
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
2:

09
:3

8 
PM

. 
 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
Structural distort
aCollege of Science, Gansu Agricultural Uni

gaocy@gsau.edu.cn
bKey Laboratory for Magnetism and Magne

Special Function Materials and Structure

Lanzhou 730000, P. R. China. E-mail: liuyg

Cite this: RSC Adv., 2019, 9, 21391

Received 9th March 2019
Accepted 20th June 2019

DOI: 10.1039/c9ra01795j

rsc.li/rsc-advances

This journal is © The Royal Society of C
ion induced ferromagnetism in
two-dimensional metal-free graphitic-C3N4

nanosheets

Chenyang Gao,*a Baorui Xia,b Daqiang Gao b and Yonggang Liu *b

With the assistance of innovative approaches driven by nanotechnology, engineering 2D materials into

designed architectures or desired structures could tailor the electronic structure into an appropriate

energy band structure, tuning the properties of the materials to be a predictable manner. Here we

systematically studied the role that the structural distortion plays in the magnetism by taking two-

dimensional metal-free graphitic-C3N4 as an example. Through the controllable structural distortion

engineering introduced by post-heat-treatment in the experiment, the ferromagnetism is observed in

graphitic-C3N4 nanosheets, which benefits from the electronic structural deformation, showing

intriguing structural distortion-dependent ferromagnetism. This study not only offers new insight into the

in-depth understanding of the structural distortion effect on the magnetism, but also provides a new

way for searching and designing new magnetic materials.
Introduction

Graphene, a typical 2D material, has experienced an unprece-
dented rapid evolution since the last decade, inspiring diverse
applications such as memory devices, exible electronics and
energy storage equipment.1,2 Owing to the resultant quantum
effects induced by the reduction of dimension and size, gra-
phene and graphene-like 2D materials exhibit exotic electronic
structure and many intriguing physicochemical properties
which are distinctively different in their bulk parental coun-
terparts. Results indicate that such materials span the entire
range of electronic structures (from insulators to metals) and
play a vital role in various applications such as optoelectronics,
spintronics, catalysis, chemical and biological sensors, super-
capacitors, solar cells, lithium ion batteries and so on.3–5

With the unremitting effort, a variety of 2D crystal materials
have been successfully synthesized experimentally, such as
transition-metal dichalcogenides, hexagonal boron nitride,
black phosphorus as well as graphitic-C3N4 (g-C3N4), whose
photocatalysis properties have been widely studied.6–8 In addi-
tion, there have been increasing evidence indicates that spon-
taneous magnetization could also occur in 2D crystal
materials.9,10 Novel magnetic materials may endow interesting
possibilities for potential device applications in spintronics and
quantum information processing. Thus, the pursuit of tuneable
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ferromagnetism in 2D crystal materials has been a persistent
goal for the long term. Researchers have proposed many ways to
introduce ferromagnetism into 2D crystal materials such as
introducing defects,11 uorination12 and hydrogenation.13 It
should be stressed that achieving thesemethods in experiments
are hindered by several challenges. In addition, long relaxation
time is an important factor for spin information delivery in the
spin-dependent transport study, as well as, the 2D materials
with magnetism arising from pure s/p electrons present the
weak spin–orbit coupling.14,15 By virtue of the fact that the spin
relaxation time is inversely proportional to the strength of spin–
orbit coupling, the metal-free 2D materials, such as graphene,
will bring an interesting issue in the spin-dependent transport
property, which is more suitable for the future generation of
spintronic devices. Unfortunately, the pristine graphene suffers
from the drawback of zero band gap.16 Similar to the case of
graphene, the polymeric semiconductor g-C3N4, whose lattices
base on triazine and heptazine rings, have 2D p-conjugated
planar layers, and it has elicited ripples of excitement in the
research communities as its appealing electronic band struc-
ture. In contrast to graphene, g-C3N4 is semiconducting with
a moderate band gap.17 Furthermore, the metal-free material g-
C3N4, which only have s/p electrons, would result in weak spin–
orbit coupling. Therefore, it can provide a longer spin relaxation
time that facilitates the transport of spin. On account of these
fascinating properties of g-C3N4 making it function as a candi-
date of spintronic devices.18

