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a  b  s  t  r  a  c  t

The  construction  of  multi-porous  nanostructured  g-C3N4 photocatalyst  is  an efficient  strategy  to  sepa-
rate  charge  carriers  and enhance  the  photocatalytic  activity  in the  visible  light  region.  Here we utilized
a  simply  thermal  condensation-assisted  colloidal  crystal  template  method  to  construct  the  novel  and
highly efficient  three  dimensionally  ordered  macroporous  (3DOM)  g-C3N4 photocatalyst  for  the  pho-
tocatalytic  oxidation  of pollutants.  The  effects  of  microstructure,  crystallinity,  textural  properties  and
optical  absorption  ability  on  the photocatalytic  activity  of  3DOM  g-C3N4 have  been  systematically  probed.
Characterization  and  photocatalytic  test  results  showed  that  the  3DOM  architecture  has  the  unique  struc-
ture sensitive  property  to light  trapping,  reactant  transfer  and photoreaction,  and  this  property  leads
3DOM  g-C3N4 to produce  a narrowed  electronic  band  gap  (2.65  eV)  and  own  superior  photocatalytic
tructure sensitive property
ctive site

performance  for the  degradation  of organic  dye.  Compared  to  pure  g-C3N4 (lamellar  structure),  3DOM
g-C3N4 shows  approximately  5.3  times  higher  catalytic  activity.  A possible  mechanism  of  the  photoactiv-
ity  enhancement  was  proposed  based  on the  photocurrent  measurement,  photoluminescence  analysis
and the  quenching  experiments.  This  work  highlights  that the  construction  of 3DOM  architecture  could
provide  a useful  strategy  to design  and  fabricate  highly  efficient  g-C3N4 photocatalysts.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The construction of three dimensionally ordered macroporous
3DOM) architecture has been one of the most attractive options to
mprove the performances and extend the applications of semicon-
uctor materials [1–4]. It has been known that the materials with
DOM architecture not only possess uniformly distributed macrop-
rous structure and high porosity [5–7], but also own  strong photon
rapping capacity and electron transport ability [8,9], and these
bove structure characteristics for the 3DOM semiconductors can
e acted as the optical absorption active sites, which can facilitate
he light trapping and charge separation and migration. Besides
he unique optoelectronic properties, the most attractive feature
f the 3DOM materials is their special structure sensitive property
or catalytic reaction, because this kind of advanced architecture
ith an open, interconnected macroporous network could supply
 large number of surface defects, step positions and atom vacan-
ies on their inside and outside surfaces, and these unique spots

∗ Corresponding authors.
E-mail addresses: guidongyang@mail.xjtu.edu.cn (G. Yang),

haoyuxin1@yeah.net (Y. Zhao).

ttp://dx.doi.org/10.1016/j.apcatb.2016.05.069
926-3373/© 2016 Elsevier B.V. All rights reserved.
can sever as “interfacial chemical reaction active sites” to enhance
the absorption, mass diffusion and removal of reactant during
the photocatalytic reaction. Owing to the co-existence of opti-
cal absorption active sites and interfacial reaction active sites, the
3DOM materials have shown extremely high use-value in various
applications, particular in the solar energy conversion and environ-
mental protection. Till date, various 3DOM photocatalytic materials
have been successfully synthesized through the colloidal crystal
template method, including 3DOM N-TiO2 [8], 3DOM InVO4-BiVO4
[9], 3DOM Pr6O11, 3DOM Tb4O7 [10], 3DOM Co3O4 [11], etc. All the
above-mentioned 3DOM materials show more efficient visible light
utilization and improved photocatalytic activity.

Recently, as a new form of metal-free organic semiconductor
material, graphitic carbon nitride (g-C3N4) has become a hotspot
in the field of photocatalysis. This material possesses outstanding
optical and electronic properties, remarkable thermal and chemical
stability, easily adjustable band structure, low cost and facilely syn-
thetic process [12–14]. However, the traditional two-dimensional
lamellar g-C3N4 has some prominent disadvantages, such as the

relatively narrow visible light responsive region, poor quantum
efficiency caused by the high recombination probability of pho-
togenerated electron-hole pairs and the low specific surface area.
To overcome the inherent disadvantages of g-C3N4, a large num-

dx.doi.org/10.1016/j.apcatb.2016.05.069
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2016.05.069&domain=pdf
mailto:guidongyang@mail.xjtu.edu.cn
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dx.doi.org/10.1016/j.apcatb.2016.05.069
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er of strategies have been developed, for instance by doping with
onmetallic elements to harvest a wider portion of solar light
15], by coupling with a narrow matched band gap semiconduc-
or to promote the effective separation of photogenerated charges
16] and by constructing porous nanostructures to increase the
hotocatalytic reactive surface area [17]. In recent years, prepara-
ion of g-C3N4 with porous nanostructures, especially with 3DOM
tructure, has been considered to be a promising way to obtain a
igh-performance visible-light-induced g-C3N4 photocatalyst. As

