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Growth of narrow-bandgap Cl-doped carbon
nitride nanofibers on carbon nitride nanosheets for
high-efficiency photocatalytic H,O, generationt
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Heterojunction construction has been proved to be an effective way to enhance photocatalysis
performance. In this work, Cl-doped carbon nitride nanofibers (Cl-CNF) with broadband light harvesting
capacity were in situ grown on carbon nitride nanosheets (CNS) by a facile hydrothermal method to
construct a type Il heterojunction. Benefiting from the joint effect of the improved charge carriers
separation efficiency and a broadened visible light absorption range, the optimal heterostructure of Cl—
CNF/CNS exhibits a H,O, evolution rate of 247.5 pmol g*1 h~! under visible light irradiation, which is 3.4
and 3.1 times as much as those of CI-CNF (72.2 umol g~* h™%) and CNS (80.2 pumol gt h},
respectively. Particularly, the heterojunction nanostructure displays an apparent quantum efficiency of
23.67% at 420 nm. Photoluminescence spectra and photocurrent measurements both verified the
enhanced charge carriers separation ability. Our work provides a green and environmentally friendly
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1. Introduction

H,0,, as an important chemical reagent, has been widely used
in medical disinfection, industrial production, daily steriliza-
tion and decontamination.” In addition, due to its high energy
density (2.1 MJ kg~ for 60% aqueous H,0,), harmless products
emission and convenient storage and transportation condi-
tions, H,0, is regarded as a promising energy carrier.** H,O,
has also been added as a favorable electron acceptor to boost
charge carrier separation to enhance the photocatalytic perfor-
mance of photocatalysts.>” At present, H,O, is predominantly
prepared by industrial oxidation of anthraquinone, which
currently accounts for more than 95% of the total production of
H,0,. However, the anthraquinone oxidation method is envi-
ronmentally hazardous, and consumes extensive energy.
Therefore, it is urgent to develop an environmentally friendly
and low energy consumption method for H,0, synthesis.?
Photocatalysis, which is driven by solar energy, has been
considered to be one of the effective ways to solve the energy
and environmental crisis.” Among various kinds of photo-
catalyst, g-C3N,, because of its unique features, such as
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strategy for H,O, production by elaborate nanostructure design.

a suitable bandgap for light harvesting, facile preparation
process, favorable heat and chemical stability and metal-free
characteristics,'**> has attracted extensive interest in photo-
catalytic production of H, (ref. 13-16) and H,0,,"”** nitrogen
fixation,**?* organic pollutants decomposition,**?* CO, reduc-
tion**** and organic reactions.*** However, several shortcom-
ings, such as a narrow light absorption range, serious
recombination of photogenerated charge carriers and low
surface charge transfer efficiency still exist in g-C;N,, which
limit its photocatalytic activity.**-*

Based on the above problems, a lot of methods have been
employed to improve the photocatalytic performance, including
defect construction, heteroatom doping, morphology optimi-
zation, etc.>**° For example, the photocatalytic H,O, generation
activity was significantly enhanced by constructing carbon
vacancies' or nitrogen vacancies' on the surface of g-C;N, due
to the improved light harvesting capacity. Heteroatom doping,
for example, Fe and non-metal S, P doping, has been proved to
be an effective approach to boost the photocatalytic hydrogen
generation activity and pollutants degradation.>”**** Similarly,
the halogen (F, Cl and Br)-doped photocatalysts exhibited some
advantages of improving optical absorption, promoting charge
migration and tuning band positions for photocatalytic appli-
cations.*” However, the photoexcited charge carriers recombi-
nation problem is always difficult to be alleviated in single-
component  photocatalyst.  Accordingly, heterojunction
construction is developed and has been proved to be an effective
strategy to inhibit the recombination of charge carriers during
photocatalysis process.
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Among different types of heterojunction, the type II hetero-
junction can take both advantages of the two semiconductors to
broaden the light absorption range. Moreover, the staggered
band structure in type II heterojunction is supposed to be
favorable for charge carriers separation, thus is ideal for
enhancing photocatalytic performance. Polymeric graphitic
carbon nitride has been reported to combine with an all-
inorganic cesium lead halide perovskite (CsPbBrCl,) to
prepare a type II heterojunction.* Due to the delay of the pho-
togenerated electron-hole pairs recombination, the synthesized
hybrid presented remarkably improved performance in toxic
cationic and anionic dyes degradation as compared to indi-
vidual building units. Hao et al. reported on the preparation of
a 7ZnS/g-C3N, heterostructure with abundant zinc vacancy
defects modified on the surface of ZnS.** The heterostructure
possessed expanded light absorption range according to its
absorption spectra. Moreover, the staggered band structure and
large number of zinc vacancies could boost the separation of
photogenerated charge carriers. Due to the joint effect of
broadened light absorption capacity and boosted charge
carriers separation ability, the photocatalytic hydrogen
production activity of ZnS/g-C;N, is more than 30 times than
that of pure g-C;N,. The calculation results by Wei et al. also
show that the formation of g-C;N,/r-TiO, heterojunction can
expand its absorption range toward visible light.*> In addition,
the staggered alignments of band structure and built-in electric
field could efficiently promote the separation of photoinduced
electron-hole pairs, therefore leading to an improved H,S
splitting performance. Particularly, the 1D/2D heterostructure
could realize the unique dimensionality-dependent advantages
of rapid carrier transfer along the 1D nanostructures and
superior electron mobility of 2D materials and simultaneously
alleviate the drawbacks of the single units, such as the low
surface area of 1D nanofibers and the tendency of 2D nano-
sheets toward restacking.’® Combining the advantages of
doping and heterojunction, the construction of Cl-doped
carbon nitride nanofibers on carbon nitride nanosheets is ex-
pected to show superior photocatalytic activity.

