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The performance of modified polymeric carbon nitride (PCN) photocatalysts exceeds that of their bulk
counterparts, owing to their distinct advantages and enhanced features. In this work, we present the
synthesis methodology for halide-molecular doped PCN through a single molecule precursor approach
by combining m-aromatic uracil and halide as a dopant and counterions, respectively. We systematically
investigated the effect of halide ions (X™: Cl™, Br™, and I7) on the photoactivity of 5-halouracil derived
PCN (XUCN). Our results demonstrate that halide counterions significantly enhance the photocatalytic
activity of XUCN for hydrogen peroxide and hydrogen production (126.6 pmol h™* and 0.563 mmol h~*
g7}, compared to the undoped bulk PCN (48.3 umol h™* and 0.260 mmol h™* g™%). The charge-carrier
analysis and structural analysis of synthesized XUCN catalysts suggest that the improvement in
photoactivity is due to the synergistic interactions of uracil and halide ions, which enhance the charge-
carrier lifetime (1.51 to 3.08 ns), generate additional catalytic sites (10.6 to 83.3 m? g™%), and extend light
absorption (450 to 480 nm). Theoretical investigations reveal high structural stability for XUCN with
favourable adsorption energies to bind with reactive oxygen species. The new insights provided in this
study can have important implications for future design and synthesis of metal-free PCN with improved
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Introduction

Polymeric carbon nitride (PCN) is a promising metal-free pho-
tocatalyst for numerous solar-powered energy and environ-
mental applications, due to its ideal bandgap and attractive
physicochemical features." However, the inherent limitations
of bulk PCN-based catalysts, including rapid recombination of
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photoactivity via single molecule precursor doping.

photogenerated electron-hole pairs, a limited number of
surface-active sites, inadequate absorption of visible light (A <
450 nm), and slow reaction kinetics, have hindered their overall
photoactivity.* A plethora of strategies have been previously
reported to address these challenges. For example, hetero-
elements (metal or non-metal) or 7-molecular doping can be
applied to modulate the surface and bulk characteristics of
PCN. Likewise, m-molecular doping of PCN with aromatic
functional groups including phenyl,® pyridine,® pyrimidine,”
pyrazine,® thiazole,® benzothiazole," caffeine,"” nucleotides
(adenine, guanine, cytosine, uracil, and thymine),"* and thio-
phene,* is known to tailor the photo response and enhance
photoactivity. This approach enables tuning of electronic
energy levels, exciton migration behaviour, and microstructure
of PCN, ultimately enhancing its photocatalytic performance.®**

Incorporating non-metals such as F, Cl, Br, or I through
elemental doping is another effective way to influence the
electronic band structure of the PCN framework by recon-
structing the corresponding highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO).*
For example, Wang et al created an extended aromatic
heterocycle via iodine doping, which generated impurity energy
levels near the valence band (VB) edge, resulting in an enhanced
optical response and hydrogen evolution activity.'® Similarly,
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PCN doped with F, Cl, and Br has demonstrated a significant
surge in photocatalytic hydrogen production, and photooxida-
tion behaviour."*'”*® Theoretical studies using density func-
tional theory (DFT) calculations have shown that the
redistribution of molecular levels depends on the electronega-
tivity of the halogen atom." The F-atom constitutes the HOMO
because of its higher electronegativity, while Cl, Br, and I-atoms
are involved in the LUMO. Consequently, doped PCN exhibits
varying optical responses depending on the specific halogen
atom used. In this regard, Li et al. produced a binary potas-
sium-halogen (K-X) doped carbon nitride and found that the
existence of C-X and C=N cooperatively accelerated carrier
dynamics to enhance overall photocatalytic activity.”® None-
theless, the effect of single-component halogen atom doping on
the optoelectronic behaviour of PCN has not yet proposed to
support the theoretical predictions. Previous studies antici-
pated that an I-atom, with the least electronegativity amongst
the other halogen atoms, possesses higher ability to interact
with the -electrons of PCN.'*'° However, the formation of
a stable I-doped PCN structure is thermodynamically and
geometrically unfavourable due to the large atomic size of the I
atom. On the other hand, a F-atom is more likely to be doped in
PCN due to its smaller size and higher electronegativity, but it
has a low promotional effect on the optical response.”” Of all, Br-
doping is ideal for the PCN framework and can greatly alter its
optoelectronic properties.” Nevertheless, a relative study
explaining the effect of halide ions (Cl7, Br~ and I") on the
optical response and photo-exciton dynamics has been rarely
undertaken. Additionally, the concept of combining both non-
metal and w-molecular systems into a PCN framework is ex-
pected to have a noteworthy impact.

The present work aims to explore the impact of halogen
atoms and m-molecular doping on the optoelectronic charac-
teristics and photocatalytic performance of PCN, which has not
been extensively studied. Herein, we present a comprehensive
study of the synthesis, characterization, and photoactivity of 5-
halouracil-derived PCN-based photocatalysts, with the aim of
addressing the existing challenges and exploring new avenues
for their applications in solar-driven processes.

Experimental

Materials and methods

Chemicals. Melamine (99%), 5-chlorouracil (CU, 99%), 5-
bromouracil (BU, 98%), and 5-iodouracil (IU, 98) were
purchased from Sigma-Aldrich (USA). Urea (99%), triethanol-
amine (TEOA), isopropanol (IPA), potassium iodide (KI),
potassium dichromate (K,Cr,05), citric acid, and potassium
hydrogen phthalate (CsHgKO,) were purchased form Merck
(India). Rhodamine B (RhB) was purchased from British Drug
House Ltd. (England), 1,5-diphenyl carbazide (DPC) was
supplied from Tokyo Chemical Industry (TCI). Until or unless
mentioned all the chemicals and reagents were used as received
without further purification.

Synthesis of 5-halouracil doped polymeric carbon nitride
(XUCN). The 5-halouracil doped polymeric carbon nitride (PCN)
catalysts were synthesized by the thermal copolymerization
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method. To prepare 5-chlorouracil (CU) doped polymeric
carbon nitride, 10 mg of CU and 10 g of urea were ground
together evenly and transferred into a silica crucible. Then,
a thin layer of melamine (1 g) was applied over the mixture to
prevent rapid evaporation of urea and increase the yield
according to previous work.>* The precursor mixture was then
pyrolyzed at 550 °C for 2 h and covered with a tightly packed lid.
After natural cooling the resultant product was finely ground
into powder and labelled as CUCN. The 5-bromouracil (BU) and
5-iodouracil (IU) doped polymeric carbon nitride were prepared
following the same procedure and denoted as BUCN and IUCN.
As a control sample, pristine PCN was also synthesized using
the same procedure but without the addition of 5-halouracil.

