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Rational synthesis of carbon-rich hollow carbon
nitride spheres for photocatalytic H,O, production
and Cr(vi) reductionf

Yong Hu,? Zhenchun Yang,® Dandan Zheng,** Wandong Xing {2 ** and
Guigang Zhang ) *®

Hollow carbon nitride spheres with a well-designed architecture and excellent optical properties serve as
promising polymers for solar fuel production. In this study, carbon-rich hollow carbon nitride nano-
spheres were rationally designed for photocatalytic hydrogen peroxide production. Experimental results
revealed that the doping of carbon species in the heptazine unit enhanced light absorption and promoted
charge separation and transport. Accordingly, the optimized carbon-rich hollow carbon nitride nano-
spheres exhibited significantly enhanced photocatalytic performance for solar-driven hydrogen peroxide
production and Cr(v) reduction in comparison with pristine polymeric carbon nitride and hollow carbon

rsc.li/nanoscale nitride nanospheres.

1. Introduction

Hydrogen peroxide (H,0,), a high-value chemical that is
widely used in environmental remediation, chemical synthesis,
and energy conversion, has been regarded as one of the most
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important chemicals.™ In recent years, the demand for H,O,
production has notably increased, especially during and after
the COVID-19 pandemic.” Conventional H,0, production
mainly relies on the anthraquinone method, but it faces many
drawbacks, such as high energy consumption, high cost, gene-
ration of many organic by-products, and high environmental
impact.®® To achieve energy and environmental sustainability,
there is an urgent need for developing a clean and green H,0,
synthesis process. Photocatalysis, which is based on the clean
and inexhaustible sunlight as the energy source, has attracted
intense interest from a wide range of researchers,” and it has
been widely used for overall water splitting,'”'" CO,
reduction,'? pollutant degradation,"® conversion of organics,"
and production of H,O, via oxygen reduction.’®'® The
efficiency of the photocatalytic process is highly related to the
charge separation and transfer of the photocatalysts, and thus,
it is highly desired to rationally control their local structure
and charge carrier properties.

Currently, a large number of photocatalysts have been
developed for the photocatalytic production of H,O, via the
2e” dioxygen reduction reaction (ORR).’”"'® The active sites of
the carbon-based catalysts, such as covalent organic frame-
works'® (COFs), phenolic resins (Pfs),”® and polymeric carbon
nitride frameworks (PCNs),?* are particularly favorable for
selective 2e~ ORR. Owing to its unique physicochemical pro-
perties, polymerized carbon nitride (PCN) is considered one of
the most promising photocatalysts since its application in the
photocatalysis field.*> Compared with traditional inorganic
semiconductor photocatalysts, PCN is considered one of the
most promising materials for sustainable photocatalytic pro-
duction of H,0O, owing to its advantages, including non-tox-
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icity, earth-abundant
process.”

Nevertheless, owing to its highly symmetric n-conjugated
aromatic planar structure and abundance of structural defects,
the undesired recombination of photogenerated electron-hole
pairs severely limits the quantum efficiencies of PCN materials
for photocatalytic reactions.>**> Therefore, great efforts have
been devoted to develop a series of methods, including nano-
structure design,”® heterostructure building,”” noble metal
deposition,®® elemental doping,>**° and n-n* electron transfer
engineering,® for the rational control of the charge carrier be-
havior. Among these, nanostructure design, such as using
oriented soft/hard templates to prepare materials with specific
morphology, is proven to be an attractive and effective
approach for improving photocatalytic performance. PCN
nanohollow spheres (HCNS) with a mesoporous shell layer
structure are polymer semiconductor photocatalysts prepared
via a nanostructure design based on a SiO, sphere template.*?
Owing to its large specific surface area and multiple scattering
effects of the surface as well as the ability to reduce the dis-
ordered stacking and agglomeration of the material, HCNS
demonstrates a unique charm in photocatalytic reactions.?
However, due to the intrinsic high exciton binding energy of
polymeric semiconductors, HCNS photocatalysts still suffer
from poor exciton dissociation performance and severe recom-
bination of photogenerated carriers.**

