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In this study, g-C3N4/Ag hybrid nanostructures were fabricated by facilely decorating silver nanoparticles on

atmosphere-treated g-C3N4 and served as efficient SERS-active substrates. The observed significant SERS

enhancement of crystal violet (CV) molecules on g-C3N4/Ag could be attributed to the high ability to

concentrate target molecules through p–p stacking interactions and the near-field enhancement

caused by the boosting SPR effect of the Ag NPs. The atmosphere and calcination time have

a considerable impact on the SERS enhancement effect of the g-C3N4/Ag substrate. Furthermore, it took

only 10 min to degrade dye molecules under visible light, and after 6 cycles the g-C3N4/Ag substrates

still maintained sensitive SERS activity. This research indicates that g-C3N4/Ag hybrids can be applied as

reusable SERS substrates.
Introduction

Surface-Enhanced Raman Spectroscopy (SERS) attracts a lot of
attention since it presents a powerful tool for ultrasensitive
vibrational spectroscopy, which is utilised in many frontier
elds, including analytical chemistry,1–3 food security,4 life
science5 and bio-sensing.6 The efficient coupling of a plasmon-
induced near eld with the vibrational modes of specic
molecules on SERS-active substrates can enhance the Raman
cross-section of the analytes by 104 to 1014.7–9 When the target
molecules adsorb on the proper positions of metal nano-
structures, especially Au and Ag10,11, single molecule detection is
fullled.3,12–14 It has been commonly assumed that plasma
nanostructure SERS substrates can cause much greater SERS
enhancement than most pure semiconductor SERS
substrates,15–18 which originates from the “hot spots”19 that exist
in the gaps between noble metal nanostructures. This has
inspired great interest in developing highly efficient SERS-active
nanostructures, including colloidal Au and Ag with various
morphologies,20–22 nanoparticles obtained by annealing thin
lms,23 and metal coated lithography templates.24 However,
there are still some problems; the oxidation of metal nano-
particles leads to a rapid decrease in the SERS-activity, and the
fabrication procedures of coating and lithography are expensive
and complicated. Moreover, noble metal substrates suffer from
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an obvious shortcoming, in that analytes reside on the surfaces
which makes them difficult to reuse. Therefore, more research
efforts have focused on preparing recyclable SERS substrates,
such as TiO2/metal25,26 and ZnO/metal.27,28 For example, Au-
coated ZnO nanorods were investigated as efficient and recy-
clable SERS-active substrates, with self-cleaning of the adsorbed
analytes achieved through a UV degradation process.29 Appar-
ently, most of the composite SERS substrates mentioned exhibit
degradation activity in the UV-light region, therefore it would be
meaningful and interesting to explore the preparation of
a recyclable-substrate that degrades under solar-light.30

According to recent reports, g-C3N4 exhibits unique properties
of visible light absorption and photochemical stability.31–33

Polymeric graphitic carbon nitride (g-C3N4) is a novel two-
dimensional semiconductor material consisting of tri-s-
triazine units, with strong covalent C–N bonds in each layer and
weak van der Waals forces between layers. This material has
received considerable attention owing to its splendid photo-
electronic properties, extending its applications to hydrogen
production,34,35 pollutant degradation,36–40 CO2 reduction41,42

and the synthesis of benzaldehyde.43 It is a widely held view that
the prolonged carrier lifetime and improved electron transport
kinetics as a result of a short diffusion path coupled with the
quantum connement effect make g-C3N4 a promising photo-
catalytic material. In addition, g-C3N4/metal hybrids can more
effectively adsorb and enrich target molecules by p-p stacking
interactions compared with noble metals,30,44,45 which makes
the hybrids fascinating candidates for SERS applications.

Herein, we rst reported g-C3N4/Ag nanocomposites with
multifunctionality, whereby modied g-C3N4 was synthesized
by the thermal treatment of pristine g-C3N4 at 550 �C for 1–3
RSC Adv., 2018, 8, 22095–22102 | 22095
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hours, and then decorated with Ag NPs. The as-synthesized
hybrid nanostructures not only exhibited excellent SERS
activity, but also exhibited the ability to degrade RhB. Aer six
detection/degradation cycles, g-C3N4/Ag still maintained strong
SERS activity.
Results and discussion
Element, microstructure and optical properties
characterization

