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ABSTRACT: Carbon nitride (C3N4) is a layered, stable, and polymeric metal-
free material that has been discovered as a visible-light-response photocatalyst.
Owing to C3N4 having a higher conduction band position, most previous studies
have been focused on its reduction capability for solar fuel production, such as
hydrogen generation from water splitting or hydrocarbon production from CO2.
However, photooxidation ability of g-C3N4 is weak and has been less explored,
especially for decomposition of chemically stable phenolics. Carbon spheres
prepared by a hydrothermal carbonization of glucose have been widely applied as
a support material or template due to their interesting physicochemical properties
and the functional groups on the reactive surface. This study demonstrated that
growth of carbon nanospheres onto g-C3N4 (CN-CS) can significantly increase the photooxidation ability (to about 4.79 times
higher than that of pristine g-C3N4) in phenol degradation under artificial sunlight irradiations. The crystal structure, optical
property, morphology, surface groups, recombination rate of electron/hole pairs, and thermal stability of CN-CS were
investigated by a variety of characterization techniques. This study contributes to the further promising applications of carbon
nitride in metal-free catalysis.
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1. INTRODUCTION

Photocatalysis has achieved great success in environmental
remediation, and a wide variety of photocatalyst materials, such
as metal oxides,1−3 metal sulfides,4 and noble metals,5 have
been employed. High cost and dissolved metal ions of the
photocatalyst materials have become the barriers to the wide
application of photocatalysis. As fascinating alternatives to toxic
or precious metals or their oxides, metal-free materials as green
catalysts have demonstrated promising effectiveness in broad
applications in chemical synthesis,6,7 energy conversion and
storage,8,9 and environmental remediation.10−12 For water
purification, using metal-free materials as catalysts can exhibit
more merit because they can completely prevent the potential
toxic metal leaching and the associated secondary contami-
nation.13,14 Recently, graphene oxide (GO) was prepared by
the modified Hummers’ method and demonstrated as a
promising photocatalyst for CO2 conversion to methanol.15

Carbon nanotube (CNT)-pillared reduced graphene oxide
(RGO) composite materials exhibited an excellent visible light
photocatalytic activity in degradation of a dye, rhodamine B,
due to the unique porous structure and the exceptional electron
transfer of graphene.16 Carbon quantum dots (CQDs) can
function as an effective near-infrared (NIR)-light-driven
photocatalyst for the selective oxidation of benzyl alcohol to
benzaldehyde, with 100% selectivity at 92% conversion.17

Metal-free boron carbides (B4.3C and B13C2) were employed as
efficient visible-light-responsive photocatalysts for H2 evolu-

tion.18 Moreover, metal-free elemental photocatalysts such as
α-sulfur,19 red phosphorus,20 and β-rhombohedral boron21

were also explored as visible-light-responsive photocatalysts.
As another promising metal-free photocatalyst, carbon

nitride has also attracted considerable attention. Polymeric
graphitic carbon nitride, g-C3N4, is the most stable allotrope,
with a layered structure similar to graphene and has metal-free
chemical compositions of C, N, and H. Due to the theoretical
prediction of its unusual properties, promising applications of g-
C3N4 in photocatalysis, heterogeneous catalysis and fuel cells
have been demonstrated.22−24 For the first time, Wang et al.25

reported that g-C3N4 can produce hydrogen from water under
visible-light irradiation in the presence of a sacrificial donor.
Although the quantum efficiency was rather low, about 0.1% at
irradiation 420−460 nm, the finding represented an important
first step for the application of the metal-free, inexpensive,
abundant polymer and stable semiconductor for solar energy
conversion. The low activity was attributed to the high
excitation energy and low charge mobility, low specific surface
area, and the insufficient sunlight absorption.26 To optimize the
photocatalytic performance of g-C3N4, a variety of strategies
have been employed, such as structural improvement
(template27,28 or template free29), coupling with other
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components (metal oxides,30 monomer,31 nanocarbons,32 or
dyes33), and introducing heteroatoms (metal34 or nonmetal35).
Figure 1 shows a comparison of band structures of TiO2 and g-

