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In this work, modiﬁcation of graphitic carbon nitride photocatalyst with acid was accomplished with a
facile method through reﬂux in different acidic substances. The g-C3N4-based material was found to be a
metal-free photocatalyst useful for the selective oxidation of benzyl alcohol with dioxygen as the oxidant
under visible light irradiation. Acid modiﬁcation had a signiﬁcant inﬂuence on the photocatalytic
performance of g-C3N4. Among all acid tested, sulfuric acid-modiﬁed g-C3N4 showed the highest catalytic
activity and gave benzaldehyde in 23% yield for 4 h under visible light irradiation, which was about 2.5
times higher than that of g-C3N4. The acid modiﬁcation effectively improved surface area, reduced
structural size, enlarged band gap, enhanced surface chemical state, and facilitated photoinduced charge
separation, contributing to the enhanced photocatalytic activity. It is hoped that our work can open
promising prospects for the utilization of metal free g-C3N4-based semiconductor as visible-light
photocatalyst for selective organic transformation.
ã 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
The selective oxidation of alcohols into corresponding aldehydes or ketones is one of the most-fundamental reactions in
organic synthesis and chemical industry [1]. Traditionally, toxic,
environmentally harmful oxidants and harsh conditions such as
toxic metal oxides [2,3], peroxides [4,5], high temperature and
pressure were required for these transformations. Compared with
the conventional chemical methods, the use of solar radiant energy
to drive organic reactions provides a sustainable pathway for green
synthesis [6–8]. However, the strong oxidative potential of radicals
and holes formed on the surface of photocatalysts in the UVinduced chemical reactions always promote a complete mineralization, leading to photocatalysis unselective. To bypass these
drawbacks, organic transformations by visible-light photocatalysis
are favored in order to facilitate higher selectivity. Nevertheless,
there exists very few visible-light photocatalysts suitable for
selective organic transformations [9,10]. Therefore, one of the
challenges is to explore novel and efﬁcient visible-light photocatalysts for the selective organic transformations.

* Corresponding author. Tel.: +86 532 8066 2725; fax: +86 532 8066 2724.
E-mail addresses: muxd@qibebt.ac.cn, greencc@qibebt.ac.cn (X. Mu).
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In recent years, much effort has been devoted to the
development of visible-light-driven photocatalysts for selective
oxidation of alcohols to carbonyl compounds. For example, Bi2WO6
were demonstrated to catalyze the aerobic oxidation of alcohols
[11,12]. Several TiO2-based [13–18] and CdS-based [15,19–22]
catalysts showed photoactivity for aerobic oxidation of alcohols to
corresponding aldehydes. However, most of the reported photocatalysts used for selective oxidation of alcohols are focused on
metal-based inorganic semiconductors, such as metal oxide
[13,14], metal sulﬁdes [23] or metal nitrides [24]. The design,
preparation and modiﬁcation of earth-abundant elemental photocatalysts that are efﬁcient and adequately stable are still in its
infancy.
During the search for earth-abundant elements to construct
efﬁcient visible-light-driven photocatalysts, polymeric g-C3N4 has
attracted a great deal of interest in photocatalytic applications [25–
28]. Compared with metal-based catalysts, g-C3N4 has advantages
of low cost, good chemical stability, no heavy metal pollution and
environmental friendliness. More interestingly, the g-C3N4 material has attractive electronic structure with a visible-light driven
band gap of 2.7 eV. The bottom of the conduction band of g-C3N4 is
1.3 V, which is high enough to activate molecular oxygen for
selective oxygenation of organic substrates. Meanwhile, the top of
the valence band is 1.4 V, which is too low to directly oxidize water
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Fig. 1. XRD patterns of CN and SA-CN samples with different molarities solutions of
sulfuric acid. The inset shows the region of the main peak at 27.6 .
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Fig. 2. FTIR spectra of bulk g-C3N4 and SA-CN samples with different molarities
solutions of sulfuric acid.
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or hydroxyl group to form a free hydroxyl radical in thermodynamics. Moreover, g-C3N4 can be easily prepared by the
condensation of the cheap raw materials like dicyandiamide,
melamine, triazine, heptazine derivatives, thiourea and urea [29].
In addition, the structure of g-C3N4 is ﬂexible, which allows
plentiful organic schemes to tailor its chemical structure for the
improvement of its catalytic activity [30]. These unique properties,
along with its low price, make g-C3N4 a promising candidate for
applications in solar photocatalysis for selective organic transformations. Nevertheless, most research works are focused on
utilizing g-C3N4-based photocatalysts in the ﬁelds of water
splitting [9,28,31,32] and the elimination of organic pollutants
[33,34]. g-C3N4-based semiconductors was also demonstrated to
serve as metal-free photocatalysts to catalyze the selective organic
synthesis, such as alcohol oxidation, alkane oxidation and oleﬁns
oxidation [25,27]. However, bulk g-C3N4 suffers from major
drawbacks such as rapid recombination of photogenerated
electron-hole carriers, low solar utilization efﬁciency and low
BET surface area (10 m2 g1). Mesoporous carbon nitride
materials used by Wang et al. was prepared by hard-templating
method, which required strong acid (NH4HF2 or HF) treatment to
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Fig. 3. XPS spectra of N 1s (a) of CN and SA-CN-1.0 sample and S 2p (b) of SA-CN-1.0
sample.