Pristine g-C3N4 comprised of tri-s-triazine units was reported to
form from the thermal condensation of nitrogen-rich
compounds under an air and nitrogen atmosphere.34,46 For
comparison, treated g-C3N4 was synthesized under different
atmospheres (air, N2, and 5% H2 + 95% N2) at the same
temperature and calcination time. These samples were charac-
terized by X-ray diffraction (XRD), and all samples demonstrated
a typical graphite-like C3N4 structure with two distinctive peaks at
12.8� and 27.5�.34 The peak at 12.8� corresponds to the in-plane
structure of the tri-s-triazine units while the peak at 27.5� is
attributed to the interplanar stacking similar to that observed in
the graphite layer structure. The insets of Fig. 1(a–c) show the
relationship between the peak intensity at 27.5� and the calci-
nation time. As shown in Fig. 1(a), the diffraction intensity
decreases dramatically with increased time, corresponding to the
oxide-peeling of g-C3N4.37However, the diffraction intensity of the
N2 treated g-C3N4 reaches its highest (Fig. 1(b)) aer 2 h of
heating in N2, illustrating the interlaminar stacking of g-C3N4.
Fig. 1(c) shows that the diffraction intensity of 5% H2 treated g-
C3N4 decreases with calcination time, and the diffraction peak
shis to a higher diffraction angle, thus suggesting that hydrogen
elements were inserted into the g-C3N4 lattice and bulk doping
was achieved. Furthermore, the characteristic peak of g-C3N4 and
the four characteristic peaks of Ag such as the (111), (200), (220)
and (311) planes can be observed in Fig. 1(d) in the XRD pattern
of g-C3N4/Ag.
Fig. 1 XRD patterns of g-C3N4 synthesized in different atmospheres;
(a) air, (b) N2 and (c) 5% H2. (d) XRD patterns of pristine g-C3N4 and the
pristine g-C3N4/Ag composite. The insets of (a)–(c) show the rela-
tionship between the peak intensity at 27.5� and the calcination time.

22096 | RSC Adv., 2018, 8, 22095–22102
The survey spectrum and high resolution XPS spectra of
various elements in pristine g-C3N4, g-C3N4 and g-C3N4/Ag are
shown in Fig. 2(a). There are C, N and O elements in pristine g-
C3N4 and g-C3N4, as can be seen in the survey spectrum, while
peaks corresponding to C, N, O and Ag signals appear in the
spectrum of g-C3N4/Ag. It should be pointed out that the peak
seen at 532.1 eV in the survey scan is ascribed to the adsorbed
H2O.47 It is noteworthy that the specic peaks of C 1s and N 1s in
the corresponding high resolution spectra of pristine g-C3N4, g-
C3N4 and g-C3N4/Ag are basically stable, while the relative
amounts of C and N show a certain change. The C/N atomic
ratios of the pristine g-C3N4, g-C3N4 and g-C3N4/Ag are 0.76, 0.81
and 0.82, all of which are close to the theoretical value of 0.75
(element ratio of C3N4). In the high resolution XPS spectra of N
1s in Fig. 2(b), the peaks at 398.5 eV can be ascribed to C–N]C
coordination, which originates from the sp2-bonded N in the tri-
s-triazine units, and the other two weak peaks at higher binding
energies (around 399.6 and 401.1 eV) can be attributed to the N–
(C)3 and C–N–H groups, respectively.48 Interestingly, the
percentage of the peak at 399.6 eV increases from 15.8% to
20.6%, whereas the percentage of the peak located at 401.1 eV
decreases from 6.9% to 6.5% for pristine g-C3N4 compared with
N2 treated g-C3N4, which demonstrated that more carbon
replaced H atoms. The change of the C/N ratio is consistent with
the elementary analysis results previously measured. Aer
loading Ag NPs, the ratio of N(sp2)/N(sp3) increases from 3.53 to
3.69. The result of the interaction between Ag and g-C3N4 is that
some sp3-hybridized nitrogen transforms into sp2-hybridized
nitrogen.45 Fig. 2(c) shows two peaks, located at 368.1 and
374.0 eV with a splitting of 5.9 eV, representing the metallic Ag
3d5/2 and Ag 3d3/2 binding energies.49

The optical properties of g-C3N4 were measured via UV-vis
DRS (Diffuse Reectance Spectra). Fig. 3(a–c) shows the UV-vis
DRS of the as-prepared g-C3N4 in different atmospheres. The
inset pictures show the band gap (Eg) of each sample. Compared
with pristine g-C3N4, the optical absorption intensity of air
treated g-C3N4 decreases with calcination time in the visible
region, which is caused by oxide-stripping, while the N2 and 5%
Fig. 2 (a) XPS survey scans and (b) high resolution N 1s spectra of
pristine g-C3N4, g-C3N4 and g-C3N4/Ag. (c) Ag 3d spectra of g-C3N4/
Ag.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 UV-visible diffuse reflectance spectra of the as-prepared g-C3N4 in different atmospheres; (a) air, (b) N2 and (c) 5% H2. The inset images
show the picture and band gap of each sample. After being decorated with Ag NPs, the UV-visible absorption spectra of (d) g-C3N4/Ag
composites treated in air (named 1-1#, 1-2# and 1-3#) and (e) g-C3N4/Ag composites treated in N2 (named 2-1#, 2-2# and 2-3#). (f) UV-vis
absorption spectra of g-C3N4/Ag (1-2#, 2-1# and 3-2#).

Fig. 4 (a) A TEM image of silver nanoparticles and the corresponding
size distribution, scale bar¼ 100 nm. (b) SEM image of pristine g-C3N4,
scale bar ¼ 500 nm. (c) TEM image of Ag nanoparticle decorated
pristine g-C3N4, scale bar ¼ 200 nm. (d–f) TEM images of g-C3N4 (N2

treated), scale bar ¼ 500 nm. (g–i) TEM images of g-C3N4/Ag (1-2#
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H2 treated g-C3N4 samples exhibit increased absorption in the
visible region.