Elemental doping has been widely developed to modulate
the local structure, optical properties, and charge separation of
semiconductors. PCN is usually prepared by the polymeriz-
ation of precursors at elevated temperatures, which enables
the copolymerization of carbon-rich monomers during the
polymerization process. The incorporation of carbon species
into the PCN framework not only enhances optical absorption
but also largely promotes charge separation and distribution.
In particular, the substitution of C atoms with N atoms in the
heptazine unit or the introduction of small C-rich units may
lead to higher delocalization exhibited by the m-conjugated
electrons in the PCN framework, which would narrow the
bandgap and increase the optical absorption of the PCN.>>7%
Additionally, the introduction of a small amount of carbon
can change the distribution of electrons in the heptazine skel-
eton, increase the active sites of the molecular oxygen
reduction reaction and further promote the photocatalytic
reaction.>%°

Herein, based on the previous researach,>> mesoporous
SiO, spheres were prepared as oriented structural templates
using the modified Stober method. The synthesized meso-
porous SiO, spheres were fully mixed and preassembled with
the precursor cyanamide and the small-molecule modifier gly-
cosamide (GLD), and the C self-doped hollow spherical carbon
nitride (HCNSg,) was synthesized under a nitrogen atmo-
sphere. Also, one of the samples, HCNSg3,, functions excel-
lently for photocatalytic H,O, production and reduction of
hexavalent chromium, especially in comparison with previous
studies, as listed in Tables S3 and S4.F Characterizations reveal
that HCNSg3, prepared by the template-assisted pre-assembly

elements, and simple synthesis
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of cyanamide with GLD successfully brings the C element into
the heptazine structural unit while avoiding disordered stack-
ing of the material. Therein, HCNSg3, is the most effective for
photocatalytic H,O, production, being 1.77 times and 5.24
times higher than HCNS and PCN, respectively. Moreover,
HCNSg3; also exhibits excellent performance for photocatalytic
reduction of Cr(vi) owing to the excellent separation and
migration rate of the charge carriers.

2. Results and discussion

Scheme 1 shows the proposed synthesis process of the carbon-
rich hollow carbon nitride spheres according to the modified
Stober method based on previous work. For simplicity, the
obtained samples are denoted as HCNSg,. To elucidate the 3D
morphology and significance of the C-doping effect, the GCN
without the template and the HCNS without C-doping were
also prepared using similar synthesis methods as references.
Firstly, the micro-morphology of the photocatalysts was
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As shown in Fig. 1a,
SiO, prepared by the modified Stober method exhibits a
regular, dispersed spherical structure. With the assistance of
the mesoporous SiO, nanosphere templates, both HCNS and
HCNSG;, exhibit uniformly sized and dispersed 3D nano-
sphere structures (Fig. 1b and c), whereas the sample prepared
by the template-free thermal polymerization exhibits irregular
lumpy aggregated stacks (Fig. 1d). In addition, HCNSg3, exhi-
bits a hollow structure in high-resolution TEM (Fig. 1e), indi-
cating that the doping of the C element did not impact the
external morphology of HCNS. The energy dispersive spec-
troscopy (EDS) shows that the elements correspond well with
the TEM dark field map (Fig. 1f), the material mainly com-
prises elements C and N (Fig. 1g-i), and the presence of the
element O may be due to the adsorbed oxygen in the air. From
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Scheme 1 (a) Schematic of the synthesis process of carbon-rich
hollow carbon nitride spheres. (b) Schematic synthesis of HCNSg, from
cyanamide and glycosamide.
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Fig.1 (a—d) Scanning electron microscope images of SiO, template,
HCNS, HCNSg30, and GCN, respectively; (e) high-resolution transmission
electron microscope image of HCNSg30 and (f) TEM dark field map and
(g—i) EDS mapping of HCNSg3o.

the above Fig. 1b and c, it is clearly observed that HCNS
materials prepared by the template-assisted methods are
capable of spatially reducing the cluttered stacking, effectively
increasing their exposed surface-active sites. The specific
surface areas of HCNSg30, HCNS, GCN, and SiO, were 77, 74,
17, and 23 m® g~' (Fig. S2t), respectively. These results indi-
cate that the hard template design method significantly
increased the specific surface area of the materials, which
enables effective exposure of the active sites and facilitates the
performance of the photocatalytic redox reactions.*"