s well known, compared with the two-dimensional lamellar g-
3N4, the 3DOM g-C3N4 with periodic macroporous structure not
nly can produce numerous access channels for the mobility of pho-
ogenerated carriers and the transfer of reactant species, but also
an increase the visible light absorption efficiency induced by mul-
iple scattering and slow photon [3,8]. To date, however, it is still
xtremely challenging to seek an efficient synthetic approach for
DOM g-C3N4 photocatalyst. Because the common g-C3N4 grain
ith large sheet-like structure is extremely hard to be wrapped

nd immersed into the interstices of the templates, so that the
ormation process of three dimensionally ordered macroporous
rchitecture for g-C3N4 is quite difficult to achieve under this situ-
tion. Until now, to the best of our knowledge, there is few work on
tudying the 3DOM g-C3N4, except the 3DOM g-C3N4/C composite
ery recently reported by Liang et al. [18], which prepared through
oupling g-C3N4 on the framework of 3DOM carbon material.

In this paper, the novel g-C3N4 with three dimensionally
rdered macroporous architecture was firstly constructed via a
hermal condensation-assisted colloidal crystal template method.
t is worth noting that the construction of 3D ordered mesoporous
ore-shell SiO2 template is the key step for guaranteeing the suc-
essful preparation of 3DOM g-C3N4, because this special template
an effectively prompt the precursor to fill into the voids in the
esoporous SiO2 shell and prevent the loss of active ingredi-

nts during calcination process. The microstructure, crystal phase,
extural properties and optical absorption ability of the obtained
hotocatalysts were studied by a variety of techniques, and the
romising application value of 3DOM g-C3N4 was  evaluated by
he photodegradation of rhodamine B (RhB) under visible-light
�≥420 nm)  illumination. On basis of the characterization and pho-
ocatalytic results, the relationship between 3DOM structure and
hotoactivity of g-C3N4 was proposed.

. Experimental

.1. Material synthesis

All reagents for synthesis and analysis were commercially avail-
ble and used without further treatment.

.1.1. Synthesis of 3D ordered mesoporous core-shell SiO2
anospheres

The solid SiO2 core was prepared according to our previously
eported method [19]. Typically, 10 mL  of tetraethyl orthosilicate
TEOS) was dispersed in 50 mL  of ethanol with vigorous stirring
o form solution A, meanwhile, 10 mL  of aqueous ammonia and
0 mL  of deionized water were added to 50 mL  of ethanol with
igorous stirring to form solution B. The solution A and solution

 were mixed, constantly stirred and heated at 40 ◦C for 2.5 h to
btain the uniform SiO2 nanospheres (solid SiO2 core). Then a mix-
ure solution of certain amount of TEOS, polyvinylpyrrolidone (PVP)
30 (Mw ∼ 40 000) and ethanol was added dropwise to the above

ilica sol with vigorous stirring at 40 ◦C for 2 h to form the SiO2
hell covered on the surface of solid SiO2 core. And after standing
t room temperature overnight, the mixed solution was centrifuged
o construct the ordered structure, and then dried at 60 ◦C in a
onmental 198 (2016) 276–285 277

vacuum drying oven for 12 h. The dried ordered SiO2 template
was calcinated at 700 ◦C for 6 h in air to remove PVP and obtain
the mesoporous shell. The final 3D ordered mesoporous core-shell
SiO2 nanospheres with the average diameter of 280–340 nm were
obtained following this way.

2.1.2. Synthesis of 3DOM g-C3N4
Certain amount of 3D ordered mesoporous core-shell SiO2 tem-

plate was treated with 10 mL  of 1 M HCl solution, then dried in a
drying oven at 60 ◦C for 12 h. The treated SiO2 template was impreg-
nated into 2 g of melted cyanamide liquid at 60 ◦C for 12 h. Then the
mixture was vigorous stirred at 60 ◦C for 6 h and dried in water bath
at 80 ◦C to obtain white solid. Next, the mixture was calcined at
550 ◦C for 4 h in a tube furnace with a heating ramp of 2.3 ◦C min−1

in nitrogen atmosphere. Finally, the 3DOM g-C3N4 was obtained
by removing the 3D ordered mesoporous core-shell SiO2 template
with hydrofluoric acid.

2.1.3. Synthesis of pure g-C3N4
2 g cyanamide was directly calcined at 550 ◦C for 4 h in a tube fur-

nace with a heating ramp of 2.3 ◦C min−1 in nitrogen atmosphere,
the resultant canary yellow powder was collected for using as a
reference.