Herein, we fabricated a type II heterojunction nanostructure
by growing narrow-bandgap 1D CI-CNF on 2D CNS via a simple
hydrothermal synthesis procedure. A variety of characterization
methods were applied to verify the formation of the hetero-
structure. The light absorption ability of the heterostructure
was improved because of the introduction of CI-CNF, which
exhibits broadband light harvesting capacity. In addition, the
photoluminescence spectra and photocurrent measurements
jointly demonstrated that the charge carriers generation and
separation ability was significantly enhanced in the hetero-
junction. Therefore, a H,O, generation rate of 247.5 umol g’1
h™"! was obtained in the optimal sample of CI-CNF/CNS under
visible light irradiation (A > 420 nm), which is 3.4 and 3.1 times
as much as those of single-component CI-CNF (72.2 pmol g~*
h™") and CNS (80.2 pmol g~ * h™%), respectively. Especially, the
optimal type II heterojunction nanostructure achieves an
apparent quantum efficiency of 23.67% at 420 nm benefiting by
the synergistic effect the CI-CNF and CNS.
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2. Experimental

2.1. Preparation of the photocatalysts

The CNS powder was prepared by polymerization of dicyan-
diamide in air, accompanied by using ammonium chloride as
a gas template.* Typically, dicyandiamide (2 g) and ammonium
chloride (10 g) were first ground in a mortar to mix homoge-
neously and then the mixture was transferred to a covered
crucible. The thermal condensation was accomplished by
heating the crucible in a muffle furnace with a heating rate of
1°C min~ " and a maintaining temperature of 550 °C for 3 h. To
prepare a uniformly-distributed heterojunction nanostructure,
the CNS sample should be acidified in advance. The acidifica-
tion of CNS was proceeded by adding the CNS powder (0.5 g)
into a hydrochloric acid aqueous solution (30 mL, 3 mol L™").
The mixture was stirred for 12 h to make sure the acidification
was finished completely. Then the dispersion was centrifuged
and washed with water for several times until the pH of the
supernatant is close to neutral. The acidified powder was finally
collected after drying the precipitate in an oven. For compar-
ison, melamine-derived carbon nitride and dicyandiamide-
derived carbon nitride were prepared under the same prepara-
tion condition as that of CNS by polymerization of sole
dicyandiamide and melamine, respectively.

The narrow-bandgap CI-CNF semiconductor with broad-
band light harvesting capacity was prepared by a hydrothermal
method according to a previous report.*® Typically, melamine
(0.252 g) and cyanuric chloride (0.738 g) were added into
acetonitrile solution (30 mL) in sequence, and then the mixture
was stirred for 24 h at room temperature and hydrothermally
reacted for another 24 h at 180 °C. The precipitate was collected
and respectively washed with water and ethanol for several
times to remove the impurities on the catalyst surface. Finally,
the precipitate was dried in an oven at 60 °C.