The local chemical structures of the HCNSg;3,, HCNS, and
GCN samples are then characterized by powder X-ray diffrac-
tion (XRD). As shown in Fig. 2a, HCNSg3, shows two distinct
characteristic diffraction peaks at 13.4° and 27.5°, corres-
ponding to the (100) and (002) planes of typical PCN, which
are attributed to the periodic repeating heptazine units and
the graphitic layer stacking of the PCN, respectively.’”> Note
that the diffraction peak of HCNSg3;, at 27.5° is slightly shifted
to a lower angle (about 0.31°) compared to HCNS, which is a
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Fig. 2 (a) Powder X-ray diffraction patterns, (b) Fourier transform infra-
red spectra, (c) survey XPS spectra, high-resolution XPS of C 1s (d) and
(e) N 1s, and (f) 3C NMR spectra of GCN, HCNS and HCNSgso.
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result of the increased interlayer stacking distance of the
sample due to the introduction of the carbon species into the
HCNS framework. In addition, the reduction of the (100) plane
is mainly due to the material presenting a regular spherical
shape under the influence of the hard template, resulting in a
plane with a certain radian.

The local chemical structures of the samples were further
analyzed by Fourier transform infrared spectroscopy (FT-IR).
As illustrated in Fig. 2b, the absorption peak at 802 cm™ is
associated with the out-of-plane bending vibration of the hep-
tazine ring.*® The peaks at 2170 cm ™" correspond to the asym-
metric vibrations of the cyano groups (-C=N).** Note that,
comparing GCN, HCNS, and HCNSg,, all present certain cyano
vibrations (Fig. S3bt), and the cyano groups usually act as
strong electron-withdrawing groups, which promote interfacial
separation and migration of photo-induced charges.*’
Moreover, the broad peaks at 3000-3700 cm™" originate from
the N-H and O-H bonds that are related to the surface adsorp-
tion of uncondensed amino groups and surface-adsorbed
water molecules.’® In comparison with GCN, the main skel-
eton structure of HCNSg, prepared by the template-assisted
pre-assembly of cyanamide and GLD remains unchanged, but
its surface is enriched with cyano groups, consistent with the
XRD analysis. Additionally, the Raman spectra (Fig. S3ct) show
that the two samples have similar structures.

The local chemical environment of HCNSg, was further
analyzed by X-ray photoelectron spectroscopy (XPS). Survey
XPS scans confirmed the presence of the elements C, N, and O
in all samples (Fig. 2c). As demonstrated in Fig. 2d, the C 1s
spectrum of HCNSg, was deconvoluted to three peaks at 288.3
eV, 286.3 eV, and 284.8 eV, which were attributed to the sp>
hybridization of carbon in the heptazine ring (N-C=N), cyano
carbons (C-NH/C=N), and exotic carbons (C-C or C=C),
respectively.'”” The N 1s spectra were deconvoluted into three
peaks at 398.8 eV, 400.5 eV, and 401.4 eV, respectively, corres-
ponding to the pyridine nitrogen (C=N-C), the terminal
amino groups (C-NH,), and the bridging nitrogen (N—(C)3)
attached to the carbon atom in the heptazine unit*’ (Fig. 2e).
Notably, the peak area of 284.8 eV in the C 1s spectrum of
HCNSg30 (35.25%) is significantly larger than that of HCNS
(27.01%) (Fig. 2d), indicating that the C atoms were success-
fully doped into the heptazine structure of HCNSgz, and
existed in the C-C and C-NH/C=N forms (Table S1f). In
addition, the contents of C and N elemental of HCNSg;, were
measured by elemental analysis (Table S2). Results reveal that
the C/N ratio (0.596) of HCNSg3, was higher than that of
HCNS (0.565), which further verified the above conclusion.