The optical band gap (Eg) of g-C3N4 can be deduced accord-
ing to the following equation:

(ahn)n ¼ A(hn � Eg)
50

where a is the absorption coefficient, hn is the incident photon
energy, the value of the index n we chose was ndirect ¼ 2,46 A is
a proportionality constant related to the material, and Eg is the
band gap energy of the semiconductor. As shown in Fig. 3(a–c),
the Eg of pristine g-C3N4 was obtained, which was around 2.97
eV51 corresponding to the absorption edge that appeared at
about 420 nm.

Aer being decorated with Ag NPs, the UV-vis absorption
spectra of the g-C3N4/Ag composites were measured, with the
concentration of Ag (for both the Ag colloid and the g-C3N4/Ag
composites) tuned to 0.067 mM. As shown in Fig. 3(d–f), Ag NPs
exhibit a strong plasma absorption band at 420 nm, which is
caused by the collective oscillation of electrons on the surfaces
of the Ag NPs.52,53 Aer being combined with pristine g-C3N4,
the composites exhibit an increased absorption over the whole
visible region and the absorption peak gradually red-shis to
430 nm, indicating the electronic interactions between the Ag
NPs and g-C3N4 nanosheets, and exhibiting the aggregation
state of the Ag NPs on pristine g-C3N4.54 Therefore a variation in
the dielectric surroundings could greatly change the LSPR
behavior of the Ag NPs.

Furthermore, TEM and SEM characterization was carried
out, and it can be clearly seen from the inset histogram graph of
Fig. 4(a) that 82% nanoparticles have particle sizes of between
45–60 nm, and that the average diameter of the Ag NPs is 50 nm,
indicating that the size distribution of the silver nanoparticles is
This journal is © The Royal Society of Chemistry 2018
relatively narrow and uniform. Fig. 4(b) shows that pristine g-
C3N4 is a porous framework comprised of a two-dimensional
layered structure and the edge of g-C3N4 curled up aer the
(air-2 h), 2-1# (N2-1 h) and 3-2# (5% H2-2 h)), scale bar ¼ 500 nm.

RSC Adv., 2018, 8, 22095–22102 | 22097
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Fig. 5 (a) Raman spectrum of CV powder, and SERS spectra of CV on
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alcohol was volatilized completely. In Fig. 4(c) we can observe Ag
NPs attached to pristine g-C3N4, with some of them forming
“double bell” particles with a gap between them. The Ag NPs are
easily attached to the g-C3N4 at the numerous binding sites.
Furthermore, the driving force for adsorbing Ag NPs on the
surface of g-C3N4 can be attributed to the coordination between
the unoccupied orbitals of the Ag NPs and the lone-pair elec-
trons of the N atoms.55 Moreover, the porous framework could
effectively immobilize the Ag NPs. “Double bell” particles with
or without a slight gap could form an effective “hot spot”19,56

originating from the electric eld coupling near to the Ag NPs,
which will contribute to the SERS effect.

Fig. 3(d and e) illustrate the changes in the absorption
spectra of the g-C3N4/Ag samples. Compared with the pristine g-
C3N4/Ag composites, there is no noticeable change in the width
and position of the SPR band, which implies there is no
excessive agglomeration. According to our knowledge, a strong
local electric eld could be produced around the Ag NPs under
the action of external electric eld. When g-C3N4 is in contact
with the Ag NPs, a quasi-fermi level will form in the g-C3N4/Ag
nanocomposites. The photo-excited electrons could transfer
from g-C3N4 to the surface of the Ag NPs and change the
distribution state of the surface charge around the Ag NPs,53

thus affecting the energy state of plasma, and eventually leading
to the difference in the UV-vis spectra that we observed. Fig. 3(f)
shows the absorption spectra of g-C3N4/Ag (1-2#, 2-1# and 3-2#)
treated in different atmospheres. The g-C3N4/Ag composite
treated in N2 for 1 h (2-1#) exhibited the strongest absorption
intensity. We predict that an effective promotion of the
absorption intensity will improve the optical properties of the g-
C3N4/Ag composites. It is worth noting that the “hot spot”
distribution and charge transfer process from the substrate to
the adsorbed analytes correspond to two main SERS enhance-
ment mechanisms (EM and CT).57 Therefore, these g-C3N4/Ag
composites possessing photo-excited features must be extraor-
dinary SERS materials.

The morphology of the N2 treated g-C3N4 was analysed by
TEM (Fig. 4(d–f)). The size of the g-C3N4 nanosheets is on the
micron scale, and the thickness of g-C3N4 is about 2 nm
according to the AFM results. Consistent with the XRD analysis
results, with increased calcination time the g-C3N4 became
atter. However, aer 2–3 h of heating, the g-C3N4 went through
partial re-aggregation and was then damaged by thermal
effects,58 as Fig. 4(f) demonstrates.