The CI-CNF/CNS nanohybrids were prepared under the
same hydrothermal condition with that of CI-CNF, except for
the introduction of acidified CNS. After the acetonitrile solution
containing melamine and cyanuric chloride was stirred for 12 h,
acidified CNS was added and then the mixture was stirred for
another 12 h to ensure that the CI-CNF precursors were
uniformly adsorbed on the acidified CNS nanosheets surface.
The CI-CNF/CNS samples were then obtained after the
suspension mixture hydrothermally reacted at 180 °C for 24 h.
The grafting density of CI-CNF on the CNS surface can be
adjusted by changing the addition amount of acidified CNS. In
the abbreviation of CI-CNF/CNS-x, x is the addition mass of
acidified CNS. Unless otherwise specially mentioned, the Cl-
CNF/CNS sample represents CI-CNF/CNS-0.4. As control
samples, CI-CNF/melamine-derived carbon nitride and CI-
CNF/dicyandiamide-derived carbon nitride with carbon nitride
addition amount of 0.4 g were prepared similarly with that of
CI-CNF/CNS for H,0, generation.

2.2. Characterizations

The surface charges of the samples and precursors were
measured by their zeta potentials on Zetasizer Nano (Malvern

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Instruments) in their reaction solutions. The morphologies of
the samples were investigated on scanning electron microscope
(SEM, Quanta 250 FEG FEI) equipped with an energy-dispersive
X-ray (EDX) detector and transmission electron microscope
(TEM) (Tecnai G2 20 TEM) with an accelerating voltage of 200
kv. The light harvesting capacities of the samples were char-
acterized by their absorption spectra on a Hitachi ultraviolet/
visible/near-infrared (UV-vis-NIR) spectrophotometer equipped
with an integrating sphere with BaSO, as a base. The crystalline
characteristics of the samples were investigated by collecting
their X-ray diffraction (XRD) patterns on a Bruker D8 Advance
diffractometer with tube voltage and current of 40 kv and 40
mA, respectively. The Fourier transform infrared (FTIR) spectra
of the samples were collected on a Thermo Scientific Nicolet iS5
infrared spectrophotometer using potassium bromide pellet
technique. X-ray photoelectron spectroscopy (XPS) measure-
ments were recorded on an Escalab 250 Xi (Thermo Fisher
Scientific) system with Al Ko (hv = 1486.6 eV) as the X-ray
source. The photoluminescence (PL) measurements (Hitachi
F-4600 spectrophotometer) were carried out to investigate the
radiative recombination of the photogenerated charge carriers.
The transient-state photoluminescence (TRPL) spectra were
recorded on Edinburgh Instruments FLS980 spectrophotometer
with excitation and emission wavelength of 350 and 455 nm,
respectively. N, adsorption-desorption isotherms, which were
used to calculate the Brunauer-Emmett-Teller (BET) specific
surface areas, were collected on a Micromeritics ASAP 2020
analyzer.

2.3. Photocatalytic performance measurements

The photocatalytic performances of the photocatalysts were
evaluated through the photogeneration of H,O, in a photo-
reactor by employing a 300 W Xe lamp (CEL-HXF300, CEAU-
LIGHT, Beijing, China) equipped with a cut-off filter of 420 nm
as the light source. Typically, the photocatalyst (50 mg) was first
dispersed into an ethanol aqueous solution (50 mL, 10 vol%
ethanol in deionized water). The mixture was subjected to
ultrasonic treatment for 10 min to obtain a uniformly mixed
suspension, and then bubbled with O, for 20 min to create an
oxygen-rich environment under stirring before light was turned
on. During photocatalytic reaction process, every 1.5 mL of the
reaction solution was taken out after 0, 0.5, 1.0, 1.5 and 2.0 h of
light irradiation, respectively. The concentration of H,O,
generated in the reaction solution was determined by a Ce(SO,),
titration method* based on that yellow Ce** solution can be
reduced by H,0, to colorless Ce*" solution: 2Ce*" + H,0, —
2Ce*" + 2H" + O,. The generation of H,0, can therefore be
quantificationally calculated by the decrease amount of Ce*'.
Moreover, the evolution amount of H,0, under monochromatic
light was measured with a bandpass filter under the same
reaction condition. The power intensity of monochromatic light
was measured with an optical power meter (CEL-NP2000-2,
CEAULIGHT, Beijing, China). The apparent quantum yield
(AQY) was estimated by the H,0, amount generated under
monochromatic light and corresponding power density
according to the equation: AQY (%) = (number of reacted

© 2021 The Author(s). Published by the Royal Society of Chemistry
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electrons/number of incident photons) x 100 = (2 x number of
produced H,0, molecules)/(number of incident photons) X
100.