Photocatalytic H,O, production. The photocatalytic H,O,
production was carried out in a reaction vessel (two neck round
bottom flask) provided with a gas inlet (connected to an ultra-
pure O, cylinder) and a 50 W LED lamp (A = 460 nm) was used
as the light source. To carry out the H,O, production, 50 mg
catalysts was dispersed in 50 mL 10% isopropanol and ultra-
sonicated for 30 min until so that the catalyst gets dispersed
completely. Afterwards, ultrapure O, was purged for an hour to
attain O, saturated conditions. The reaction mixture was then
irradiated with light, and at a regular interval of 1 h, sample
aliquots were collected and filtered through a 0.25 pm syringe
filter. The H,0O, produced after irradiation was evaluated by the
iodometry method. 1 mL of the filtered aliquot was added to
a mixture of 1 mL of 0.4 mol L' KI and 1 mL of 0.1 mol L™*
potassium hydrogen phthalate (CsH;KO,) and kept without
disturbing for 30 min. The H,0, produced reacts with I under
acidic conditions to form I3~ (eqn (1)). The produced I3~ shows
a strong absorption band at 350 nm, and thus, the total amount
of H,0, produced was estimated from UV-vis spectrophotom-
eter analysis.

HzOz + 31 + 2H+ i 137 + 2H20 (1)

Photocatalytic hydrogen evolution. The photocatalytic
hydrogen evolution reactions were performed in a quartz
reactor at a temperature of 22 + 3 °C. In a typical run, the
photocatalyst powder (40 mg) was dispersed in 40 mL aqueous
solution of 10 vol% TEOA as the sacrificial reagent via ultra-
sonication. Pt as the cocatalyst was in situ deposited on the
catalyst by the photo-deposition method using H,PtCls.*** For
this, 1 wt% Pt was added to the suspension mixture. The reactor
was then tightly sealed, and Ar gas was purged for 30 min to
evacuate the dissolved oxygen and create an inert atmosphere.
Subsequently, the mixture was irradiated with a 300 W Xe lamp
for 30 min. The reaction mixture was then irradiated using
a 300 W Xe lamp with a 420 nm cut-off filter (FSQ-GG420, 100
mW cm ). The amount of evolved gas was determined using
a gas chromatograph (Young Lin ACME 6100, TCD, Ar carrier)
with a Carboxen-1000 column. For apparent quantum yield
(AQY) measurements, a 300 W Xe lamp with a 420 nm bandpass
filter was used (20BPF10-420). The irradiation area was 5.73
cm 2 and the average intensity was estimated to be 0.7 mW
cm?, respectively.

This journal is © The Royal Society of Chemistry 2024
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Photocatalytic Cr(vi) reduction and the RhB degradation
experiment. The photocatalytic experiments were performed in
a custom-built photoreactor under visible-light irradiation. The
visible-light source used was compact fluorescent lamps of 450-
500 W m 2 average intensity. In a typical Cr(vi) reduction
experiment, 20 mg of catalyst was added to 100 mL of 10 mg L "
Cr(vi) solution. The source of Cr(vi) used in our study was
potassium dichromate (K,Cr,0;). To act as a hole scavenger,
1 mM citric acid was added into the dispersion mixture. The
mixture was then stirred in the dark for 30 min to achieve
adsorption-desorption equilibrium. Subsequently, the mixture
was irradiated with light while being continuously stirred, and
sample aliquots were collected at a fixed period of illumination.
The aliquots were then filtered by using a 0.45 pm syringe filter
for further analysis. The reduction of Cr(vi) by the catalyst was
evaluated using the 1,5-diphenylcarbazide (DPC) method as
described in previous reports.* Initially, a 10 mM DPC solution
was prepared in acetone. Then, 0.2 mL of DPC solution was
added to 7 mL of 0.2 M H,SO, and thoroughly mixed. Afterward,
2 mL of the filtered aliquot was added to the mixture and kept
undisturbed for 20 min to ensure complexation. The resulting
magenta-coloured complex formed was then analysed by using
a UV-vis spectrophotometer at a wavelength of 540 nm.

The RhB degradation experiments were performed in the
same photoreactor setup. In a typical experiment, 100 mg of
catalyst was dispersed in a 100 mL RhB (10 mg L™ ") solution and
stirred continuously for 30 min in the dark. The reaction
mixture was then irradiated, and sample aliquots were collected
at pre-decided time intervals. For analysis, the aliquot was
collected and centrifuged to remove the residual catalyst. The
resultant supernatants were then analysed using a UV-visible
spectrophotometer at a wavelength of 554 nm.

Computational details. Density functional theory (DFT)
calculations were performed under periodic boundary condi-
tions using the generalized gradient approximation (GGA) of
the Perdew-Burke-Ernzerhof (PBE) exchange correlation within
the framework of the Vienna ab initio simulation package
(VASP).>*?* To describe the interactions between core and
valence electrons, we employed the projector augmented wave
(PAW) method.*® The convergence criteria during structural
optimization was set to 0.01 eV A~* and 10~° eV for Hellman-
Feynman atomic forces and the total energy threshold between
two successive self-consistent electronic cycles, respectively. A
kinetic energy cut-off of 500 eV and Monkhorst-Pack k-point
grid of 7 x 7 x 1 are used for the plane wave expansion in the
reciprocal space and to discretize the Brillouin-zone integra-
tion, respectively.>” Grimme's D3 parametrization (DFT-D3) is
employed to include the dispersion correction.”®** A vacuum of
15 A is introduced along the z-direction to avoid artificial
interactions between the adjacent units. Since band gaps are
usually underestimated by standard DFT functionalization, the
Heyd-Scuseria-Ernzerhof (HSE) formalism is used to perform
hybrid DFT calculations with a 25% Hartree-Fock (HF)
exchange.***?

The adsorption energy between the surface and adsorbates
(Eaqs) is computed using eqn (2).