The loading of the Ag NPs onto g-C3N4 was also charac-
terized by TEM, and typical images of the 1-2#, 2-1# and 3-2#
samples at the same magnication are shown in Fig. 4(g–i).
The distribution of Ag NPs on g-C3N4 (air-2 h) is relatively
uniform, with adjacent particles occupying a large proportion
of the Ag NPs. The amount of Ag NPs on g-C3N4 (N2-1 h) is the
largest, and we nd that there are some overlapping areas on
the sample. However, for the g-C3N4/Ag (5% H2-2 h) sample,
the Ag NPs were not effectively adsorbed on the g-C3N4. The
distribution of “hot spots” on these substrates may cause the
difference in the SERS performance that we will discuss
below.
22098 | RSC Adv., 2018, 8, 22095–22102
Multifunctional Ag decorated g-C3N4 nanosheets: SERS
substrate and catalytic properties

As Fig. 5 illustrates, ngerprint bands in the spectra of CV
powder (Fig. 5(a)), corresponding to aromatic C–C stretching
modes at 1620, 1533 and 1442 cm�1, an N-phenyl stretching
mode at 1370 cm�1, and aromatic C–H bending modes at 1179,
912 and 806 cm�1, are observed, which agree well with literature
data.59 Fig. 5(d) shows the Raman spectrum of CV molecules
adsorbed on the g-C3N4/Ag nanostructure at a laser excitation
wavelength of 532 nm. For comparison, unbound Ag NPs
(Fig. 5(c)) were used as a reference sample. The SERS signal of
CV on pristine g-C3N4 is weak (Fig. 5(c)), whereas the peaks at
1620, 1588, 1370, 1179, 912 and 806 cm�1 can still be distin-
guished. The p–p stacking interactions between g-C3N4 and CV
could change the distribution of charge density of the CV
molecules, which specically leads to the enhancement of
several characteristic peaks. This is the feature of chemical
enhancement.60 The SERS signal of CV molecules from g-C3N4/
Ag hybrids is at least one order of magnitude higher than that
from Ag NPs alone, indicating the excellent SERS activity of the
as prepared g-C3N4/Ag hybrids. This observed phenomenon
could be explained by the presence of “hot spots” attributed to
its plasmonic near-eld enhancement structure.19 Therefore,
the SERS enhancement mechanism of this hybrid substrate can
be attributed to the combined action of electromagnetic
enhancement and chemical enhancement caused by charge
transfer.

Due to the complicated distribution of the g-C3N4/Ag
composites, it is not easy to accurately compute the enhance-
ment factor (EF). Therefore, we obtained at least 10 spectra and
calculated an average for each sample. The EF is calculated by
the following equation:

EF ¼ (ISERS/IRaman)(CRaman/CSERS)
9

where ISERS and IRaman are the integrated intensities of the SERS
signal (1620 cm�1) and normal Raman spectra, respectively.
CSERS and CRaman are the concentrations of molecules adsorbed
(b) g-C3N4, (c) Ag NPs and (d) g-C3N4/Ag.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (a) UV-vis spectra of RhB with g-C3N4/Ag composites after
illumination by visible light for 10 min; the inset photograph shows the
actual color change of RhB. (b) Electron transfer mechanism for the
photocatalytic degradation of an organic pollutant using g-C3N4/Ag
composites under visible light irradiation. (c) The photocatalytic
activities of Ag colloid, g-C3N4/Ag and g-C3N4 towards RhB degra-
dation. (d) Recycling properties of the photocatalytic degradation of
RhB over g-C3N4/Ag in the visible region.
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on the g-C3N4/Ag hybrids and in the solution sample (0.01 M).
In this experiment, the diameter of the laser beam spot was 1
mm.

Fig. 6(a–c) illustrate the SERS spectra of 10�6 M CV on the g-
C3N4/Ag substrates treated in different atmospheres. Upon
increasing the treatment time, the integral strength at
1620 cm�1 shows a tendency to increase at rst and subse-
quently decrease. Optimum results are obtained for the 1-2#
(air-2 h), 2-1# (N2-1 h) and 3-2# (5% H2-2 h) samples, respec-
tively. Among them, the 2-1# (N2-1 h) sample exhibits the
highest SERS signal (Fig. 6(d)), which is 30 times higher than
that of the individual Ag NPs SERS platform as demonstrated by
the green line shown in Fig. 6(a–c). This phenomenon also
conrms that the excellent visible light absorption properties
and higher “hot spot” density result in a stronger near-eld
enhancement in the g-C3N4/Ag system.

Over the past few decades, semiconductors and composite
materials have been widely used for the removal of environ-
mentally hazardous compounds. Now researchers are looking
into the method of reusing composite SERS substrates by the
photocatalytic degradation method. We employed our as-
synthesized g-C3N4 (N2-1 h)/Ag composites for the degradation
of rhodamine B (RhB) under sunlight irradiation.