C3N4 and associated redox potentials for H2 production, CO2
reduction, and photooxidation.36,37 Most studies have examined
the photoreduction capabilities of modified g-C3N4, such as
hydrogen evolution from water25,27,33,38 or CO2 conversion to
hydrocarbon fuels.39 On the other hand, the top energy level of
valence band (VB) of g-C3N4 is at 1.4 V (vs NHE at pH = 7,
compared to 2.7 V of TiO2), resulting in a weak
thermodynamical force (oxidative potential) for water oxidation
and not enough for producing hydroxyl radicals.31 Some efforts
have been made to improve the photooxidation ability of g-
C3N4. A porous g-C3N4 was synthesized by a facile template-
free method to increase surface area and pore volume, and the
prepared material showed an enhanced photocatalytic activity
in methyl orange photodegradation.40 It was reported that a
novel carbon nitride with ordered and hollow structure was
prepared from a cyanuric acid−melamine complex, and the new
material showed a higher activity in photodegradation of
rhodamine B than bulk material.41 By incorporating electron-
deficient pyromellitic dianhydride (PMDA) monomer into the
network of g-C3N4, the valence band position was decreased to
improve the photooxidation capability. The photocatalytic
performances of g-C3N4−PMDA in water oxidation and
degradation of methyl orange were significantly enhanced.31

A urea precursor was used to prepare mesoporous g-C3N4 with
silica as a hard template. It was found that the mesoporous g-
C3N4 achieved 74% of phenol removal in 6 h, compared to bulk
counterpart showing 20% phenol degradation in 6 h
irradiation.42 Cui et al.43 prepared mesoporous g-C3N4 by
thermal-induced polymerization of NH4SCN using silica
nanoparticles as the templates. Photodegradation of phenol
or 4-chlorophenol was carried out on the mesoporous and
nonporous g-C3N4, and only mesoporous samples were found
to be effective for the organics removal. Chang et al.44 prepared
a novel mesoporous g-C3N4/BiOI heterojunction and found
that it had an enhanced performance in degradation of
bisphenol A (BPA) under visible light irradiations.
Carbon spheres have attracted considerable research

interests. Usually, hydrothermal treatment of carbon precursors
at a high temperature range of 160−200 °C was used to
prepare spherical carbon materials.45,46 Sevilla and Fuertes47

reported that the size-controlled carbonaceous colloids can be

easily fabricated by the hydrothermal conditions ranging from
170 to 240 °C. Yao et al.48 reported that carbon spheres would
be formed at temperatures above 160 °C. Many applications of
carbon spheres in catalyst supports, adsorbents, drug delivery
systems, electrode materials, and templates for fabrication of
core/shell or hollow structures have been reported.49 Herein,
for the first time, we report our finding that the carbon
nanospheres can be a promising promoter for improving
phenol photooxidation on polymeric carbon nitride with about
5-fold enhancement. The metal-free nanocomposite of g-C3N4
with carbon nanospheres (CN-CS) therefore demonstrated as a
green material for sustainable remediation of aqueous organics
driven by sunlight irradiations.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. Melamine (99.0%) was obtained

from Aldrich and D-glucose (99.5%) was received from Sigma. 5,5-
Dimethyl-1-pyrroline (DMPO, >99.0%) was obtained from Sigma-
Aldrich. Ethanol (99.9%) was obtained from Chem Supply. All the
chemicals were used as received without any purification.

2.2. Synthesis of g-C3N4/Carbon Nanospheres (CN-CS). The
nanocomposites were synthesized by a thermal polycondensation of
melamine to C3N4

50 and then followed by a hydrothermal
carbonization of D-glucose.51 In a typical synthesis, 5 g of melamine
powders was put into a crucible with a loose cover and then heated in
static air within a furnace at 500 °C for 2, 4, or 6 h. The heating rate
was kept at 15 °C/min, and the furnace was naturally cooled to room
temperature. The semiclosed system resulted in the polycondensation
of melamine to g-C3N4 (CN). For preparation of the composite, 1.81
g of CN (prepared by calcination at 500 °C for 2 h) was mixed with
7.24 g of D-glucose in 80 mL of ultrapure water and magnetically
stirred for 6 h. The mixed solution was then transferred to a Teflon-
lined stainless steel autoclave (120 mL). The hydrothermal carbon-
ization was conducted in an oven at 135, 150, and 180 °C for 3 h (or
otherwise indicated). After cooling to room temperature, the obtained
precipitates were filtrated and washed by ethanol/water for two cycles,
followed by washing with ultrapure water. The obtained hybrid
materials were then dried in an oven at 70 °C overnight. The prepared
samples were then denoted as CN-CS-[temperature: 135, 150, or
180]-[duration: 1.5, 3, or 6 h]. For evaluation of the CN-CS
composition, yield analysis was carried out. Due to the separation
procedure and hydrolysis of 1.81 g of CN, 1.78, 1.77, and 1.75 g
remained after hydrothermal treatment with pure water at 135 °C for
3 h, 150 °C for 3 h, and 180 °C for 3 h, respectively. In the CS
formation, 0.056 and 0.326 g of CS was obtained at 180 °C for 3 and 6
h, respectively. In the preparation of CN-CS, the weights of CN-CS-
135-3h, CN-CS-150-3h, CN-CS-180-3h and CN-CS-180-6h were
1.77, 1.78, 1.78, and 2.63 g, respectively. The CS weight percentages in
CN-CS-135-3h, CN-CS-150-3h, and CN-CS-180-3h were calculated
(referring to CN residue after hydrothermal treatment with water) to
be 0%, 0.56%, and 1.69%, respectively.