Recently, Gao et al.12 and Xie et al.13 have shown that the
uorine dangling bonds and hydrogen dangling bonds in the g-
C3N4 are capable of introducing ferromagnetism, revealing that
these dangling bonds are able to trigger spin regulation, but
RSC Adv., 2019, 9, 21391–21395 | 21391

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra01795j&domain=pdf&date_stamp=2019-07-09
http://orcid.org/0000-0002-8206-1258
http://orcid.org/0000-0002-6567-8053
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01795j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009037


Fig. 1 (a) XRD image and local amplification figure, (b) FTIR spectrum
for g-C3N4 nanosheets with different degree of structure distortion, (c)
TEM image and (d) HRTEM image of the samples with different heat
treatment time.
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this is not a necessary condition for the generation of magnetic.
It is important to accentuate that uorine and hydrogen bonded
with nitrogen lead to the twisted planar structure. The theo-
retical calculation also exhibits that the local magnetic
moments mainly located on the N atoms and there is no net
magnetic moment located on F and H atoms. Therefore, we
speculate that the structural deformation can act as a pivotal
part in the emergence of magnetic properties.19 Based on these
results, the effect of structure distortion on the magnetic
property of g-C3N4 nanosheets is investigated in detail.

Perfect two-dimensional g-C3N4 is a planar structure and
non-magnetic. Here we introduce structural deformation by
post-heat-treatment to induce ferromagnetism in g-C3N4

nanosheets. Through the study, we nd that the structure of
two-dimensional g-C3N4 nanosheets changed signicantly, and
the structural distortion of the material plays a crucial role in
the spin polarization.20 Moreover, we also nd that the satura-
tion magnetization of the g-C3N4 is dependent on the structure
distortion, and the saturation magnetization reaches to
a maximum in sample annealed for 24 hours. This controllable
magnetic would allow great exibility in the design and opti-
mization of 2D-materials-based devices.

Experimental
Synthesis of structural distorted two-dimensional metal-free
graphitic-C3N4 nanosheets

The 2D g-C3N4 nanosheets were prepared by one-step thermal
decomposition method. In a typical synthesis, 5 g of urea
powder was placed into an alumina crucible with a cover. Then
the crucible was heated up to 500 �C with a heating rate of
10 �C min�1. Further heat treatment was performed at 450 �C
for 3, 6, 12, 24 h (denoted as T3, T6, T12, T24) and a controlled
sample without post heat treatment (denoted as T0).

Characterization

The crystal structure was characterized by X-ray diffraction
(XRD) using a Philips X'pert diffractometer with Cu Ka radia-
tion. Quantitative analysis of the XRD data was undertaken by
the MDI Jade 5.0 soware. Transmission electron microscope
(TEM Hitachi s-4800) and the high-resolution transmission
electron microscope (HRTEM, TecnaiTM G2F30, FEI, USA) was
employed to study the morphology of the samples. X-ray
photoelectron spectroscopy (XPS, VGESCALAB 210) was
utilized to determine the bonding characteristics of the sample.
The infrared absorption spectra of the samples were recorded
by the KBr pellet method of a Fourier transform infrared spec-
trum (FTIR; NEXUS 670, Thermo Nicolet Corp., Madison, WI,
USA) in the range of 500 to 2000 cm�1. The photoluminescence
properties were investigated using amicro-Raman spectrometer
in the backscattering conguration excited using a He Cd laser
with a power intensity of 0.2 mW. The magnetic properties were
characterized by a Quantum Design MPMS magnetometer
based on a superconducting quantum interference device
(SQUID). We used a vibrating sample magnetometer (VSM) to
study the static magnetization of the sample. Due to the
21392 | RSC Adv., 2019, 9, 21391–21395
magnetic signals of the samples were quite small, we had
deducted the background signal from the sample holder in the
VSM.
Results and discussion

