more facile, sustainable, and economic pathway. 

6. Scaling up sustainable synthesis 

The development of alkali metal-doped g-C3N4 materials via a facile molten salt-assisted 

synthesis approach is one of the most straightforward, cheap, and sustainable approaches to 

advance the bulk g-C3N4. Therefore, it is crucial to optimize and advance this straightforward 

approach by rationalizing the experimental parameters (experimental conditions, types of 

precursors, etc.), process designing, and reactor modelling for the large-scale synthesis of alkali 

metal-doped g-C3N4-based materials in pilot plants with high reproducibility. 

The precursors (melamine, urea, dicyandiamide) used for the preparation of alkali metal-doped 

g-C3N4 are abundantly available and low-cost. Likewise, the synthesis process involves an 

energy-efficient one-pot thermal co-polymerization method, which involves simple equipment 

and a continuous feed process, demonstrating the high scalability. But the homogeneous 

distribution of alkali metals and the formation of ammonia gas during synthesis on a large scale 

is a challenge. Compared to the other doping systems, such as non-metal doping associated 

with control synthesis, transition metal doping attributed to the toxicity and leaching issues, 

alkali-metal-doped g-C3N4 ranks best among various modification strategies, for industrial 

scale-up. 
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7.  Collaboration and cross-disciplinary 

Furthermore, it is essential to endow multi-collaborative research to strengthen future research 

by fabricating these structurally modified functionally rich alkali metal-doped g-C3N4 based 

materials with solar cell technologies for sustainable energy production applications. 
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