The chemical structure of HCNSg;, was further demon-
strated by solid-state ">*C NMR spectral analysis. As shown in
Fig. 2f, HCNS bears two strong resonance signals at 156.2 ppm
and 163.9 ppm, attributed to the C1 atom of the N=C-N (2)
and the C2 atom of the N—=C-N (NH,) coordination in the hep-
tazine unit, respectively.”®*® For HCNSg;,, the above two
signals can still be found. It also can be observed that the
chemical shift of the C1 and C2 species slightly moved to a
higher chemical shift than that of HCNS, which is probably

This journal is © The Royal Society of Chemistry 2025
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due to the substitution of the N atoms in the heptazine unit by
the C atoms. In addition, an additional weak chemical shift
was found at 148.5 ppm, which is usually derived from the
N=C-C(N)-coordinated C3 species into the heptazine
unit.’**!

UV-vis diffuse reflectance spectroscopy (UV-Vis DRS) was
used to study the optical absorption properties of the samples.
As shown in Fig. 3a, the light absorption intensity of HCNSg3,
is significantly higher than that of HCNS and GCN, and the
absorption band edge of HCNSg3, is red-shifted relative to
HCNS. Based on the Tauc plot (Fig. S4at), the bandgap energy
of GCN, HCNS, and HCNSg;, were calculated to be 2.65 €V, 2.6
eV, and 2.52 eV, respectively. The valence bands of GCN,
HCNS, and HCNSg;, determined by the XPS valence band
spectroscopy (Fig. S4bt) were 2.02, 1.96, and 1.82 V (vs. NHE),
with conduction bands of —0.63, 0.64, and 0.70 V (vs. NHE),
respectively (Fig. 3b), which was in agreement with the redox
potentials for the 2e~ ORR. Notably, HCNSgzo, which is
enriched with the edge carbon species causing the change in
electron distribution, exhibits enhanced reducibility relative to
HCNS. The results indicate that the doping of C can slightly
reduce its forbidden bandwidth, enhance the absorption of
light, and improve the reduction ability of conduction band
electrons, which is favorable for photocatalytic ORR.>*

The excited electrons at the conduction band either transit
to separated polaritons and diffuse to the surface for processes
competing with electron transfer kinetics or return to the
ground state via photoluminescence (PL) as a radiative decay
process and non-radiative processes.*> Therefore, steady-state
photoluminescence (PL) and time-resolved photoluminescence
(Tr-PL) spectroscopy were used to evaluate the relative extent of
exciton dissociation. All three samples exhibited fluorescence
emission peaks at about 450 nm but with different intensities.
As shown in Fig. 3c, the PL intensity of HCNSg;0 is signifi-
cantly lower than those of GCN and HCNS, indicating an
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Fig. 3 (a) UV-Vis diffuse reflectance spectra; (b) energy band structures
of GCN, HCNS and HCNSgzo (ECB(NHE) = @ + Eyg — 4.5 (@ is the elec-
tron work function of the analyzer), Eyg(NHE) = Eg — Ecg(NHE)); (c) room
temperature steady-state photoluminescence spectra and time-resolved
photoluminescence spectra of the samples; (d) solid-state electron
paramagnetic resonance spectra. (e) Transient photocurrent spectra;
and (f) electrochemical impedance spectra of GCN, HCNS and
HCNSG3zo0.
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enhanced charge carrier separation efficiency. Furthermore,
HCNSg30 exhibits longer photogenerated charge lifetimes of
2.02 ns than HCNS (1.27 ns) (Fig. 3c inset). The reduced PL
intensity and prolonged lifetime of charges indicate that C
doping effectively promotes the separation and migration of
photogenerated electron-hole pairs,** providing new evidence
for improving photocatalytic performance.