2.3. Characterization of Materials. The crystalline structures of
g-C3N4 and various CN-CS photocatalysts were analyzed by powder
X-ray diffraction (XRD). The patterns were obtained on a Bruker D8-
Advance X-ray diffractometer (Germany) with Cu Kα radiation (λ =
1.5418 Å). The Brunauer−Emmett−Teller (BET) surface area and
pore size distribution were evaluated by nitrogen sorption at −196 °C
using a Micromeritics Tristar 3000 apparatus. UV−visible diffuse
reflectance spectra (UV−vis DRS) of samples were recorded on a
JASCO V-670 spectrophotometer with an Ø 60 mm integrating
sphere, and BaSO4 as the reference material. Scanning electron
microscopy (SEM), performed on a Zeiss Neon 40EsB FIBSEM, was
used to evaluate the morphology, size, and textural information on the
samples. Transmission electron microscopy (TEM) was carried out
using a JEOL 3000F field emission TEM. Fourier transform infrared
(FTIR) spectra were acquired on a Bruker instrument, using an ATR
mode. Thermogravimetric analysis-differential scanning calorimetry
(TGA-DSC) was carried out on a Mettler-Toledo Star system in air

Figure 1. Schematic band structures of TiO2 and g-C3N4 and typical
redox potentials for photoreduction and photooxidation.36,37
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flow at a heating rate of 10 °C/min. The photoluminescence (PL)
spectra of the materials were acquired on a Varian Cary Eclipse
spectrometer at an excitation wavelength of 330 nm.
2.4. Photodegradation of Phenol Solutions. The photo-

catalytic degradation of aqueous phenol was carried out in 1 L of
Pyrex double-jacket reactor. A water bath connected with a pump was
used to maintain the reaction temperature at 30 °C, and a magnetic
stirrer was used to keep the photocatalyst dispersed homogeneously in
the reaction solutions. In a typical run, 0.2 g of photocatalyst (1.0 g/L)
was added into 200 mL of 20 ppm phenol solution and stirred for 30
min for adsorption−desorption equilibrium, and the first solution
sample was taken. The light irradiation was immediately switched on
after the first sampling. The irradiations were supplied by an MSR
575/2 metal halide lamp (575 W, Philips). The UV intensity (315 < λ
< 400 nm) was measured to be 6.9 mW/cm2 and the visible light
intensity (λ > 400 nm) was 129.0 mW/cm2. At each time interval, 1
mL of solution was withdrawn with a syringe and filtered through a
0.45 μm Millipore film into a high-performance liquid chromatography
(HPLC) vial. The adsorption test was carried out in the same system
without the irradiation on. The concentration of phenol was analyzed
via HPLC (Varian, USA) with a UV detector set at λ = 270 nm. A C-
18 column was used to separate the organics while the mobile phase of
30% CH3CN and 70% water was flowing through the column at a flow
rate of 1.0 mL/min. Electron paramagnetic resonance (EPR)
experiments were performed on a Bruker EMX-E spectrometer
(Germany) to analyze in situ generation of reactive radicals during the
photocatalytic reaction. DMPO was applied to capture the produced
radicals by activation of the photocatalyst under irradiations. The
parameters for EPR analysis are centerfield, 3517 G; sweep width, 100
G; microwave frequency, 9.87 GHz; modulation frequency, 100 GHz;
and power, 18.11 mW.

