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Cost-effective and eco-friendly synthesis of novel
and stable N-doped ZnO/g-CzN,4 core—shell
nanoplates with excellent visible-light responsive
photocatalysisy
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N-doped ZnO/g-CzN4 hybrid core-shell nanoplates have been successfully prepared via a facile, cost-
effective and eco-friendly ultrasonic dispersion method for the first time. HRTEM studies confirm the
formation of the N-doped ZnO/g-CsN4 hybrid core-shell nanoplates with an average diameter of 50 nm
and the g-CsN4 shell thickness can be tuned by varying the content of loaded g-CsN,4. The direct
contact of the N-doped ZnO surface and g-CsN4 shell without any adhesive interlayer introduced a new
carbon energy level in the N-doped ZnO band gap and thereby effectively lowered the band gap energy.
Consequently, the as-prepared hybrid core-shell nanoplates showed a greatly enhanced visible-light
photocatalysis for the degradation of Rhodamine B compare to that of pure N-doped ZnO surface and
g-C3N,4. Based on the experimental results, a proposed mechanism for the N-doped ZnO/g-CzN4
photocatalyst was discussed. Interestingly, the hybrid core—shell nanoplates possess high photostability.
The improved photocatalytic performance is due to a synergistic effect at the interface of the N-doped
ZnO and g-C3Ny4 including large surface-exposure area, energy band structure and enhanced charge-
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1. Introduction

In recent years, semiconductor photocatalysis technology has
attracted considerable interest for environmental remediation,
for example for air and water remediation, as well as for clean
energy production, for example hydrogen energy production by
water splitting, because solar energy is readily available, cost-
free, environmental-friendly, and a renewable energy source.'™*
To date, a large number of semiconductor materials have been
studied for environmental remediation and water-splitting.**~”
Among them, ZnO has been extensively studied due to its
fascinating features including wide band gap, cost-free, non-
toxicity, high electron mobility and high efficiency.*** Unfor-
tunately, ZnO is active in only UV light. One of the potential
pathways for achieving high visible-light efficiency is to shift its
absorption form the UV region into the visible region, for
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evaluating new core—shell composite photocatalysts with g-CsN4 as shell material.

receiving and utilizing solar energy. Many efforts have been
made to improve the visible-light active photocatalysis of ZnO
by doping with metal and non-metal ions, co-doping with two or
more ions, surface sensitization with organic dye or metal
complex and coupling with metal or another
conductor.*'>" However, the metal and non-metal doping have
attracted remarkable attention.''* In particular, N-doping is
thought to be the most suitable p-type dopant due to the both
atomic size and electronic structure considerations. The
nitrogen atom is closest in atomic size and electronegativity to
oxygen and therefore, it results minimum strain in ZnO.
Moreover, a small formation energy is required for the substi-
tution of O in ZnO. Due to these features N-doping has been
successfully applied to ZnO for visible-light photocatalysis."***
However, N-doped ZnO did not exhibit much photocatalytic
efficiency unlike widely studied N-doped TiO, counterpart.*® It
is also well known that ZnO usually suffers from serious pho-
tocorrosion in long term photocatalytic processes.'”** There-
fore, the strategies for making ZnO a visible-light active
photocatalyst have been continuously pursued.

On the other hand, coupling with a metal or another semi-
conductor which exerts a substantial influence in modifying the
electronic band structure and construction of favourable
surface structure in semiconductors, resulting in high quantum

semi-

This journal is © The Royal Society of Chemistry 2014


https://doi.org/10.1039/c3nr05271k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR006009

Published on 06 February 2014. Downloaded by National Institute of Technology Warangal on 2/5/2025 6:19:32 AM.

Paper

efficiency for photocatalytic reactions has been also extensively
investigated.” ZnO based heterostructures such as ZnO/CdS,
ZnO/CuO, ZnO/GaN, and ZnO/reduced graphene oxide have
been actively studied and show the ability to improve the pho-
tocatalytic activity of ZnO under visible-light irradiation by
extending its absorption range to visible-light region and
promoting the photoinduced charge carrier transfer
process.'®'*?? For heterostructured photocatalysts besides the
prolong life time of charge carrier transfer, two more aspects
can also play important role in determining the photocatalytic
efficiency in particular for long term applications. One is the
photostability of different semiconductor materials in hetero-
structure. The other is the effective contacting between two
materials in heterostructure. The intimate and lasting contact
can effectively promote the photoinduced charge charier
transfer between different semiconductor materials in hetero-
structures and consequently, achieve a higher photocatalytic
activity. One of these drawbacks or both together have been
observed in the traditional ZnO based heterostructures. There-
fore, the performance of present ZnO based photocatalysts does
not meet the needs of practical applications. As a result, the
development of a new efficient photocatalyst or the modifica-
tion of existent ones is still in progress.

More recently, graphitic carbon nitride (g-C3N,) a typical
metal-free polymeric semiconductor material has attracted a
great deal of scientific interest in photocatalytic water splitting
and degradation of environmental pollutants under visible-
light irradiation due to its suitable band gap to absorb the
visible-light and unique properties.>*>* However, the efficiency
of this metal-free polymeric photocatalyst is still limited due to
the high recombination rate of photogenerated electron-hole
pairs, and the low surface area which make it inefficient to
absorb visible-light effectively. Therefore, coupling with
N-doped ZnO nanoplates makes g-C;N, a valuable material for
visible light driven photocatalysts. The combination of these
two photocatalysts is of potential interest for overall water
splitting under solar light since g-C3N, is a newly developed
metal free hydrogen evolution photocatalyst, whereas the
N-doped ZnO could serve as water oxidation photocatalyst.

