
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
he

m
ba

 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
0/

30
/2

02
5 

2:
59

:3
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Facile one-pot sy
aSchool of Energy and Environmental E

Technology Beijing, Beijing 100083, China.
bState Key Laboratory for Advanced Metals a

and Engineering, University of Science and

China
cBeijing Municipal Key Laboratory of Ne

University of Science and Technology Beijing
dKey Laboratory of Resource-Oriented Tre

100083, China

† Electronic supplementary informa
10.1039/c9ra04606b

Cite this: RSC Adv., 2019, 9, 28894

Received 19th June 2019
Accepted 4th September 2019

DOI: 10.1039/c9ra04606b

rsc.li/rsc-advances

28894 | RSC Adv., 2019, 9, 28894–289
nthesis of Mg-doped g-C3N4 for
photocatalytic reduction of CO2†

Xinyue Dong,a Suicai Zhang,b Hualin Wu,b Zhuo Kang *bc and Li Wang*ad

Graphitic carbon nitride (g-C3N4) has attracted wide attention due to its potential in solving energy and

environmental issues. However, rapid charge recombination and a narrow visible light absorption region

limit its performance. In our study, Mg-doped g-C3N4 was synthesized through a facile one-pot strategy

for CO2 reduction. After Mg doping, the light utilization efficiency and photo-induced electron–hole pair

separation efficiency of the catalysts were improved, which could be due to the narrower band gap and

introduced midgap states. The highest amounts of CO and CH4 were obtained on Mg-CN-4% under

ultraviolet light illumination, which were about 5.1 and 3.8 times that of pristine g-C3N4, respectively; the

yield of CO and CH4 reached 12.97 and 7.62 mmol g�1 under visible light irradiation. Our work may

provide new insight for designing advanced photocatalysts in energy conversion applications.
Introduction

Semiconductor photocatalysis technology is regarded as a green
and promising strategy that uses solar energy to solve the energy
crisis and environmental pollution problems faced by human
beings.1–3 Fujishima and Honda successfully used a TiO2 pho-
tocatalyst for water splitting in 1972,4 which marked the
beginning of a new era in the eld of photocatalysis. At present,
photocatalysts such as titanium dioxide (TiO2),5 zinc oxide
(ZnO),6 graphene carbonitride (g-C3N4),7 bismuth oxide (Bi2O3),8

cadmium sulde (CdS),9 and layered metal hydroxides,10 have
been used in the eld of photocatalysis.11

g-C3N4 is a potential 2D layered structure polymer organic
semiconductor photocatalyst with a band gap width of 2.7 eV,
which has attracted widespread attention of researchers.12–14

The advantages of low-cost, abundant and stability make it
widely applied in water decomposition,15 CO2 reduction,16 NO
removal,17 and organic pollutant degradation.18 However, the
low specic surface area, high photo-generated electron–hole
pairs recombination, and low visible-light harvesting capacity
limit its development.19,20
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Strategies for g-C3N4 modication, including metal doping
(K,21 Cu,22 Pd,23 Mn24), non-metal doping (B,25 N,26 S,27 P28),
semiconductor recombination (V2O5,29 MnO2,30 CeO2,31 TiO2

(ref. 32)), and so on, have been developed to suppress the
recombination of photo-generated electron–hole pairs, expand
the visible light response range, and improve the photocatalytic
performance.33,34 Among these strategies, element doping was
a hot research. For example, Kumar et al. synthesized Se-doped
g-C3N4 by facile one-pot two-step strategy and the catalysts
demonstrated high photocatalytic performance in CO2 reduc-
tion.35 Wang et al. synthesized K-doped g-C3N4 by thermal
polymerization, and the photocatalytic hydrogen evolution rate
of K-doped g-C3N4 was improved.21 Tang et al. synthesizedMg/g-
C3N4 by hydrothermal deposition method and the results show
that Mg element plays an important role in increasing electron–
holes pairs separation and extending the range of light
response.36 However, doping of Mg into carbon nitride by one-
pot method has not been explored so far.

