
A
f

F
J
a

b

S
c

A
R
R
A
A

K
G
S
P
M

1

d
a
n
r
n
i
t
s
s
p
i
s
m
r

r

0
h

Applied Surface Science 280 (2013) 967– 974

Contents lists available at SciVerse ScienceDirect

Applied  Surface  Science

j ourna l ho me page: www.elsev ier .com/ locate /apsusc

 facile  modification  of  g-C3N4 with  enhanced  photocatalytic  activity
or  degradation  of  methylene  blue

ei  Changa,∗, Yunchao  Xiea,  Chenlu  Lia,  Juan  Chena, Jieru  Luoa,  Xuefeng  Hub,∗∗,
iaowen  Shenc

School of Environment and Architecture, University of Shanghai for Science and Technology, Shanghai 200093, PR China
Key Laboratory of Coastal Zone Environmental Processes and Ecological Remediation, Yantai Institute of Coastal Zone Research, Chinese Academy of
ciences, Yantai, Shandong 264003, PR China
School of Urban Development and Environmental Engineering, Shanghai Second Polytechnic University, Shanghai 201209, PR China

a  r  t  i  c  l e  i n  f  o

rticle history:
eceived 21 March 2013
eceived in revised form 22 May  2013
ccepted 25 May  2013
vailable online 3 June 2013

a  b  s  t  r  a  c  t

In this  investigation,  a facile  modification  of  g-C3N4 through  co-pyrolysis  of  melamine  and  sodium  nitrate
or  potassium  nitrate  was  reported  and  the  as-synthesized  samples  were  characterized  by  a collection  of
techniques,  such  as  X-ray  diffraction,  scanning  electron  microscopy,  transmission  electron  microscopy,
UV–vis  diffuse  reflectance  spectroscopy,  nitrogen  adsorption–desorption,  X-ray  photoelectron  spec-
troscopy,  Fourier  transform  infrared  spectroscopy,  and elemental  analysis.  Based  upon  the  analysis,  we
eywords:
raphitic carbon nitride
odium nitrate
hotocatalysis
ethylene blue

speculated  that  the  g-C3N4 framework  was  partially  destroyed  to produce  cyano-containing  fragments,
which  resulted  into  the  variation  of  physical  and  optical  properties,  further  affecting  the  adsorption  and
photocatalytic  performance  of g-C3N4 on the dye  methylene  blue.  Furthermore,  we found  that  nitrate
anions  rather  than  sodium  or potassium  ions  had  important  effect  on the  structure  and  photocatalytic  per-
formance  of  g-C3N4. In addition,  the photocatalysis  mechanism  and  reusability  test  were  also  investigated
and  discussed  in the  study.
. Introduction

Semiconductor photocatalyts have attracted much attention
ue to its potential employments in organic and inorganic pollut-
nts remediation in wastewater in the last decade [1,2]. Among
umerous semiconductors reported, TiO2 is the most widely
esearched one because of its excellent photochemical stability,
ontoxicity, and high photocatalytic capability [3,4]. However, TiO2

s able to drive the photocatalysis through excitement by only
he ultraviolet light (� < 400 nm), accounting for about 4% of the
unlight, which greatly limits its practical applications [5]. Con-
equently, much effort has been made on the development of
hotocatalytic processes that efficiently utilized the visible light,

ncluding modification of TiO2 with metals [6], non-metals [7],
emiconductor oxides [8], and photo-sensitizers [9], or develop-
ent of new type photocatalysts with high activity under a wide
ange of visible light [10,11].
Most recently, polymeric graphitic carbon nitride (g-C3N4),

egarded as the most stable phase of covalent carbon nitride solids

∗ Corresponding author. Tel.: +86 21 55271722.
∗∗ Corresponding author. Tel.: +86 535 2109157.
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© 2013 Elsevier B.V. All rights reserved.

under ambient conditions, has been of great concern of a favor-
able photocatalyst because of the unique features, such as special
electronic and optical structure, and high chemical and thermal
stability [12,13]. Wang et al. firstly reported that g-C3N4 showed a
good photocatalytic performance for hydrogen or oxygen evolution
via splitting water under visible-light illumination in the presence
of sacrificial reagents [12]. Zou et al. confirmed that the metal-free
g-C3N4 had excellent performance on the photooxidation of organic
pollutants under visible light irradiation [14]. However, the photo-
catalytic efficiency of bare g-C3N4 was relatively low and far from
satisfactory. Several strategies have thus been adopted to enhance
the photocatalytic performance of g-C3N4, including designing an
appropriate textural porosity [15,16], doping with metal oxides
or nonmetal elements [17–19], and exfoliation of bulk phase to
nanosheets [20–23]. Though a lot of efforts have been exerted to
prepare structurally new g-C3N4 compounds, it is still a big chal-
lenge to manufacture g-C3N4 materials with enhanced visible-light
photocatalytic performance.