In principle, core-shell heterostructures have the obvious
merit of forming more favourable interface combination and
superior charge transport capability by lowering grain boundary
recombination.*>” Moreover, the interactions between
different semiconductor materials of the core and shell can
significantly improve the overall performance including long-
term photostability of core of the core-shell heterostructures
and even produce beneficial synergistic effects.”® It is also
important to promote the direct Z-scheme charge carrier
transfer process by creating a favorable interface in core-shell
heterostructures.” Significantly, the evaluation of potential
photocatalytic Z-schemes is of critical importance given the
growing need for an efficient and inexpensive means of har-
nessing the huge energy potential of solar irradiation to drive
chemical reactions such as clean hydrogen energy from water
splitting and the degradation of organic pollutants.****

Herein we report a facile, cost-effective and eco-friendly
synthesis of novel and stable N-doped ZnO/g-C;N, hybrid
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core-shell photocatalyst with Z-scheme mechanism to achieve
the improved visible-light responsive photocatalysis by
prolong life time of charge carrier transfer. The novel N-doped
Zn0O/g-C3N, organic-inorganic hybrid nanoplates were char-
acterised by powder X-ray diffraction (XRD), Thermogravi-
metric analysis (TGA), UV-Vis diffuse reflectance spectroscopy
(UV-Vis DRS), Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (FESEM), energy dispersive
elemental spectroscopy (EDX), transmission electron micros-
copy (TEM), X-ray photoelectron spectroscopy (XPS), electron
spin resonance (ESR), photoluminescence (PL) and surface
area analyser. Based on our experimental results, a proposed
mechanism is discussed for enhanced visible-light photo-
catalysis. However, to the best of our knowledge there is no
report on the synthesis of N-doped ZnO/g-C3;N, organic-inor-
ganic hybrid nanocomposite photocatalyst.

2. Experimental details
2.1 Materials

Melamine (Aldrich, 99.0%), zinc nitrate (Aldrich, 99.0%),
ammonium oxalate (Aldrich, 99.0%), and Rhodamine B
(Aldrich, 85.0%) were used as received. All other reagents used
in this work were of analytically pure and used without further
purification.

2.2 Method

2.2.1 Preparation of bulk g-C;N, and g-C;N, nanosheet.
Bulk g-C3;N, was prepared by direct heating melamine to 550 °C
for 2 h in N, atmosphere and named as BCN.** Pure g-C3;N,
nanosheet is prepared by liquid phase exfoliation. In brief, 0.05
g of g-C3N, was ultrasonicated in 50 mL of water for 1 h and
centrifuged to remove the unexfoliated g-C;N,. This pure g-C3N,
nanosheet is named as CNNS.

2.2.2 Preparation of pure ZnO nanoparticles and N-doped
ZnO nanoplates. The ZnO nanoplates were prepared by using a
co-precipitation method. 0.1 M metal precursor solution was
directly mixed with 0.1 M aqueous solution of ammonium
oxalate while stirring and kept for 1 h at room temperature. The
solution became cloudy and a white precipitate of zinc oxalate
was obtained. The oxalate precursor was centrifuged, washed
(thrice) with water and ethanol and dried at 80 °C for 1 h.
Furthermore, the oxalate precursor calcined at 500 °C for 12 h to
obtain the ZnO nanoparticles. For the preparation of N-doped
ZnO nanoplates, the oxalate precursor was mixed and grinded
well with urea and calcined under same experimental condi-
tions. Here, the pure ZnO is named as ZO and N-doped ZnO is
named as ZON.

2.2.3 Preparation of N-doped ZnO/g-C;N, hybrid nano-
plates. In brief, an appropriate amount of g-C;N, was ultra-
sonicated in 50 mL of water for 1 h. To this dispersion, 0.1 g of
N-doped ZnO was added and stirred for 48 h. After evaporation
of the water, a powder sample of N-doped ZnO/g-C;N, nano-
plates were obtained and dried at 100 °C for 1 h. The N-doped
ZnO/g-C3N, nanoplates with 5 wt% loaded g-C;N, are named as
CNZONS5 and 10 wt% loaded g-C;N, are named as CNZON10.
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2.3 Characterization

X-ray diffraction studies (XRD) were carried out on a Bruker D8
Advance diffractometer using Ni filtered Cu Ko radiation.
Thermo gravimetric and differential thermal analysis (TG/DTA)
was carried out on PerkinElmer Pyris Diamond TGA/DTA
system on well ground samples in flowing nitrogen atmosphere
with a heating rate of 10 °C min~". The Fourier transform
infrared (FTIR) spectra were recorded in transmission mode
from 4000 to 400 cm " on a Nicolate Protégé 460 FTIR spec-
trometer using KBr discs. Field emission scanning electron
microscopy (FESEM) studies of samples were carried out on a
FEI quanta 3D FEG-FESEM operated at 10 kV by coating the
powder sample with gold. Transmission electron microscopy
(TEM) was done on a JEOL, JSM-6700F instrument. Chemical
compositions of the samples were analysed by X-ray photo-
electron spectroscopy (Kratos Axis ULTRA incorporating a 165
mm hemispherical electron energy analyzer). Electron spin
resonance measurements were recorded with a Bruker A300E
spectrometer. UV-Vis diffuse reflectance spectra were recorded
on a Lambda/20 Instruments (UV-Vis NIR spectrophotometer),
equipped with an integrating sphere to record the diffuse
reflectance spectra of the samples, and BaSO, was used as a
reference. The nitrogen adsorption-desorption isotherms were
recorded by using Quanta chrome NOVA 1200e. The photo-
luminescence (PL) spectra were recorded on TSC solutions
F96PRO fluorescence spectrophotometer with excitation wave-
length of 365 nm.