The changes in chemical structure after the introduction of
C atoms into the heptazine units of HCNS were verified by
room temperature electron paramagnetic resonance (EPR)
spectra (Fig. 3d). According to the results, the samples all
show significantly similar Lorentz curves corresponding to a
gfactor value of 2.006, which is mainly attributed to the
unpaired electrons on the sp® carbon atoms of the inner aryl
ring in the heptazine unit.>® In particular, HCNSq;, exhibits a
higher Lorentzian intensity compared to HCNS, which is prob-
ably derived from the more unpaired or delocalized electrons
in the structure after the substitution of N with the C atoms in
the heptazine units. Transient photocurrent and electro-
chemical impedance measurements were used to analyze the
charge separation and transfer efficiency of the samples. As
shown in Fig. 3e and f, compared with GCN and HCNS, the
HCNSg3; electrode possessed a higher transient photocurrent
as well as a smaller Nyquist circle radius, which demonstrated
once again that the photogenerated carriers of the samples
were efficiently separated and migrated.

In addition, the surface charge changes of the samples
were examined using Kelvin probe microscopy (KPFM). Fig. 4
shows the images of the surface potential changes of the
KPFM for HCNS and HCNSgg3;, in the dark and under light illu-
mination, respectively. It can be seen that HCNSg3, exhibits
higher surface potentials than HCNS both under darkness and
illumination, namely, 22.26 mV and 13.71 mV, respectively.
Meanwhile, the surface potential of HCNS is only 8.83 mV and

(b)

AE=8.83mV AE=T7.95mV
7.5mv 5.4 mv
-6.7mV & -54mV

(d)

AE=22.26mV
144 mVv
-9.4 mvV

Potential (dark) 340.0 nm Potential (light) 340.0 nm

Fig. 4 KPFM images of HCNS under (a) darkness and (b) 400 nm LED
illumination and HCNSgso under (c) darkness and (d) 400 nm LED
illumination.
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7.95 mV in darkness and light. In addition, after illumination,
both samples show a decreasing trend, and the decreasing
trend of the surface potential of HCNSg3, is more obvious,
which is around 8.55 mV lower than that under darkness
(Fig. S51). Understandably, the photogenerated electrons trans-
ported to the surface are the main reason for the decrease in
the surface potential of the sample under light. The C doping
can change the charge distribution on the HCNS heptazine
skeleton, promote the separation and migration of photogene-
rated charges, and improve the efficiency of photocatalytic
reactions.>"*> All the above characterization results illustrate
that C doping can change the physical and chemical properties
of HCNS. For instance, the local charge distribution of the het-
erocycle structure slightly changes, which provides the basis
for promoting carrier separation and migration.>®

DFT calculations were explored to gain molecular insight
into the significantly altered electronic structure of HCNS and
HCNSg30. Based on the above experimental results, the HCNS
and HCNSgg3, cells were modeled and optimized (Fig. 5a and
d). With the introduction of C elements into the heptazine
rings, a discernible decrease in the bandgap of the carbon
nitride framework was perceptible, e.g., 2.52 eV of HCN, 2.03
eV of HCNSg3, conforming to the trend of the optical band
gap changes (Fig. 5b and e). In comparison with HCNS,
HCNSg3, exhibits an increased total density of states (TDOS),
indicating the C elements were introduced into the heptazine
rings, resulting in a redistribution of the charge density in the
conjugated units (Fig. 5c¢ and f). It is particularly noteworthy
that the redistribution of charge density is an important factor
in enhancing the separation of photogenerated electrons and
holes.

The photocatalytic performance of the samples was evalu-
ated by photocatalytic H,O, production. As shown in Fig. 6a,
under the light illumination, the yields of H,O, of GCN,
HCNS, and HCNSg3, (Fig. S6at) were examined to be 444.8,
1250.1, and 2159.25 upM h™", respectively, demonstrating a sig-
nificant enhancement in photocatalytic H,O, production per-
formance for HCNSg30, being 4.85 times and 1.73 times higher

[ HCNS

MWK J‘A M

543210123
Energy (eV)
f HCNS¢,

TDOS
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5 -4-3-2-10123 4
Energy (eV)