2.2. Characterization

The crystal structures of all as-prepared photocatalysts were
detected by X-ray diffraction (XRD; SHIMADZU, Lab X XRD-
6000). The microstructures and morphologies of all samples were
examined by transmission electron microscopy (JEOL, JEM-2100)
and scanning electron microscopy (JEOL, JSM-6700F, 200 kV).
UV–vis diffuse reflectance spectra (DRS) were recorded on a
Hitachi U-4100 UV–vis spectrometer using BaSO4 as the refer-
ence. Fourier transform infrared (FT-IR) spectra were conducted
on a Nicolet Avatar 360 FT-IR instrument. The textural properties
of photocatalysts were investigated using a BET analyzer (ASAP
3000), and specific surface area and pore size distribution of the
samples were obtained by the Brunauer-Emmett-Teller (BET) equa-
tion and Barrett-Joyner-Halenda (BJH) method, respectively. CO2
temperature-programmed desorption (CO2-TPD) tests were per-
formed on a ChemBET Pulsar TPR/TPD apparatus (Quantachrome,
U.S.A.) over a temperature range of 60–380 ◦C at a ramp rate of
10 ◦C min−1 in helium atmosphere. The photoluminescence (PL)
emission spectra were measured using a HORIBA JY Fluorolog-3
type fluorescence spectrophotometer with an excitation wave-
length of 340 nm.

2.3. Adsorption measurement

The adsorption experiments were executed to investigate the
adsorption performances of the samples. Briefly, 0.07 g of the as-
prepared photocatalysts were added into 70 mL  of Rhodamine
B (RhB, 10 mg  L−1) aqueous solution and stirred in the dark.
Every 5 min, 3 mL  of the solution was collected and centrifuged
to isolate the photocatalyst powder, and the concentration of fil-
trated RhB solution was analyzed by a UV–vis spectrophotometer
(UV-1900PPC, Shanghai, China) at the maximum characteristic
wavelength of 554 nm.

The capacity of the photocatalysts to adsorb RhB molecules can
be calculated by the following formula:

Qt = C0 − Ct × V (1)

M

where Qt (mg  g−1) represents the instantaneous amount of
adsorbed RhB on per gram of the photocatalyst (at time t), C0 and Ct

represent the initial and instantaneous (at time t) concentration of
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easily self-assembled to obtain 3D ordered opal frame through a
centrifugation method. Subsequently, the as-prepared 3D ordered
SiO2 array was calcined at 700 ◦C in order to completely remove
the PVP surfactant and thus generate multitudinous pores in the

10 20 30 40 50 60

(100)

(002)

3DOM g-C3N4In
te

ns
it

y 
(a

.u
.)

2 Theta ( deg.)

(a)

Pure g-C3N4

4000 30 00 200 0 1000

3682

3165

3DOM g-C3N4

T
ra

ns
m

it
ta

nc
e 

(%
)

Pure g-C3N4

(b)

809
Fig. 1. Schematic illustration of t

hB, respectively, M represents the mass of the photocatalyst, and
 represents the volume of the solution.

.4. Photocatalytic activity measurement

The photocatalytic activities of the samples were evaluated
y the degradation of RhB (10 mg  L−1) solution with a 300 W
enon lamp (HSX-F300, Beijing NBeT) as the visible light source

� ≥ 420 nm). Before illumination, 0.07 g of the photocatalysts were
dded to 70 mL  of RhB aqueous solution and stirred in the dark for
0 min  to reach the adsorption/desorption equilibrium. Then the
ixed solution was exposed to visible light irradiation (� ≥ 420 nm)

nder magnetic stirring. Every 8 min, 3 mL  of the solution was  with-
rawn to isolate the photocatalysts. Similarly to the adsorption
xperiments, the concentration of residual RhB solution was tested
y the above UV–vis spectrophotometer. The recycled experiments
ere carried out under the same reaction conditions to further

nvestigate the reusability and stability of the 3DOM g-C3N4 sam-
le. After every 40 min  photoreaction, the separated photocatalyst
articles were washed and dried for 4 h at 80 ◦C, then put into
he same volume of fresh RhB solution (10 mg  L−1) to perform the
ext cyclic experiment. To shed light on the main reactive oxygen
pecies, the quenching texts of the active species were performed
y using different scavengers.

.5. Photoelectrochemical measurement

The photocurrent response and electrochemical impedance
pectra (EIS) of the as-prepared photocatalysts were assessed on
n electrochemical station (CHI 660D, Chenhua, Shanghai, China) in

 typical three-electrode system, whose electrolytes were Na2SO4
queous solution (2 M)  and the mixed solution of KCl (0.2 M)  and
3[Fe(CN)6] (0.005 M)  with the volume ratio of 1:1, respectively. A
latinum wire and Ag/AgCl (3 M KCl) were served as the counter
lectrode and the reference electrode, respectively. The glassy car-
on electrodes (GCE, 0.07065 cm2) modified with pure g-C3N4 and
DOM g-C3N4 were used as the working electrodes.

. Results
The overall synthetic strategy of 3DOM g-C3N4 is schemati-
ally displayed in Fig. 1. The initial SiO2 nanosphere collosol (solid
iO2 core) was synthesized based on a modified Stöber’s method
entioned in our previous paper [19]. And then another batch of
thetic strategy of 3DOM g-C3N4.