In this study, we have successfully prepared the g-C3N4 sam-
ples via co-pyrolysis of melamine and sodium nitrate or potassium

nitrate. It was reported that sodium nitrate could decompose to
nitrogen oxides and gaseous oxygen over 500 ◦C [24]. The resultant
nitrogen oxides might attack the tri-s-triazine at high tempera-
ture as oxidants to alter the framework of g-C3N4. The crystallinity,

dx.doi.org/10.1016/j.apsusc.2013.05.127
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apsusc.2013.05.127&domain=pdf
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hase, morphology, specific surface area, and optical property of
he samples were fully investigated. The photocatalytic activities
f the as-prepared samples were estimated by treating methylene
lue (MB) aqueous under visible light illumination (� > 420 nm).
he g-C3N4 synthesized in the presence of sodium nitrate showed
igh removal performance in comparison to pure g-C3N4 sample.
he enhancement of photocatalytic activity could be attributed to

 synergistic effect, including the strong adsorption of MB,  and low
and gap energy. The photocatalysis mechanism and reusability
est were also investigated and discussed systematically.

. Materials and methods

.1. Reagents

Melamine (C3H6N3, 99%), sodium nitrate (NaNO3, AR), potas-
ium nitrate (KNO3, AR), methylene blue (MB, AR), tert-butyl
lcohol (TBA, AR), disodium ethylenediaminetetraacetate dihy-
rate (EDTA-2Na, AR), terephthalic acid (TA, AR), and other
hemicals involved were purchased from Sinopharm Chemical
eagent Co., Ltd. (China) and used directly for the experiment with-
ut any further purification. All aqueous solutions were prepared
ith the deionized water.

.2. Preparation of modified g-C3N4 samples

In the experimental, co-pyrolysis of melamine together with
aNO3 was employed to synthesize modified g-C3N4 in a semi-
losed system. Typically, different molar ratios of melamine and
aNO3 were mixed and ground to fine powders using a mortar
nd a pestle. Then the finely ground powders were charged into a
overed ceramics crucible and heated at 500 ◦C in a muffle furnace
or 2 h and at 550 ◦C for another 2 h for the sake of further deam-

onation. The sample was allowed to cool to room temperature
efore removal from muffle furnace. The resultant powders were
ashed with dilute hydrochloric acid, absolute ethanol, deionized
ater, and acetone to remove any soluble impurities, and dried

vernight at 100 ◦C in an oven to obtain target samples, denoting
s g-C3N4-Sx, where S and subscript x (3, 5, 10, 20, 30) referred to
aNO3 and molar ratios of melamine to NaNO3, respectively. The
o-pyrolysis of melamine with KNO3 was conducted using a same
rotocol and corresponding compounds were denoted as g-C3N4-
x. Pure g-C3N4 was also synthesized as a reference from melamine
olycondensation under the identical condition, as reported [14].

.3. Characterization

X-ray diffraction (XRD) patterns were recorded on a Bruker
8 Advance X-ray diffractometer using Cu K� radiation source

� = 1.05406 Å). The accelerating voltage and the applied current
ere 40 kV and 80 mA.  The scanning electron micrographs (SEM)
ere taken on a Philips XL-30 electron microscope. The transmis-

ion electron microscopy (TEM) measurements were conducted on
 JEOL JEM-2011electron microscope with acceleration voltage of
00 kV. The specific surface areas of samples were measured by
2 sorption at the liquid-nitrogen temperature of 77 K using an
utomatic surface area and size analyzer (3H-2000PS2). All sam-
les were degassed at 473 K for 2 h prior to measurements. X-ray
hotoelectron spectroscopy (XPS) measurements were performed
sing a RBD upgraded PHI 5000 C ESCA System (Perkin Elmer)
ith Mg  K� (1253.6 eV) radiation. Thermal stability and phase

ransformation were carried out by using the thermogravimetric-

ifferential scanning calorimetry analysis (TG-DSC, STA-449C). The
etected temperature range was from room temperature to 800 ◦C
t a heating rate of 10 ◦C min−1. UV–vis diffuse reflectance spec-
ra (UV–vis DRS) were obtained on a UV–vis spectrophotometer
ience 280 (2013) 967– 974