The changes in the UV-vis spectra during photodegradation
are shown in Fig. 7(a), with the main absorbance peak of RhB at
553 nm decreasing rapidly with increased irradiation time. The
color of the sample fades almost completely aer 10 min, while
the aforementioned peak also becomes invisible. There is no
obvious blue-shi of the absorbance peak at 553 nm (corre-
sponding to N-demethylation), which suggests that the degra-
dation of RhB occurs mainly via the destruction of the
Fig. 6 SERS spectra of 10�6 M CV on the g-C3N4/Ag SERS substrates;
(a) g-C3N4/Ag substrates treated in air (1-1#, 1-2# and 1-3#), (b) g-
C3N4/Ag substrates treated in N2 (2-1#, 2-2# and 2-3#) and (c) g-
C3N4/Ag substrates treated in 5% H2 (3-1#, 3-2#, 3-3#). (d)
Enhancement factor tendency of the g-C3N4/Ag SERS substrates (air,
N2 and 5% H2). The green lines in Fig. 6(a–c) represent the spectrum of
10�6 M CV on the pristine-g-C3N4/Ag SERS substrate. Scale bar ¼
10 000 cps. A 532 nm laser was used at 0.5 mW with an integration
time of 2 s � 2 times per spectrum.

This journal is © The Royal Society of Chemistry 2018
conjugated structure.61 The blank experiment result (Fig. 7(c))
indicates that the degradation of RhB can be neglected in the
absence of catalysts (Ag NPs only). Looking at the results shown
in Fig. 7(c), it is not difficult to see that the photocatalytic
activity of the g-C3N4/Ag composite is very close to that of g-
C3N4. The degradation rates of RhB over the g-C3N4/Ag and g-
C3N samples are 93.7 and 93.4% aer 9 min, respectively. The
photodegradation stability of the as-synthesized g-C3N4/Ag
composite was determined by conducting a recycling experi-
ment. As shown in Fig. 7(d), the mixed solution was quickly
decolorized aer each photodegradation process and the pho-
tocatalytic activity of the g-C3N4/Ag nanocomposites only
slightly decreased aer four cycles.

In order to expand the applications of the g-C3N4/Ag hybrids,
SERS measurements were carried out, with the results shown in
Fig. 8(a). In the rst cycle, the SERS signal of RhB was unob-
served aer 10 min of visible light irradiation. Aer the degra-
dation of RhB, CV and RhB were alternately used as probe
molecules for detection. Six detection and degradation cycles
later, the SERS intensity of RhB and CV on g-C3N4/Ag decreases,
but still remains at a certain level. Fig. 8(b) illustrates the
ngerprints of RhB (at 1647 cm�1) and CV (at 1620 and
912 cm�1), and the two Raman characteristic peaks of CV are
maintained at 37.2% and 36.7% of their original intensities,
respectively. This proves that the photocatalytic activity of the g-
C3N4/Ag hybrids can be developed in order to remove the
adsorbed pollutants and make the substrates reusable. Fig. 8(c)
displays a schematic diagram demonstrating the recyclable use
of the g-C3N4/Ag substrates. Analytes with a benzene ring were
gathered easily through p–p stacking interactions, and the
SERS signal of the probe molecule could be detected when it
RSC Adv., 2018, 8, 22095–22102 | 22099
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Fig. 8 (a) SERS spectra of six detection/degradation cycles of RhB
(10�5 M) and CV (10�6 M); each cycle consists of the adsorption of
target molecules followed by visible light irradiation. The acquisition
parameters for RhB detection were 2 accumulations at 10 s exposure,
while those for CV detection were 2 accumulations at 2 s exposure.
The laser power that was used was 0.025 mW. The Raman intensity of
CVwasmultiplied by a factor of 40. (b) The Raman intensity changes of
RhB at 1647 cm�1, and CV at 912 and 1620 cm�1. (c) A schematic
diagram demonstrating the recyclable use of the g-C3N4/Ag
substrates.
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adsorbed at the active site. Aer 10 min of visible light irradi-
ation, no SERS signal of the target molecule was observed. The
substrates were then washed twice with deionized water so that
it could re-adsorb and detect probe molecules. Through the
above experiments, we have found a fast and efficient way to
utilize the g-C3N4/Ag SERS substrate.
Experimental
Chemicals

Silver nitrate (AgNO3), sodium citrate (Na3C6H5O7$2H2O), urea
(>99%) and crystal violet (C25H30ClN3) were purchased from
Aladdin Co., Ltd. All reagents were analytically pure and were
used without further purication.
Sample preparation

Preparation of g-C3N4. Pristine g-C3N4 was prepared by the
thermal condensation of 100 g of urea at 550 �C in an alumina
crucible with a cover for 4 h in static air with a ramp rate of
5 �C min�1. The furnace was then cooled naturally to room
temperature. The resulting yellow product was collected and
ground into a powder. The pristine g-C3N4 was then treated in
different atmospheres (air, N2 and 5% H2) at 550 �C for 1 h, 2 h
and 3 h, with the resultant samples denoted as air-1 h/2 h/3 h-g-
C3N4 (1-1#, 1-2# and 1-3#), N2-1 h/2 h/3 h-g-C3N4 (2-1#, 2-2# and
3-3#), and 5% H2-1 h/2 h/3 h-g-C3N4 (3-1#, 3-2# and 3-3#).