In this manuscript, Mg-doped g-C3N4 photocatalysts with
various doping amount have been successfully prepared by one-
pot method with magnesium chloride as Mg source. The cata-
lysts were characterized by a series of methods such as, XRD,
TEM, XPS, UV-vis, and PL. The catalytic performance towards
photocatalytic CO2 reduction was evaluated in the gas phase
reactor.
Results and discussion

The morphologies of samples were observed by SEM. As shown
in Fig. 1(a), the SEM image of g-C3N4 displays typical two-
dimensional layered structure with wrinkles and irregular
stacks.37 Aer doping Mg (Fig. 1(b)), the morphology of g-C3N4

changes to some extent, which may be attributed to
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 SEM images of (a) g-C3N4, (b) Mg-CN-4%; (c) TEM image of Mg-CN-4%; (d) elementalmapping images of C, (e) N, (f) Mg of Mg-CN-4%; (g)
XRD spectra of samples; (h) FTIR spectra of g-C3N4 and Mg-CN-4%.
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delamination effect.38 Compared with g-C3N4, the layers of Mg-
CN-4% become thinner and curlier. The Mg-CN-4% having
optimum photocatalytic activity was selected for TEM charac-
terization. The TEM image of Mg-CN-4% shows a typical layered
structure in Fig. 1(c).39 The EDX spectrum (Fig. S1†) and
elemental mapping of the Mg-CN-4% indicates that the sample
consisted of C, N and Mg elements.

The crystalline structures of samples were analyzed by
XRD. Fig. 1(g) shows XRD patterns of g-C3N4 and Mg-doped
This journal is © The Royal Society of Chemistry 2019
g-C3N4. For g-C3N4 sample, there are two typical diffraction
peaks at 12.86� and 27.79� corresponding to (100) and (002)
facet of g-C3N4. The peak at 12.86� is assigned to in-plane
repeating tri-s-triazine units, and the sharp peak at 27.79�

is ascribed to interlayer stacking of conjugated aromatics.40

Mg-doped g-C3N4 has similar diffraction peaks with g-C3N4,
indicating that Mg doping does not change the graphitic-
like structure of g-C3N4. No diffraction peaks of the Mg
species were observed in the Mg-CN-4%, manifesting that
RSC Adv., 2019, 9, 28894–28901 | 28895
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Mg was successfully doped into g-C3N4. Aer doping Mg, the
peak intensity of the catalyst decreases, indicating that Mg
doping can reduce the crystallinity of g-C3N4.41

The doping state and bonding characteristics of g-C3N4 and
Mg-CN-4% was conrmed by FTIR spectra. In Fig. 1(h), the
representative peak appeared at 807 cm�1 belonged to the
characteristic breathing vibration mode for tri-s-triazine rings
of g-C3N4,42 and the peaks at 1200–1700 cm�1 are ascribed to the
typical CN heterocycles stretching modes.43 The peaks at 1240–
1400 cm�1 and 1480–1650 cm�1 are assigned to the stretching
modes of C–N and C]N groups, respectively.21 Another broad
peak at around 3078 cm�1 is caused by N–H bonds, which is
derived from uncondensed amine groups.44 Compared with g-
C3N4, a distinct peak appeared at 2176 cm�1 in Mg-CN-4%,
which can be attributed to C^N group. Due to Mg-induced
surface defects, some sp2 C–N bonds were converted into
C^N bonds in Mg-CN-4%.45,46

To further examine the surface chemical composition
and elemental valence of samples, XPS measurements was
performed. Fig. 2(a) illustrates XPS survey spectra of g-C3N4

and Mg-CN-4%, elements of C, N, O were detected in both
catalysts. Mg elements can be observed in Mg-CN-4%, which
Fig. 2 (a) Wide survey scans, (b) N1s high-resolutions, (c) C1s high-resolu
4%.