This journal is © The Royal Society of Chemistry 2024
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E’ldS = Etolal - Esurface - Eadsorbate (2)

a

where, Eiotal, Esurface a0d Eagsorbate indicate the total energies of
the adsorbed species on the surface, isolated surface, and
adsorbates, respectively. Here, the energy of an isolated adsor-
bate molecule is computed in a cubic periodic box of 15 A side
length with a 1 x 1 x 1 Monkhorst-Pack k-point grid for Bril-
louin zone sampling, respectively. The zero-point energies (ZPE)
and entropy (S) contributions are incorporated to compute the
Gibbs free energy (AG) as shown below (eqn (3)).

AG = AEH + AEZPE - TASH (3)

where AEy is the DFT simulated reaction energy. T is the
temperature (T = 298.15 K). AS is the difference of vibration
entropy between gas phase hydrogen and adsorbed hydrogen.
AE,pr is the zero-point energy corrections.

Results and discussion
Structure and optical features of 5-halouracil derived PCN

The thermal co-polymerization of PCN precursors with 5-hal-
ouracil yields the doping of w-aromatic uracil and halide ions
(X: Cl7, Br, and I") into the core structure of PCN, as depicted
in Fig. 1A.

The incorporation of the 5-halouracil moiety into the PCN
framework induces structural modifications at the molecular
level, thereby giving rise to altered physico-chemical properties.
Hence, the investigation of alteration in the crystal structure of
XUCN samples was conducted through powder X-ray diffraction
(XRD) analysis. Pristine PCN has shown a low angle diffraction
peak at 13.0°, which is due to the intraplanar stacking of the
heptazine motif assigned to the (100) crystal plane (Fig. 1B).
While peak at the higher angle, 27.7° corresponds to the hep-
tazine motifs in melon stacked over one another. An analogous
diffraction pattern was observed for the modified CUCN, BUCN,
and IUCN samples. However, after the incorporation of 5-hal-
ouracil moieties, a notable decrease in the diffraction peak
intensity was observed for XUCN samples. This indicates the
distortion in the symmetrical planar structure of PCN. On
comparing the relative intensity of diffraction peaks, CUCN
exhibited the lowest peak intensity followed by BUCN and
IUCN. This observation suggests that amongst all the 5-hal-
ouracils, the 5-chlorouracil (CU) moiety have the highest degree
of interaction and influence on the crystalline architecture of
the resultant PCN framework. This could be ascribed to the
higher C-Cl bond strength and lower atomic radius of the
chlorine atom. The larger atomic radius of bromine and iodine
in comparison to chlorine hinders the probability of doping. In
addition to the decreased diffraction intensity, the full width at
half maxima (8) corresponding to the (002) peak increased in
the order PCN < IUCN < BUCN < CUCN. The broadening of ‘¢’
indicates a decrease in the crystallite size. These findings affirm
that the 5-halouracil moieties have a significant impact on
PCN's crystal structure.

The XUCN samples further examined via Fourier transform-
infrared spectroscopy (FTIR) revealed a distinctive out-of-plane
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Fig. 1 Structure and optical properties. (A) Schematic illustration of the preparation of a 5-halouracil doped polymeric carbon nitride catalyst
(XUCN), (B) powder X-ray diffraction (XRD) profiles, and (C) UV-visible diffuse reflectance spectra (UV-vis DRS) with digital photographs of

powder catalyst as inset.

bending mode at 810 cm ', which corresponds to the tri-s-

triazine rings. (Fig. S1}), while the stretching modes of an
aromatic C-N heterocycle were observed in the range of 1000-
1800 cm . In addition, broad bands in the region of 3000~
3500 cm™ ' were observed corresponding to the stretching
vibration of terminal -NH/-NH, and O-H bonds. The FTIR
spectra indicate that the XUCN samples retain the basic carbon
nitride structural features. Furthermore, a notable change in
the intensity of bands was observed after incorporation of 5-
halouracils. Specifically, the absorption bands at 810 and 1000-
1800 cm ™" that correspond to tri-s-triazine groups and the C-N
heterocycle are much weaker for CUCN, showing altered hep-
tazine structural connections. The FTIR result combined with
XRD substantiates that the incorporation of 5-halouracil
moieties into PCN rendered structural changes and disorder-
ness in the planar carbon nitride structure. To support the
incorporation of a 5-halouracil moiety into the PCN backbone,
solid-state cross polarized magic angle spinning (CP-MAS) "*C
nuclear magnetic resonance (NMR) spectra of the PCN and
BUCN catalyst were recorded. The *C CP-MAS NMR spectrum
of PCN shows two distinct signals at 164.8 and 156.4 ppm, that
are assigned to the sp> hybridized carbon atom in the N-C=N

982 | J Mater. Chem. A, 2024, 12, 979-992

and C-(N); linkage of the heptazine core, respectively
(Fig. S2At).*® In analogy with PCN, BUCN showcases similar
characteristics signals to that of PCN with a slight shift. The
shift in the major NMR signals could be due to the shielding
effect of the electron withdrawing groups of the attached uracil
moiety.** However, in addition to the representative signals
corresponding to PCN, BUCN demonstrates additional signals
affirming structural distortion and changes in the local carbon
environment of BUCN due to the incorporation of 5-bromo-
uracil moieties into the PCN backbone. The weak signals
located at nearly 167.1, 166.4, and 159.5 ppm are ascribed to the
C3, C4, and C; carbon atoms in the BUCN structure as shown in
Fig. S2B and C.7 These findings show the successful incorpo-
ration of 5-bromouracil moieties into PCN. The elemental
analysis of the samples further revealed no considerable change
in the C: N: H values of XUCN catalysts in comparison to those
of bulk PCN (Table S1t). The lack of measurable changes in
elemental analysis of the catalyst composition could be due to
insufficient doping concentration, stable catalyst structure, and
surface vs. bulk level doping.