The phase structure of the samples was investigated by XRD, the
results of which are shown in Fig. 1, and all the g-C3N4 samples
exhibit two peaks. The relatively weak peak at 12.9� is associated
with an in-plane structural packing motif, which corresponds to
a distance d¼ 0.68 nm and can be indexed as (100) plane.21 The
intense peak at 27.6� for g-C3N4 is due to the stacking of the
conjugated aromatic system, indexed as the (002) plane for
graphitic materials. The calculated interplanar distance is d ¼
0.32 nm.22 Further observation indicates that the (002) peak
broadened gradually and decreases in intensity. From partially
enlarged view we can see that the (002) peak slightly shis
toward higher diffraction angles with increased heat-treatment
time, indicating a more dense pack of C–N planes.23 The slight
change of interplanar distance which may be caused by intro-
ducing structure distortion during heat treatment. The tri-s-
triazine building units of these g-C3N4 samples are further
demonstrated by the nearly identical absorption bands from the
Fourier transform infrared (FTIR). As observed in Fig. 1b, the
main absorption band at 808.6 cm�1 corresponds to the out-of-
plane bending vibration mode of g-C3N4 units.24 Besides, the
pronounced absorption at 1640.5, 1575.3, 1460.3 and
1406.7 cm�1 are linked to typical stretching vibration modes of
tri-s-triazine rings. The intense bands at 1318.5 and
1241.8 cm�1 represent the stretching vibration of fragments of
C–N(–C)–C (full condensation) or C–NH–C (partial condensa-
tion).25 In comparison with unmodied g-C3N4, slightly blue-
shied is caused by the structural deformation. Fig. 1c shows
the transmission electron microscopes result of T24, from
which we can clearly see the homogeneous sheetlike structure.
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a)–(e) The PL spectrum of the samples with different heat
treatment time and (f) the curve of the value of N sp2/N sp3 changed
with heat treatment time crease.
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High-resolution transmission electron microscope graph of T0,
T3, T6 and T12 are shown in Fig. 1d. It is noticed that the
structural deformation increases with heat treatment time
growing. The above results conrmed that pure phase g-C3N4

and expected products are obtained in our case.
Prior to the magnetic investigation, to quantify the chemical

composition and bonding characteristics among elements
involved of the g-C3N4 nanosheets, X-ray photoelectron spec-
troscopy was employed. Results declare that all the samples
only contain C, N and O elements. The contain of O is less than
3 atom%, which may be caused by the surface-absorbed. The N
1s peak of sample is exhibited in Fig. 2. In N 1s 398.5 eV is
identied as sp2 hybridized aromatic N bonded to carbon atoms
(C]N–C); the signal at 399.8 eV corresponding to the tertiary N
bonded to carbon atoms to form N–(C)3 or H–N–(C)2. The weak
peak at 401.0 eV shows the occurrence of tertiary nitrogen N–
(C)3 groups.26 N 1s peak at 404.1 is attributed to the p-excita-
tions. The value of N(sp2)/N(sp3) is displayed in Fig. 2f. It is
worth to note that the value decreases with heat treatment time
increasing. The smaller value represents bigger structural
distortion.27 From that point, we further prove that the struc-
tural deformation of samples is magnied as post-annealing
time increases.

To further conrm that we have successfully introduced
a controlled structure deformation in the samples, the photo-
luminescence properties were investigated. According to the
report of Das et al., the emission characteristics of g-C3N4 is
related to sp3 C–N s band and sp2 C–N p band. In Fig. 3, the PL
spectrum shows strong blue luminescence at 470 nm. The
states consisted of the sp3 C–N s band, sp2 C–N p band, and the
lone pair (LP) state of the bridge nitride atom are responsible
for the luminescence from g-C3N4.28,29 The PL spectrum can
deconvolute into three major peaks position at 445, 483, 529 nm
originating from three different pathway transition: s*–LP, p*–
LP, and p*–p, respectively.30 The value of N(sp2)/N(sp3) is dis-
played in Fig. 3f, where the value decreases with the post-
annealing time increasing. The similar results have been
found from the XPS. So we sufficiently prove that the structural
deformation of the g-C3N4 increases with heat treatment time
growing.
Fig. 2 (a)–(e) The high-resolution XPS spectrum for the samples with
different heat treatment time and (f) the curve of the value of N sp2/N
sp3 changed with heat treatment time increasing.

