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a b s t r a c t

Due to a growing number of significant vitality and environmental issues, the standardized variation of
carbon nitride (CN) for visible-light photocatalytic water splitting is an encouraging scientific topic. By
revealing this, the functionalized monomer 2,6-dibromobenzimidazole (BI) was successfully embedded
within the heptazine units of CN via a molecular engineering (Co-polymerization process) approach,
and the as-synthesized product was named CN/BIx. Thereafter, as-synthesized materials were employed
in the photocatalytic production of hydrogen (H2) via water splitting and CO2 reduction into CO under
visible light irradiance (k = 420 nm). Surprisingly, the substituent framework of CN, which was intimi-
dated by the description of BI monomer, acted as a substitution reaction material and lubricated the elec-
tronic structure of CN by endorsing charge transition dissociation, which in turn boosted its
photocatalytic performance under visible irradiation. The CN/BI10.0 yields 62.8 mol of CO and 18.1 mol
of H2 for 4 h of the catalyzed reaction upon photooxidation under light irradiation, emphasizing the max-
imum photocatalytic performance with response to CO2

+. Correspondingly, the H2 evolution rate (HER) for
bulk CN was estimated as 17.6 mol/h1, whereas it was approximated as 203.7 mol/h1 for CN/BI10.0, which
is 10 times higher than that of CN. Such a phenomenon also predicts a substantial encroachment in the
surface area, energy gap, and chemical properties, along with promotes the effective segregation of pho-
toinduced charge separation from the valence band (VB) to the conduction band (CB) of CN, thereby,
making it a good alternative for the photocatalytic water and CO2 reduction reaction process.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

In the current era, the intensive use of carbon fuels and the
accelerated release of carbon dioxide (CO2) into the worldwide
ecosystem plays a significant role in human beings, by reducing
fuel asset utilization levels, and thus, the constant ignition of these
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fuels has been recognized as a convoluted task to humanity [1-7].
Even so, consistent efforts have been made to enhance the substan-
tial alternatives for the subsequent transition of such carbon fuels
into feasible chemical energy retrieval to investigate a green power
source [8,9], in order to surmount such global pollution, and the
economic downturn [10-14]. Researchers have focused their efforts
on searching a good potential renewable source, that could be
regarded as an unending clean sustainable energy source. Renew-
able irradiance, which is based on visible intensity, has distinctive
techniques for reusing carbon fuels into beneficial chemical fuels in
order to address environmental concerns and energy scarcity [15-
22]. Even though, to proceed with such photo-fixation interactions,
this transformation of fossil energy into feasible fuel assets
requires a specialized form of broadening sunlight transformation
feedstocks with considerable endeavor [23-27]. Semiconductor
photocatalysts were used to replenish such zones, that are pow-
ered by illumination and have excellent photocatalytic perfor-
mance for converting fossil fuels into electrical and chemical
fuels [28-31]. This semiconducting photocatalyst mimics natural
photosynthesis by absorbing illumination and inducing photocat-
alytic water splitting and CO2 reduction reactions, captivating the
production of hydrogen (H2), carbon monoxide (CO), methanol
(MeOH), and methane (CH4) through photocatalysis [32-35]. Many
systematic and innovation efforts have been stymied in their
attempts to increase the photocatalytic efficiency of such semicon-
ductors for the conversion of CO2 into economically viable renew-
able inputs, as well H2 energy, respectively [36-38]. A significant
number of semiconductor materials are inappropriate for photore-
duction of CO2 source and water splitting processes, until massive
renewable power owing to low consistency, high band gap, high
cost or inactivity under visible region [39-41]. It is therefore, plau-
sible to establish an efficient and appropriate photocatalyst with
elevated consistency, low cost, metal free, and high activity for
photocatalytic performance. Carbon nitride (CN) is metal-free pho-
tocatalyst of great interest, that is based on carbon (C) and nitrogen
(N) which have a narrow band gap of 2.7 eV, and are inexpensive
[42], thus, has increased accessibility and activity under visible
light, and has excessive durability [43-47]. Such polymeric CN
could be easily synthesized by the condensation of nitrogen-
based precursors, that are inexpensive and accessible in essence
and have better photocatalytic efficiency [48-55]. Regrettably, CN
utilizes a modest portion of visible illumination due to a high pro-
portion of charge replication, that reduced photoinduced electron
carrier, and a minimal quantum yield, all of which contribute to
reduced photocatalytic performance [56-59]. For this purpose,
molecular engineering (copolymerization process) is a predefined
approach, wherein we configure the aggregation of CN by hybridiz-
ing with well organic aromatic monomers in its framework in
order to improve its optical absorption circumstances and
p-dislocation system [60]. Correspondingly, such conjugated func-
tionalized monomers integrate into the structure of CN to alter its
electronic consistency, framework, and interfacial dynamics, as
well as indicate a diverse intersection to speed up the charge
mobility system, thereby endorsing CN photocatalytic perfor-
mance [61,62].