28896 | RSC Adv., 2019, 9, 28894–28901
is consistent with the results of XRD. The N1s peaks of g-
C3N4 can be deconvoluted into four characteristic peaks
with binding energy at 398.68 eV, 399.35 eV, 400.87 eV, and
404.61 eV, respectively (Fig. 2(b)). The most intense peak
was at 398.68 eV, corresponding to sp2 hybridized N in
C–N]C groups. The peaks at 399.35 eV and 400.87 eV are
ascribed to tertiary N atoms bonded of N–(C)3 groups and
amino functional groups47 and the peak at 404.61 eV is
attributed to typical p-excitations in the heterocycles. The
C1s spectra of g-C3N4 are shown in Fig. 2(c), from which two
peaks can be observed at 284.94 eV and 288.25 eV, corre-
sponding to C–C bonds and N–C–N coordination in the
graphitic structure, respectively.48 The Mg2p binding energy
is 50.81 eV, which usually belongs to Mg2+.49,50 In the O1s
XPS spectra (Fig. S2†), no peaks appeared at �528–531 eV,
which correspond to O in metal oxides.23 Therefore,
magnesium is doped into the CN skeleton in an ionic state.
Compared with g-C3N4, the C1s and N1s peaks of Mg-CN-4%
show a slight shi, indicating that the surface chemical
structure of Mg-doped g-C3N4 changes.51

The optical absorption properties of g-C3N4 and Mg-CN-
4% were studied by UV-vis diffuse reectance spectra. As
tions of g-C3N4 and Mg-CN-4%, (d) Mg2p high-resolutions of Mg-CN-

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04606b


Fig. 3 (a) UV-vis diffuse reflectance spectra, (b) the plots of (ahn)2 versus hn for the band gap energies, (c) Mott–Schottky plots, (d) band gap
structure of g-C3N4 and Mg-CN-4%.
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seen in Fig. 3(a), the intensity of light absorption of Mg-CN-
4% was higher than g-C3N4 from ultraviolet light to visible
light region. The optical band gap energies of as-prepared
photocatalysts have been calculated by using the following
formula:

ahn ¼ A(hn � Eg)
n

where a, h, n, A and Eg are the absorption coefficient, Planck's
constant, light frequency, proportionality constant and
bandgap, respectively.52 The optical band gap energies for
samples were obtained from a plot of (ahn)2 vs. hn (n ¼ 1/2 for
a direct transition, n ¼ 2 for an indirect transition). As shown in
Fig. 4(b), the band gap of g-C3N4 was estimated to be 2.70 eV,
which is equal to the band gap in the previously reported
paper.53 It is clearly revealed that Mg doping reduced the band
gap of Mg-CN-4% to 2.65 eV. The UV-vis spectra of Mg-CN-4%
presented a tail absorption which indicates the formation of the
midgap states.35 It is reported that such midgap states is due to
the existence of disorders/defects within the band gap.54 The
Mott–Schottky curves of g-C3N4 and Mg-CN-4% are shown in
Fig. 3(c). The at band potentials of g-C3N4 and Mg-CN-4% were
conrmed as �0.97 V and �1.02 V vs. SCE, which correspond to
�0.73 V and�0.78 V vs. NHE, respectively. According to the rule
This journal is © The Royal Society of Chemistry 2019
of thumb, the conduction band (CB) is more negative by about
�0.3 eV than the at band potential.42 The CB of g-C3N4 andMg-
CN-4% could be estimated to be �1.03 V and �1.08 V.
According to their band gap, the valence band (VB) position of g-
C3N4 and Mg-CN-4% can be calculated as 1.67 V and 1.57 V,
respectively. Combined UV-vis spectrumwith theMott–Schottky
curves, Fig. 3(d) shows the VB and CB positions of Mg-CN-4%.
The midgap states energy from VB to midgap states for Mg-CN-
4% was determined to be 2.16 eV. Therefore, the exact position
of midgap states for Mg-CN-4% was calculated as �0.59 V,
which is higher than CO2 reduction level (CO2/CO, �0.53 V vs.
NHE; CO2/CH4, �0.24 V vs. NHE). Due to the presence of
midgap states, Mg-CN-4% could harvest long-wavelength visible
light to stimulate electrons in the VB to midgap states.55,56