(Hitachi U-4100) with BaSO4 as a reflectance standard. Fourier
transform infrared spectroscopy (FT-IR) was operated on a Bruker
V-70 Fourier transform-infrared spectrophotometer using a KBr
pellet technique. Elemental analysis (EA) was  carried out on an Ele-
mental Vario III elemental analyzer. Surface electrical property was
evaluated on a zeta potential analyzer (Malvern Zetasizer NANO
ZS).

2.4. Photocatalytic measurements

Photocatalytic measurements were carried out by decomposing
dye MB in aqueous solution using a LIMX-VII apparatus manu-
factured by Bylabo Precision Instrument Co. Ltd. (Xi’an, China). A
400 W halogen lamp (Institute for Electric Light Sources, Beijing)
with 420 nm cutoff filters was used as a light source to provide vis-
ible light irradiation. An aqueous solution of MB  (20 mgL−1, 40 mL)
containing photocatalyst powder (80 mg)  was  magnetically stirred
in the dark for 2 h to achieve the adsorption–desorption equilib-
rium between MB  molecules and photocatalyst. During irradiation,
3.5 mL  aliquots were sampled at fixed time intervals, diluted,
and centrifuged to remove suspended photocatalyst powders. The
supernatant solution was analyzed by a UV–vis spectrophotometer
(Purkinje General T6) at the maximum absorption band 664 nm.

The catalyst durability was estimated according to the pro-
cedure below: after each run, the catalyst was collected from
aqueous solution by centrifugation, washed with deionized water
and ethanol for several times, and dried overnight at 100 ◦C. After-
wards, each recycling test was performed under same conditions.

The effects of various active species on the degradation of MB
were examined to understand the photocatalytic mechanism. Typ-
ically, a certain amount of photocatalyst with EDTA-2Na (10 mM,  a
quencher of h+) or TBA (10% by volume, a quencher of •OH) was  dis-
persed in MB  solution (40 mL,  20 mgL−1). The method was similar
to the former photocatalytic measurements.

The detection of hydroxyl radicals amount (•OH)  was conducted
according to the literature [17]. The fluorescence spectra of gen-
erated 2-hydroxy terephthalic acid (TAOH) were measured on a
Shimadzu RF-5301PC spectrofluorophotometer with the employed
excitation light 320 nm.

3. Results and discussion

3.1. XRD patterns

Fig. 1 shows X-ray diffraction patterns for all as-synthesized
samples. It is well known that the g-C3N4 is constructed based
on tri-s-triazine building blocks. The high-intensity peak at around
27.7◦ is a characteristic (0 0 2) interlayer stacking reflection of con-
jugated aromatic segments. The calculated interlayer distance of
aromatic units (d = 0.325 nm)  is relatively smaller than that of the
crystalline g-C3N4 (d = 0.34 nm)  [14]. The small peak at nearly 13.2◦,
indexed as (1 0 0), is relevant to the in-plane structural repeating
motif, like the hole-to-hole distance of the continuous tri-s-triazine
pores [25,26]. The presence of both well-resolved diffraction peaks
identifies the formation of graphite C3N4 framework. Comparing
with the pure g-C3N4, the (1 0 0) diffraction peak of g-C3N4-Sx

becomes gradually decrease with the increase of NaNO3 amount
and completely disappears when molar ratio of melamine to NaNO3
is beyond 5:1. It might presumably be attributed to that the pres-

ence of NaNO3 could partially destroy the graphitic structure to
produce some fragments, and thus somewhat altered the in-plane
structural repeating network [27]. The same phenomenon was also
observed in g-C3N4-Px samples.
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ig. 1. XRD patterns of (a) g-C3N4-S3; (b) g-C3N4-S5; (c) g-C3N4-S10; (d) g-C3N4-S20;
e)  g-C3N4-S30; (f) g-C3N4; (g) g-C3N4-P5; (h) g-C3N4-P10.