The ultraviolet-visible diffuse reflectance spectra (UV-vis
DRS) of bulk PCN show an optical absorption edge at 450 nm,

This journal is © The Royal Society of Chemistry 2024
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which is due to the intrinsic ® — w* electronic transition
(Fig. 1C), caused by the m-conjugated aromatic framework and
orderly packing of the heptazine tectonics in the polymeric
structure.*® On the other hand, the XUCN catalyst demonstrated
extended visible light response (Fig. S3At). By simply increasing
the dopant concentration from 10 to 100 mg, the light absorp-
tion behaviour of XUCN samples shows a remarkable change
(Fig. 1C). Importantly, as compared to bulk PCN, XUCN cata-
lysts have significantly longer visible light absorption above
450 nm. The tailored optical response can be observed by the
colour change from pale yellow to brownish yellow (inset of
Fig. 1C). This is due to the newly emerged shoulder absorption
peak between 450 and 800 nm, which is ascribed to then — 7*
electronic transition involving lone pair electrons on edge
nitrogen and halogen atoms.** This characteristic n — w*
transition is spatially forbidden in PCN because of the perfectly
symmetric and planar structural units. The appearance of n —
7* transition is an indication of distortion in the planar and
symmetric heptazine structure of XUCN catalysts. Furthermore,
there is a noticeable change in visible-light absorption intensity
corresponding to the n — w* electronic transition, with an
increased intensity in the order IUCN < BUCN < CUCN. This
observation implies that uracil moieties with halogen func-
tionalities induce n — w* electronic transition and greatly
expands the photo-response. CUCN exhibited the most prom-
inent enhancement in the visible light response and n — =*
electronic transition, which can be ascribed to the higher elec-
tronegativity and effective Cl-doping in the CUCN structure. The
Tauc plot revealed a narrowed bandgap with the addition of 5-
halouracil dopants (Fig. S3Bf). Overall, pristine PCN has an
estimated bandgap of 2.71 eV, whereas those of CUCN, BUCN,
and IUCN are 2.57, 2.61, and 2.66 €V, respectively. Furthermore,
it was observed that the CUCN and BUCN catalysts evinced the
presence of mid-gap states, which were positioned above the
valence band with transition energies of 1.81 and 1.88 eV,
respectively (as depicted in the inset of Fig. S3Bt). Conversely,
neither PCN nor IUCN show the existence of mid-gap states due
to their symmetrical planar structures and the absence of
a shoulder peak, which can be attributed to the relatively low I-
doping effect.’” Theoretical explanation from a previous study
suggests that doped halogen atoms contribute to the conduc-
tion band (CB) of the PCN electronic structure.” Due to the
change in electronegativity of halogens, the configuration of CB
experiences changes in the electronic band structure. There-
fore, the reduced bandgap of XUCN catalysts is attributed to the
different levels of doping and extended m-conjugated aromatic
network.?®

X-ray photoelectron spectroscopy (XPS) was applied to
comprehend the chemical composition and bonding in PCN
catalysts before and after 5-halouracil doping. The deconvo-
luted C 1s spectrum of PCN contained three peaks located at
a binding energy value of 288.4, 285.5, and 284.8 eV, corre-
sponding to the characteristic N-C=N linkage of the aromatic
heptazine ring of PCN, C-NH, (x = 1, 2) groups, and adventi-
tious carbon (C-C/C=C), respectively (Fig. 2A).>* On the other
hand, four peaks were deconvoluted for all XUCN catalysts, of
which three are consistent with those of PCN. The additional

This journal is © The Royal Society of Chemistry 2024
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featured peak at 287.9 eV is assigned to the signature C=0
groups of the doped 5-halouracil moieties.** Compared to PCN,
a noticeable increase in the peak area at 284.8 eV was also
observed, which is an indication of increased adventitious
carbon contribution. This is mainly because of the C-C/C=C
bonds of 5-halouracil moieties attached to the heptazine core of
PCN. The high-resolution N 1s XPS spectra of PCN and XUCN
catalysts were fitted with identical peaks indicating that the
nitrogen environment remains unaffected by the doping of 5-
halouracils (Fig. S41).** The O 1s spectrum of PCN demon-
strated two peaks located at 533.4 and 531.8 eV ascribed to the
surface adsorbed water and oxygen molecules, respectively
(Fig. 2B).** Apart from the signature peaks, a third new peak
appeared for the XUCN catalyst, which is assigned to the C=0
group confirming the incorporation of the 5-halouracil moiety.
To confirm the existence of halogen functionalities in the doped
structure, the high-resolution spectrum of the corresponding
doped halogen atom was obtained (Fig. 2C). The high-
resolution Br 3d spectra of the BUCN catalyst is deconvoluted
into three peaks located at 70.9, 68.4, and 66.9 eV. The two
peaks at 70.9 and 68.4 eV can be assigned to the C-Br 3d;/, and
C-Br 3ds/, covalent bonds, respectively,**** while the third peak
at 66.9 eV is likely from the ionic C-Br" 3ds/, bond.** The exis-
tence of ionic or semi-ionic bonds contributes significantly to
improving the catalytic activity. This is due to the fact that these
bonds serve as either electron acceptors or donors inducing the
polarization of a m-electron cloud on polymeric network for
effective charge transfer between halogen and carbon atoms.*®
This leads to higher conductivity as well as modified electronic
properties. Furthermore, the Cl 2p XPS spectrum of CUCN is
fitted with three peaks at 205.2, 201.3, and 196.9 eV allocated to
the C-Cl 2py/,, C-Cl 2p3,5, and C-Cl" 2p3;, bonds, respectively.'®
These finding indicate successful retention of bromine and
chlorine in the BUCN and CUCN structures, respectively. Con-
trastingly, no peaks corresponding to iodine were detected in
high resolution I 3d spectra of IUCN which is attributed to the
cleavage of the fragile I-C bond during annealing and instability
of the I-C type network.*” Overall, XPS results confirm that the
incorporation of 5-halouracil moieties into the triazine network
stabilizes the bonding structures based on bromine and
chlorine.