Moreover, the excited electrons in CB could be temporarily
trapped by midgap states to suppress electron–hole pairs
recombination.57,58

PL analysis is commonly performed to study the migra-
tion, transfer and recombination of electron–hole pairs
produced by the photocatalyst. The PL spectra of g-C3N4 and
Mg-CN-4% with excitation wavelength of 325 nm are shown
in Fig. 4(a). It can be seen that the spectra of Mg-CN-4% is
similar to g-C3N4 with a strong peak around 465 nm. When
RSC Adv., 2019, 9, 28894–28901 | 28897
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Fig. 4 (a) Photoluminescence spectra, (b) time-resolved PL spectra, (c) transient photocurrent–time curves, (d) electrochemical impedance
spectra of g-C3N4 and Mg-CN-4%.
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Mg was added, the PL intensity clearly decreases, indicating
that Mg-doped g-C3N4 can suppress the recombination of
photo-generated electron–hole pairs. The midgap states
might act as the center for entrapment of electrons, and
enhances photocatalytic activity of catalyst.35 As displayed in
Fig. 4(b), a longer recombination lifetime of Mg doped g-
C3N4 was examined by time-resolved photoluminescence,
indicating that the recombination of carriers was sup-
pressed, which is consistent with the PL results.

Fig. 4(c) shows the transient photocurrent–time (I–t) curves
for two samples with interval 50 s light on/off cycle of visible
light irradiation. Notably, photocurrent intensity of Mg-CN-4%
reached 0.028 mA cm�2, which is higher than that of g-C3N4. The
photocurrent intensity sharply increased from the light-off to
light-on state, which is attributed to fast photo-generated elec-
trons transport on the sample surface.59 Hence, a higher
photocurrent response indicates a lower electron–hole recom-
bination. Fig. 4(d) shows electrochemical impedance spectros-
copy of g-C3N4 and Mg-CN-4%. It can be clearly observed that
the arc radius of EIS Nyquist plot become smaller aer doping
Mg, which reects more effective separation of electron–hole
pairs.60
28898 | RSC Adv., 2019, 9, 28894–28901
Evaluation of photocatalytic activity

The ultraviolet photocatalytic activity of g-C3N4 and g-C3N4 doped
with different magnesium amount are shown in Fig. 5(a) and (b).
Under the combined action of ultraviolet irradiation, water vapor
and carbon dioxide, the products of CO and CH4 were detected by
gas chromatography aer 8 h photocatalytic reaction, and the
accumulation of CO was much higher than that of CH4. The
optimum doping amount of the samples is Mg-CN-4%, and the
yield of CO andCH4 can reach up to 57.90 and 9.12 mmol g�1, which
is 5.1 and 3.8 times of that produced by g-C3N4. When Mg-CN-2%,
Mg-CN-3%, Mg-CN-5% were used as catalysts, the accumulation of
CO can reach to 25.35, 47.23, 26.54 mmol g�1, and the yield of CH4 is
4.66, 8.25, 5.49 mmol g�1. The visible light photocatalytic activity of
g-C3N4 andMg-CN-4% is shown in Fig. 5(c). Aer 8 h of visible light
irradiation, the yield of CO were 6.35, 12.97 mmol g�1, and yield of
CH4 were 2.01 and 7.62 mmol g�1, respectively.

According to the analysis above, the light utilization efficiency of
the g-C3N4 has been improved aer Mg doping, which could due to
the narrowed down band gap and introduced midgap states. The
proper amount of Mg doping can suppress the recombination of
photo-induced electron–hole pairs, thus improving photocatalytic
activity.
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 UV-light photocatalytic activity of g-C3N4 and Mg-doped g-C3N4 samples (a) the yield of CO, (b) the yield of CH4; (c) visible-light activity
of g-C3N4 and Mg-CN-4%.
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Conclusion