2.4. Photoelectrochemical measurements

The photoelectrochemical measurements were carried out on
a CHI 760E electrochemical workstation (Shanghai Chenghua)
by using a standard three-electrode system, in which the sample
electrode, the Ag/AgCl electrode and the Pt plate electrode were
served as the working electrode, the reference electrode and the
counter electrode, respectively. Notably, the working electrode
was prepared by deposition of photocatalyst suspension (10 mg
mL™" in 5.0 vol% Nafion ethanol solution) on a cleaned
fluorine-doped tin oxide (FTO) glass substrate with a surface
area of 1 x 1 cm”. The aqueous Na,SO, solution (0.5 M, pH =
6.6) was used as electrolyte.”” The normal hydrogen electrode
(NHE at pH = 0) can be converted from the reference electrode
potential (vs. Ag/AgCl) according to Enxyg = Eag/agal +0.059 x pH
+ Eag/agcl, Where EQg agcr is 0.198 V at 25 °C.* The Mott-Schottky
curves for flat potential confirmation were measured by
impedance-potential method. The photocurrents
measured at a potential of 0.2 V (vs. Ag/AgCl) under on-off
visible light irradiation. The electrochemical impedance spec-
troscopy (EIS) tests were performed in the frequency range of
0.01 Hz to 100 kHz.

were

3. Results and discussion

3.1. Morphology, structure and property

The CI-CNF/CNS heterostructure was synthesized by an in situ
hydrothermal method in the presence of acidified CNS (Scheme
1). Due to the high negative potential of cyanuric chloride, the
CNF precursors cannot be well adsorbed onto the negative-
charged CNS surface (Fig. S1t). We therefore acidified CNS by
HCI to change its surface potential (sample acidified CNS in
Fig. S17) in advance to ensure the adsorption of the CI-CNF
precursors. Pure CI-CNF and CNS were also prepared for
control experiments. As shown in Fig. 1a, the CI-CNF sample
synthesized by hydrothermal method exhibits a fibrous nano-
structure with a diameter of about tens of nanometers and
a length of several hundred nanometers. The EDX spectrum of
CI-CNF verified the successful doping of Cl element in the
framework (Fig. S2t). The doping of Cl has been reported to be
beneficial to adjust the energy band structure and inhibit the
recombination of photogenerated charge carriers,*>* thus
endow CI-CNF with broadband spectral response. The CNS
sample, obtained by calcining a mixture of dicyandiamide and
ammonium chloride, exhibits wrinkled nanosheet character-
istic (Fig. 1b). The sheet-like CNS surface can enlarge its specific
surface area and provide sufficient space for CI-CNF
anchoring.”® No Cl element was observed in the EDX spectrum
of CNS (Fig. S21), indicating ammonium chloride worked as
a gas template other than a dopant during the calcination
process.

In the CI-CNF/CNS nanohybrid, CI-CNF was tightly grown
on the surface of CNS (Fig. 1c), indicating the successful

RSC Adv, 2021, 1, 31385-31394 | 31387
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Scheme 1 Schematic illustration for the synthesis of the heterostructure.

formation of the heterostructure. The tightly contact interface
formed between CI-CNF and CNS is beneficial for the charge
carrier migration and transfer in photocatalytic reaction.
Moreover, the Cl content of CI-CNF/CNS is remarkably
decreased compared with that of pure CI-CNF because of the
existence of CNS substrate (Fig. S2 and Table S17). The SEM
elemental mapping images in Fig. 1d demonstrate that the C, N
and Cl elements are uniformly distributed on the surface of the
heterostructure, suggesting CI-CNF is homogeneously bound

on the surface of CNS. In addition, the ratio of CI-CNF to CNS
can be adjusted by changing the amount of CNS added.
However, CI-CNF cannot be well loaded on CNS surface when
CNS adding amount is too low or too high. When the CNS
amount is too low, scattered CI-CNF can be observed beyond
the CNS surface (Fig. S3at). On the other hand, when the CNS
amount is too high, the morphology of CI-CNF will be damaged
during the hydrothermal process (Fig. S3b and ct).