Comprehensive analysis of morphology, microstructure, and
electronic properties

The distinct variations in morphology and microstructure of
modified XUCN were examined by field emission scanning
electron microscopy (FE-SEM) and transmission electron
microscopy (TEM). PCN exhibited 2D bulk sheet-like
morphology with hardly any pores on the surface (Fig. S5
and S6t). In contrast, CUBU, BUCN, and IUCN -catalysts
demonstrated a porous broken-layered structure (Fig. 3A). It
can be observed that CUCN shows a relatively higher order of
porosity in comparison to BUCN and IUCN. Here, the high
porosity of CUCN can be attributed to a higher degree of
interaction of chlorine compared to bromine and iodine due
to high electronegativity, small atomic size, and possible
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vaporization of chlorine gas. Later, energy dispersive spec- corresponding halogen elements (Cl, Br, and I on CUCN,
troscopy (EDS) employed to map the constituent elements BUCN, and IUCN, respectively) on the surface of the XUCN
revealed the uniformly dispersed C, N, O, and the matrix (Fig. S7-S91). Furthermore, the constituent weight
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Fig. 3 Morphology and optical properties. (A) Field emission scanning electron microscopy (FE-SEM) images (B) transmission electron

microscopy (TEM) images, (C) nitrogen adsorption—desorption isotherm (the calculated surface are values are in the inset), (D) room temperature
photoluminescence (PL) spectra, and (E) time-resolved photoluminescence (TR-PL) spectra of PCN, and XUCN (X = Cl, Br, or I) samples.
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percentage was estimated by using EDX spectra. The EDX
spectra of CUCN and BUCN revealed the presence of 0.2 and
0.1 wt% of chlorine and bromine, respectively (Fig. S7 and
S8+). However, due to low doping probability, iodine could not
be detected in the EDX spectrum of IUCN (Fig. S91). The
porous layered structure of XUCN catalysts was further visu-
alized by using the TEM images. However, the high-resolution
TEM (HR-TEM) images of all the materials demonstrated
a hollow tubular type microstructure feature at the edge
(Fig. 3B). The observed phenomenon can be attributed to the
alteration of the molecular van der Waals force resulting from
the inclusion of halouracil, which facilitates the bending and
flexibility of the edges. The results support the substantial
impact of 5-halouracil moieties on the morphological and
microstructural characteristics of the modified PCN. The
porous nature of the XUCN materials is further confirmed by
using the nitrogen adsorption-desorption isotherm, which
indicates a micro/mesoporous structure with slit-shaped pores
as evidenced by a Type IV isotherm and typical H3 hysteresis
loop.*®* The measured surface property parameters are pre-
sented in Table S2.T The specific surface area (Sggr) values of
XUCN samples are higher as compared to those of their PCN
counterparts and follow the order PCN < IUCN < BUCN <
CUCN (inset of Fig. 3C, Table 1). The highest surface area of
CUCN can be attributed to the higher degree of interaction
between reactant molecules and smaller atomic radius of Cl.
Moreover, the pore radius (D,) and pore volume (Dy) values of
XUCN samples exhibit a significant increase compared to
those of PCN. Hence, XUCN samples provide large active
surface area to reactant molecules by exposing more surface-
active sites. Next, the effect of halogen doping on the disso-
ciation and migration of photo-excitons was systematically
investigated using room temperature photoluminescence (PL)
and time-resolved photoluminescence (TR-PL) spectroscopy. A
significant quenching in PL intensity is observed after 5-hal-
ouracil doping in PCN, indicating that the doping enhances
the separation of photogenerated charge carriers (Fig. 3D). The
TR-PL spectra of PCN and XUCN catalysts exhibit triexponen-
tial decay, indicative of multiple relaxation (Fig. 3E, Table S37).
The estimated average lifetime (7,,,) of PCN, CUCN, BUCN,
and IUCN is found to be 1.51, 1.63, 1.94, and 3.08 ns, respec-
tively (Table 1). The increased lifetime for the XUCN catalysts
indicates enhanced possibility of photoexcitons to participate
in the photocatalytic reaction before recombination.* Further

Table 1 Physicochemical parameters of PCN and XUCN catalysts

Catalysts E,* (€V) Sper” (m*g ") D (em’g ") D7 (nm) 1., (ns)

PCN 2.71 11 0.013 1.23 1.5
CUCN 2.57 83 0.155 1.63 1.6
BUCN 2.61 38 0.084 1.64 1.9
IUCN 2.66 29 0.061 1.62 3.1

“ Bandgap estimated from UV-DRS measurements. ” BET specific
surface area calculated from the N, adsorption-desorption isotherm.
°BJH pore volume. ?BJH pore radius. °Average lifetime of
photoexcitation.

This journal is © The Royal Society of Chemistry 2024
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to be noted that the 7,,, of XUCN catalysts decreases with
decreasing halogen atom size, highlighting the influence of
the halogen atom on the electron lifetime decay.

The paramagnetic properties of PCN and XUCN were probed
through room temperature electron paramagnetic resonance
(EPR) spectroscopy. PCN exhibited a Lorentzian line with
a Lande g-factor of 2.0036 (Fig. S1071) indicating delocalized
unpaired electrons that are generated on the sp>-carbon atom of
the m-conjugated aromatic rings.*” In contrast, the XUCN cata-
lysts showed a Lorentzian line which shifted to a lower g-value
of 1.9873. This shift in the g-value provides crucial information
regarding the intrinsic properties of the paramagnetic centre,
chemical structure (localized or delocalized structure), and spin
states.>® The high and low g-values represent a delocalized and
localized mw-conjugated structure, respectively. The downshifted
g-value EPR signals of CUCN, BUCN, and IUCN, indicate the
formation of a localized m-conjugated structure. Furthermore,
compared to PCN, XUCN catalysts demonstrated intensified
Lorentzian lines in the order PCN < IUCN < CUCN < BUCN. This
increase in intensity implies the enhanced generation of
unpaired electrons over the XUCN catalyst, with BUCN showing
superiority in producing unpaired electrons over the others.
Overall, the EPR results exemplify that 5-halouracil doping in
PCN results in the formation of localized m-conjugated struc-
tures that generate more unpaired electrons.