In this paper, we orchestrated the procedure of molecular engi-
neering by incorporating the distinctive organic aro-
matic monomer dibromobenzimidazole (BI) into the
configuration of CN in order to improve its light absorptivity, by
boosting the charge isolation, stimulate the electrons/holes conju-
gation, and empower the structural integrity, along with optical,
and texture attributes of CN. Such alternation demonstrates a
remarkable photocatalytic performance of CN for photocatalytic
water reduction (H2) and CO2 reduction (CO & H2) under visible
light (k = 420 nm). The CN was simply obtained by the calcination
of urea-based precursor as a starting material. The integrated BI
2

monomer composed of dibromo group that are replaced during
molecular engineering and form a long polymer with large surface
area, that produce more electrons for superior photocatalytic per-
formance (Fig. 1). More importantly, the modulation of BI within
CN alters a nucleophilic reaction between the amino group of BI
and the triazine unit of CN. As a result of our prime alternative of
this monomer, it anticipates a substantial divergence in the partic-
ular region, band gap, chemical properties, and configuration, as
well as enhance the effective isolation of photoinduced charge
transfer, thereby, making it a top contender for CO2 reduction and
water reduction into H2 inputs.
2. Results and discussion

The X-ray diffraction (XRD) of materials reveals two distinct
crystalline phase, as seen in Fig. 2a [63,64]. The predominant peak
at 27.6� demonstrates the surface layer assembling of 2D cova-
lently aromatic groups, whereas the modest peak at 12.6� is due
to the in-plane compositional patterns of tri-s-triazine units. The
Fourier transform infrared spectroscopy (FTIR) spectra illustrate
that many peaks positioned at 1225–1580, 2950–3625, and
795 cm�1 are associated to the traditional deformation, entrapped
O-H compound, and breathing patterns of the s-triazine hetero-
cyclic ring (C6N7) (Fig. 2b). According to XRD and FTIR, no visible
granular variations in the fundamental crystalline phase or struc-
ture consistency of the CN component happen after molecular
engineering.

The Brunauer-Emmett-Teller (BET) surface area of CN is
39.61 m2/g, and after the amalgamation of BI within the structure
of CN, brought about the significant increase in the surface area of
168.49 m2/g for CN/BI10.0 (Fig. 3a). Similarly, Fig. 3b depicts the
pore-size distributions of Barrett-Joyner-Halenda (BJH) slope,
which enhances as the quantity of BI increase within CN frame-
work. Because surplus BI would not initiate a nucleophilic interac-
tion via the amino group of urea, as it will disintegrate and
discharge many gases during molecular engineering of CN. The sur-
face area of all prepared materials is depicted in Table. S1.

Additionally, the photoluminescence transmittance [65] (PL)
shifts from 461 nm to 483 nm toward a higher wavelength,
thereby, lowering the band gap simultaneously (Fig. 4a). The PL
spectra display that electrons/hole’s agglomeration was accom-
plished in the CN framework in order to form the interfacial inter-
actional heterojunctions due to robust charge linkage incorporated
through molecular engineering. The diffuse reflectance (DRS) spec-
tra represent a reduction in energy band gap due to the connection
of introduced species within triazine architectural frame, thereby,
resulting in to the efficient deformations in the HOMO and LUMO
transition (Fig. 4b). The outcomes in turn show that copolymerized
CN materials have significant visible-light adsorption performance
as well as improved capabilities to capture light due to a constric-
tion of the bandgap energy. The Table. S1 displays the band gap of
all fabricated materials based on DRS calculations.

SEM images of CN and CN/BI10.0 demonstrate nanoplatelets
with spongy congested layers (Fig. 5a-b). The TEM appearance is
fabric blended dendrimer bases for CN and copolymerized
catalyst (Fig. 5c-d). The elemental mapping for superior sample
CN/BI10.0 is illustrated in Fig. 5e-h respectively.