3. RESULTS AND DISCUSSION
3.1. Characterization of CN and CN-CS Samples. XRD

was employed to monitor the crystal phase of the g-C3N4 via
the polycondensation and the changes of crystal structures of
CN-CS composites after the followed hydrothermal carbon-
ization. Figure 2 shows the XRD patterns of g-C3N4 and its

carbon sphere hybrids from the hydrothermal carbonization of
glucose at different temperatures in 3-h duration. On the CN, a
strong peak at 27.5° was observed, which was originated from
the (002) interlayer reflection of a graphitic-like structure,
corresponding to an interlayer distance of 0.324 nm.38 Another
XRD peak at 13.1° was also found, relating to in-plane repeated
units and the (100) crystal plane. The interplanar distance was
determined to be 0.676 nm, which was slightly smaller than the
size of the tris-s-triazine unit (ca. 0.730 nm), possibly due to the

presence of small tilt angularity in the structure.52 The two
characteristic peaks confirmed the transformation of graphitic
structure from melamine via the polycondensation at 500 °C.
Similar XRD patterns were obtained by Antonietti et al. in their
studies on g-C3N4 nanoparticles53 and mesoporous carbon
nitrides.54 Upon further hydrothermal treatment at 135 and
150 °C, the peaks at (002) plane moved to 27.4°, indicating the
transformation to a slightly enlarged interlayer. Moreover, two
new peaks at 12.3 and 31.1° appeared after hydrothermal
carbonization of glucose, but their intensities decreased at
higher temperature and almost disappeared at 180 °C. It was
reported that hydrothermal treatment of g-C3N4 at above 110
°C would result in significant hydrolysis and generation of
melem,56 which is a product of thermal condensation of
melamine (or urea and thiourea) before the formation of g-
C3N4.

57 The new peaks in this study matched the characteristic
peaks of melem very well. At a higher hydrothermal
temperature, carbonization of glucose would first occur, and
the intermediates/products then covered g-C3N4 particles and
prevented the possible hydrolysis. That might be the reason
that no vice peaks were observed at a higher hydrothermal
temperature. The (100) peaks at ca. 13.1° became weaker at
increased hydrothermal temperature. Figure S1 (Supporting
Information) also shows XRD patterns of CN, CN-CS-180-3h,
and CN-CS-180-6h. Compared with pure CN, the intensity of
the (100) peak decreased after hydrothermal treatment with
glucose. When the hydrothermal duration was prolonged, the
intensity of the (100) peak also declined, suggesting that the
crystal structure can be partially destroyed by the hydrothermal
treatment.
The surface area, pore volume, and pore size of the

composites and the reaction efficiencies are shown in Table
1. Figure S2 (Supporting Information) shows nitrogen sorption

isotherms and pore size distributions of CN and CN-CS
samples. It can be found that the pristine g-C3N4 only has very
low specific surface area (SBET) of 6.0 m2/g. Hydrothermal
treatment at 135 °C would slightly increase the SBET, which was
decreased at the increasing temperature or prolonging duration.
Associated with the low surface areas, very low pore volumes
were observed for all the samples. Due to the formation of
carbonaceous material, the pore radii continuously decreased
with the hydrothermal treatment. Moreover, Barrett−Joyner−
Halenda (BJH) pore size distributions showed that pure CN
had a sharp peak (ca. 1.0 nm) of nanopore distribution.
Hydrothermal treatment of CN at 135 and 150 °C produced
bimodal nanopore distribution centered at ca. 1.0 and 2.2 nm,
respectively. The bimodal distribution disappeared at a higher
hydrothermal temperature of 180 °C. Taking XRD patterns
into account, the latter nanopores at 2.2 nm were generated
probably due to the hydrolysis of g-C3N4. It was also found that
CN-CS-180-6h had a much lower SBET and lower pore size, due

Figure 2. XRD patterns of different CN and CN-CS photocatalysts.

Table 1. Surface Area, Pore Structure, and Reaction Rate
Constants of the Materials

sample
SBET

(m2 g−1)
V

(cm3 g−1)

pore
radium
(nm)

rate constant
( × 10−3 min−1)

CN 6.0 0.029 13.3 2.46
CN-CS-135−3h 8.0 0.038 12.2 2.62
CN-CS-150−3h 7.0 0.026 9.0 9.84
CN-CS-180−3h 6.7 0.026 7.6 11.78
CN-CS-180−6h 2.7 0.008 6.3 2.03
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to the highest degree of carbonization of glucose under the
hydrothermal condition and because the associated intermedi-
ates can block the porous structure of pure CN. SEM image
and yield analysis also confirmed the largest amount of carbon
spheres on the CN-CS-180-6h derived from the high degree of
carbonization.
Figure 3 presents FTIR spectra of CN, CS-180-3h and CN-