Preparation of the Ag colloid. The Ag colloid was synthesized
by the Lee-Meisel method.62 AgNO3 (72 mg) was dissolved in
400 mL of H2O, which was then brought to the boiling point. A
solution of 1% sodium citrate (8 mL) was then added. The
solution was continuously boiled for ca. 1 h.
22100 | RSC Adv., 2018, 8, 22095–22102
Preparation of the g-C3N4/Ag composites. The g-C3N4/Ag
composites were prepared by mixing 25 mg of g-C3N4 and 25mL
of the Ag colloid in a beaker. The suspension was stirred for 1 h,
followed by centrifuging 25 mL of the composite solution at
10 000 rpm for 10 min, then redistributing in 25 mL deionized
water for use.

50 mL of the as-prepared g-C3N4/Ag substrate suspension was
dispersed in 1 mL of CV (10�6 M) solution, and the distributed
solution was le to stand for 1 h in order to make the system
uniform and reach an adsorption equilibrium before the
Raman tests.

Photocatalytic experiments were carried out on the g-C3N4/
Ag composites in order to recycle the substrate, with the
following steps carried out: 1 mL of a 10�3 M RhB solution and
0.5 mL of 1 M hydrochloric acid were injected into 25 mL of the
g-C3N4/Ag suspension, then stirred for 30 min under dark
conditions. The purple solution was irradiated with a high
xenon lamp for 10 min, and was stirred using a magnetic stirrer
and maintained at 25 �C using circulating water. The irradiated
g-C3N4/Ag solution was then centrifuged, washed repeatedly,
dispersed in water and reused as a SERS substrate.
Sample characterization

The crystal structures of the g-C3N4 and g-C3N4/Ag samples were
determined by X-ray diffraction (XRD) using a Bruker D8
Advance X-ray powder diffractometer with a Cu Ka radiation
source. The morphologies of the samples were measured using
a JEOL JEM-2100F eld emission source transmission electron
microscope (TEM) operated at an acceleration voltage of 200 kV.
The thickness of the sample was examined using a commercial
atomic force microscope (AFM, NT-MDT). X-ray photoelectron
spectroscopy (XPS) signals were collected using a Leybold MAX
200 photoelectron spectrometer equipped with a Mg Ka radia-
tion source (1253.6 eV) operated at 200 W. UV-vis diffuse
reectance spectra were recorded using a PE Lambda 950
instrument. Raman spectra were obtained using a Renishaw
inVia Raman spectrometer equipped with a 532 nm solid-state
laser (l ¼ 532 nm). The Raman spectrum of a silicon wafer at
520.7 cm�1 was used to calibrate the spectrometer. Measure-
ments of each sample were repeated 5–10 times in order to
verify the reproducibility of the spectra.
Conclusions

In conclusion, we report the synthesis of a novel g-C3N4/Ag SERS
substrate by facilely decorating Ag NPs on modied g-C3N4.
These g-C3N4/Ag substrates exhibit excellent SERS activity
towards CV dye molecules, with the strongest enhancement
factor reaching 3.0 � 108. These g-C3N4/Ag hybrids exhibit
outstanding performance due to the concentration of probe
molecules through p–p stacking interactions. Furthermore,
photo-excited electrons from the g-C3N4 are transferred to the
Ag NPs, which greatly boosts the SPR effect of the Ag NPs.
Therefore, the SERS enhancement mechanism of the g-C3N4/Ag
hybrid substrates can be attributed to the combination of
electromagnetic enhancement and chemical enhancement.
This journal is © The Royal Society of Chemistry 2018
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Excellent SERS reusability of the g-C3N4/Ag composites is
observed. The self-cleaning and reusable SERS properties of the
composites make the g-C3N4/metal system a promising SERS-
active substrate for use in pesticide residue detection and
sewage treatment areas.

Conflicts of interest

The authors declare no conict of interest.

Acknowledgements

The authors gratefully acknowledge the nancial support of the
National Natural Science Foundation of China (No. 51471182),
and this work is also supported by the Shanghai international
science and Technology Cooperation Fund (No. 17520711700).

Notes and references

1 L. Li, A. Zhao, D. Wang, H. Guo, H. Sun and Q. He, J.
Nanopart. Res., 2016, 18, 178.

2 Z. C. Zeng, S. C. Huang, D. Y. Wu, L. Y. Meng, M. H. Li,
T. X. Huang, J. H. Zhong, X. Wang, Z. L. Yang and B. Ren,
J. Am. Chem. Soc., 2015, 137, 11928–11931.

3 J. F. Li, Y. F. Huang, Y. Ding, Z. L. Yang, S. B. Li, X. S. Zhou,
F. R. Fan, W. Zhang, Z. Y. Zhou, D. Y. Wu, B. Ren, Z. L. Wang
and Z. Q. Tian, Nature, 2010, 464, 392–395.

4 A. P. Craig, A. S. Franca and J. Irudayaraj, Annu. Rev. Food Sci.
Technol., 2013, 4, 369–380.

5 D. K. Lim, K. S. Jeon, J. H. Hwang, H. Kim, S. Kwon, Y. D. Suh
and J. M. Nam, Nat. Nanotechnol., 2011, 6, 452–460.

6 N. L. Garrett, R. Sekine, M. W. A. Dixon, L. Tilley,
K. R. Bambery and B. R. Wood, Phys. Chem. Chem. Phys.,
2015, 17, 21164–21168.