2.4 Photocatalytic activity

Rhodamine B (RhB), a widely used dye, was chosen as a model
pollutant to examine the visible-light responsive photocatalysis
of the different samples. The photocatalytic activity of all the
prepared samples (0.025 g) was evaluated for the degradation of
RhB aqueous solution (100 mL, 5 mg L™ ") in a beaker under
stirring condition at 250 rpm throughout the test at room
temperature under visible-light irradiation. The visible-light
source for the photo-irradiation is a solar simulator 300 W Xe
lamp (Asahi Spectra Co., Ltd) with a super cold filter, which
provides the visible light region ranging from 400 nm to 700 nm
and a light intensity of 115 mW c¢m™>. Prior to irradiation,
solutions suspended with photocatalysts were stirred in dark
condition for 30 min to ensure that the surface of the catalyst
was saturated with RhB. During photocatalytic processes, the
sample was periodically withdrawn, centrifuged to separate the
photocatalyst from the solution, and used for the absorbance
measurement. The absorption spectra were recorded on a
UV-Vis spectrophotometer. The photocatalytic activity of the
novel hybrid core-shell nanoplates compared with the pure
ZnO, pure g-C;N, and N-doped ZnO powders under the same
experimental conditions.

2.5 Detection of reactive species

The reactive species detection process is similar to the photo-
degradation experimental process. Various scavengers were
subjected into the RhB solution prior to addition of
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photocatalyst. Furthermore, photoluminescence (PL) spectra
with terephthalic acid (TA) as a probe molecule were used to
disclose the formation of "OH on the surface of photocatalyst
under visible-light irradiation. In a brief experimental proce-
dure, photocatalyst (0.05 g) was dispersed in a 40 mL of the TA
(5 x 107* mol L") aqueous solution with NaOH (2 x 10?
mol L") at room temperature. The above suspension was
subjected for the photocatalytic activity evaluation of the cata-
lyst under visible-light irradiation and the PL intensity
measured using a fluorescence spectrophotometer with excita-
tion wavelength of 365 nm.

2.6 Electrochemical impedance spectroscopy (EIS)

EIS measurements were performed on an electrochemical
workstation (ZAHNER IMé6e Electrik, Germany) based on a
conventional three-electrode system comprised of carbon paste
as the working electrode, platinum wire as the counter elec-
trode, and Ag/AgCl (3 N KCl) as the reference electrode. The EIS
were performed in a 0.1 M Na,SO, solution containing 5 mM
[Fe(CN) > /[Fe(CN)e]*~ with a frequency range from 0.01 Hz to
100 kHz at 0.24 V, and the amplitude of the applied sine wave
potential in each case was 5 mV.

3. Results and discussion

3.1 Formation of N-doped ZnO/g-C3;N, hybrid core-shell
nanoplates

The general pathway used to prepare N-doped ZnO/g-C3;N,
hybrid core-shell structures is shown in Scheme 1. The forma-
tion sequences are as follows. Stage 1: N-doped ZnO nanoplates
were prepared via a simple calcination method from zinc
oxalate as a precursor and urea as a N source. However, the zinc
oxalate precursor was prepared by a co-precipitation method
using zinc acetate and ammonium oxalate as the starting
materials. Stage 2: first, the exfoliated sheet structure of g-C3N,
prepared by direct heating of the melamine under N, atmo-
sphere is dispersed in water solvent by sonicating at the
ambient temperature for 1 h. Second, the N-doped ZnO nano-
plates (stage 1) were introduced into the exfoliated g-C;N,
dispersion. As time progresses these exfoliated sheets sponta-
neously coat the N-doped ZnO nanoplates to minimize the
surface energy by forming core-shell nanoplates after 48 h,

Zinc oxalate +
Urea

; o
Stage 1 Calcined at 500 °C, 12 h

g-CsN, N-doped Zn0 N- doped ZnO core

Ultrasonication

- inwater,1h Stirred, 48 h
Bulk g-C;N, g-GN,
nanosheet

T
Stage 2

9-C;N, shell

Evap " of water
L

Scheme 1 Schematic illustration of the preparation of N-doped ZnO/
g-C3Ny4 core—shell nanoplates.
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resulting the formation of a heterojunction at the interface of
2-C3;N, and N-doped ZnO.

3.2 Characterization

The content of g-C;N, shell in the N-doped ZnO/g-C;N, hybrid
core-shell nanoplates was determined by thermogravimetric
analysis (TG/DTA) as shown in Fig. S1.1 The weight loss region
can be seen in the N-doped ZnO/g-C;N, hybrid core-shell
sample. The decomposition of g-C;N, starts at 550 °C and is
completed at ~720 °C which can be attributed to the burning of
g-C3N,.** Therefore, the g-C3N, content in the hybrid core-shell
nanoplates was easily determined from the corresponding
weight loss. It is found 5.4 wt% and this amount is nearly
consistent with the dosage of g-C;N, in the hybrid sample.