CS-180-3h. On CN, all the characteristic vibration modes

relating to the typical g-C3N4 were observed, indicating the
successful growth of carbon nitride.33,57,58 The sharp peak at
805 cm−1 was considered to be the characteristic breathing
mode of the triazine units. The strong bands at 1200−1650
cm−1 were assigned to the stretching vibration of the heptazine
heterocyclic ring (C6N7). The peaks at 1317 and 1633 cm−1

were attributed to C−N and CN stretching modes,
respectively. The broad peak at 3000−3400 cm−1 was ascribed
to the presence of NH or NH2 groups, possibly due to the
integral parts of the structure from the incomplete
condensation.59 In the spectrum of CS-180-3h, one broad
OH peak at around 3400 cm−1 was observed. As the
characteristic peaks of hydrothermal carbonization (HTC)
materials, the peaks at 1700 and 1020 cm−1, corresponding to
CO and C−OH, respectively, can be found, as suggested by
Antonietti et al.59 In the spectrum of CN-CS, the characteristic
peaks of CS, however, were not clear. As shown in yield
analysis, though, HTC at 180 °C for 3 h can produce CS; the

yield was low, only at 0.768 g CS per 100 g glucose. The low
content of CS on CN might lead to the similar spectrum of
CN-CS to CN. Figure S3 (Supporting Information) shows
FTIR spectra of CN-CS-150 samples. Yield analysis showed
that no appreciable carbon spheres were produced at 150 °C;
however, a longer duration would significantly increase the
intensities of the peaks, indicating that hydrolysis of CN and
carbonization of glucose occurred.
It was reported that the tri-s-triazine ring structure and the

high-temperature condensation make g-C3N4 have a high
thermal stability up to 600 °C.22,43,56 Figure 4 shows TGA
profiles of CN and CN-CS samples. CN was stable up to 510
°C, with a weight loss less than 1% at 510 °C. At higher
temperatures, weight loss took place rapidly, corresponding to
the decomposition of C−N bonds. Lee et al.42 reported that a
prepared g-C3N4 was stable up to 450 °C, which was from
polymerization of urea at 550 °C. Zhang et al.56 reported the
stability up to 550 °C of the g-C3N4 sample prepared at 600 °C.
It was indicated that the thermal stability is closely related to
the condensation temperature. Figure 4B shows the exothermic
peak of CN is centered at 694.9 °C, referring to the fast
oxidation of the polymer-like material. The hydrothermal
carbonization of glucose on the g-C3N4 was clearly shown in
the TGA profiles. About 5% weight loss before 120 °C on four
CN-CS samples was found due to desorption of water or
ethanol from the washing processes. CN-CS-135-3h and CN-
CS-150-3h were then stable until the temperature of 400 °C,
while the onset temperature of CN-CS-180-3h and -6h were
253 and 184 °C, respectively. Similar to CN, weight loss
occurred very fast at the above onset temperature. In the
synthesis, upon hydrothermal carbonization, the glucose will
form amorphous carbon as cores and hydrophilic surface. The
lower onset temperature was ascribed to the lower temperature
of the dehydration and densification of the amorphous carbon
and the surface groups at 230−390 °C.51,60 It was also found
that the onset temperature decreased with increased hydro-
thermal temperature or prolonged duration, indicating more
carbon nanospheres produced. Figure 4B shows that the
exothermic peaks moved to lower temperature due to the
hydrothermal carbonization. The peaks of CN-CS samples
were broader than CN, indicating the combustion of different
organic compounds. CN-CS-180-6h had a distinct exothermic
peak at 317.6 °C due to the dehydration and densification of
the larger amount of carbon nanospheres.60

Figure 3. FTIR spectra of pure C3N4, CS-180-3h and CN-CS-180-3h.

Figure 4. TGA profiles of CN and CN-CS photocatalysts (A) TG and (B) DSC.
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The morphology of CN and the formation of carbon
nanospheres via hydrothermal carbonization were studied by
SEM imaging. Figure 5 shows the SEM images of CN, CN-CS-
150-3h, and CN-CS-180-3h. Pristine CN in Figure 5a
presented agglomeration structure with typical slate-like,
stacked lamellar texture and sharp edges.38,40 After hydro-
thermal treatment with glucose, the sharp edges became
smooth, and the aggregation was mitigated. As a result, the
layered structure is very stable. There are very limited studies
that reported the effect of hydrothermal treatment on the
structure of g-C3N4. Li et al.61 suggested that hydrothermal
treatment of g-C3N4 H2O2 would corrode the slate-like
structure and produce hierarchical edges, which was attributed
to the random oxidation by H2O2. Sano et al.55 found that the
bubble wall of carbon nitride is not stable and can be
decomposed by alkaline solution in hydrothermal treatment.
The observations indicated that hydrolysis of g-C3N4 might