remove silica templates [25]. Harmful, toxic and multi-step
procedures are problems to restrict its practical application.
Therefore, it is essential to explore reliable and facile strategies to
fabricate the active g-C3N4-based photocatalysts for selective
organic synthesis.
Activation of base functionalities with acid is a convenient
modiﬁcation route to tune the electronic structure, which
modiﬁed the surface structure of carbon nitride materials with
enhanced ionic conductivity [35,36]. For other polymer semiconductors, polyamidoamine dendrimers were activated by acid to
enhance proton conductivity [37]. It has been reported that in
photoredox catalytic reactions, mineral acid was used with
promotion effect on the alcohol oxidation process [38], however,
the subsequent isolation of the homogeneous acid is still a difﬁcult
reaction step. The acid-promoted photosynthesis encouraged us to
activate carbon nitride by direct protonation with Brønsted acid.
The acid activation of carbon nitride would result in the formation
of new Brønsted acid sites on its surface. It is believed that the
catalytic performance of the g-C3N4-based photosystem could be
tuned by coupling with acid catalysis. From the standpoint of green
and sustainable chemistry, the application of acid-modiﬁed g-C3N4
photocatalysts in selective organic transformations is highly
desirable but remains unexplored.
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Table 1
Result of curve-ﬁtting of the high-resolution XPS spectra for the N 1s region.
Catalyst

N 1s (%)

N 1s (CNC) (%)

N 1s N
C3 (%)

N 1s CNH (%)

CN
SA-CN-1.0

59.1
57.0

46.5
36.6

9.9
15.4

2.7
5.0

In our work, the modiﬁcation of g-C3N4 with acid was used to
tune the photocatalytic performance of carbon nitride photocatalysts. The acid-modiﬁed carbon nitride was prepared with a
facile method through reﬂux in a series of acid solutions, including
sulfuric acid, nitric acid, hydrochloric acid, phosphoric acid, formic
acid, acetic acid, benzenesulfonic acid and perchloric acid. The acid
modiﬁcation of the carbon nitride was systematically investigated
by adjusting a series of activation conditions at various acid/carbon
nitride mass ratios and activation time. The effects of acid
activation on textural, electronic, optical, and surface properties,
as well as photocatalytic activity of g-C3N4 were also investigated.
The photocatalytic activity of the synthesized g-C3N4-based
catalysts was evaluated by selective oxidation of benzyl alcohol
with O2 and visible light at atmospheric pressure.
2. Experimental
2.1. Catalyst preparation
Bulk g-C3N4: 2.5 g of dicyandiamide was heated to 550  C for 5 h
in a mufﬂe furnace in air. The sample was then cooled to room
temperature.
Acid modiﬁed g-C3N4: 1 g of as-prepared bulk g-C3N4 solid was
ground well and then put into 100 mL sulfuric acid (0.5–3 M) and
reﬂuxed at 135  C for the required time (6–48 h). The solid product
was then collected by centrifugation and washed with deionized
water for several times. Then, the product was dried at 60  C in a
vacuum oven. For comparison, g-C3N4 solid was also treated by 1 M
other acids (nitric acid, hydrochloric acid, phosphoric acid, formic