X-ray photoelectron (XPS) analysis reveals the presence of car-
bon (C), nitrogen (N), and oxygen (O) in both catalysts, as proposed
by wide XPS spectrum (Fig. S1). Two significant peaks were
archived at 287.1, 284.5 eV (CN) and 288.4, 284.4 eV (CN/BI10.0),
correlating to sp2 hybridized carbon (N-C = N) and C-C single bonds
on the surface of the material (Fig. 6a-b). Furthermore, the N 1 s
ranges for CN (398.3, 400.6, and 403.5 eV) and CN/BI10.0 (398.9,
401.6, and 404.7 eV) represent the sp2 hybridized N in the hep-



Fig. 1. Molecular engineering reaction process between CN and BI monomer.

Fig. 2. (a) The XRD spectrum, and (b) FTIR spectroscopy of CN and BI-doped CN materials.

Fig. 3. (a) The N2-sorption isotherm models for CN and CN-BI10.0 catalysts, and (b) the associated BJH pore-size distribution patterns.
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tazine ring (C-N=C), the amino configuration cluster (C-N-H), and
the segmentation of the charging impact in the heptazine ring
(C-N=C) of heterocyclic compounds (Fig. 6c-d). Subsequently, the
O 1 s XPS continuum for CN and CN/BI10.0 is depicted in Fig. S2.

The electronic paramagnetic resonance (EPR) results of CN and
CN/BI10.0 demonstrate a singular symmetric line with a g-value of
2.0034 at 3514 G (Fig. 7a). Under photoexcitation, the EPR conven-
tions for CN/BI10.0 are improving far faster than CN. The theory
3

behind this modification is the formation of large amounts of pho-
tocatalytic clusters within the framework of as-synthesized cata-
lysts [52]. Similarly, the elemental composition was measured to
quantify the number of each component within each sample
(Fig. 7b). Because of molecular engineering, the outstanding sam-
ple CN/BI10.0 exhibits a substantial percentage of constituents as
well as a monetary quality of C/N ratio. The C/N molar ratios for
all synthesized samples are displayed in Table. S1.



Fig. 4. (a) The optoelectronic absorbance wavelength and (b) photoluminescence spectral response of CN and CN/BIx materials under 400 nm excitation.

Fig. 5. (a, b) SEM illustrations of CN and CN/BI10.0, (c, d) TEM morphology of CN and CN/BI10.0 and (e) is the elemental mapping of CN/BI10.0 sample.
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2.1. Density functional theory (DFT) and time-dependent DFT (TD-
DFT).

The comprehensive reactant steps used for the fabrication of BI
within the structure of CN are depicted in Fig. 1. The distribution of
electronic energy was investigated using Gaussian 09 density func-
tional theory (DFT) and time-dependent DFT (TD-DFT) methods for
VB and CB configuration enhancement at the stage of B3LYP (beck
three-parameter hybrid functional) /6-31G (d, p) [66]. It has been
well demonstrated, that the numerous electron donor and accep-
tor components existing in an organic molecule exhibit particular
4

electronic structure due to the significant charge transmission
(CT) function of their minimum excitons, allowing for comprehen-
sive optical applications such as organic solar cells, organic transis-
tors, etc. The highest occupied molecular orbital (HOMO) is mainly
dispersed in D unit, and the lowest unoccupied molecular orbital
(LUMO) is divvied up in A unit. The existence of electron donor
(D) and acceptor (A) substituents results in various gradients of
specific isolation of the frontier molecular orbitals (FMOs).
Reduced FMO intersect results in small energy splitting (EST)
among the lowest singlet (S1) and triplet (T1) asserts. At ambient
temperature, efficient up-conversion from T1 to S1 is possible,



Fig. 6. (a) The XPS C 1s (a-b) and N 1s (c-d) spectrum for CN and CN/BI10.0 samples.

Fig. 7. (a) EPR spectra of CN and CN/BI10.0 (b) elemental assessment and C/N mass ratio for synthesized materials under visible light (k > 420 nm).
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whenever the EST is limited sufficiently [66]. The energy band gap
for CN, CN/BI10.0, and CN/BI15.0 was observed as 4.375 eV, 3.731 eV,
and 3.146 eV, as evaluated from the HOMO (-6.316 Ev, �5.981 eV,
and �6.581 eV) and LUMO (-1.897, �2.657 eV, and �2.152 eV)
energy status. The energy states technique noted for CN, CN/
BI10.0, and CN/BI15.0 as well as the efficient intersystem crossing
channels (ISC) implicated between lowest singlet (S1) and triplet
(Tn) states have been calculated, as seen in Fig. 8.
3. Photocatalytic CO2 Reduction Reaction