TEOS, EtOH and the desired amount of PVP was added dropwise
into SiO2 nanosphere collosol, where PVP was used as the poro-
gen agent to generate a mesopores SiO2 shell under solvothermal
condition. After that, a layer of mesoporous silica was covered on
solid SiO2 core to form core-shell silica material. In the follow-
ing step, these monodisperse core-shell SiO2 nanospheres can be
Wavenumber (cm-1)

Fig. 2. X-ray diffraction patterns (a) and FT-IR spectra (b) of pure g-C3N4 and 3DOM
g-C3N4.
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ig. 3. SEM images of (a) pure g-C3N4 and (c, d) 3DOM g-C3N4; TEM images of (b) 

-C3N4.

esoporous shell. These presented pore structure could provide
lenty of necessary space for the cyanamide liquid loading. With an

ncrease of aging time, countless cyanamide molecules were filled
nto the interstices of 3D SiO2 opal frame and the mesoporous shell
o obtain 3D cyanamide/silica hybrids, which can be conveniently
onverted to 3D g-C3N4/silica composite via thermal condensation
f cyanamide calcining at 550 ◦C. At last, the final 3DOM g-C3N4 can
e produced after removing the 3D SiO2 template by hydrofluoric
cid.

Fig. S1 shows the SEM and TEM images of the solid SiO2 core and
he resulting mesoporous core-shell SiO2 nanospheres. As shown
n Fig. S1a–c, the solid SiO2 cores present monodisperse nanospher-
cal structure with an average diameter of around 210 nm.  In Fig.
1d, it can be observed from the large area SEM image that numer-
us ordered and closely packed SiO2 core-shell nanospheres were
dhered to form the three-dimensional periodic array structure.
urthermore, both the SEM and TEM images (Fig. S1e–f) of the 3D
iO2 template indicate the uniform silica sphere with an average
iameter of around 310 nm,  and which also clearly present a rep-

esentative core-shell structure with a solid core of about 210 nm
nd a mesoporous shell of about 50 nm.  Besides, the textural infor-
ation of the SiO2 core and 3D core-shell SiO2 template (Fig. S2

nd Table S1) shows that the average mesoporous size of the core-
-C3N4 and (e) 3DOM g-C3N4; SAED images of (b, inset) pure g-C3N4 and (f) 3DOM

shell SiO2 is centralized at 5.64 nm,  which has a little increase in
comparison with solid SiO2 core, indicating that the mesoporous
SiO2 shell has been successfully covered on the outside surface of
SiO2 core, however, the slight reduction of pore volume and BET
surface area of the core-shell SiO2 may  be due to the blocking of
partial pore channels.

Fig. 2a shows the X-ray diffraction patterns of pure g-C3N4 and
3DOM g-C3N4. It was clear that both of the samples have similar
XRD profiles, and the sharp peak at around 27.3◦ can be indexed
to the (002) crystal plane of g-C3N4 due to the interlayer stack-
ing of melon networks of g-C3N4, while a minor peak at around
13.0◦ can be attributed to the (100) crystal plane of g-C3N4 due
to the repetitive in-plane tri-s-triazine units [20,21]. To be care-
fully compared, it could be observed that the above-mentioned
two peaks presented gradually increasing intensity from nanopar-
ticle to 3DOM structure, indicating that the construction of 3DOM
microstructure is beneficial for the improvement of g-C3N4 crys-
talline degree. In comparison with the lamellar g-C3N4, the (002)
reflection peak of 3DOM g-C3N4 sample showed a tiny shift from

27.2◦ to 27.4◦, this phenomena may  be caused by the increased
internal compaction in the 3DOM structure [22]. Fig. 2b shows the
FT-IR spectra of pure g-C3N4 and 3DOM g-C3N4. These profiles of
samples present a similar trend and several obvious peaks can be
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Table 1
BET surface areas, average pore sizes and pore volumes of pure g-C3N4 and 3DOM
g-C3N4.

Samples SBET

(m2 g−1)
Average pore size
(nm)

Pore volume
(cm3 g−1)

Pure g-C3N4 9.74 21.28 0.0679
3DOM g-C3N4 24.63 34.84 0.1503
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ig. 4. Nitrogen adsorption-desorption isotherms (a) and pore-size distributions (b)
f  pure g-C3N4 and 3DOM g-C3N4.

asily observed: the bands centered at around 809 cm−1 and in the
ange of 1200–1700 cm−1 could be assigned to the bending modes
f triazine ring motifs and the stretching modes of CN heterocycles
23,24], respectively. The bands at 3165 cm−1 and at 3682 cm−1 cor-
espond to the N-H components (secondary and primary amines)
25] and the hydroxyl groups [26,27], respectively.