Boosting PCN photocatalytic activity through 5-halouracil
doping

Photocatalytic H,0, generation and H, evolution activity of
5-halouracil derived PCN photocatalysts. The photoactivity of
the synthesized PCN and XUCN catalysts was initially assessed
for the photocatalytic oxygen reduction reaction (ORR) to
generate H,0,, using 10% IPA solution as a sacrificial reagent
under a saturated O, atmosphere. Following 4 h of light expo-
sure, the PCN photocatalyst produced a mere 193.2 uM of H,0,.
In contrast, the XUCN -catalysts doped with 5-halouracil
exhibited a relatively high H,0, production, which is attributed
to their modified physicochemical properties (Fig. 4A). Among
all the XUCN catalysts, the BUCN catalyst demonstrated the
highest H,0, yield of 506.18 pM, which is twice that of the
unmodified PCN. Additionally, the photocatalytic rate of H,O,
formation reached 126.6 umol h™", significantly surpassing that
of PCN (48.3 pmol h™*), CUCN (66.7 pmol h™"), and TUCN (97.2
pumol h™") and is competitive to several state-of-the-art PCN-
based photocatalysts (Fig. 4B and C, Table S4}). The under-
lying reasons for the enhanced performance of the BUCN
catalyst compared to that of PCN as well as CUCN and IUCN is
discussed in the later section. Furthermore, the H,O, formation
activity of the BUCN catalyst was evaluated through repetitive
cycles to assess its cyclic H,O, generation capability and struc-
tural stability. The cyclic experiments demonstrated that BUCN
maintains a high H,0, yield for five consecutive cycles
(Fig. S117). Moreover, the XRD pattern and FTIR spectrum of
the recycled BUCN catalyst showed no discernible changes after
the fifth cycle (Fig. S12a and bft). Furthermore, the UV-DRS
spectrum of the BUCN catalysts has shown a similar optical
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rate constants over PCN and XUCN catalysts.

response, and the bandgap was also found to be intact indi-
cating no significant deactivation of the BUCN catalyst during
a continuous 20 h measurement period.

The photocatalytic H, evolution ability of PCN and XUCN
catalysts was evaluated under visible light irradiation (1 > 420
nm), employing 1 wt% Pt as a co-catalyst and 10% TEOA as
a sacrificial donor. Like the high H,0, production activity, the
XUCN catalysts showcased a significant enhancement in the
photocatalytic H, generation activity compared to PCN after
a reaction time of 4 h (Fig. 4D). Notably, the BUCN catalyst
displayed the highest H, production rate of 0.563 mmolg *h™*,
nearly three times that of PCN (0.260 mmol g~* h™") (Fig. 4E).
Furthermore, the apparent quantum yield (AQY) for H,

986 | J Mater. Chem. A, 2024, 12, 979-992

generation was calculated to be 2.62% for the BUCN catalyst at
420 nm. All the XUCN catalysts outperformed the hydrogen
generation capabilities of a bare PCN catalyst. The optical,
textural, and dynamic studies suggest that the increased pho-
tocatalytic activity of the XUCN catalysts compared to PCN can
be ascribed to their broad optical response, and relatively
higher specific surface area due to their porous structure.
Additionally, the intimate interaction between the doped uracil
and halide ions extends the m-conjugated system, thereby
facilitating the mobility of photo-excitons. To note, the BUCN
catalyst exhibited the highest PL quenching ability compared to
the CUCN and IUCN catalysts. Despite the higher surface area
exhibited by CUCN, BUCN demonstrated a higher

This journal is © The Royal Society of Chemistry 2024
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photocatalytic H,O, yield. This discrepancy is likely due to the
valence electrons of Br-atoms being less electronegative than
those of Cl-atoms, resulting in greater delocalization and
interaction with the -electron cloud of PCN. Conversely, doped
I-atoms, despite possessing less electronegativity than Br-
atoms, fail to interact with the m-electron cloud of PCN due to
their large atomic radius, resulting in a lower doping proba-
bility. These factors collectively contribute to the enhanced
photocatalytic activity of the BUCN -catalyst. The findings
underscore the important role of halogen ions in the photo-
catalytic ORR activity for H,0, production and hydrogen
generation.

Photocatalytic hexavalent chromium reduction and rhoda-
mine B degradation activity. The as-prepared catalysts were
further employed as photocatalysts for aqueous phase reduc-
tion of hexavalent chromium (Cr(vi)) and the degradation of
a model pollutant rhodamine B (Rh B) dye. The Cr(vi) reduction
experiments were conducted under visible light irradiation,
with citric acid (0.1 mmol) serving as the hole scavenger, and
the results were evaluated using the 1,5-diphenylcarbazide
(DPC) method.”* The Cr(vi) reduction efficiency was analysed as
a function of irradiation time (Fig. 5A), and pristine PCN dis-
played 40% reduction efficiency in 50 min of light irradiation.
In comparison, the CUCN, BUCN, and IUCN catalysts exhibited
enhanced reduction within the same timeframe (Fig. 5A), with
a significant increase in the rate of reduction (0.047, 0.068, and
0.061 min~' for CUCN, BUCN, and IUCN, respectively) as
compared to that of PCN (0.008 min ') (Fig. S131). A steady

Cr (V1) Reduction Activity
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decay in absorption maxima at 540 nm shows a rapid Cr(vi)
reduction phenomenon (Fig. S141). The underlying reason for
this outcome is discussed in the previous section. Furthermore,
a set of control experiments carried out under dark conditions
and without a catalyst, revealed no significant Cr(vi) reduction.
This implies that the reduction reaction was the result of the
synergistic effect of the catalyst and light irradiation. Moreover,
quantitative Cr(vi) reduction was evaluated by increasing the
concentration of Cr(vi) (10, 20, 30, 40, and 50 mg L™ ') while
maintaining a constant catalyst dose (0.5 g L"), and the cor-
responding reduction rate was assessed for the BUCN catalyst
(Fig. S15t). With an increase in the concentration, BUCN
required more time to achieve complete reduction of Cr(vi), and
as a result, the rate constant calculated by the pseudo-first-order
kinetic fit decreased as the Cr(vi) concentration increased. This
exemplifies that high concentration of Cr(vi) can be reduced
over the BUCN catalyst by merely prolonging the irradiation
time. In addition to Cr(vi) concentration, impact of the catalyst
dosage was evaluated by varying the amount of catalyst.
Reducing the dosage from 0.5 to 0.1 g L™ " resulted in a severe
drop in the reduction efficiency, whereas increasing the dosage
to 2 g L' led to a reduction efficiency of 96% in just 30 min of
irradiation (Fig. S161). Meanwhile, with a moderate amount of
catalyst (0.5 g L"), BUCN exhibited recyclability up to five cyclic
Cr(vi) reductions with 91% efficiency at 10 mg L' Cr(v)
concentration (Fig. 5B). To further evaluate the impact of pH on
the Cr(vi) reduction performance of the BUCN catalyst, we
conducted experiments with pH values ranging from 2 to 10
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Fig. 5 Photocatalytic removal of aquatic pollutants: (A) photocatalytic Cr(v)) reduction performance of PCN and XUCN catalysts (reaction
conditions: 20 mg of catalyst, 100 mL Cr(vi) solution of 10 mg L™, (B) cyclic durability test of an optimized BUCN catalyst for Cr(vi) reduction
during repetitive six cycles, (C) relative decrease in rhodamine B (RhB) concentration as a function of time over PCN and XUCN photocatalysts
under visible light irradiation, and the corresponding 3D excitation-emission (3D EEM) matrix of (D) untreated RhB stock solution (before
reaction), and photocatalytically treated RhB solution with a BUCN catalyst after (E) 20 min, (F) 30 min, and (G) 50 min of visible light irradiation,