7 K. Kneipp, H. Kneipp, I. Itzkan, R. R. Dasari andM. S. Feld, J.
Phys.: Condens. Matter, 2002, 14, R597–R624.

8 K. Kneipp, Y. Wang, H. Kneipp, I. Itzkan, R. R. Dasari and
M. S. Feld, Phys. Rev. Lett., 1996, 76, 2444–2447.

9 E. C. Le Ru, E. Blackie, M. Meyer and P. G. Etchegoin, J. Phys.
Chem. C, 2007, 111, 13794–13803.

10 J. A. Creighton, C. G. Blatchford and M. G. Albrecht, J. Chem.
Soc., Faraday Trans. 2, 1979, 75, 790–798.

11 M. Moskovits, J. Chem. Phys., 1978, 69, 4159–4161.
12 K. Kneipp, Y. Wang, H. Kneipp, L. T. Perelman, I. Itzkan,

R. Dasari and M. S. Feld, Phys. Rev. Lett., 1997, 78, 1667–
1670.

13 K. Kneipp, H. Kneipp, V. B. Kartha, R. Manoharan,
G. Deinum, I. Itzkan, R. R. Dasari and M. S. Feld, Phys.
Rev. E: Stat. Phys., Plasmas, Fluids, Relat. Interdiscip. Top.,
1998, 57, R6281–R6284.

14 S. M. Nie and S. R. Emery, Science, 1997, 275, 1102–1106.
15 J. M. Luther, P. K. Jain, T. Ewers and A. P. Alivisatos, Nat.

Mater., 2011, 10, 361–366.
16 W. Ji, W. Song, I. Tanabe, Y. Wang, B. Zhao and Y. H. Ozaki,

Chem. Commun., 2015, 51, 7641–7644.
17 Y. Shan, Z. Zheng, J. Liu, Y. Yang, Z. Li, Z. Huang and

D. Jiang, npj Comput. Mater., 2017, 3, 11.
This journal is © The Royal Society of Chemistry 2018
18 J. L. Lyons and C. G. Van de Walle, npj Comput. Mater., 2017,
3, 10.

19 S. L. Kleinman, R. R. Frontiera, A. I. Henry, J. A. Dieringer
and R. P. Van Duyne, Phys. Chem. Chem. Phys., 2013, 15,
21–36.

20 X. L. Li, J. H. Zhang, W. Q. Xu, H. Y. Jia, X. Wang, B. Yang,
B. Zhao, B. F. Li and Y. Ozaki, Langmuir, 2003, 19, 4285–4290.

21 Y. Yang, Z.-Y. Li, K. Yamaguchi, M. Tanemura, Z. Huang,
D. Jiang, Y. Chen, F. Zhou and M. Nogami, Nanoscale,
2012, 4, 2663–2669.

22 Y. Yang, M. Nogami, J. Shi, H. Chen, Y. Liu and S. Qian, J.
Mater. Chem., 2003, 13, 3026–3032.

23 Z. M. Jin, W. Gu, X. B. Shi, Z. K. Wang, Z. Q. Jiang and
L. S. Liao, Adv. Opt. Mater., 2014, 2, 588–596.

24 Y. Lei, S. K. Yang, M. H. Wu and G. Wilde, Chem. Soc. Rev.,
2011, 40, 1247–1258.

25 X. H. Li, G. Y. Chen, L. B. Yang, Z. Jin and J. H. Liu, Adv.
Funct. Mater., 2010, 20, 2815–2824.

26 X. L. Li, H. L. Hu, D. H. Li, Z. X. Shen, Q. H. Xiong, S. Z. Li and
H. J. Fan, ACS Appl. Mater. Interfaces, 2012, 4, 2180–2185.

27 Q. Tao, S. Li, C. Y. Ma, K. Liu and Q. Y. Zhang, Dalton Trans.,
2015, 44, 3447–3453.

28 Y. F. Shan, Y. Yang, Y. Q. Cao, C. L. Fu and Z. R. Huang,
Nanotechnology, 2016, 27, 145502.

29 G. Sinha, L. E. Depero and I. Alessandri, ACS Appl. Mater.
Interfaces, 2011, 3, 2557–2563.

30 L. L. Qu, N. Wang, H. Xu, W. P. Wang, Y. Liu, L. D. Kuo,
T. P. Yadav, J. J. Wu, J. Joyner, Y. H. Song, H. T. Li, J. Lou,
R. Vajtai and P. M. Ajayan, Adv. Funct. Mater., 2017, 27,
1701714.

31 S. C. Yan, Z. S. Li and Z. G. Zou, Langmuir, 2009, 25, 10397–
10401.

32 C. Shaowen, L. Jingxiang, Y. Jiaguo and J. Mietek, Adv.
Mater., 2015, 27, 2150–2176.

33 F. Dong, L. Wu, Y. Sun, M. Fu, Z. Wu and S. C. Lee, J. Mater.
Chem., 2011, 21, 15171–15174.

34 X. C. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin,
J. M. Carlsson, K. Domen and M. Antonietti, Nat. Mater.,
2009, 8, 76–80.