Fig. 3 shows the typical SEM and TEM images together with the
AED images of pure g-C3N4 and 3DOM g-C3N4. It can be seen
rom Fig. 3a–b that pure g-C3N4 presents a typical wrinkle two-
imensional lamellar structure composed with massive particles.
ig. 3c–e show the representative morphology of 3DOM g-C3N4.
oth SEM and TEM images reveal that the 3DOM g-C3N4 pho-
ocatalyst presents a well-defined interconnected macroporous
rchitecture with the average pore diameter of 280–340 nm. Inter-
stingly, numerous nanopores with the size of 20–40 nm existed on
he well-defined macroporous skeleton can be naturally observed
rom Fig. 3e, suggestive of the co-existence of mesopores and

acropores in the 3DOM g-C3N4 sample. The selected area elec-
ron diffraction (SAED) image of pure g-C3N4 is shown in the inset
f Fig. 3b. It can be clearly observed that pure g-C3N4 shows a
elatively unclear bright electron diffraction ring, suggestive of an
nferior crystallinity for this sample, however, the SAED pattern in
ig. 3f shows that the 3DOM g-C3N4 has the poly-crystalline nature
nd owns good crystallinity, which is in agreement with the XRD

ata.

Fig. 4 shows the nitrogen adsorption-desorption isotherms and
ore-size distribution curves of pure g-C3N4 and 3DOM g-C3N4,
espectively. It can be found (Fig. 4a) that both of the carbon nitride
Fig. 5. CO2-TPD profiles of pure g-C3N4 and 3DOM g-C3N4.

samples display a typical II isotherm with a type H3 hysteresis loop
in the relative pressure (p/p0) range of 0.4–1.0 according to the
IUPAC classification, indicating that the presence of characteristic
macropores in the two samples [9,11]. It should be mentioned that
the pure g-C3N4 with the macroporous structure may  be derived
from the random interstitial holes formed by aggregating of mas-
sive g-C3N4 particles. As shown in Fig. 4b, the two samples present
a broad pore-size distribution curve (3–140 nm), indicating that the
pore size distribution extends from mesopore range to macropore
range. This further confirms that the two samples possess a clear
macroporous structure.

Table 1 summarizes the BET surface areas, average pore sizes
and pore volumes of the two  samples. It can be seen that the
3DOM g-C3N4 shows a larger average pore size (34.84 nm)  than
that of pure g-C3N4 (21.28 nm), which further proves that numer-
ous mesopores co-exist in the 3DOM g-C3N4 sample, agreeing
with the observations of SEM and TEM. Importantly, 3DOM g-C3N4
presents a much larger pore volume and a much higher surface area
(0.1503 cm3 g−1 and 24.63 m2 g−1, respectively) than those of pure
g-C3N4 (0.0679 cm3 g−1 and 9.74 m2 g−1, respectively), indicating
that the construction of 3DOM architecture favors the significant
enhancement of surface area, and thus benefiting the improvement
of photocatalytic activity.

With abundant nitrogen species from tri-s-triazine units, g-
C3N4 is considered to own  numerous Lewis basic sites [28,29].
As the most important interfacial chemical reaction active sites,
these basic sites in the carbon nitride system play a vital role in the
adsorption and activation of reactant molecules. Therefore, CO2-
TPD tests were carried out to study the surface basicity of pure
g-C3N4 and 3DOM g-C3N4. As shown in Fig. 5, two CO2 desorption
peaks can be observed in both TPD curves, suggesting the pres-
ence of at least two  types of surface basic sites in the two samples
[30,31]. Herein, according to the surface properties of g-C3N4, it is
inferred that the peak centered at around 159 ◦C can be attributed
to the desorption of CO2 adsorbed on the residual NH2 groups, and
the second peak located at high temperature region (250–350 ◦C)

is corresponding to the amino groups ( NH and/or NH) on the
surface edges [32]. It is interesting to note that the area of CO2 des-
orption peak directly reflects the amount of basic sites existed in
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Fig. 6. (a) UV–vis diffuse reflectance spectra and (b) plots of (�h�)1/2 versus energy
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RhB (approximately 41% within 40 min  irradiation), which can be
h�)  for pure g-C3N4 and 3DOM g-C3N4.

he samples. It can be seen that the peak area of 3DOM g-C3N4 is
uch larger than that of pure g-C3N4, indicating that 3DOM archi-

ecture is favorable for the construction of numerous surface basic
ites, which can act as the chemical reaction active sites to response
he high extent of capture of pollution molecules.

The UV–vis diffuse reflectance spectra of the as-prepared pho-
ocatalysts are displayed in Fig. 6a. It is apparent that pure g-C3N4
xhibits a routine light responsive ability in the visible light region
ith an absorption edge at up to 460 nm,  which can be attributed to

he intrinsic band gap of 2.7 eV for g-C3N4 [12,33]. Compared with
ure g-C3N4, the absorption edge of 3DOM g-C3N4 sample has an
bvious red shift that tempestuously extends to 468 nm,  indica-
ive of the narrower band gap. According to the UV–vis absorption
pectra, we can see that the 3DOM features are great beneficial
or the visible light harvest and the narrow optical band gap, this
henomenon can be ascribed to the multiple scattering and slow
hoton effects [3,8,34] as well as the periodic variation of the dielec-
ric constant of 3DOM structure [35].