Fig.1 Morphology of the photocatalysts. (a) SEM and TEM images of Cl-CNF. (b) SEM and TEM images of CNS. (c) SEM and TEM images of Cl-

CNF/CNS. (d) SEM elemental mapping.
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The crystal structures of the samples were investigated by
their XRD patterns (Fig. 2a). CNS shows two characteristic
diffraction peaks of 13.0° and 27.6° corresponding to g-C;Ny,
which can be indexed to the in-planar packing (1 0 0) and
interlayer stacking (0 0 2) plane, respectively.*® However, the
peak of (1 0 0) plane in CI-CNF vanishes, suggesting that the
repeatability of the tri-s-triazine unit in the layer is significantly
destroyed, which is probably caused by the CI doping. In addi-
tion, the intensity of (0 0 2) peak in CI-CNF decreases and the
peak width at half height broadens, suggesting that the crys-
tallinity of CI-CNF is weakened intensively.”* Moreover,
compared with pure CNS, the (0 0 2) peak of CI-CNF/CNS shifts
to 27.1°, indicating an increase in the distance between inter-
layers. The intensities of the (1 0 0) and (0 0 2) peaks in CI-CNF/
CNS are between those in CI-CNF and CNS, demonstrating that
Cl-CNF and CNS are well integrated. Fig. 2b presents the FTIR
spectra of the samples. The peaks range from 3000 to 3500 cm ™"
can be assigned to the stretching vibration of the N-H bond
caused by the incomplete condensation of the precursor or the
O-H bond of the adsorbed water molecules.* The peaks range
from 1100 to 1700 cm™' can be indexed to the N=C-N
heterocyclic stretches of tri-s-triazine unit. The peak at 814 cm ™"
represents the out-of-plane bending mode of tri-s-triazine
unit,*>** which can only be observed in the periodic structure of
CNS and the CI-CNF/CNS nanohybrid, further verifying the
disordered structure of CI-CNF. However, no obvious N-CI or
C—Cl bonds appeared in the nanohybrid, probably because
these bands overlap with the C-N stretching band.

The light harvesting abilities of the samples were charac-
terized by their UV-vis absorption spectra (Fig. 2c). Due to its
unique structure and Cl doping, CI-CNF exhibits strong light
absorption in the visible light region, and its absorption tail can
even extend to ~628 nm, endowing it a superior semiconductor
to enhance the light absorption ability of the heterostructure.
The orange color of the CI-CNF powder also reflects its strong
light absorption ability and narrow bandgap characteristic
(Fig. 2c, inset). On the contrary, CNS exhibits moderate visible
light absorption capacity with a bandgap of 2.80 eV (Fig. 2c and
S47). After hybridizing, the light absorption ability of CNS was
significantly enhanced in CI-CNF/CNS, which is favorable for
photocatalytic applications.

The valence states and charge transfer behaviors of the
samples were analyzed by their XPS spectra. The trend of the Cl
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amount in the survey spectra (Fig. 3a) is consistent with the
EDX.

The results in Table S1,t indicating the successful hybrid-
ization of CI-CNF and CNS. Fig. 3b shows the high-resolution C
1s spectra of the sample, the peaks of CI-CNF in 288.3, 285.9
and 284.5 eV are respectively indexed to sp®> C (N-C=N) in the
tri-s-triazine unit, C-NH, groups on the edge of the framework
and carbon contamination (C-C, C=C species) introduced
during the condensation process. In CNS, the main peak of sp*
C located at 287.9 eV, lowing than the binding energy value in
the CI-CNF/CNS nanohybrid. That is, the binding energy cor-
responding to sp®> C in CNS was increased after it interacted
with CI-CNF. The results indicate that the electron density of
CNS is reduced in the CI-CNF/CNS nanohybrid, in other words,
electrons are being transferred from CNS to CI-CNF at the Cl-
CNF/CNS interface. In the high-resolution N 1s spectra (Fig. 3c),
the peaks of CI-CNF centered at 398.7, 400.0, 400.9 and 405.2 eV
are respectively assigned to sp”> N (C-N=C), tertiary carbon-
nitrogen bonds [N-(C);], NH, groups and charge effect (x —
7*). Similar with the result of the high-resolution C 1s spectra of
the samples, the sp> N peak of CNS also shows a lower binding
energy relative to CI-CNF/CNS, further demonstrating the
electron is transferred from CNS to CI-CNF. In addition, the
obvious peaks of Cl element in CI-CNF/CNS suggest Cl was
successfully doped into the conjugate heptazine units
(Fig. 3d).**** The Cl 2p spectrum could be deconvolved into two
possible CI sites of substitutional and interstitial sites (Clgyp
and Cl;,). The peaks centered at 202.3 and 200.6 eV can be
indexed to the 2p;/, and 2p;,, peaks of Clg,, dopants stemmed
from the C-Cl bonds in the framework. The other two peaks at
198.7 and 197.0 eV can be attributed to the Clint dopants
derived from the Cl™ ions.* The photocatalytic activity is ex-
pected to be improved by Cl-doping due to its effect of broad-
ening optical absorption and promoting charge migration.”
Benefiting from the role of ammonium chloride as a gas
template, the surface area of CNS (56.76 m> g~ ') is higher than
that of CI-CNF (19.97 m?® g ') according to their nitrogen
adsorption-desorption isothermal curves (Fig. S5t). Particu-
larly, the CI-CNF/CNS nanohybrid also possesses a large
specific surface area (54.53 m”> g~ '), which can provide abun-
dant active sites for photocatalytic reactions. Combining with
the improved light absorption capacity, CI-CNF/CNS is expected
to show superior performance for H,O, generation.