respectively.
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(Fig. S17%). The results showed that as the pH decreases, the
Cr(vi) reduction activity increases significantly, with the highest
99.2% reduction at pH = 2 in 50 min of light irradiation. The
presence of Cr(vi) in the form of dichromate (Cr,O, ) and
hydrogen dichromate (HCrO, ) facilitates their electrostatic
interaction with the catalyst surface in acidic pH, while the
presence of OH™ under alkaline conditions induces electro-
static repulsion between the existing chromium ions and cata-
lyst's surface inhibiting the reduction reaction.*

The XUCN photocatalyst demonstrated a higher rate of
photooxidative degradation of rhodamine B (RhB, 20 mg L)
compared to the bare PCN counterpart (Fig. 5C). BUCN
exhibited the highest degradation rate constant of 0.116 min ™"
(0.002 min~" for PCN) (Fig. S181). Furthermore, the control
experiments suggested a completely photooxidative RhB
degradation process on the catalyst's surface. To investigate the
photocatalytic degradation process and dissolved organic
matter in residual RhB solution after illumination, 3D excita-
tion emission matrix (3D-EEM) fluorescence spectroscopy was
used (Fig. 5D-G). The 3D-EEM of untreated RhB solution (stock)
revealed a characteristic fluorescence peak centred at an
excitation/emission value of 550/580 nm.** As the photocatalytic
reaction progressed, the intensity of the peak decreased
significantly after 20 min, indicating the predominant decol-
ouration process of RhB and generation of photo-
transformation intermediates.”® After 30 min of irradiation,
the peak was blue shifted to 517/547 nm, which was attributed
to the dissociation of large organic molecules into smaller
fragments, cleavage of RhB's chomophoric structure, and
elimination of functional groups.> This observation suggests
the N-deethylation process of RhB molecules and fragmentation
of N-deethylated intermediates into small molecules. Interest-
ingly, the peak disappeared after 50 min of irradiation, indi-
cating the complete decomposition of RhB molecules and their
mineralization into CO, and H,0.%

Overall, the photocatalytic experiments reveal a higher
photocatalytic activity for the prepared BUCN catalyst compared
to the PCN and other XUCN catalysts (Table 2). The excellent
photoactivity of the BUCN catalyst can be ascribed to its phys-
icochemical properties as discussed in the previous section.

Molecular and binding energies analysis of 5-halouracil
doped PCN. To gain deep insights into the 5-halouracil doping
effect on the photocatalytic oxygen reduction reaction (ORR)
activity, we performed density functional theory (DFT) calcula-
tions on various 5-halouracil doped structures (Fig. 6A). Aiming
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to assess the stability of doped structures, we computed the
adsorption energies (E,qs) of 5-halouracil molecules embedded
in the PCN framework. The negative binding energies of —0.32,
—0.33, and —0.35 eV for CUCN, BUCN, and IUCN, respectively,
indicate the thermodynamic stability and easier synthesis.
Furthermore, the C-N bond length close to the uracil molecule
was significantly increased compared with that of PCN structure
indicating a certain degree of structural deformation after
doping. Furthermore, the difference in the carbon-halogen
bond lengths can be ascribed to the difference in electronega-
tivity and radius of the respective atoms (Table 3). Typically, the
ORR activity for H,O, production is highly dependent on the
formation and desorption of *OOH, where the maximum
activity for an ideal catalyst can be obtained at an optimized
binding (neither too strong nor too weak) of a *OOH interme-
diate. Hence, the *OOH binding energies (AG«oon) are generally
treated as a universal indicator to estimate the catalytic
performance. In addition to this, the H' and O, adsorption
plays a crucial role in the formation of the *OOH intermediate,
and thus, we calculated the corresponding binding energies on
pure and 5-halouracil doped PCN surfaces. The optimized
structures of H" and O, adsorbed PCN and XUCN are shown in
Fig. 6B and C. The H" adsorption energies of XUCN obtained are
found to be smaller than that of the pure PCN counterpart,
indicating the importance of 5-halouracil in tuning the H'
adsorption for promoting the subsequent proton-coupled elec-
tron transfer step of *OOH to H,0, (Table 3). The O, adsorption
energies of 5-halouracil doped PCN are also lower than that of
PCN, indicating that the former efficiently activates O, (Table 3).
The comparison of the reaction free energy diagram for pure
and 5-halouracil doped PCN is shown in Fig. 6D. For an ideal
catalyst, the binding strength of OOH* (AG+oom) at 0.70 V vs.
CHE is 3.52 eV at zero thermodynamic limiting potential.****
Accordingly, a higher or lower AG+oop With respect to the ideal
value indicates under binding or over binding of *OOH,
respectively. Clearly, the *OOH formation over 5-halouracil
doped PCN is towards the optimal value compared to pure PCN
(Table 3). Specifically, the HOO* binding energy of BUCN is
slightly lower and closer to that of the ideal catalyst, suggesting
the highest catalytic activity and selectivity towards H,O,
generation. The strong interaction is further confirmed by the
charged density difference, where there is a charge redistribu-
tion between 5-halouracil doped PCN and the *OOH interme-
diate (Fig. 6E), indicating prominent H,O, generation.
Furthermore, the density of state calculations demonstrates

Table 2 Comparison table of the photocatalytic activity of as-prepared PCN and XUCN catalysts

Rate constant

Catalyst H,0, production rate (umol h™) H, evolution rate (mmol h™* g™%) Cr(v1) reduction RhB degradation
PCN 48.3 0.260 0.008 0.002
CUCN 66.7 0.486 0.047 0.052
BUCN 126.6 0.563 0.068 0.116
IUCN 97.2 0.520 0.061 0.043
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that the band gap of PCN is reduced after the introduction of 5-
bromouracil, where the valence band maximum (VBM) is
dominated by 5-bromouracil and conduction band minimum
(CBM) is constructed from PCN as shown in Fig. S18.1 Thus,
a new electron-transfer pathway is formed by the introduction
of 5-bromouracil into PCN that connects the N-atoms, which
enhances the photocatalytic efficiency by promoting carrier
migration.