In the process, the materials were used for a photocatalytic CO2

reduction reaction under visible light irradiation (k > 420 nm),
which actually converts the CO2 into CO and H2 products. The pro-
5

cess reaction was carried out in aqueous media by containing ace-
tonitrile (MeCN) and water addendum at 30 �C and 1 atm CO2 with
Co(bpy)32+ as sensitizer and co-catalyst, and triethanolamine
(TEOA) as a sacrificial electron donating entity (Comprehensive
details in Supporting Information 2.5). Initially, constrained analy-
ses were deducted, which affirmed that both light illumination and
photocatalyst were required for CO2 photocatalytic reaction. Fur-
thermore, when purified Ar replaced CO2 in the batch reactor, only
H2 was determined, thereby, indicating that the constituted
carbon-containing products emerged from CO2 but not contamina-
tion (Table. S2). The CO and H2 were recognized as the primary CO2

reduction products, and the assessment rates are shown in Fig. 9a.
The products were detected employing gas chromatograph
installed with a thermoelectric detection system which detected
the CO. The dominant responses implicated in the photocatalytic



Fig. 8. Electron charges distribution over HOMO and LUMO for as-prepared samples.

Fig. 9. Photocatalytic CO2 reduction (a). Time function (b) persistent test for CN/BI10.0 (c) different catalyst-based CO and H2 production, (d) the CO2 reduction under different
temperature (Inset, selectivity of CN/BI10.0).
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reduction of CO2 with H2O in order to generate CO under visible
light are summarized as follows.

CN/BI10:0 + hv!e�CB + hþ
VB ð1Þ

2H2O + 4 hþ!4Hþ+O2 ð2Þ

CO2 + 2Hþ+2e�!CO + H2O ð3Þ
According to the above integrals, the produced electrons (e�)

and holes (h+) via light irradiation are important attributes for
such photocatalytic process. Briefly, the electrons are energized
from the VB to the CB and interact with the CO2 molecule to pro-
duce CO, while the hole on the VB can oxidize H2O to produce oxy-
gen (O2). As a result, the improved photocatalytic behavior of BI
embedded CN catalysts may be due to the reduction replication
of photoinduced electrons/holes pairs. As a result, after 4 h of visi-
ble irradiation, the reaction system generates 62.8 mol of CO and
18.1 mol of H2, thereby, emphasizing the maximum photocatalytic
performance with regard to CO2

+ (Fig. 9a). It was discovered that
the existing system yields elevated precision of CO with a high out-
put in the preliminary hours with regard to H2. Similarly, when
the reaction time increased, the output steadily reduces due to
the decomposition of the [Ru(bpy)3]Cl2 sensitizers [67,68]. Further-
more, the photocatalytic efficiency of CO2 reduction was drastically
enhanced upon fluctuating the quantity of boozed BI in CN.
Besides, protracted stability analyses were conducted in order to
determine the consistency attribute of CN/BI10.0 for the progression
of CO and H2 under visible light, as manifested in Fig. 9b. As a
result, the outstanding catalyst display a small reduction in CO
evolvement after each phase, thereby, implying its consistency as
a catalyst for the median progress of CO with the proportion of
cobalt species for every phase. Besides, accelerating the quantity
of BI results in a decrease in photocatalytic performance, but
greater than CN, which is dependent on the light absorption pos-
sessions generated by molecular engineering. Actually, the over-
Fig. 10. Photocatalytic H2 production (a) Time function (b) persistence analysis of CN/BI10
their modified catalysts. (d) Different wavelength HER b/w CN and CN/BI10.0.
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abundance of monomer BI instantaneously destructs the
conjugated configuration of CN, which results in a decrease of pho-
tocatalytic activity (Fig. 9c). The reaction process was investigated
to determine the influence of accurate temperature zone on the
evolvement of CO from CO2 photoreduction, and thus the reaction
system was inspected under varying temperature ranges (10–
60 �C), as seen in Fig. 9d. The outcomes demonstrably show that
the rate of CO multiplies as the temperature rises from 20 to
30 �C, and the CO2 efficiency reaches a maximum of 25.2 mol/h1

with a CO selectivity of 81.7 % for the reaction system (inset.
Fig. 9d). The results deduct the final conclusion, that the integra-
tion of BI within CN in turn improved the optical absorption cir-
cumstances and optimize the photoexcitation process are
significant considerations in charge isolation and utilization in
order to optimize photocatalytic performance.
4. Photocatalytic H2 Evolution