The XRD pattern of ZnO, N-doped ZnO, g-C;N, and N-doped
ZnO/g-C3N, samples were shown in Fig. 1. It can be seen from
Fig. 1a that the diffraction pattern of N-doped ZnO was broader
than that of pure ZnO. A significant diffraction peak broadening
after N doping indicates a decreasing crystallinity due to
incorporation of nitrogen into the ZnO. Moreover, the diffrac-
tion peak positions for N-doped ZnO are located at slightly
higher angles than those for ZnO, suggesting an overall
contraction of the lattice parameters as shown in Fig. 1b.** All
the reflections in pure ZnO and N-doped ZnO can be readily
indexed as the hexagonal Wurtize structure (JPCDS#36-1451).
For graphitic carbon nitride (g-C3N,), a strong peak at 26 = 27.5°
corresponding to the characteristic inter planar staking peak
(002) of aromatic system is observed.* This characteristic peak
was also presented in the N-doped ZnO/g-C;N, core-shell
nanostructure (see the inset of Fig. 1). It is also seen that the
crystal phase of N-doped ZnO did not change after hybridization
with g-C3N, but the diffraction peak positions for N-doped ZnO/
g-C3N, are located at slightly lower angles than those for
N-doped ZnO, suggesting a strong interaction between N-doped
ZnO and g-C3;N,. The intensity of the g-C;N, peak in the
composite increased with the content of loaded g-C;N,. More-
over, no other impurity phase was seen, indicating the N-doped
ZnO/g-C3N, is a two phase composite.

Fig. 2 shows the FTIR spectra of ZnO, N-doped ZnO, g-C3;N,
and N-doped ZnO/g-C;N, samples. The peaks in the region from
400 to 550 cm™ " of ZnO and N-doped ZnO is corresponding to
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Zn-0 bending vibrations. In the FTIR spectrum of g-C;N,, the
peaks at 1243 cm ™' and 1637 cm™ " were corresponding to the
C-N and C=N stretching vibrations, respectively. The peak at
808 cm ™ " was related to the s-triazine ring vibrations.?" It can be
seen clearly that the main characteristic peaks of g-C;N, and
N-doped ZnO presented in the N-doped ZnO/g-C3;N, hybrid
core-shell nanoplates. It can also be seen that these main
characteristic peaks of g-C;N, shifted to a lower wave number in
the hybrid core-shell nanoplates (Fig. 2b). The red shift in the
bands, suggesting that the bond strengths of C-N and C=N
were weakened i.e. the conjugated system of C;N, was stretched
and a more widely conjugated system containing C;N, and ZnO
appeared. The FTIR spectra show the presence of a C3N,
structure and it is an evidence of a covalent bond between C;N,
and ZnO.* This bond may be of significance to transfer carriers
and promote a synergetic effect to enhance the photocatalytic
activity.

The morphology and nanostructures of these samples were
then investigated by FESEM and TEM. Fig. 3 shows typical SEM
images of the prepared different samples. Fig. 3a shows the
sheet structures of pure g-C3;N, after ultrasonic treatment.
Fig. 3b shows the FESEM image of N-doped ZnO sample. It can
be seen that the N-doped ZnO nanoplates have a relatively
uniform diameter of about 50 nm. Fig. 3c and d show the low-
and high-magnification FESEM images of the CNZON5 nano-
plates, respectively. It can be seen that the CNZONS5 nanoplates
also have a relatively uniform diameter of about 55 nm.
However, the FESEM images have not enough resolution for
analysis of the core-shell structure. The amount of N in the
N-doped ZnO nanoplates was also determined by elemental
analysis (EDAX) as shown in Fig. S2t and 0.5 atomic weight
percentage of N was found.

Fig. 4 shows the TEM images of the prepared different
samples. Fig. 4b shows the TEM image of the g-C;N, nanosheet
with soft edges after exfoliating the bulk g-C3N, (Fig. 4a). The
SAED pattern of g-C;N, nanosheet shows a full diffraction ring
which can be indexed as the 002 reflection of g-C3N,, indicating
that the material consists of extremely small crystallites which
are randomly oriented (inset of Fig. 4b).*® Fig. 4c shows the TEM
image of N-doped ZnO nanoplates with average size of 50 nm.
Fig. 5a and b show the TEM and HRTEM images of the CNZON5
core-shell nanoplates. The thickness of the g-C;N, layer coated
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Fig.1 XRD patterns of the prepared g-CsN4, ZnO, N-doped ZnO and N-doped ZnO/g-CsN4 photocatalysts (a) and the Bragg angle shift of 101

peak (b).
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Fig. 2 FTIR spectra of the prepared g-C3N4, ZnO, N-doped ZnO and N-doped ZnO/g-CsN4 photocatalysts (a) and the peak shift in N-doped
ZnO after hybridisation with g-CzN4 (b).

on the N-doped ZnO is about 3 nm for CNZONG5. It can be also CNZON10, the g-C;N, shell is thicker, ~6 nm. Therefore, it is
seen from Fig. 5b, the lattice structure of N-doped ZnO possess observed that the thickness of the g-C3N, shells increases with
high order. The outer layer of the as-prepared N-doped ZnO/g- increasing the wt% of g-C;N, to N-doped ZnO.