2 Theta (degree)

Wavenumber (cm—1)

a Q o}
—~ 3 £3 —CI-CNF/CNS
= 3 S
& © [ CIFCNF/CNS po
= —CICNF/CNS | ® S —CNS
@ = —CNS <3 B4
5 —ow | Bl 2 B -
C 1 i
£ CICNF | & CHCNP 2| —ClLCNF
s 1Ly o L 0 e L i ] i ] i
20 40 60 80 4000 3000 2000 1000 200 400 600 800

Wavelength (nm)

Fig. 2 Structures and properties of the samples. (a) XRD patterns. (b) FTIR spectra. (c) Absorption spectra of the samples. Inset shows the photos

of the sample powders.
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Fig. 3 XPS spectra of the samples. (a) XPS survey spectra the three samples. (b) High-resolution C 1s spectra of Cl-CNF, CNS and Cl-CNF/CNS.
(c) High-resolution N 1s spectra of Cl-CNF, CNS and Cl-CNF/CNS. (d) High-resolution Cl 2p spectrum of CIl-CNF/CNS.

3.2. Photocatalytic H,O, evolution

The photocatalytic activity of the samples was evaluated by
H,0, generation with ethanol as an electron donor. In our work,
H,0, was assumed to be produced through the two-electron
reduction reaction of oxygen molecules. The H,0, concentra-
tion of all the samples increased with prolonging the reaction
time (Fig. 4a). Through screening experiment, the CI-CNF/CNS-
0.4 (always abbreviated as CI-CNF/CNS) nanohybrid is found to
show the highest H,0, production rate of 247.5 pmol g~* h™*
under visible light irradiation (4 > 420 nm), which is about 3.4
and 3.1 times as much as those of CI-CNF and CNS (Fig. 4a and
b). The detectable activity of pure CI-CNF and CNS toward H,0,
generation demonstrates that the conduction bands of both
components are more negative than the redox potential of O,/
H,0, (0.68 V vs. NHE at pH = 0). Moreover, the photocatalytic
activities of the four nanohybrids with different CNS contents
toward H,O, generation are higher than those of pure CI-CNF
and CNS. The enhanced activity of the nanohybrids is believed
to be caused by the synergistic effect of the improved photo-
generated charge carriers separation efficiency and the
enhanced light harvesting ability in the heterostructure.

The photocatalytic activity of the samples was evaluated by
H,O0, generation with ethanol as an electron donor. In our work,
H,0, was assumed to be produced through the two-electron

reduction reaction of oxygen molecules. The H,0,

31390 | RSC Adv, 2021, 11, 31385-31394

concentration of all the samples increased with prolonging the
reaction time (Fig. 4a). Through screening experiment, the Cl-
CNF/CNS-0.4 (always abbreviated as CI-CNF/CNS) nanohybrid
is found to show the highest H,0, production rate of 247.5
pumol g~ " h™" under visible light irradiation (A > 420 nm), which
is about 3.4 and 3.1 times as much as those of CI-CNF and CNS
(Fig. 4a and b). The detectable activity of pure CI-CNF and CNS
toward H,0, generation demonstrates that the conduction
bands of both components are more negative than the redox
potential of O,/H,0, (0.68 V vs. NHE at pH = 0). Moreover, the
photocatalytic activities of the four nanohybrids with different
CNS contents toward H,O, generation are higher than those of
pure CI-CNF and CNS. The enhanced activity of the nano-
hybrids is believed to be caused by the synergistic effect of the
improved photogenerated charge carriers separation efficiency
and the enhanced light harvesting ability in the heterostructure.