occur in hydrothermal treatments. In this study, the formation
of carbon nanospheres was also associated with the hydro-
thermal treatment due to the presence of glucose. In the
condition of 150 °C for 3 h, the carbon nanospheres were not
generated as clearly shown in Figure S4 (Supporting
Information). Increasing the hydrothermal temperature to
180 °C led to the formation of more carbon spheres, as shown
in Figure 5b. High-resolution SEM image of CN-CS-180-3h is
shown in Figure 5c. It was found that carbon nanospheres, at a
size of 100−300 nm, were closely attached to g-C3N4. Some
carbon nanospheres formed sandwich-like structure in the g-
C3N4 stacked layers. TEM image of CN-CS is shown in Figure
5d, indicating the size of ca. 200 nm and the structure of hollow
sphere. It was reported that the production of carbon spheres is
strongly dependent on the hydrothermal conditions, such as
temperature, duration, and concentration of glucose.47,62 It was
reported that carbon nanospheres were only able to be

Figure 5. (a) SEM image of CN and (b) SEM image, (c) high-resolution SEM, and (d) TEM images of CN-CS-180-3h.

Figure 6. (A) UV−vis DRS and (B) evaluation of band gap energies by the Kubelka−Munk equations of CN and CN-CS photocatalysts.
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obtained at above 160 °C from the precursor of glucose.48 In
this study, at the conditions of 150 °C for 3 h, not many
nanospheres were produced, but they were produced at the
same temperature for 6 h, as shown in Figure S4 (Supporting
Information). Sun and Li62 reported that the growth of carbon
spheres follows the LaMer model, and no carbon spheres can
be formed when a 0.5 M glucose solution was hydrothermally
treated below 140 °C for less than 1 h. But before the
formation of carbon spheres, some aromatic compounds and
oligosaccharides can be formed, as evidenced by the color
change to orange or red and increased viscosity during
polymerization step. The formation of organic compounds
onto g-C3N4 was already confirmed by XRD, FTIR, and TGA,
as shown before. Meanwhile, when the conditions were
changed to 180 °C for 6 h, carbon microspheres were
generated (Figure S4, Supporting Information).
Optical property is very important for a photocatalyst, and it

can enable us to evaluate the light absorption threshold and
estimate the band gap energy. Figure 6A shows UV DRS of g-
C3N4 and its composites. The pure graphitic carbon nitride has
an absorption edge at about 465 nm, which is consistent with
the reported value.25 The samples of CN-CS-135 and CN-CS-
150 showed blue-shift with absorption edges at 457 and 463
nm, respectively. The blue-shift is very common on modified g-
C3N4 samples. Zhang et al.63 reported that the optical
absorption of g-C3N4 was blue-shifted from 481 to 424 nm
after protonation by reactions with HCl. Liu et al.35 observed
the blue-shift of g-C3N4 after sulfur doping. Compared to bulk
g-C3N4, an obvious blue shift was found on nanosheets
prepared by thermal oxidation, and the blue-shift in wavelength
of ∼20 nm was attributed to the well-known quantum
confinement effect.38 Sano et al.55 suggested that alkaline
hydrothermal treatment of g-C3N4 can also lead to blue-shift,
due to the decreased scattering factor. In this study, mass
carbon spheres were not produced at the conditions of 135 or
150 °C for 3 h. Therefore, the blue-shift in wavelength below
10 nm on CN-CS-135 and CN-CS-150 might be ascribed to
the structural changes from g-C3N4 hydrolysis, as reported by
Sano et al.55 When the hydrothermal temperature was further
increased to 180 °C, the blue-shift disappeared and significant
red-shift was observed due to the formation of carbon spheres
that modified the composition of the photocatalysts. The
absorption threshold was also increased to 573 nm. Figure S5
(Supporting Information) shows that the optical absorption
was significantly changed after hydrothermal treatment for 6 h,
due to the considerable production of carbon spheres as
confirmed in SEM images. The band gap energies of
semiconductor photocatalysts can be estimated by the
Kubelka−Munk theory.64 In this study, (αhv)n (n = 1/2)
versus hv of the materials were plotted in Figure 6B. The band
gap energies of CN, CN-CS-135, -150, and -180 were then
determined to be 2.67, 2.71, 2.68, and 2.12 eV, respectively.
The results showed that the band gap of pure CN was similar to
previously reported values,25 and after hydrothermal treatment,
the band gap energies of CN-CS changed.
Optical properties reflect the absorption abilities of the