The H2 evolution rate (HER) of CN catalyst is 58.4 mol/h, while
that of modified CN/BI10.0 catalyst exhibits a spectacular activity of
805.2 mol/h, that is approximately ten times higher than CN, as can
be seen in Fig. 10a. Consequently, the outstanding CN/BI10.0 photo-
catalyst were used for protracted recyclability and consistency
analyses. The reaction system was run for five cycles (25 h), and
no substantial alternation was observed, as exhibited in Fig. 10b.
A minor decrease in behavior occurs after the third attempt due
to a loosening interaction relationship between co-catalyst and
photocatalyst. The consistency assessment reveals that CN/BI10.0
displays amplified HER and excellent durability under visible irra-
diation. We conducted HER analyses under the same circum-
stances by contrasting various precursors of CN with their
modified samples (Fig. 10c). Among these precursors, the total
amount of BI monomer was established at 10.0 mg, that is corre-
lated with the highest HER for CN/BI10.0. In comparison to other
precursors, the analysis shows that urea comprising CN and their
.0 Sample. (c) H2 production over Urea (CN), DCDA, T. Urea (TCN), NH4SCN (ACN) and



Fig. 11. Schematic Photocatalytic mechanism for CN/BI10.0 sample under the
illumination.
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modified CN/BI is the ideal photocatalyst under visible illumina-
tion. Result also demonstrate that the current monomer BI are
boosting the activity of each CN precursor toward the noteworthy
point. Additionally, multiple wavelength observations illustrate
that the photocatalytic performance of CN/BI10.0 over CN enhanced
all over the enormous visible spectral region (Fig. 10d). In compar-
ison to CN/BI10.0, the HER for CN is almost finished when the opti-
cal range is prolonged to 550 nm. In advisement to absorption, the
overall photocatalytic attributes of CN/BI10.0 exhibit a massive
wavelength HER. The Fig. S3 depicts the photocatalytic of HER
using the outstanding CN/BI10.0 sample with other sacrificial
agents.
5. Photocatalytic mechanism

Based on the data proffered above, the plausible photocatalytic
sequence mechanism for H2 evolution via CN/BI10.0 sample was
evaluated under visible light stimulation, as shown in Fig. 11.
When exposed to solar radiation, the CN/BI10.0 infringes on pho-
tons, and these photoinduced photons from the CB of CN/BI10.0
are launched to the external surface of sample’s, where they con-
tribute with counter-catalyst Pt particles. The photons produce
H2, while the holes oxidize the TEOA, thereby, preventing charge
replication and promoting photocatalytic performance. Signifi-
cantly, H+ is produced when water splits on the substrate of the
catalyst, capturing electrons through Pt co-catalyst and thus pro-
ducing H2 energy. The sacrificial agent TEOA reduces the produced
hole in the VB in this typical process. A large number of photoin-
duced electrons and holes are consumed together to reconstitute,
while only a small number of photoexcited electrons are motivated
and energized to accelerate the photocatalytic progression of
hydrogen energy. Correspondingly, the photo CO2 reduction
emerges in the CB of the catalyst. Light activation generates elec-
trons (e�) and holes (h+), which are important factors of this pho-
tocatalytic reaction. Subsequently, electrons are energized from VB
to CB and interact with CO2 molecules to produce CO, while holes
in VB can oxidize H2O to produce oxygen (O2).
6. Conclusion

The incorporation and synthesis of dibromobenzimidazole (BI)
monomer within the structure of CN was done deliberately. The
BI is a unique organic monomer that composed aromatic benzene
and furan ring which enhances optical absorption, optimizes the
electronic structural band, promotes charge transport, and sepa-
8

rates photoinduced electrons/holes within CN. Correspondingly,
due to the detrimental electrostatic interaction of nitrogen atoms,
this monomer is constituted of the p-deficient aromatic group and
p-electrons that are uniformly distributed over the ring of CN. The
photocatalytic efficiency of CO2 reduction into CO and water reduc-
tion, such as H2 generation from water splitting, is significantly
improved by the customized CN/BI10.0. In summary, universal
copolymerization investigates an extraordinary transformation by
using a modest, optimized quantity of monomer BI with CN for ele-
vated photocatalytic efficiency achievement. This cost-effective
and minute integrated monomer establish the way for the innova-
tion of a newly adapted photocatalyst in order to enhance the pho-
tocatalytic activity of CN in the progression of CO2 reduction and
HER.
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