35 J. Yu, Q. Nong, X. Jiang, X. Liu, Y. Wu and Y. He, Sol. Energy,
2016, 139, 355–364.

36 P. Niu, L. C. Yin, Y. Q. Yang, G. Liu and H. M. Cheng, Adv.
Mater., 2014, 26, 8046–8052.

37 P. Niu, L. L. Zhang, G. Liu and H. M. Cheng, Adv. Funct.
Mater., 2012, 22, 4763–4770.

38 Y. He, L. Zhang, M. Fan, X. Wang, M. L. Walbridge, Q. Nong,
Y. Wu and L. Zhao, Sol. Energy Mater. Sol. Cells, 2015, 137,
175–184.

39 Y. He, L. Zhang, X. Wang, Y. Wu, H. Lin, L. Zhao, W. Weng,
H. Wan and M. Fan, RSC Adv., 2014, 4, 13610–13619.

40 T. Sano, S. Tsutsui, K. Koike, T. Hirakawa, Y. Teramoto,
N. Negishi and K. Takeuchi, J. Mater. Chem. A, 2013, 1,
6489–6496.

41 K. Wang, Q. Li, B. S. Liu, B. Cheng, W. K. Ho and J. G. Yu,
Appl. Catal., B, 2015, 176, 44–52.

42 Z. Feng, L. Zeng, Y. Chen, Y. Ma, C. Zhao, R. Jin, Y. Lu, Y. Wu
and Y. He, J. Mater. Res., 2017, 32, 3660–3668.
RSC Adv., 2018, 8, 22095–22102 | 22101

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02657b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 5

/2
0/

20
25

 2
:5

4:
47

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
43 X.-H. Li, X. Wang and M. Antonietti, ACS Catal., 2012, 2,
2082–2086.

44 R. Li, Y. Liu, L. Cheng, C. Yang and J. Zhang, Anal. Chem.,
2014, 86, 9372–9375.

45 J. Z. Jiang, J. Zou, A. T. S. Wee andW. J. Zhang, Sci Rep., 2016,
6, 34599.

46 S. Martha, A. Nashim and K. M. Parida, J. Mater. Chem. A,
2013, 1, 7816–7824.

47 F. Y. Su, C. Q. Xu, Y. X. Yu and W. D. Zhang, Chemcatchem,
2016, 8, 3527–3535.

48 Y. S. Fu, T. Huang, L. L. Zhang, J. W. Zhu and X. Wang,
Nanoscale, 2015, 7, 13723–13733.

49 J. Y. Qin, J. P. Huo, P. Y. Zhang, J. Zeng, T. T. Wang and
H. P. Zeng, Nanoscale, 2016, 8, 2249–2259.

50 Y.-F. Sun, Y.-L. Yang, J. Chen, M. Li, Y.-Q. Zhang, J.-H. Li,
B. Hua and J.-L. Luo, Chem. Commun., 2018, 54, 1505–1508.

51 Q. Tay, P. Kanhere, C. F. Ng, S. Chen, S. Chakraborty,
A. C. H. Huan, T. C. Sum, R. Ahuja and Z. Chen, Chem.
Mater., 2015, 27, 4930–4933.

52 S. L. Smith, K. M. Nissamudeen, D. Philip and
K. G. Gopchandran, Spectrochim. Acta, Part A, 2008, 71,
186–190.
22102 | RSC Adv., 2018, 8, 22095–22102
53 T. S. Wu, S. Liu, Y. L. Luo, W. B. Lu, L. Wang and X. P. Sun,
Nanoscale, 2011, 3, 2142–2144.

54 Y. Shan, Y. Yang, Y. Cao and Z. Huang, RSC Adv., 2015, 5,
102610–102618.

55 L. Fa-tang, L. Shao-jia, X. Ya-bin, W. Xiao-jing, H. Ying-juan,
Z. Jun, L. Rui-hong and Z. Dishun, Chem. - Eur. J., 2015, 21,
10149–10159.

56 N. L. Gruenke, M. F. Cardinal, M. O. McAnally,
R. R. Frontiera, G. C. Schatza and R. P. Van Duyne, Chem.
Soc. Rev., 2016, 45, 2263–2290.

57 L. M. Tong, T. Zhu and Z. F. Liu, Chem. Soc. Rev., 2011, 40,
5925.

58 J. Z. Jiang, RSC Adv., 2016, 6, 47368–47372.
59 S. Huh, J. Park, Y. S. Kim, K. S. Kim, B. H. Hong and

J. M. Nam, ACS Nano, 2011, 5, 9799–9806.
60 X. Wang, W. Shi, G. She and L. Mu, Phys. Chem. Chem. Phys.,

2012, 14, 5891–5901.
61 C. Mondal, J. Pal, M. Ganguly, A. K. Sinha, J. Jana and T. Pal,

New J. Chem., 2014, 38, 2999–3005.
62 P. C. Lee and D. Meisel, J. Phys. Chem., 1982, 86, 3391–3395.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02657b

	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection
	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection
	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection
	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection
	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection

	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection
	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection
	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection
	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection
	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection
	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection
	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection

	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection
	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection
	Multifunctional Ag-decorated g-C3N4 nanosheets as recyclable SERS substrates for CV and RhB detection