In summary, a facile one-pot strategy is used for the fabrication
of Mg-doped g-C3N4 which exhibit considerable UV-light and
visible-light photocatalytic CO2 reduction activity. The optimum
amount of the dopant was discovered to be 4 wt%, and its yield
of CO and CH4 were about 5.1 and 3.8 times that of pristine g-
C3N4 under UV-light, and reached 12.97 and 7.62 mmol g�1

under visible light irradiation. Such kind of enhancement could
be attributed to the increased light utilization efficiency as well
as the promoted photo-induced charge carrier separation due to
the narrowed down band gap and introduced midgap states
aer effective Mg doping. This work is expected to open up
a new insight to design highly active metal-free photocatalysts
for solar-light-driven CO2 reduction.
Experimental
Preparation of bulk g-C3N4

A certain amount of melamine was weighed into a crucible, and
calcined in a muffle furnace at 550 �C for 4 h at a heating rate of
2.5 �C min�1. Aer cooling to room temperature, the yellow-
colored product was grounded into powder.
Synthesis of Mg-doped g-C3N4 catalysts

6.3 g of melamine and a certain amount of MgCl2$6H2O were
dissolved in 80 mL of an alcohol–water mixed solution (2 : 1 by
volume), and ultrasonically dispersed for 1 h, followed by 3 h
stirring. The mixture was then dried at 80 �C to remove the
solvent. Finally, the solid mixture was placed in a crucible and
calcined at 550 �C for 4 h in a muffle furnace. Aer cooling to
room temperature, it was grounded into powder. The synthe-
sized product is labeled as Mg-CN-X, where X is the molar ratio
of Mg to melamine (X ¼ 2%, 3%, 4%, 5%).
Characterization

X-Ray diffraction (XRD) patterns were carried out by an Ultima
IV X-ray diffractometer. The scanning electron microscopy
(SEM) analyses were conducted using a Quanta 3D FEG appa-
ratus. Transmission electron microscopy (TEM) image was
This journal is © The Royal Society of Chemistry 2019
obtained by a JEM-2100 microscope. Fourier transform infrared
(FTIR) spectrum was performed on a Nicolet iS50. X-ray
photoelectron spectroscopy (XPS) was acquired in Thermo
scientic ESCALAB 250Xi X-ray photoelectron spectrometer.
The UV-vis diffuse reectance spectroscopy (DRS) of the
samples was measured using an Agilent Cary 5000 spectrom-
eter. The photoluminescence (PL) spectrum of the samples were
measured with an F-4600 uorometer at excitation wavelength
of 325 nm. Time-resolved photoluminescence spectra of
samples were recorded on a FLS920 Full-featured uorescence
spectrometer at excitation wavelength of 330 nm.
Photoelectrochemical measurements

The photocurrent was measured by using a CHI1030B electro-
chemical workstation in a standard three-electrode system. A
300 W xenon lamp was used to provide visible light. For the
prepared working electrode, 10 mg of the obtained sample was
dispersed in ultrapure water, then 1 mL of Naon solution
(0.5 wt%) was added. 10 mL of the suspension was dropped on
uorine-doped tin oxide (FTO) glass, and dried at room
temperature. Mott–Schottky plots were measured on the above-
mentioned three-electrode system with a frequency of 1000 Hz.
The electrochemical impedance spectroscopy (EIS) of samples
was performed by using a CHI760D with potassium ferricyanide
solution as electrolyte solution.
Photocatalytic experiment

The photocatalytic CO2 reduction of the samples was carried out
in a self-made rectangular reactor. Firstly, 20 mg of the catalyst
was plated on the bottom of the reactor, then high purity CO2

(99.999%) was passed through a water vapor reactor at a ow
rate of 15 ml min�1. In order to exhaust air, the mixed gas (CO2,
H2O) was passed through the photocatalytic reactor for 20
minutes. Finally, close the air outlet, then reduce the ow rate
and stop ventilation aer 10 minutes. The 300 W xenon lamp
was used to provide the UV light and visible light. Aer irradi-
ation for 8 h, the mixed gas in the reactor was analyzed by a gas
chromatograph.
RSC Adv., 2019, 9, 28894–28901 | 28899
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