This journal is © The Royal Society of Chemistry 2019
From the above discussion, we have received the desired
samples. Then we exploit static magnetization to probe the
magnetic response of g-C3N4. We measured the magnetization
versus applied eld curves for all the samples. The primitive
magnetizations versus magnetic eld (M–H) curves for all the
samples are shown in Fig. 4a. The results indicate that the
samples show the ferromagnetic signal in the lower eld region
mixture with the diamagnetic signal in the high eld region.
Aer subtracting the diamagnetic signal, the clear S-like M–H
curves are observed (in Fig. 4b). The saturation magnetization
of T0, T3, T6, T12 and T24 are 0.0013, 0.0017, 0.0021, 0.0026 and
0.0031 emu g�1, respectively, similar to those reported in other
graphene-related materials.31 As is shown in Fig. 4d, the satu-
ration magnetization grows with post-annealing time. The
observed ferromagnetism in our case is considered to be related
to structural distortion, where the structural distortion can
dramatically modify the electronic structure of the materials
which is directly connected with the magnetic properties of the
Fig. 4 (a) Primitive M–H curve for g-C3N4 nanosheets with different
heat-treatment time (b) M–H curves for g-C3N4 nanosheets with
different degree of structure distortion (c) ZFC and FC curves under
a measuring field of 5000Oe and (d) the value of N(sp2)/N(sp3) and the
saturation magnetization changes with heat treatment time.

RSC Adv., 2019, 9, 21391–21395 | 21393
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materials. Structural deformation of the g-C3N4 increases with
post-annealing time, which has more inuence on the elec-
tronic structure and saturation magnetization. The zero-eld-
cooling (ZFC) and eld-cooling (FC) measurements were also
used to characterize further details of the FM ordering. The
measurement is performed on the sample with the temperature
range from 5 to 300 K under the external eld of 5000 Oe. The
result is shown in Fig. 4c. Noting that the ZFC curves are close to
the FC curves, but do not overlap in the whole measured
temperature range, which proves that the Curie temperature of
the sample is over 300 K. This has already been demonstrated
by isothermal magnetization versus applied magnetic eld
measurements previously. Besides, the ZFC curve shows no
blocking temperature in the range 5–300 K, revealing that there
are no ferromagnetic clusters in the sample. Ferromagnetism of
the sample is the intrinsic nature and should be associated with
the structural distortion. A paramagnetic upturn occurred
below 50 K, which should be attributed to unreconstructed
point defects. According to what is described above, we got
structure distortion-depended magnetic two-dimensional
metal-free graphitic-C3N4 nanosheets as shown in Fig. 4d. It
can be seen that the Ms of the g-C3N4 nanosheets increases as
the increase of the structural distortion (showing by the N sp2/N
sp3 in both XPS and PL tting results), revealing it is an effective
way to introduce ferromagnetism in non-magnetic materials by
leading structure distortion.

Conclusions

In conclusion, we have investigated the effect of structure
distortion on the magnetic property of two-dimensional metal-
free graphitic-C3N4 nanosheets. In this work, the structural
distortion of the samples was induced by a facile post-annealing
treatment. By controlling the different annealing time, we nd
that the ferromagnetism of the samples can be precisely
controlled, and the maximum saturation magnetization ob-
tained in the sample is 0.0031 emu g�1. In addition, we also nd
that the Curie temperature of all the samples exceeds room
temperature. Our results provide more possibilities for
inducing and manipulating magnetic moments in ultrathin
metal-free nanosheets, which have potential applications in
spintronics.
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