Fig. 5 DFT calculations: optimized atomistic structures (a and d),
theoretical calculation bandgap (b and e) and total density of states (c
and f) of HCN and HCNSg3,.
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Fig. 6 (a) Photocatalytic H,O, yields of GCN, HCNS, and HCNSg3o
samples. (b) Wavelength dependence of the AQY of HCNSgszo.
Mechanistic study of the photocatalytic production of H,O, (c) quench-
ing experiments. ESR measurements using a range of trapping agents,
(d) superoxide radicals trapped by DMPO (6 min), (e) singlet oxygen
trapped by TEMP (4 min). In situ DRIFT spectra of the HCNSg3o for (f)
full spectrum (4000-700 cm™), (g) spectrum from 1500-700 cm™, (h)
photocatalytic Cr(vi) reduction rate of HCNSgzo in different water
environments, (i) first-order reaction kinetics of the photocatalytic
reduction of Cr(vi) by HCNSg30 under different water environments.

than those of GCN and HCNS, respectively. HCNSg3, exhibited
excellent apparent quantum yields (AQYs) of 12.8% at 400 nm
and 4.1% at 420 nm (Fig. 6b). After five rounds (one round of
30 min) of cyclic reactions, HCNSg3, still retains good stability
for H,0, production (Fig. S6b¥). Compared with other similar
carbon-based materials, it exhibits superior performance
(Table S37). The XRD, FT-IR, and XPS patterns of the sample
after the reaction basically did not change (the new peak of Cr
was attributed to the adsorption of reduced Cr ions on the
surface of the material, and the Cr ions were mainly trivalent),
indicating robust stability of the HCNSg;, toward solution and
light corrosion in photocatalytic reactions (Fig. S7 and S87).

Subsequently, the photocatalytic H,O, production perform-
ance of samples prepared by doping with monomers of
different carbon contents was also evaluated. As shown in
Fig. S9,7 the prepared photocatalysts with different C contents
present certain H,0, production activities. However, the
photocatalytic H,O, production activity of the samples slightly
decreased as the doping contents of carbon atoms were
increased, mainly due to the excess amounts of structure
defects.

To explore the mechanism of the photocatalytic reaction, a
series of quenching reactions were carried out. As shown in
Fig. 6¢, the generation of H,0, was strongly affected by the
atmosphere of the reaction suspension. For instance, the
amounts of H,0, were determined to be 4405.6 pM,
2159.25 pM and 17.8 pM in the presence of oxygen flow,
oxygen and nitrogen, respectively, indicating that the dissolved
oxygen was necessary for photocatalytic H,0, production.

This journal is © The Royal Society of Chemistry 2025
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Besides, p-benzoquinone (PBQ) is usually reported to quench
the superoxide radicals ("0,7).>® Thus, it was found that the
production of H,0, was significantly reduced to 970 uM and
266 pM in the presence of 0.25 mM and 1 mM PBQ, respect-
ively. Nitrotetrazolium Blue chloride (NBT) was further used as
a superoxide radical detector to verify the widespread presence
of superoxide radicals in the reaction. The result is shown in
Fig. S11a-c,T and it was found that HCNSg3, shows a stronger
ability to produce superoxide radicals under the same con-
dition, which verifies our main conclusions. In addition, the
H,0, production rate was inhibited in the presence of
r-histidine, a scavenger of singlet oxygen (*0,)."> For instance,
after the addition of 1 mM and 5 mM r-histidine into the
photocatalytic reaction system, the amount of H,0, produced
was measured to be 1023 and 652 pM, respectively. The above
quenching experiments suggest that superoxide radicals and
singlet oxygen radicals are both considered to be critical inter-
mediates for photocatalytic H,O, production (Fig. S107).

The reactive oxygen species (ROS) in the reaction system
were further investigated using the electron spin resonance (ESR)
technique. As shown in Fig. 6d, using 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) as a superoxide radical spin trapping agent,
characteristic peaks of trapped ‘O,  appeared in the HCNSg;,
system under illumination, indicating the production of "O," in
the reaction system. The characteristic triplet state signal was
observed in the system using 2,2,6,6-tetramethylpiperidine
(TEMP) as a spin-trapping agent for 'O, (Fig. 6e), confirming the
presence of 'O, in the photocatalytic reaction system. Compared
with HCNS, the intensities of ‘O, and 'O, radicals of HCNSg3,
are stronger, suggesting that the incorporation of carbon species
into the HCNS framework favors the generation of reactive rad-
icals. During the photocatalytic reaction, the "O,~ radicals receive
electrons from the electron donors and then combine with
protons to form H,0,. Besides, 10, radicals are derived from the
‘0, radicals, which are further oxidized by h*. Then, the 'O,
species extract protons from the proton donors (EtOH), which
further combine with the excited electrons at the conduction
band to generate H,0,.%”

In situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) measurements were carried out to further
analyze the photocatalytic production of H,0, in the presence
of oxygen in HCNSg3o. As shown in Fig. 6f, the spectra in the
region of 2600-3000 and 3200-3700 cm™" are attributed to the
stretching vibrations of hydrogen peroxide and the O-H of
ethanol,”® respectively. The enhancement of the absorbance
signal at the 2600-3000 cm ™" region corresponded to hydrogen
peroxide accumulation, and the diminution of the absorbance
signal at the 3200-3700 cm™" region corresponded to ethanol
consumption, indicating ethanol was involved in the pro-
duction of H,0,. As shown in Fig. 6g, the vibrations of O,,
0,7, and 'OOH species are located at 805, 1125, and
1334 cm™ ', respectively, corresponding to the stepwise one-
electron reduction reaction of oxygen and the production of
hydrogen peroxide (O, — O,"~ — OOH — H,0,).>>*° Ethanol
acts as an electron donor, consuming holes and providing
protons for hydrogen peroxide synthesis.
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In addition, studies have shown that semiconductors such
as MIL-101(Fe)/BiOCL®" g-C;N,/BP/Mo0S,,*> and CCCN®?
exhibit unique environmental friendliness, economy, and
effectiveness in the photocatalytic treatment of Cr(vi) in indus-
trial wastewater. When the CB position of the photocatalyst is
more negative than the potential of Cr®"/Cr’* (+1.05 eV vs.
NHE), it will be converted to Cr’* or Cr (OH); under different
acid-base environments, which is favorable for further
removal of Cr ions.®* Therefore, in order to investigate whether
the on-site produced H,0, could be further utilized for
environmental purification, the performance of HCNSg;, and
HCNS for photocatalytic reduction of Cr(vi) was also investi-
gated (see experimental section for more details). The samples
were evaluated under the irradiation of a 300 w Xenon lamp in
the presence of 15 V% ethanol as hole scavengers (Fig. S13a
and bt). As shown in Fig. S13c and d,f the Cr(vi) reduction
activity of HCNSg;, was significantly improved in comparison
with HCNS. This result indicates that the C-doping modifi-
cation promotes charge separation, which also plays a signifi-
cant role in improving the performance of the photocatalytic
reduction of Cr(vi). In addition, the reaction rate of photo-
catalytic reduction of Cr(vi) by HCNSg3, in the air was larger
than that in the nitrogen atmosphere, probably due to the
generation of "O,~ or H,0, in the reaction system, which posi-
tively promotes the photocatalytic reduction of Cr(vi).®®

The effect of pH on the reaction was further explored. It was
found that the photocatalytic reduction efficiency of Cr(vi) was
significantly improved under acidic conditions (Fig. S14aft).
This may be due to the fact that Cr,0,%>~, HCrO,~, and CrO,>~
are the main states of Cr(vi) in the reaction solution, and Cr(vi)
in the solution is easily surrounded by more protons under
acidic conditions, resulting in a reduction reaction. In
addition, the reduction effect of HCNSg3, on Cr(vi) under
different light intensities was investigated. With the decrease
in light intensity, the photocatalytic reduction efficiency gradu-
ally decreases, and the reduction efficiency of Cr(vi) within
15 min at 400 nm is 99% (Fig. S14b and ct). The photocatalytic
reduction performance of Cr(vi) in simulated wastewater was
tested. It is found that the samples in the simulated waste-
water environment can still maintain a good Cr(vi) reduction
efficiency and even have slightly enhanced performance,
which may be due to the ions in the simulated wastewater
environment promoting charge transfer, thus improving the
photocatalytic Cr(vi) reduction performance (Fig. 6h and i).
Moreover, in five cycles, HCNSg3, showed excellent cyclic stabi-
lity for photocatalytic Cr(vi) reduction (Fig. S14d and
Table S47). Based on the above analysis, a proposed mecha-
nism for photocatalytic H,O, reduction and reduction of Cr(vi)
is depicted in Fig. 7.