To investigate the effect of CI-CNF and CNS in CI-CNF/CNS
for H,0, generation activity improvement, we have also
prepared other control samples for comparison. Among the
carbon nitrides synthesized by different precursors, the H,0,
generation rates of melamine-polymerized carbon nitride and
dicyandiamide-polymerized carbon nitride are both lower than
that of CNS (Fig. S6t), which is probably due to the suitable
energy band structure and large specific surface area of CNS,
verifying the crucial role of ammonium chloride. Expectedly,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the H,0, generation rate of CI-CNF/melamine-derived carbon
nitride (nanohybrid of CI-CNF and melamine-polymerized
carbon nitride) and Cl-CNF/dicyandiamide-derived carbon
nitride (nanohybrid of CI-CNF and dicyandiamide-polymerized
carbon nitride) are both enhanced compared with their pure
components, further implying CI-CNF is a favorable semi-
conductor to construct heterojunctions for H,0, generation.
Moreover, the photocatalytic activity of CI-CNF/CNS toward
H,0, generation is the highest among the nanohybrids with the
same carbon nitride addition content, indicating the abundant
active sites and strong light absorption ability are both vital and
indispensable for photocatalysis performance enhancement.
In order to verify our assumption that H,O, was generated
through two-electron reduction reaction of oxygen in our work,
the H,0, generation reactions were carried out under different
conditions (Fig. 4c). A trace amount of H,0, was detected in
darkness, demonstrating that light is the energy source to drive
the photocatalytic reaction. Negligible amount of H,0, was
detected under Ar atmosphere, indicating the presence of O, is
a prerequisite for H,O, production. Control experiments under
different atmospheres verify that H,O, was produced via light-
driven two-electron reduction process of oxygen in our work.
H,0, decomposition is an important factor to restrict the
activity improvement for H,0, generation, thus the

© 2021 The Author(s). Published by the Royal Society of Chemistry

decomposition behavior of H,0, over CI-CNF/CNS was inves-
tigated under visible light irradiation. As shown in Fig. S7,1 Cl-
CNF/CNS can lead to a small amount decomposition of H,O,
under light irradiation due to the instability of H,O,. The result
also explained why the growth rate of H,0, concentration in the
reaction solution gradually decreased with prolonging the
reaction time in Fig. 4a. Under monochromatic light irradia-
tion, the AQY of CI-CNF/CNS was measured and compared with
its absorption spectrum (Fig. 4d). The trend of the AQY values
agrees well with the absorption spectrum, indicating that the
two-electron oxygen reduction reaction in the formation of
H,0, is light-driven. Especially, the AQY value reaches 23.67%
at 420 nm, which is higher than many reported values (Table
S2t), manifesting the CI-CNF/CNS heterostructure is a superior
catalyst for photocatalytic H,O, generation.

The cycle test was performed to investigate the stability of
CI-CNF/CNS. As shown in Fig. 5a, the CI-CNF/CNS hetero-
structure exhibits favorable stability for photocatalytic H,O,
evolution. The small reduction of H,O, generation rate in the
second and third run is probably caused by the catalyst loss
during centrifugation. According to the XRD patterns and FTIR
spectra comparisons between the fresh and used Cl-CNF/CNS
samples in Fig. 5b and c, no obvious change was occurred in
the crystal and chemical structure of CI-CNF/CNS after cyclic

RSC Adv, 2021, 11, 31385-31394 | 31391
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test. Additionally, there is no obvious change in the morphology
of CI-CNF/CNS after stability test (Fig. 5b and c), further con-
firming the stability of the photocatalyst.