To calculate the band gap energy of the as-prepared samples, the
lots of (�h�)1/2 versus energy (h�) for them have been explored
n basis of the following formula:

h�= A(h�-Eg)n/2 (2)

here �, h, v, A, and Eg represent the absorption coefficient, Planck
onstant, light frequency, a constant and band gap energy, respec-
ively, and the value of n for g-C3N4 is 4 because of its indirect

ransition band gap [36,37]. As shown in Fig. 6b, the Eg val-
es for pure g-C3N4 and 3DOM g-C3N4 equal 2.7 eV and 2.65 eV,
espectively. In addition, the valence band potential (EVB) and the
onmental 198 (2016) 276–285 281

conduction band potential (ECB) of these samples can be predicted
by the following two  equations:

EVB = X-Ee + 0.5Eg (3)

ECB = EVB-Eg (4)

where X represents the electronegativity of the semiconductor and
its value for g-C3N4 is 4.73 eV, Ee represents the energy of free elec-
trons on the hydrogen scale with a fixed value of 4.5 eV [33,37].
Therefore, the EVB values of pure g-C3N4 and 3DOM g-C3N4 can be
estimated to be 1.58 eV and 1.56 eV, respectively, and the ECB values
of them are −1.12 eV and −1.09 eV accordingly.

To shed light on the influence of trapping, migration and
recombination of the photoinduced charge carriers with the con-
struction of 3DOM structure, the photoluminescence (PL) tests of
the as-prepared samples were conducted under 340 nm excitation
wavelength. As shown in Fig. 7a, all PL spectra of these samples
exhibit similar trend. In the case of pure g-C3N4, an extremely high
PL intensity peak can be observed, suggestive of a considerably
high recombination probability of photogenerated charge carriers
[38]. In comparison with pure g-C3N4, the PL emission intensity
of 3DOM g-C3N4 dramatically descended, indicating that the suc-
cessful construction of 3DOM architecture can greatly enhance the
separation efficiency of photogenerated charge carriers of g-C3N4
under a longer wavelength visible-light irradiation.

The separation and transfer efficiency of the photoexcited
charge carriers were probed by measuring the transient photocur-
rent response and the electrochemical impedance spectroscopy
(EIS) of the as-prepared photocatalysts under visible light irradi-
ation (� ≥ 420 nm). As shown in Fig. 7b, pure g-C3N4 exhibits a
weak photocurrent response, suggestive of an inferior separation
and transfer efficiency [39]. In contrast, the photocurrent response
of 3DOM g-C3N4 has dramatically enhanced, implying that the for-
mation of 3DOM architecture can obviously facilitate the separation
and transfer of photogenerated charge carriers. This result is con-
firmed by the EIS measurement. As revealed in Fig. 7c, the diameter
of the Nyquist circle of 3DOM g-C3N4 is much smaller than that of
pure g-C3N4, demonstrating that the resistance of charge transfer
at solid (3DOM g-C3N4)/liquid interface was  obviously decreased,
resulting in the effective improvement of the electronic conductiv-
ity in 3DOM g-C3N4.

To investigate the adsorption performances of g-C3N4 photo-
catalysts, the effects of contact time on the adsorption amount of
RhB over different g-C3N4 samples were studied and the results are
demonstrated in Fig. 8a. It is found that all the samples completely
reached adsorption/desorption equilibrium within 5 min, indicat-
ing that the absorption process of RhB solution over the as-prepared
photocatalysts is pretty fast, and we choose 40 min  as the adsorp-
tion equilibrium time before the start of photocatalytic reaction is
sufficient and rational. Besides, the 3DOM g-C3N4 shows the high-
est adsorption amount of RhB (1.57 mg  g−1), manifesting that the
construction of 3DOM structure with numerous adsorption active
sites is favorable for the mass transfer and capture, resulting in
enhancement of the photoactivity.

The photodegradation of RhB solution (10 mg/L) over the
obtained photocatalysts was tested under visible light irradiation
(� ≥ 420 nm)  to evaluate their application value of water treatment.
Based on our previously reported work [21], the model pollution
of RhB is quite stable and its photodegradation efficiency can be
negligible in the absence of the photocatalysts under visible light
irradiation (� ≥ 420 nm). As described in Fig. 8b, P25 TiO2 pos-
sesses a modest visible-light-driven activity in the degradation of
ascribed to the photosensitization effect of RhB dye [19]. More-
over, the pure g-C3N4 sample exhibits the lowest photodegradation
efficiency with an RhB conversion of 19% under the same reac-
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ion condition, which attributes to the lamellar g-C3N4 with the
igh recombination efficiency of the photogenerated electron-hole
airs. Incredibly, the 3DOM g-C3N4 sample displays dramatically
nhanced photodegradation efficiency with an RhB conversion of
00% within 40 min  photoreaction, which is approximately 5.3
imes higher than that of pure g-C3N4, confirming again that the
abrication of 3DOM architecture is extremely beneficial for the
nhancement of photocatalytic activity of 3DOM g-C3N4.