.2. FT-IR spectra

FT-IR spectra in Fig. 2 present a comparison of g-C3N4-Sx and g-
3N4-Px series to pure g-C3N4 in chemical structure. The strong
bsorption band in the range of 1200–1650 cm−1 is assigned to
he typical skeletal stretching vibrations of the s-triazine or tri-s-
riazine and the sharp peak centered at 808 cm−1 is a characteristic
reathing mode of the triazine units [28]. The broad adsorption
and at 3100–3300 cm−1 is indexed to the stretching vibration
odes of residual N H components or the O H bands, associat-

ng with uncondensed amino groups and absorbed H2O molecules,
espectively [29]. Interestingly, a small peak ranging from 2100 to
200 cm−1 is found among the g-C3N4-Sx and g-C3N4-Px series and
nhances with the increase of NaNO3 or KNO3 amount, assign-
ng to the presence of C N triple bonds [28,30]. It was  reported
hat NaNO3 started to decompose over 500 ◦C to generate molec-
lar oxygen and nitrogen oxides [24]. The generated nitrogen

xides were suspected to role as oxidation reagents to attack and
ubsequently broke the tri-s-triazine units to produce C N moiety-
ontaining fragments. The partial collapse of g-C3N4 framework

ig. 2. FT-IR spectra of (a) g-C3N4-S3; (b) g-C3N4-S5; (c) g-C3N4-S10; (d) g-C3N4-S20;
e) g-C3N4-S30; (f) g-C3N4; (g) g-C3N4-P5; (h) g-C3N4-P10.
ience 280 (2013) 967– 974 969

was also proven by the decrease of intensity of the absorption
band in a range of 1200–1650 cm−1 and the peak centered at
808 cm−1, and the absence of (1 0 0) peak in XRD analysis as well.
Similar results were found in Yue’s report when they doped zinc
species into g-C3N4 framework to prepare a metal-containing car-
bon nitride [27] and Wang’s observation when they exfoliated the
bulk g-C3N4 to nanosheets [23].

3.3. XPS analysis

X-ray photoelectron spectroscopy (XPS) was further utilized
to investigate the chemical compositions and structural environ-
ments of the g-C3N4-S5 and pure g-C3N4. In Fig. 3B and C, the XPS
C 1s peaks and N 1s peaks of g-C3N4-S5 and g-C3N4 are almost
identical, revealing that the graphite carbon nitride framework was
mainly retained after addition of NaNO3, even some parts of frame-
work were destroyed, identified by XRD and FT-IR analysis. The
XPS C 1s can be deconvoluted into two components with binding
energy of 284.6 eV (C1) and 287.6 eV (C2). The former peak cen-
tered at 284.6 eV is typically ascribed to graphitic carbon adsorbed
to the surface. The last peak with binding energy of 287.6 eV corre-
sponds to N C N groups of triazine rings [18]. In Fig. 3C, the XPS
N 1s peaks are composed of three peaks centered at 398.1 eV (N1),
399.1 eV (N2), and 400.7 eV (N3). The N1 peak assigning to nitrogen
sp2-bonded to carbon demonstrates the presence of triazine rings,
while both the N2 and N3 peaks are relevant to the presence of
the C N H and C N bonding, respectively [31]. The O 1s signal in
Fig. 3D is presumably due to the absorbed H2O or CO2 molecules on
the samples surface [32], consisting with the above FT-IR analysis.
Only three elements (C, N, O) can be observed in pure g-C3N4, how-
ever, a signal assigning to element sodium is found in the sample
g-C3N4-S5, as seen in Fig. 3A. Element potassium is also observed
in Fig. A.1., though the signal is overlapped by C1s peak.

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.apsusc.2013.05.127.