photocatalysts to incoming photons in the irradiations, while
the effective utilization of the photons in photocatalysis also
relies on the separation rate of the produced electron/hole pairs
activated by the photons. Figure 7 shows the PL spectra of pure
g-C3N4 and CN-CS samples. Upon the excitation at 330 nm,
the main emission peak of g-C3N4 was observed at around 450
nm, due to the band gap recombination of electron/hole

pairs.65 Pure g-C3N4 had a high recombination rate of
photoinduced carriers, which was decreased by hydrothermal
treatment at 135 or 150 °C. CN-CS-180 had a very low
intensity of emission in PL spectrum, indicating a low
recombination rate and high photocatalytic activity.66

3.2. Photodegradation of Phenol Solutions under
Simulated Sunlight. The activities of CN and the effects of
hydrothermal treatment and carbon spheres on the photo-
degradation efficiency were investigated by photocatalytic
oxidation of phenol solutions under simulated sunlight
irradiations. The polycondensation of melamine was conducted
at 500 °C in varying period, and Figure 8A shows the effect of
polycondensation duration on the photocatalytic activity of g-
C3N4. The phenol removal at 30 min was from adsorption and
was very minor, except for CN-500-6h, which had around 9%
phenol adsorption. However, polycondensation duration did
not produce significant effect on photocatalytic activity. Thus,
CN-CS composite samples were prepared based on the CN
synthesized at 500 °C for 2h. For adsorption tests without
irradiations, CN-500-2h did not show significant removal of
phenol without irradiations in 3 h. Figure 8B shows the effect of
hydrothermal carbonization of carbon spheres onto CN on the
photodegradation of phenol solutions. The adsorption was
below 5% on all the samples. Pure CS-180-3h can only produce
about 4% phenol removal. For photodegradation on CN, the
photoreaction in 270 min was able to decompose 47.8% of 20
ppm phenol. CN-CS-135-3h had a slightly higher activity than
pristine CN, providing 56.5% phenol removal at photo-
degradation time of 270 min. It was interesting to find that
the CN-CS samples treated at 150 and 180 °C showed very
high activities. CN-CS-150-3h made 20 ppm phenol completely
decomposed after 270 min, while CN-CS-180-3h was able to
degrade all phenol after 210 min. Yield analysis and SEM
images showed that there were no considerable carbon spheres
formed on CN-CS-150-3h, but crystal- and microstructure were
modified after the hydrothermal treatment. PL spectra also
suggested that the separation efficiency of photo-induced
electron/hole pairs was improved. Structural changes increased
the separation rate of carriers, and the modified surface feature
might work together to contribute to the improved activity of
CN-CS-150-3h. Once the hydrothermal temperature was
increased to 180 °C, a significant amount of carbon spheres
were produced on CN-CS-180-3h, leading to the lower band
gap energy and significant enhancement of carrier separation.

Figure 7. Photoluminescence (PL) spectra of CN and CN-CS
samples.
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Therefore, CN-CS-180-3h showed the highest activity in
photodegradation of phenol. Disregarding the adsorption, the
photocatalytic degradation of phenol was fitted well by first-
order kinetics with the Langmuir−Hinshelwood mechanism.1,64

The apparent-reaction-rate constants of phenol degradation on
CN, CN-CS-135-3h, CN-CS-150-3h, and CN-CS-180-3h were
evaluated as 2.46 × 10−3 (R2 = 0.994), 2.62 × 10−3 (R2 =
0.961), 9.84 × 10−3 (R2 = 0.957), and 11.78 × 10−3 (R2 =
0.981) min−1, respectively. The reaction rate of CN-CS-180-3h
was 4.79 times higher than that of the pristine CN,
demonstrating a novel way for improving the photocatalytic
oxidation ability of carbon nitride.
Figure 8C shows the effect of hydrothermal time of CN-CS

on the photodegradation of phenol solutions. Phenol removal
by adsorption was 14.9% in 300 min on CN-CS-150-3h. The
photodegradation rates on samples with durations of 1.5 and 6
h were similar, while the sample via the duration of 3 h
exhibited the highest activity. As shown in Figure 8D, the 3 h
hydrothermal treatment also produced the best catalyst at 180
°C. Sevilla and Fuertes47 suggested that the duration would
significantly affect the diameter and yield of carbon spheres.
The lower activities of the samples in hydrothermal treatment
for 6 h were possibly due to too much loading of carbon
spheres and higher particle size (Figure S4, Supporting
Information), which blocks the light absorption.67 The BET
surface area and pore size of CN-CS-180-6h were the lowest
among the samples, which might also induce the much lower
photocatalytic activity in degradation of phenol.
Figure 9 shows the catalytic stability of the photocatalyst