Underlying photocatalytic mechanism. To elaborate the ORR
mechanism to generate H,0,, control experiments were con-
ducted by varying the reaction atmosphere and using AgNO;
and p-benzoquinone (p-BQ) as electron and superoxide radical
(‘O,7) scavengers, respectively. When the experiment was

conducted under an open atmosphere, the H,0, yield lowered
significantly, which is an indication that saturated O, atmo-
spheric conditions are required to achieve higher H,0, yield
(Fig. S207). This observation was further supported by the
control experiment in an exclusive N, atmosphere, where no
H,0, was detected. Furthermore, the H,O, yield severely drop-
ped on adding AgNO; and p-BQ, suggesting that H,O, forma-
tion occurs via reduction of O, by photogenerated electrons,
and 'O,  functions as a crucial intermediate for H,O, genera-
tion. Additionally, RhB degradation was also assessed using
sacrificial agents, isopropanol (IPA, as an ‘OH scavenger),
ammonium oxalate (AO, as an h* scavenger), and p-BQ. It was
observed that the RhB degradation performance of the BUCN

Table 3 Density functional theory derived parameters for the optimized PCN and XUCN structures

C-N C-X H" adsorption O, adsorption
Sample bond length (A) bond length (A) energy (eV) energy (eV) AG+oou (€V)
PCN 1.37 — 0.64 0.64 2.86
CUCN 1.40 1.70 0.45 —0.04 3.34
BUCN 1.40 1.87 0.43 —0.04 3.37
IUCN 1.40 2.07 0.40 —0.05 3.32

This journal is © The Royal Society of Chemistry 2024
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catalyst severely dropped to 32% on employing p-BQ, signifying
that the ‘O,” plays a crucial role in RhB degradation perfor-
mance (Fig. S217).

The electron spin resonance (ESR) spin trapping experiment
was performed to gain further insights into the generation of
reactive oxidative species (ROS), ‘O,  and 'OH. Under light
irradiation the ESR spectra of PCN and XUCN catalysts exhibi-
ted characteristic four-line signals using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) with a peak intensity ratio of 1:2:
2:1, indicating the generation of ‘OH radicals on PCN and
XUCN (Fig. S22A%1). Remarkably, the XUCN catalysts showed
heightened signal intensity with respect to PCN. Later, the spin
trapping experiment by adding DMSO along with DMPO effec-
tively split the ESR signal into radical adducts indicating the
generation of ‘O, . This finding indicates that XUCN catalysts
are more capable in the generation of ‘O, than bulk PCN (Fig.
S22Bt).

The presence of bromide ions (Br~) in XUCN catalysts has
a significant impact on the photocatalytic mechanism. The Br™
acts as electron acceptors and enhance the generation of ROS,
such as "OH radicals and ‘O, , leading to improved photo-
catalytic performance. This is supported by the heightened
signal intensity observed in the ESR spectra of XUCN catalysts
compared to those of PCN, indicating increased generation of
'OH radicals and ‘O, . Thus, the presence of Br~ ions
contributes to the overall efficiency of the photocatalytic process
and enhances the degradation performance of the catalyst.

Based on the experimental and theoretical calculations,
a plausible mechanism on the BUCN catalyst is depicted in
Scheme 1. Under light irradiation, BUCN absorbs photons and
generates electron-hole pairs. The reconstructed electronic
energy levels cause the electron-hole couples to dissociate
rapidly. On the other hand, the high surface area and low
adsorption energy enable better adsorption of H" and O, on the
BUCN surface. The synergy between photo-exciton dissociation

Scheme 1 Schematic illustration of photocatalytic H,O, production
and hydrogen generation (the black, orange, blue, green, and red
spheres represent C, N, O, H, and halogen ions).
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and efficient adsorption behaviour promotes 2e~ O, reduction
to generate H,0,. The O, can accept one electron to generate
‘0O, and then ‘O, takes another electron to generate H,0,.
According to this observation and in conjunction with previous
reports, photogenerated electrons reduce O, to generate H,O,

(eqn (4)).
02 +2e” + 2H+ - HzOz (4)

Consequently, the dissociated electrons accelerate the water
reduction reaction producing hydrogen. These electrons are
also responsible for the reduction of the Cr(vi) species. However,
in the case of RhB degradation, photogenerated electrons react
with dissolved oxygen to produce ‘O, . These 'O, oxidise RhB
molecules, mineralizing them into innocuous products.

Conclusion

In summary, 5-halouracil derivates were used to incorporate
both a -conjugated organic moiety and halogen atoms into the
PCN framework. 5-halouracil doped PCN (XUCN, X = Cl, Br, or
I) exhibited a significantly extended visible-light response above
450 nm, tailored the surface topological features, and acceler-
ated the exciton dissociation. The photoactivity assessment
revealed that the BUCN catalyst exhibits H,O, and hydrogen
generation rate of 126.6 umol h™" and 0.563 mmol g~ * h™",
which is much higher than that of pristine PCN. In addition,
BUCN exhibited over 95% Cr(vi) reduction activity in 50 min of
irradiation and achieved complete mineralization of RhB dye
into CO, and H,0 in 50 min of visible light irradiation.
Furthermore, theoretical investigation unveiled the low H" and
O, adsorption energy for BUCN that accelerated the H,0, and
hydrogen generation performance. The experimental results in
conjunction with theoretical calculations clarify the boosted
photocatalytic activity of the BUCN catalyst. We believe the
results provided here will motivate the use of the one-step dual
doping approach to systematically tweak the optoelectronic
characteristics of PCN and accomplish superior photocatalytic
performance for both energy and environmental applications.
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