3.4. TG analysis

The thermal stability and phase transformation were carried
out in an open system by using the thermogravimetric-differential
scanning calorimetric analysis in Fig. 4. A slight weight loss is
observable at the temperature 20–200 ◦C, owning to the removal
of physically absorbed water [33]. In addition, the weight loss
increases with the increase of NaNO3 involved, especially g-C3N4-
S5 with a weight loss nearly 10%. Pure g-C3N4 becomes unstable
when the heating temperature is above 400 ◦C, and heating to
650 ◦C results in no residue of the material being detectable. Similar
phenomena are found for g-C3N4-Sx series, except some residues
retained in g-C3N4-Sx series over 650 ◦C. TG-DSC analyses of g-
C3N4-Sx were supplied in Fig. A.2–5. Moreover, the amount of
residue retained, identified as sodium species in XPS description,
increases along with the increase of NaNO3 addition. It was under-
standable that some NaNO3 might be coated by layers of melamine
during grinding and these sodium species were residually retained
after calcinations, even washed with deionized water and organic
solvents for several times. Similarly, residue potassium species
were also detectable from XPS spectra. In addition, we studied
the effect of sodium or potassium species on the structure of
formed g-C3N4 series. From Fig. A.6, XRD patterns of g-C3N4-S5
and g-C3N4-P5, and g-C3N4-S10 and g-C3N4-P10 are almost identi-
cal, respectively. However, XRD patterns of g-C3N4-S5 or g-C3N4-P5

are quite different from g-C3N4-S10 or g-C3N4-P10. It indicated that
amount of nitrate ions had crucial effect on the structure of g-C3N4
and sodium or potassium species only played roles of counter-ions,
which was  also proven in Fig. A.7.

http://dx.doi.org/10.1016/j.apsusc.2013.05.127
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presence of these fragments was  the main reason causing red shift
of adsorption edge of modified g-C3N4 samples, the shrinkage of
band gap, and increase of C/N atom ratios.
Fig. 3. XPS spectra (A) spectra, (B) C 1s, (C) N 1s fo

Supplementary material related to this article found, in the
nline version, at http://dx.doi.org/10.1016/j.apsusc.2013.05.127.

.5. UV–vis diffuse reflectance spectroscopy

The optical property of the g-C3N4-Sx series and pure g-C3N4
ere measured by UV–vis diffuse reflectance spectroscopy, as

hown in Fig. 5. The adsorption edges and corresponding band
ap energy of the as-synthesized samples are listed in Table 1.
he adsorption edge of the pure g-C3N4 sample was  estimated at
pproximately 454 nm and the corresponding band gap energy was
alculated as 2.73 eV [12]. Thus, visible light (� > 420 nm) irradia-
ion was capable of exciting pure g-C3N4 to produce photoinduced
lectrons and holes, facilitating the photocatalytic reactions. Fur-
her observation indicated that all g-C3N4 samples prepared with
he addition of NaNO3 exhibited strong light absorption and obvi-
us red shift of adsorption edge in comparison to pure g-C3N4. Red
hift of adsorption edge and the increased light absorption meant
ore visible light harvesting and shrinkage of band gap energy
eant the ease of producing photoinduced electrons and holes [34].

n addition, C/N atom ratios of g-C3N4-Sx series ranging 0.656 to

.695 by elemental analysis were relatively large in comparison to
hat of pure g-C3N4. Based on the XRD and FT-IR analysis, partial
estroy of continuous tri-s-triazine units after addition of NaNO3
roduced some cyano moiety-containing fragments, which were
-C3N4-S5 and (b) g-C3N4; (D) Na 1s for g-C3N4-S5.

defects on the regular graphite framework. We  attributed that the
Fig. 4. TG thermograms of the as-prepared g-C3N4 samples.

http://dx.doi.org/10.1016/j.apsusc.2013.05.127
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Table 1
Chemical compositions, adsorption edges, band gaps, and specific surface areas of pure g-C3N4 and g-C3N4-Sx series.

Samples C (at%) N (at%) C/N ratio Adsorption edge (nm) Band gap (Eg) SBET (g/m2)

g-C3N4-S3 33.9 61.0 0.648 453 2.74 2.78
g-C3N4-S5 30.9 51.9 0.695 473 2.62 4.72
g-C3N4-S10 30.6 53.2 0.671 472 2.63 5.46
g-C3N4-S20 32.0 56.8 0.658 

g-C3N4-S30 33.9 60.1 0.656 

g-C3N4 33.9 60.4 0.648 
Fig. 5. UV–vis diffuse reflectance spectra of g-C3N4-Sx and bulk g-C3N4.