C;N, sample was distinctly different from the N-doped ZnO X-ray photoelectron spectroscopy (XPS) measurements were
core. The measured interplanar spacing of the core is 0.24 nm  carried out to know the chemical states of C, N, Zn, and O
which corresponds to the ZnO (101) plane and the measured species in the as-prepared samples. Fig. S31 shows the survey
interplanar spacing of the shell is 0.32 nm (inset of Fig. 5b) scan XPS spectra of N-doped ZnO sample, which indicates the
which corresponds to the g-C;N, (002) plane. Fig. 5¢ shows the presence of Zn, O, and N in the N-doped ZnO. High resolution
core-shell morphology of CNZON10, which is prepared with 10  spectra of Zn2p, O1s, and N1s are shown in Fig. 6a-c. As shown
wt% of g-C3N, to N-doped ZnO. As can be seen from Fig. 5d, for in Fig. 6a, the binding energy values of Zn 2p;,, and Zn 2ps,, are
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Fig. 3 FESEM images of the prepared g-CsN4, N-doped ZnO and N-doped ZnO/g-C3sN,4 photocatalysts: (a) bulk g-CzNy, (b) N-doped ZnO, (c)
CNZONS5 and (d) CNZONS5 (magnified).
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Fig. 4 TEM images of the prepared photocatalysts: (a) bulk g-C3Ng4, (b) g-C3sN4 nanosheet (inset figure shows the SAED pattern of g-C3Ny4

nanosheet), (c) N-doped ZnO.

observed at 1021.96 eV and 1045.01 eV, respectively, suggesting
the typical binding energies of Zn**.**?° The O1s peak at 530.31
eV is mainly assigned to the oxygen atoms coordinated with Zn
atoms (Fig. 6b). The other O1s peak at 531.70 eV is associated
with the presence of an OH group or a water molecule on the
surface of N-doped ZnO/g-C3;N, core-shell composite.™ In the
Nis spectrum (Fig. 6¢), the N1s peak at a binding energy of
398.3 eV can be assigned to nitrogen (Zn-N).*>** Therefore, N is
successfully doped at the O sites of ZnO.

Fig. S4f shows the survey scan XPS spectra of the N-doped
Zn0/g-C3N, (5.4%) composite samples. The results indicate the
presence of Zn, O, C, and N in the N-doped ZnO/g-C3;N, (5.4%)
core-shell composite. High resolution spectra of Zn2p, Oils,
C1s, and N1s are shown in Fig. 7a-d. However, the binding

energy values of Zn 2p;, and Zn 2ps,, in the N-doped ZnO/g-
C;3N, (5.4%) composite are observed at 1021.78 eV and 1044.81
eV, which are slightly lower than those for pure N-doped ZnO
(Fig. 7a). The binding energy values of O1s in the N-doped ZnO/
2-C3N, (5.4%) composite are observed at 530.11 eV and 531.40
eV that are also slightly lower than those for pure N-doped ZnO
(Fig. 7b). Such a shift may be attributed to the interaction
between N-doped ZnO and g-C;N,. Fig. 7c shows the carbon (1s)
spectrum, which can be fitted into 2 peaks at 284.3, and 285.8
eV. The C1s peak at 285.4 €V is assigned to a C-N-C coordina-
tion. The other Cls peak at 284.6 €V is attributed to the
adventitious carbon on the surface of N-doped ZnO/g-C;N,
composite photocatalyst.’” N1s spectrum (Fig. 7d) can also be
fitted into three peaks. The main N1s peak at a binding energy

Fig.5 TEM and HRTEM images of the prepared N-doped ZnO/g-C3sN,4 core—shell photocatalysts: (a) TEM image of CNZONS5, (b) HRTEM image
of CNZONS5, (c) TEM image of CNZON10 and (d) HRTEM image of CNZON10.
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Nanoscale, 2014, 6, 4830-4842 | 4835


https://doi.org/10.1039/c3nr05271k

Published on 06 February 2014. Downloaded by National Institute of Technology Warangal on 2/5/2025 6:19:32 AM.

Nanoscale

View Article Online

Paper

100

Intensity(cps)

T T
1032 1024

,m.
b
24

3

g. J

= 16

8

548

o/\\l-«\./f'\\m,-/“’}f’\\
s44 540

Badng Esergy (eV)

T
536

Inkensity (cps)

B

<

I ﬁ \‘/\\J/ _

Badng Eoergy (eV)

Fig. 6 XPS spectra of N-doped ZnO: (a) Zn 2p, (b) Ols, (c) N1s.

of 398.7 eV can be assigned to sp>-hybridized nitrogen (Zn-N)
and (C=N-C)."**” The other peaks at 400.8 eV are attributed to
quaternary nitrogen.*” Therefore, with the combination of the

4836 | Nanoscale, 2014, 6, 4830-4842

XRD, SEM-EDS, TEM and XPS investigation, the results
confirmed that there were both N-doped ZnO and g-C;N,
species in the heterojunction structure.
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Fig. 7 XPS spectra of N-doped ZnO/g-C3Ny: (a) Zn 2p, (b) Ols, (c) Cls (d) N1s.

The UV-Vis DRS spectra of the prepared different samples are
shown in Fig. 8. As expected, a sharp fundamental absorption
cut off edge at 385 nm for ZnO appeared, corresponding to a
band gap of 3.25 eV, whereas g-C;N, nanosheet has an
absorption cut off edge at 454 nm, corresponding to a band gap
of 2.73 eV showing a red shift from its bulk counterpart (2.69
eV). As shown in Fig. 8, after nitrogen doping, the band gap of
ZnO is reduced from 3.25 to 3.14 eV and the contribution of
nitrogen to the top of the valence band (VB) of ZnO can play an
important role i.e. driving the absorption of N-doped ZnO to the
visible region. Further N-doped ZnO/g-C;N, (3.06 eV for

a) BCN

b) CNNS
¢)zo

d) ZON

e) CNZON5
f) CNZON10

Absorbance (a.u.)

300 350 400 450 500 550 600
Wavelength (nm)

Fig. 8 UV-Vis DRS spectra of the prepared g-CsN4, ZnO, N-doped
ZnO and N-doped ZnO/g-CsN4 photocatalysts.