(CN-CS-180) in repeated uses. It was found that, in three runs,
the photocatalytic activities did not significantly decrease,
indicating a stable performance of the material in photo-
degradation of organic pollutants.
EPR spectra were applied to identify the reactive species

produced by the photocatalyst under irradiation. Figure 10
displays the EPR spectra obtained under dark and irradiation. It

was found that, under dark, no signals were captured by EPR
with the assistance of DMPO in the mixed solution with the

Figure 8. Photodegradation of phenol solutions; (A) effect of polycondensation duration, (B) effect of hydrothermal temperature, (C) effect of
hydrothermal duration at 150 °C, and (D) effect of hydrothermal duration at 180 °C.

Figure 9. Photocatalytic stability of CN-CS-180 in photodegradation
of phenol.

Figure 10. EPR spectra of reactive radicals produced under
irradiations; (+) hydroxyl radicals and (*) superoxide radicals.
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photocatalyst of CN-CS-180-3h, DMPO and phenol. When the
suspension was irradiated by UV−visible light, the signals of
spin-trapped DMPO−OH· were clearly observed.68 Moreover,
superoxide radicals (·O2

−) were also detected.69 The EPR
studies strongly indicated that the reactive radicals were
produced by activation of the photocatalyst under irradiation
and that no radicals were generated under dark. The produced
radicals have been well-recognized to be responsible for the
degradation of organics.
Carbon spheres are widely used as a support and template for

hybrid materials or novel nanoarchitectures.47,51,62 The
enhanced photocatalytic oxidation by modification of carbon
spheres has not been well explored. Hu et al.70 reported that
coating CdS on colloidal carbon spheres (C@CdS core−shell
spheres) can significantly enhance the photodegradation of
rhodamine B of CdS nanospheres. The enhanced activity was
ascribed to the surface sensitizer of carbonaceous species, and
the hydroxyl groups accepting photogenerated holes. Zhou et
al.71 discussed the origin of the enhanced activity of carbon
sphere supported Cu2O catalysts in degradation of methyl
orange (MO). The carbon sphere supports were suggested to
help adsorb MO reactant and accept electrons from Cu2O for a
better separation rate of photoinduced carries. In this study, the
hydrothermal carbonization process would significantly modify
g-C3N4. First, as evidenced by XRD and SEM, hydrothermal
treatment can change the crystal- and microstructure of bulk g-
C3N4. Second, the intermediates from the aromatization and
carbonization can modify the surface properties of pristine g-
C3N4 and then increase the adsorption of phenol. Third, the
formation of carbonaceous materials would improve the visible
light absorption by functionalizing as dye sensitization,33 then
increasing the photocatalytic activity. Moreover, the produced
intermediates can also serve as a monomer for band gap
structure engineering for the enhanced photooxidation.31,41 As
shown in Figure 6, the hydrothermal carbonization at 180 °C
can significantly improve the visible light absorption. Mean-
while, hydrothermal treatment at low temperature induces blue-
shift. Finally, as shown in SEM/TEM images, stable
connections between g-C3N4 and carbon nanospheres were
formed by the hydrothermal treatment. PL spectra also proved
that the separation rate of photogenerated electron/hole pairs
was increased, possibly due to the formation of the interfaces
between g-C3N4 and carbon nanospheres.67 The higher
adsorption of phenol and the higher charge separation rate
are more important than the visible light absorption, as
evidenced by the results that CN-CS-150 experienced blue-shift
but had activity similar to that of CN-CS-180.

4. CONCLUSIONS
Carbon spheres prepared by hydrothermal carbonization of
glucose and the structural modification of graphitic carbon
nitride were demonstrated to be very effective for improving
the photocatalytic activity in oxidation of phenol solutions. The
CN-CS sample prepared at 180 °C for 3 h showed activity 4.79
times higher than that of the pristine CN. For the first time, we
experimentally proved that crystal- and microstructure, optical
property and chemical composition of CN can be significantly
modified via the hydrothermal treatment with glucose. As a
result, the adsorption of substrate, visible light absorption, and
charge transfer in the photodegradation of phenol are
thoroughly manipulated, leading to a higher photocatalytic
oxidation efficiency. This study therefore provides a new metal-
free material for the remediation of organic pollutants and

extends the concept of nanomaterials design for a better
performance.
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