To investigate the performance of stability and recyclability

or the 3DOM g-C3N4 sample, the recycled tests of photodegra-
ation RhB (10 mg/L) over 3DOM g-C3N4 were performed within
0 min  visible-light irradiation. As illustrated in Fig. 8c, 3DOM g-
ation (� ≥ 420 nm); (c) Cycling runs of 3DOM g-C3N4 for the photodegradation of
RhB solution (10 mg/L) over under visible light irradiation (� ≥ 420 nm).

C3N4 exhibits an extremely excellent photocatalytic activity for
degrading RhB and completely mineralizes RhB within 40 min  pho-
toreaction in the initial cycle test, unfortunately, starting from the
second cycle test, the degradation ratio of RhB over 3DOM g-C3N4
has continuously declined (from approximately 60% to 43.6%, then
to 34.3%), and the photodegradation efficiency of RhB was only

closed to be 32% in the fifth cycle test within 40 min  photoreaction,
which is still higher than that of pure g-C3N4. Fig. S3 shows the
TEM images of 3DOM g-C3N4 after the 5th run recycled test. It can
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e seen that the basic 3DOM framework of the as-obtained g-C3N4
emains relatively intact, indicating that 3DOM g-C3N4 owns bet-
er mechanical strength and stability, which may  have an excellent
pplication potential in water treatment.

To intuitively comprehend the aforementioned photodegra-
ation performance, the photodecomposition kinetics over
ifferent samples was quantitatively probed. Based on Langmuir-
inshelwood model, the kinetic behaviors of the RhB degradation

an be obeyed the following equation [40,41]:

n(C0/C) = kappt (5)

here C0 and C represent the initial and instantaneous (at reaction
ime t) concentration of RhB, respectively, and kapp represents the
pparent reaction rate constant. As depicted in Fig. 9a, an appar-
nt linear relationship between the dependent variable of ln(C0/C)
nd the independent variable of t can be observed, suggesting that
he photodecomposition kinetics is consistent with the pseudo-
rst-order mode. The values of apparent pseudo-first-order rate
onstant (kapp) are equal to 0.00407, 0.01431 and 0.08364 min−1

or pure g-C3N4, P25 TiO2 and 3DOM g-C3N4, respectively (Fig. 9b).
t is noted that the sample of 3DOM g-C3N4 exhibits the highest
app value of 0.08364 min−1, which is approximately 5.8 and 20.5
imes higher than that of P25 TiO2 and pure g-C3N4, respectively.

. Discussions

On basis of the above mentioned demonstrations, the as-

repared 3DOM g-C3N4 possesses outstanding visible-light-driven
hotodegradation performance in comparison with pure g-C3N4,

mplying a potential application in water treatment.
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In order to discuss the origin of the superior photoactivity over
3DOM g-C3N4 photocatalyst, it seems to be advisable to analyze the
advanced structure because the 3DOM architecture shows some-
what special structure sensitive properties for the light trapping
and mass transfer of the reactant, which make the material present
a high intrinsic activity. In this work, the structure sensitive prop-
erty for the 3DOM g-C3N4 sample can be demonstrated by the
following three aspects. Firstly, as mentioned in the analysis of
XRD and FT-IR, both 3DOM g-C3N4 and pure g-C3N4 samples show
the similar peak positions and the same element components,
however, combined with the SAED characterization results, the
novel 3DOM structure sample possesses a much stronger diffrac-
tion intensity, indicative of a high crystalline degree for the 3DOM
g-C3N4, which favors charge transfer and conduction from the crys-
tal bulk to the interface between solid and reactant molecules.
Secondly, through observations of SEM and TEM images, it is found
that a large number of mesopores have been introduced into the
3DOM skeleton, and these formed mesopores together with the 3D
macroporous structure can offer a larger active surface area and
higher porosity (Table 1), which is beneficial to increase the num-
ber of interfacial reaction active sites (adsorption measurement and
TPD tests), and thus contributes to the adsorption, photoreaction
and desorption of the reactant molecules within the degradation
of organic pollution. Lastly, the 3DOM architecture can provide
numerous optical absorption active sites as well, which is very sen-
sitive to the photon trapping and energy band gap narrowing. As
shown in Fig. 6, owing to the inimitable multiple scattering and
slow photon effects of 3DOM structure, the path length of light in
the 3DOM g-C3N4 system would be prolonged and thus leads to
a longer wavelength range of visible light harvesting. Moreover,
the 3D interconnected macroporous networks consisted of peri-
odic spherical voids possess the property of periodic variation of
the dielectric constant [35], leading to the slight reduction of the
energy band gap of g-C3N4. Therefore, the longer wavelength of
visible light could be absorbed by the 3DOM g-C3N4, and excite the
material to produce a large number of electron-hole pairs, the pho-
togenerated charges subsequently would be easily transfer from
the bulk to the surface, resulting in the great improvement of the
charge separation efficiency (see the results of PL and photocurrent
measurements). According to the aforementioned discussions, it is
clear that the superior photocatalytic activity of the as-obtained
3DOM g-C3N4 arises from the synergistic effect of the high crys-
tallinity, stronger photon trapping and absorption as well as the
larger active surface area and higher porosity.