This journal is © The Royal Society of Chemistry 2014

CNZON5 and 2.99 eV for CNZON10) shows the broader
absorption edge and extends to the visible region as compared
to that of N-doped ZnO due to the presence of g-C;N, on the
N-doped ZnO surface. It is notable that compared with N-doped
ZnO surface, the absorption edge of N-doped ZnO/g-C3N,
experiences a red-shift of about 10-20 nm. However, these band
gap energies estimated by using Kubelka-Munk function as
shown in Fig. S5.1** The valence band edge potential and the
conduction band edge potential of a semiconductor material
can be determined by using the following equation:*

EVB = X— Ee + OSEg [1)
ECB = EVB - Eg (2)

where Eyg is the valence band edge potential, X is the absolute
electronegativity of the semiconductor, which is determined
as the geometric mean of the electronegativity of the constit-
uent atoms, E. is the energy of free electrons on the hydrogen
scale (~4.5 eV) and E, is the band gap energy of the semi-
conductor. The Ecg of N-doped ZnO and g-C;N, are calculated
and found to be —0.17 eV and —1.22 eV, respectively. The Eyp
of N-doped ZnO and g-C;N, are estimated to be 2.97 and 1.51
eV, respectively.

The specific surface area of N-doped ZnO and N-doped ZnO/
¢-C3N, samples were investigated by nitrogen adsorption-
desorption analysis, as shown in Fig. 9. The specific surface area
of N-doped ZnO/g-C;N, core-shell nanoplates is 45.17 m> g~
which is much higher than that of N-doped ZnO nanoplates

Nanoscale, 2014, 6, 4830-4842 | 4837


https://doi.org/10.1039/c3nr05271k

Published on 06 February 2014. Downloaded by National Institute of Technology Warangal on 2/5/2025 6:19:32 AM.

Nanoscale

(23.45 m® g '), and g-C3N, (8 m* g~ ). Relatively, a large specific
surface area of N-doped ZnO is useful for the better adsorption
and also provides a higher number of reactive sites for photo-
catalytic process, thereby it has a significant contribution to the
enhancement of the photocatalytic efficiency.

3.3 Photocatalytic performance

The photocatalytic activity of the prepared samples was evalu-
ated via photodegradation of RhB under visible-light irradia-
tion, as shown in Fig. 10. As can be seen from Fig. 10, the
N-doped ZnO/g-C;N, hybrid core-shell photocatalysts exhibited
significantly higher photocatalytic activity for the photo-
degradation of RhB than that of pure g-C;N, and N-doped ZnO.
However, the simple photolysis of RhB was also examined for
comparison under the same experimental conditions in the
absence of catalyst and it was observed that the efficiency was
negligible which indicates that RhB is stable under visible-light
irradiation. The adsorption ability of the ZON and CNZON5
photocatalysts was also investigated in the dark condition for 30
min duration. The adsorption ability of CNZON5 photocatalyst
was significantly higher than that of pure ZON photocatalyst,
indicating the adsorption of RhB in the composite system is not
simple physical adsorption but it is also contributed from -7
stacking between RhB and g-C;N, which is similar to the
conjugation between aromatic molecules and graphene.*® The
results show that both light and catalyst are necessary for the
effective photodegradation of RhB. The experimental data were
fitted in the pseudo first-order kinetic equation In(C/C,) = —kt
(Fig. 10b). The apparent rate constant of RhB photodegradation
is about 0.0679 min~' for CNZON5 and 0.0441 min ' for
CNZON10 core-shell nanoplates. The optimum photocatalytic
activity of CNZON5 is more than 10 times higher than that
of ZON (0.0065 min~") and almost 5 times higher than that
of g-C;N, nanosheets (0.0140 min~'). Moreover, the rate of
CNZONS5 core-shell nanoplates is forty times higher than that of
pure ZnO (0.0014 min~") and 6 times higher than that of bulk
2-C3N, under visible-light irradiation. The results imply that
Zn0/g-C3N, hybrid core-shell is a much better photocatalyst
than that of pure ZnO or g-C;N,. The enhanced photocatalytic
activity may be due to a significant synergistic effect at the
interface of the g-C;N, and N-doped ZnO.
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3.4 EIS

In addition, EIS measurement was carried out to investigate the
charge transfer resistance and the separation efficiency of the
photoinduced charge carrier in the core-shell photocatalyst. As
can be seen from Fig. 11, the diameter of the Nyquist semicircle
for the core-shell photocatalyst is smaller than that of g-C;N,
and N-doped ZnO which indicates that the core-shell photo-
catalyst has a lower resistance than that of g-C;N, and N-doped
ZnO. This result demonstrates that the interface of the N-doped
ZnO/g-C3N, can enhance the separation and transfer efficiency
of photoinduced electron-hole pairs*® which is favourable
condition for improving the photocatalytic activity.