3.3. Mechanism analysis

To uncover the mechanism for photocatalytic activity improve-
ment in the heterostructure, photocurrent measurements of the
three samples (CI-CNF, CNS and ClI-CNF/CNS) were first carried
out under discontinuous visible light (1 > 420 nm) to investigate
the generation and separation of photoexcited charge carriers
(Fig. 6a). The results show that the current density of CI-CNF/
CNS is higher than those of CI-CNF and CNS, indicating that
the generation and separation efficiency of photogenerated
charge carriers was significantly improved compared with pure
CI-CNF and CNS electrodes, the enhanced charge carriers
separation efficiency is beneficial for photocatalytic H,O,
generation. The EIS curves of the samples show that the Cl-
CNF/CNS heterojunction processes the smallest charge transfer
resistance whether the measurements were performed under
light irradiation (Fig. 6b) or in dark (Fig. S8t1), indicating the
fastest charge transfer and migration rate in CI-CNF/CNS.

The separation and transfer properties of the photo-
generated charge carriers were further investigated by the PL
spectra (Fig. 6¢). The PL intensity of CNS is the strongest, sug-
gesting its serious radiative recombination of photogenerated
electron-hole pairs.*® The PL peak position of CI-CNF redshifts
to ~525 nm, corresponding to its bandgap excitation of 2.36 eV.
The PL intensity of CI-CNF/CNS decreases in comparison with
that of CNS, demonstrating the radiative recombination of the
photogenerated charge carriers was effectively inhibited. As
shown in Fig. 6d, the TRPL spectra were also collected to

31392 | RSC Adv, 2021, 11, 31385-31394

calculate the lifetime of the charge carriers by a fitted bi-
exponential equation: I(t) = A; exp(—t/t1) + A, exp(—t/12),
where 14, 7, are the emission lifetime values, and A, A, are the
corresponding amplitudes. The calculated lifetime values of the
samples are shown in Table 1. The lifetime of CI-CNF/CNS is
shortened compared with that of CNS, indicating the improved
charge transfer kinetic for photocatalytic reactions.

The Mott-Schottky curves of CI-CNF and CNS were
measured to calculate their band structures and further depict
the charge transfer direction (Fig. S9t). Their positive slopes
indicate that they are both n-type semiconductors.*® The flat
potentials of CI-CNF and CNS, which are obtained according to
the intersection of the X-axis and the slopes at different
frequencies, are directly deemed as their conduction band. The
conduction band potentials of CI-CNF and CNS are calculated
to be —1.21 and —1.71 V (vs. Ag/AgCl), respectively, which are
respectively —0.60 and —1.10 V vs. NHE at pH = 0. The pure Cl-
CNF and CNS catalysts can therefore reduce oxygen molecules
to H,0,. Combining with the bandgap values in Fig. S4,T the
band structures of CI-CNF and CNS were obtained and pre-
sented in Fig. 5e. We therefore proposed the charge transfer
mechanism for photocatalytic H,O, production over CI-CNF/
CNS. Upon light excitation, the photogenerated electrons
transferred from the conduction band of CNS to that of CI-CNF
due to the more negative conduction band potential of CNS,
which is consistent with the XPS results. The electrons on the
conduction band of CI-CNF then react with oxygen molecules
through two-electron reduction reaction to generate H,O,. On
the contrary, photogenerated holes left on the valence band of
CI-CNF transferred to that of CNS for ethanol oxidation
(Fig. 6e). Thus, the photogenerated charge carriers can be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The charge carriers lifetime of the samples

74 (ns) 75 (ns) Ay (%) Ay (%)
CI-CNF 1.1354 4.0053 74.21 25.79
CNS 2.2483 10.8263 58.09 41.91
CI-CNF/CNS 2.0915 10.1601 53.15 46.85

effectively separated to participate the redox reactions and
improve the photocatalytic activity.

4. Conclusions

In summary, a 1D/2D heterostructure was synthesized by
grafting narrow-bandgap CI-CNF on CNS substrate through an
in situ hydrothermal method. The light harvesting ability of CNS
was significantly enhanced due to the introduction of CI-CNF
with broadband spectral response. Moreover, the hetero-
junction shows a favorable photogenerated charge carriers
separation efficiency, which is beneficial to improve its photo-
catalytic performance. The optimal CI-CNF/CNS sample
exhibits a H,0, generation rate of 247.5 umol g~* h™" under
visible light irradiation, which is 3.4 and 3.1 times as much as
those of CI-CNF and CNS, respectively. Especially, CI-CNF/CNS
reaches a high AQY value of 23.67% at 420 nm. Our work
provides a feasible method for constructing heterojunctions
with different dimensions to improve the photogenerated
charge carriers separation ability and the photocatalytic
performance.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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