Furthermore, the quenching experiments of 3DOM g-C3N4 were
carried out relying on different scavengers to ascertain the main
active species in the photoreaction process. In this work, ben-
zoquinone (BQ), disodium ethylenediaminetetraacetate dehydrate
(EDTA-2Na) and 2-propanol (IPA) were employed as the quenchers
of •O2

−, h+ and •OH, respectively [33,40]. As shown in Fig. 10, the
3DOM g-C3N4 sample shows an extremely excellent photodegrada-
tion efficiency of RhB (up to 100%) in the absence of the scavengers
within 40 min  irradiation. Along with the participation of IPA in the
photoreaction, the decolorization of RhB was  slightly hindered and
still could be up to 95.8%, signifying that •OH was not the key active
species for oxidating RhB in the photodegradation progress. In con-
trast, when the scavengers of EDTA-2Na and BQ were respectively
added into the photoreaction system, a dramatic decline related to
the photodegradation efficiency of RhB could be observed (reducing
to 60.5% and 29.6%, respectively), indicating that the h+ and •O2

−

play a vital roles in the photoreaction, both of them are the pri-
mary reactive species to respond for the decomposition of organic
3 4
Based on the aforementioned results and discussion, a possi-

ble visible-light-driven photocatalytic reaction mechanism of RhB
degradation in the presence of 3DOM g-C3N4 has been proposed.
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ig. 11. Schematic illustration of photocatalytic reaction mechanism of RhB degra-
ation in the presence of 3DOM g-C3N4 under visible light irradiation (� ≥ 420 nm).

s illustrated in Fig. 11, the optical absorption active sites on 3DOM
-C3N4 could absorb a great deal of visible light to yield photogen-
rated electron-hole pairs. The photoexcited electrons were then
apidly transfered to the conduction band (CB) of 3DOM g-C3N4,
eaving behind the photoexcited holes on the valence band (VB) of
he material. Because the ECB value of 3DOM g-C3N4 (−1.09 eV)
s more negative than that of O2/ •O2

− (−0.33 eV vs. NHE) [42],
herefore, the photogenerated electrons in the CB of 3DOM g-C3N4
ould easily react with oxygen molecules absorbed on the interfa-
ial reaction active sites or dissolved in aqueous solution to produce
he superoxide radical (•O2

−) and the hydrogen peroxide (H2O2)
19,43], and both of the species can further react each other to cre-
te the hydroxyl radical (•OH). The active species of •O2

− and •OH
an continuously attack the RhB dye until it is completely min-
ralized into CO2 and H2O. On the other hand, the EVB value of
DOM g-C3N4 (+1.56 eV) is more negative than those of •OH/OH−

+1.99 eV vs. NHE) and •OH/H2O (+2.27 eV vs. NHE), thus the resid-
al photoexcited holes on the VB of 3DOM g-C3N4 cannot oxidize
he adsorbed H2O molecules or hydroxyl (OH−) to generate the
ydroxyl radical (•OH) [42], suggesting that the •OH is not the pri-
ary reactive species in the photodegradation process, which is

onsistent with the results of the quenching experiments. However,

he holes accumulated in the 3DOM g-C3N4 can directly oxidize RhB

olecules into the end products. Therefore, the cooperative work
f •O2

− and h+ ultimately result in the significant enhancement of
hotodegradation activity for the 3DOM g-C3N4 photocatalyst.

[

[
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5. Conclusions

The novel 3DOM g-C3N4 was successfully constructed by
a simply thermal condensation-assisted colloidal crystal tem-
plate method. The results show that 3DOM g-C3N4 displays
a dramatically enhanced photocatalytic activity with an RhB
photodegradation efficiency of 100% within 40 min  visible-light
illumination, which was  approximately 5.3 times higher than that
of pure g-C3N4. Besides, it is found that the holes and superoxide
radical are the primary reactive species in the photodegradation
process in the presence of 3DOM g-C3N4 photocatalyst. The opti-
cal absorption active sites and the interfacial reaction active sites
over the three dimensionally ordered macroporous structure con-
tribute to the light trapping, the charge carriers separation and the
mass transfer, and the synergetic action of all the above factors is
responsible for the significant enhancement of photocatalytic per-
formance. This work has demonstrated the unique advantages of
3DOM architecture, which can provide new insight for the design
of high-performance photocatalytic materials.
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