3. Experiment
3.1 Chemicals and materials

All chemicals and reagents were used as received without
further purification. Diphenylcarbazide, glycosamide, ethanol

Nanoscale, 2025,17, 7856-7864 | 7861
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Fig. 7 Proposed mechanism of HCNSg3o for photocatalytic hydrogen
peroxide production and Cr(vi) reduction reaction.

sulfuric acid, phosphoric acid, 5,5-dimethyl-1-pyrroline
N-oxide, 2,2,6,6-tetramethylpiperidine,  p-benzoquinone,
t-histidine, N,N-diethyl-p-phenylenediamine, Horseradish per-
oxidase, and sodium sulfate (Na,SO,) were acquired from
China National Pharmaceutical Group Chemical Reagents Co.,
Ltd. Cyanamide was obtained from Shanghai Alfa Aesar
Chemical Company Limited (China). Trimethoxy(octadecyl)
silane, tetraethyl orthosilicate, and ammonium hydroxide
solution were procured from Shanghai Sigma-Aldrich
Company (China).

3.2 Preparation of mesoporous SiO,@mSiO, templates

In a conical flask, 3.1 g NH;-H,O, 10 g water and 58.5 g
ethanol were mixed well, and 5.6 g ethyl orthosilicate was
added, mixed well and left for 1 h. Subsequently, a certain
amount of the tetraethyl orthosilicate and octadecyltrimethox-
ysilane mixture was slowly added to the above-mixed solution
and left to stand for 3 h. Finally, the solution was dried by cen-
trifugation, calcined in air at 550 °C for 6 h, removed and acid-
ified in 1 M hydrochloric acid for 24 h, and collected by cen-
trifugal drying.

3.3 Preparation of HCNSg,

8 g of cyanamide, 1 g of SiO, template and a certain amount of
GLD were taken in a round-bottomed flask, and the “ultrasonic
+ evacuation” treatment was carried out at a temperature of
60 °C for 2 hours, and the mixture was stirred at 60 °C over-
night. Then, deionized water was added and stirred, then cen-
trifuged, dried and calcined at 550 °C under nitrogen atmo-
sphere for 4 hours. The obtained powder was treated with 6 M
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NH,HF, under magnetic stirring for 12 h to remove the silica
template, then centrifuged and washed several times with dis-
tilled water and once with ethanol. The final yellow HCNSg,
powder was obtained by drying in a vacuum oven at 70 °C over-
night, where x (0, 10, 20, 30, 50, 80) refers to the mass of GLD.

3.4 Preparation of GCN

A certain mass of cyanamide was weighed and calcined at
550 °C for 4 h under N, to obtain a comparison sample and
named as GCN.

4. Conclusions

In this work, the carbon-rich hollow carbon nitride spheres
(HCNSg,) were synthesized by a pre-assembly of GLD with cya-
namide with the aid of a hard template. The incorporation of
carbon species into the HCNS framework changes the charge
distribution of the heptazine skeleton and promotes the
effective separation and migration of photogenerated electrons
and holes, reduces the band gap and enhances light absorp-
tion, thus improving the photocatalytic performance. During
the photocatalytic oxygen reduction reaction, the HCNSg;o
generated two different kinds of reactive species (O, and
'0,7), which played an important role in the photocatalytic
production of H,0, and the photocatalytic reduction of Cr(vi).
The H,0, generation rate of HCNSg;, reached 4405.6 pM for
1 h under an O, flow environment and the HCNSg3, almost
reduced 100% Cr(vi) within 10 min in simulated wastewater.
This study demonstrates the effect of non-metal doping and
nanostructure engineering of PCN for simultaneous excellent
photocatalytic H,O, reduction and Cr(vi) reduction, which pro-
vides new ideas for the production of high-value chemical pro-
ducts and environmental purification.
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