3.5 Proposed photocatalytic mechanism

3.5.1 Role of reactive species. In general, many reactive
species including h*, "OH and O, ™ are expected to be involved
in the photocatalytic reaction. The effects of some scavengers
and N, purging on the photodegradation of RhB were examined
in an attempt to propose the possible photocatalytic reaction
mechanism. The tertiary butyl alcohol ({BuOH), N, purging and
ammonium oxalate (AO) were used as ‘OH, O,"~ and h" scav-
engers, respectively.*>** As shown in Fig. 12a, the photocatalytic
activity of the hybrid core-shell nanoplates was greatly sup-
pressed by the addition of tBuOH as "OH scavenger, indicating
that "OH is the main active species in the photocatalytic reac-
tion. A significant decrease in the photocatalytic activity was
also observed by the addition of AO as h" scavenger and N,
purging as O,"~ scavenger, respectively. It is suggested that O, ™~
and h' play an almost equally important role in the photo-
catalytic reaction. In summary, the main reactive species
involved in the photocatalytic degradation of RhB over the core-
shell photocatalyst are "OH, O,"~ and h'. Moreover, the
formation of "OH during the photocatalytic reaction under
visible-light irradiation was confirmed by the photo-
luminescence spectra with terephthalic acid (TA) as a probe
molecule as shown in Fig. 12b. The details of the experimental
procedures have been reported in some earlier reports.*>** The
results show that an obvious photoluminescence signal at about
425 nm of 2-hydroxy terephthalic acid is observed. The peak
intensity of the photocatalyst increases with the increase in the
irradiation time, suggesting that a high formation rate of ‘OH
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Fig. 9 Nitrogen adsorption—desorption isotherm, and specific surface area of the prepared (a) N-doped ZnO and (b) CNZONS5 photocatalysts.
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C3N4 photocatalyst.

on the surface of the photocatalyst and results in higher pho-
tocatalytic activity. It is also in good agreement with the results
of tBuOH quenching.

3.5.2 Proposed mechanism. On the basis of above results,
a possible photocatalytic mechanism for the photo-
degradation of RhB over N-doped ZnO/g-C3;N, core-shell
photocatalyst is proposed. The most common separation
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process of photoinduced electron-hole pairs for a great
number of composite photocatalysts is shown in Fig. 13a. If
the photoinduced electron-hole pair separation in the N-
doped ZnO/g-C;N, photocatalyst is as according to Fig. 13a,
the photoinduced electrons in the CB of g-C3;N, can migrate to
the CB of N-doped ZnO, and the photoinduced holes in the VB
of N-doped ZnO can migrate to the VB of g-C;N,. Unfortu-
nately, these accumulated electrons in the conduction band of
N-doped ZnO cannot produce O,"~ from dissolved O, by
photoreduction process, because the conduction edge poten-
tial of N-doped ZnO (—0.2 eV vs. NHE) is more positive than the
standard redox potential % o, (—0.3 eV vs. NHE). Mean-
while, the photoinduced holes of g-C;N, also cannot oxidize
the adsorbed H,0O molecules to “OH because the valance edge
potential of g-C3N, (+1.3 eV vs. NHE) is more negative than the
standard redox potential E°(oum,o0) (+2.8 €V vs. NHE), sug-
gesting that the charge carrier transfer in accordance with
the most common model (Fig. 13a) is not favorable for the
generation of the main reactive species O,"~ and 'OH, result-
ing in a lower photocatalytic activity for the N-doped ZnO/
¢-C3N, photocatalyst. However, under the experimental
conditions, the results show the presence of O,"~ and ‘OH, the
strong oxidizability of h* and the high photocatalytic activity.
So the photoinduced electron-hole separation process is
proposed via Z-scheme mechanism, as shown in Fig. 13b.
Namely, the photoexcited electrons in the CB of N-doped ZnO

(o

Fluorescence intensity (a.u.)

T T
400 450 500 550
Wavelength (nm)

(a) Effects of different scavengers on the degradation of RhB in the presence of N-doped ZnO/g-C3sN,4 core—shell photocatalyst under

visible-light irradiation. (b) *OH trapping PL spectra of ZnO/g-CsN,4 core—shell photocatalyst with TA solution under visible-light irradiation.
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transfer to the VB of g-C;N, quickly, resulting in the combi-
nation of the electrons in the CB of N-doped ZnO and
photoexcited holes in the VB of g-C3N,4, and accumulated rich
electrons in the CB of g-C;N, and holes in the VB of N-doped
ZnO participate in the reduction and oxidation reactions,
respectively. As a result, the electrons in the CB of g-C;N,
have more negative potential to reduce the molecular oxygen
to yield O," ", which then induces the degradation of RhB.?
The holes in the valance band of N-doped ZnO have more
positive potential to generate abundant active ‘OH with
powerful oxidization capability. Therefore, the photocatalytic
activity is significantly promoted, and RhB is degraded
through the O,"~ and "OH or direct h* oxidation pathway.
According to the results, it is proposed Z-scheme mechanism
that shows the real separation process of photoinduced
electron-hole pairs. Therefore, the N-doped ZnO/g-C;N,
system is a type of Z-scheme photocatalyst under our exper-
imental conditions.

3.5.3 ESR measurements. ESR measurements were carried
out to confirm the generation of O, " to prove the rationality of
the proposed photocatalytic reaction mechanism. DMPO in
methanol was used for the detection of O, ~.*** No obvious
peaks of O," are observed in the ESR pattern for pure N-doped
ZnO as shown in Fig. 14a. However, the strong characteristic
peaks of O, are observed for the N-doped ZnO/g-C;N, core—
shell sample and the weaker peaks of O, "~ are also observed for
pure N-doped ZnO. It is clear that O,"" is produced in the
process of photocatalytic reaction over N-doped ZnO/g-C3N,
core-shell photocatalyst under visible light irradiation. These
ESR results clearly suggested that the N-doped ZnO/g-C3;N,
core-shell sample is more favourable for the formation of O,"~
than that of pure N-doped ZnO and g-C;N, samples. Based on
the ESR results, it can be concluded that the transfer of the
photoinduced charge carriers is according to Fig. 13b in the
N-doped ZnO/g-C;N, system.