Fig. 6. SEM images of (a) g-C3N4 and (b) g-C3N4-S5;
483 2.57 7.58
475 2.61 9.55
454 2.73 5.66

3.6. SEM and TEM

The morphologies of samples g-C3N4 and g-C3N4-S5 were inves-
tigated by scanning transmission microscopy (SEM, Fig. 6a and b)
and transmission electron microscopy (TEM, Fig. 6c and d). The
particles in both samples exhibit layered and plate-like surface
morphologies, as seen in Fig. 6c and d. It is noted that porous struc-
tures are only found in g-C3N4, g-C3N4-S30, and g-C3N4-S30 (both
not shown here), indicating that ammonia is gradually released
during the heat treatment [14]. However, there is no porous struc-
ture observed in g-C3N4-S5, possibly attributing to the blockage
of these pores by sodium species retained. Moreover, particles of
g-C3N4 are in separate irregular forms but particles of g-C3N4-S5
appear to aggregate to bulk form with small particles surrounded,
in Fig. 6a and b. These observations can deduce that NaNO3 involve-
ment might change the morphology of C3N4 samples, thus changing
the corresponding surface specific areas, as seen in Table 1.
3.7. Photocatalytic measurements

MB was  selected as the target pollutant to evaluate the photo-
catalytic activities of the as-synthesized samples under visible-light

 TEM images of (c) g-C3N4 and (d) g-C3N4-S5.
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Fig. 9. (A) Comparison of photocatalytic activities for the degradation of MB with
ig. 7. The temporal evolution of the absorption spectra of the MB  solution with
-C3N4-S10 under visible light irradiation (inset: photo images of degraded MB
olutions at different time intervals).

rradiation from a 400 W halide lamp. Fig. 7 shows the temporal
volution of the absorption spectra of the MB  solution catalyzed
y g-C3N4-S10. It was reported that main absorption peak of MB  in
he presence of g-C3N4 were blue shifted from 663 nm to 609 nm
uring visible light irradiation [35]. However, in our photocatalytic
xperimental there was no blue shift of main peak of MB  observ-
ble. As a result, the characteristic absorption peak at 664 nm was
mployed to evaluate the photocatalytic degradation in this study.

Fig. 8 depicts the variations of MB concentration (C/C0, C is the
oncentration of MB at irradiation time t, C0 is the initial concen-
ration of MB)  versus irradiation time over as-prepared g-C3N4-Sx

amples and pure g-C3N4. It is evident that direct photolysis of
ye MB  molecules is negligible in this investigation, as shown

n Fig. 8. All g-C3N4-Sx samples show stronger adsorption and
igher degradation capability than pure g-C3N4, especially g-C3N4-
5. Actually, Liu reported that g-C3N4 prepared by simple pyrolysis
f urea showed good adsorption on MB  and no explanation was
rovided [32]. We  could not attribute the stronger adsorption

bility of g-C3N4-S5 to physical adsorption because of the simi-
ar surface specific areas of g-C3N4-S5 (4.72 g/m2) to pure g-C3N4
5.66 g/m2). In addition, we speculated that in our experimental,

ig. 8. Photocatalytic degradation of MB  over various photocatalysts. (a) g-C3N4-
3; (b) g-C3N4-S5; (c) g-C3N4-S10; (d) g-C3N4-S20; (e) g-C3N4-S30; (f) g-C3N4; (g) MB
hotolysis.
or  without addition of EDTA-2Na and TBA under visible light irradiation. (B) Fluo-
rescence spectra of TAOH solution generated by g-C3N4-S10.