3.5.4 Photoluminescence. It is well known that the photo-
luminescence emission spectra results from the recombination
of free carriers.”®*” In order to determine the role of photoin-
duced electron-hole pairs in the as-prepared core-shell sample
and understand the proposed mechanism, photoluminescence

4840 | Nanoscale, 2014, 6, 4830-4842

studies were carried out. Fig. 14b shows the PL spectra of ZnO,
N-doped ZnO, g-C;N, and N-doped ZnO/g-C;N, photocatalyst
with an excitation wavelength of 365 nm at room temperature. It
can be seen that the pure g-C;N, and ZnO have a strong emis-
sion peak around 460 nm and 510 nm, respectively. However,
after N incorporation into the ZnO crystal structure, the pho-
toluminescence intensity was greatly suppressed, suggesting
that the recombination rate of the photoinduced electron-hole
in N-doped ZnO is lower than that of pure ZnO. The result
means that lower photoluminescence intensity indicates a
higher photocatalytic activity under the experimental condi-
tions. It is notable that the change in intensity agrees well with
that of the photocatalytic activity of the N-doped ZnO as shown
in Fig. 10. Furthermore, after hybridization of N-doped ZnO
with g-C3;N, (N-doped ZnO/g-C;N, core-shell), the photo-
luminescence intensity has slightly increased and is higher
than that of pure N-doped ZnO. This is opposite to that of
general photoluminescence experiments. The reason may be
that, as it is well known, the photoluminescence peak intensi-
ties are strongly dependent on the recombination of photoin-
duced electron-hole pairs. In theory, if the photoexcited
electrons and holes are transferred as shown in Fig. 13a, the
photoluminescence intensity of the N-doped ZnO/g-C;N, core—
shell nanoplates must be lower than that of pure N-doped ZnO
because the photoinduced electrons and holes of g-C3N, and
N-doped ZnO are separated effectively. However, the results
show that the photoexcited electrons and holes are not trans-
ferred as shown in Fig. 13a. In contrast, as shown in Fig. 13b,
the higher photoluminescence intensities of the samples are
attributed to the higher recombination rate between photoex-
cited electrons in the CB of N-doped ZnO and photoexcited
holes in the VB of g-C3N,, suggesting that the rich electrons in
the CB of g-C3;N, with more negative potential and holes in the
VB of N-doped ZnO with more positive potential undergo
reduction and oxidation reactions to produce O,"" and ‘OH,
respectively, so the photocatalytic activity of N-doped ZnO/g-
C;N, core-shell nanoplates is significantly improved. Based on
the analysis, it is clear that the recombination and transfer
of photoinduced electrons and holes for the core-shell photo-
catalyst are indeed as shown in Fig. 13b i.e. N-doped ZnO/g-C;N,

This journal is © The Royal Society of Chemistry 2014
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Fig. 14 (a) ESR signals of DMPO-0O,"" with irradiation for 20 s in methanol dispersion. (b) Room temperature photoluminescence spectra
(excited at 365 hm) of pure ZnO, N-doped ZnO, g-CsN,4 and N-doped ZnO/g-C3N,4 photocatalyst under visible-light irradiation.

core-shell photocatalyst is a typical Z-scheme photocatalyst with
high photocatalytic oxidation and reduction performance.

3.6 Reusability

For the practical applications, it is necessary to investigate the
long-term stability of a photocatalyst during photocatalytic
reaction. To study the reusability of the N-doped ZnO/g-C3;N,
hybrid core-shell photocatalyst, six successive photocatalytic
experiments were carried out by adding used CNZON5 photo-
catalyst to fresh RhB solutions under visible-light irradiation.
However, the concentration of catalyst and RhB in the solution
remained constant for each cycle. The photocatalytic activity of
CNZONS5 is retaining over 90% of its original activity value after
six successive experimental runs under the same experimental
conditions as shown in Fig. 15. The XRD and FTIR spectra were
recorded for the reused hybrid core-shell photocatalyst and no
change was observed in the resulting spectra which indicates
the high structural stability of N-doped ZnO/g-C;N, (ESI,
Fig. S61). The N-doped ZnO/g-C;N, hybrid nanocomposite
photocatalysts can be easily reused by a simple filtration or by
low-speed centrifugation and thus avoiding the second pollu-
tion. Therefore, g-C;N,/N-doped ZnO composites can be used as
high-performance visible-light photocatalysts and for potential
applications in environmental protection.

1.0{mRun1 fRun2 Run3 yRun 4 4qRun5 pRuné
\ \

,‘ “‘

0 50 100 150 200 250 300 350
Irradiation time (min)
Fig. 15 Recyclability of the CNZONS5 photocatalyst for the degrada-

tion of RhB under visible-light irradiation (six successive experimental
runs).

This journal is © The Royal Society of Chemistry 2014

4. Conclusion

In summary, we have successfully prepared N-doped ZnO/g-
C;3N, hybrid core-shell nanoplates via a facile ultrasonic
dispersion method. Significantly, the enhanced visible-light
photocatalysis is achieved due to the prolonged life time of
charge carrier transfer at the interface of N-doped ZnO/g-C;N,.
Direct Z-scheme mechanism is proposed for the prolonged life
time of charge carrier transfer at the interface of N-doped ZnO/
g-C3N, by trapping experiments of photoinduced electrons and
holes under visible-light irradiation. More importantly, the as-
prepared N-doped ZnO/g-C;N, hybrid core-shell nanostructure
possesses high photostability. This ideally versatile hybrid core-
shell nanostructure prepared from a cost-effective and envi-
ronmentally friendly process would be useful for various
applications, including catalysis, drug delivery system, sensors,
photonics and energy storage and conversion.
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