�–� stacking interaction between molecular MB  and g-C3N4-S5
was not the main effect since under identical condition no adsorp-
tion of MB  molecules to pure C3N4 was observed at all [36,37].
Finally, we measured the zeta potential values of both g-C3N4-
S5 (−37.4 mV)  and pure g-C3N4 (−18.6 mV)  on a zeta potential
analyzer via dispersing samples into the deionized water. Compar-
ing to pure g-C3N4, g-C3N4-S5 surface with more negative charges
favored to interact with cationic dye MB molecules, thus favoring
adsorption of MB  molecules accordingly. As a result, the strong
adsorption ability of g-C3N4-S5 on MB was greatly related to the
ionization state of catalyst surface. The photocatalytic ability of
all samples was  in a sequence of g-C3N4-S5 > g-C3N4-S10 > g-C3N4-
S20 > g-C3N4-S30 > g-C3N4, that was, the g-C3N4-Sx with increase
of NaNO3 amount showed enhanced adsorption and degradation
capability on MB.  Among all samples tested, g-C3N4-S5 was  the
best candidate to remove MB  over 95% after only 60 min irradia-
tion. The effect of sodium and potassium species was investigated
on the photocatalytic performance of g-C3N4 samples, as seen in
Fig. A.8. The g-C3N4 samples made from same molar ration of
melamine to NaNO3 or KNO3 provide almost same photocatalytic
degradation efficiency, revealing that nitrate ions not sodium or
potassium species exerted obvious effect on the photocatalytic

measurements.

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.apsusc.2013.05.127.

http://dx.doi.org/10.1016/j.apsusc.2013.05.127
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Fig. 10. (A) Cycling runs for the photocatalytic degradation of MB  in presence of g-
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3N4-S10 under visible light irradiation. (B) XRD patterns of g-C3N4-S10 before and
fter the cycling photocatalytic experiments. (C) FT-IR spectra of g-C3N4-S10 before
nd  after the cycling photocatalytic experiments.

Photogenerated holes and hydroxyl radicals are two main
pecies for the oxidization of organic molecular in aqueous solution.
n order to deep understand the photocatalysis, we  investigated the

ffects of holes and hydroxyl radicals on the photocatalytic evalu-
tion, as shown in Fig. 9A. tert-Butyl alcohol (TBA) was  selected
s a •OH scavenger because it could efficiently entrap the •OH
adicals [19]. The addition of TBA caused a small change for the
ience 280 (2013) 967– 974 973

photodegradation of MB,  revealing that the hydroxyl radicals were
not the main active species. However, the photodegradation effi-
ciency of MB  over g-C3N4-S10 significantly reduced from 70 to
40% after irradiation for 120 min  after introducing EDTA-2Na as
hole scavengers [38]. These results indicated that the holes played
a dominant role in the photodegradation of MB  over sample g-
C3N4-S10. Photoluminescence technique was further employed to
detect the hydroxyl radicals formed on the surface of photocata-
lysts in a semi-quantitative manner by checking the fluorescent
intensity of 2-hydroxyterephthalic acid. As shown in Fig. 9B, only
slight increase of hydroxyl radicals can be detectable in the photo-
catalytic system, further implying that the oxidation of MB  dye in
aqueous solution was not mainly caused by hydroxyl radicals.

The recovery and durability of a given catalyst during a photo-
catalytic reaction are crucial factors for real industrial applications.
Sample g-C3N4-S10 was selected to operate photocatalysis for four
runs through simply centrifugation, washed with ethanol and
water for several times, and dried in an oven. There is no obvious
decrease of photocatalytic efficiency over MB under visible light
irradiation in the recycling reactions, as seen in Fig. 10A. Fig. 10B
and C shows XRD and FT-IR patterns of g-C3N4-S10 before and after
2 h visible light irradiation for the photodegradation of MB.  The
crytallinity, phase, and chemical structure of g-C3N4-S10 remained
unchanged before and after reactions. Hence, the modified g-C3N4
samples were robust and hold an extraordinarily high stability
and recyclability. Coupling with the simple preparation and easy
recovery, these catalysts may be good alternatives for pollutants
treatment and water remediation and will have a potential to real
applications in industries.

4. Conclusions

In summary, a facile modification of g-C3N4 through co-
pyrolysis of melamine and sodium nitrate was conducted in this
investigation and the as-synthesized samples were characterized
by a collection of techniques, such as XRD, SEM, TEM, UV–vis DRS,
nitrogen adsorption, XPS, FT-IR, and element analysis. Based upon
structural analysis, we concluded that g-C3N4 framework was par-
tially destroyed to produce cyano-containing fragments, which
greatly altered the physical and optical properties of g-C3N4, fur-
ther influencing the adsorption and photocatalytic performance of
g-C3N4 on MB aqueous. The modified g-C3N4 samples were robust
and able to use at least for four runs without obvious activity loss.
In addition, the photocatalysis mechanism was also investigated by
entrapping active species.
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