acid, acetic acid, benzenesulfonic acid and perchloric acid) for 24 h
by the similar procedure. The bulk g-C3N4 sample is denoted as CN.
The sample by the activation of sulfuric acid is denoted as SA-CN-n,
where the number of n stands for the concentration of sulfuric acid.
For example, SA-CN-1.0 means g-C3N4 samples treated with 1 M
sulfuric acid. The sample by the treatment of nitric acid, hydrochloric acid, phosphoric acid, formic acid, acetic acid, benzenesulfonic acid or perchloric acid was denoted as NA–CN, HA–CN,
PhA–CN, FA–CN, AA–CN, BA–CN or PeA–CN, respectively.
2.2. Characterization
The phase composition of the samples was analyzed on a Bruker
D8 Advance X-ray diffraction (XRD) diffractometer with CuKa
radiation (l = 1.5147 Å). A Thermo Nicolet FTIR Spectrometer was
used to obtain the Fourier transformed infrared (FTIR) spectra. A
vario EL cube from Elementar Analysensysteme GmbH was
employed to conduct elemental analysis. The morphology of
catalysts was determined by means of a ﬁeld emission-TEM (H7600) and SEM (Hitachi S-4800) microscope. Nitrogen sorption
experiments were carried out at 77 K using a micromeritics ASAP
2020 m + c sorptometer. The samples were degassed in a vacuum at
150  C for 6 h prior to measurement. X-ray photoelectron spectra
(XPS) data were recorded on a Thermo ESCALAB250 instrument
with a monochromatized Al Ka line source. All the binding
energies were referenced to the C 1 s peak at 284.6 eV. The light
absorption spectra were obtained using a HITACHI U-4000
Spectrophotometer equipped with a Labsphere diffuse reﬂectance
accessory. Photoluminescence (PL) spectra were measured at 298 K
on the Fluoro-max-4 spectroﬂuorometer.
2.3. Photocatalytic activity
The photocatalytic activity of g-C3N4-based catalysts was
investigated by the selective oxidation of benzyl alcohol with

Fig. 4. Typical SEM images of bulk g-C3N4 (a), SA-CN-1.0 (b) and its images (c) and the corresponding elemental mapping images of C, N, O and S (d).
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Fig. 5. Typical TEM images of bulk g-C3N4 (a) and SA-CN-1.0 (b) sample.

with anisole as the internal standard. In addition, different radical
scavengers were used in the controlled photoactivity experiments,
which involved -butyl alcohol (TBA, as trapping agent for hydroxyl
radical species), benzoquinone (BQ, as trapping agent for
superoxide radical species) and ammonium oxalate (AO, as
trapping agent for holes). The amount of the above scavengers
was 1 mmol.
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Fig. 6. N2 adsorption–desorption isotherm and the pore size distribution (inset) of
bulk g-C3N4 and SA-CN catalysts with different molarities solutions of sulfuric acid.

molecular O2 as oxidant under visible light irradiation. In a typical
reaction, photocatalytic activity measurements were carried out in
a 25 mL glass reaction ﬂask ﬁtted with a condenser and a magnetic
stirrer. The visible-light source for the reaction was provided by a
300 W Xenon lamp with a 420 nm cut-off ﬁlter. Benzyl alcohol
(1 mmol), the catalyst (50 mg) and triﬂuorotoluene (10 mL) were
added to the ﬂask reactor. O2 (pressure ca. 1 bar) collected in a
rubber bag was connected to the system. The resulting system was
then stirred at 100  C for 4 h under visible light irradiation. After
the reaction, the solid catalyst was separated by centrifugation. The
liquid phase was analyzed by a gas chromatograph (VARIAN 450)

The structures of CN and SA-CN samples treated with different
concentrations of sulfuric acid were studied by XRD. As shown in
Fig. 1, all of the CN and SA-CN samples display two characteristic
XRD peaks, which were commonly found in carbon nitride. The
intense peak focused on 27.6 is the typical graphite interlayer [39],
which is marked as 0 0 2 peak and the interplanar distance was
d = 0.33 nm. The other peak at 12.8 (index as 100, d = 0.69 nm)
shows a two dimensional packing motif. The XRD results
demonstrated that the typical graphite-like structure of CN-based
materials is still maintained after sulfuric acid treatment. For SACN samples, when the sulfuric acid concentration is higher than
1 M, the (0 0 2) peak is shifted slightly to higher angle whereas the
(1 0 0) peak remains unchanged at 12.8 , reﬂecting a slight
decrease of the interlayer spacing (d0 0 2) and a structural
compaction by the treatment of sulfuric acid [40,41].
The change in the chemical composition of g-C3N4 caused by
sulfuric acid treatment was analyzed by elemental analysis
(Table S1). It was found that both the average C/N ratio value
and hydrogen content were slightly increased after sulfuric acid
treatment. The average C/N ratio value increased from 0.66 for CN
to 0.67 for SA-CN. Correspondingly, the hydrogen contents
increased from 1.7% for CN to 1.9% for SA-CN. The increased

Fig. 7. A schematic illustration of synthesis of SA-CN catalysts (the gray, black, green and red balls represent C, N, H and SO3H, respectively). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article).
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Fig. 8. UV–vis spectra of bulk g-C3N4 and SA-CN samples with different molarities
solutions of sulfuric acid.

hydrogen content of acid-modiﬁed g-C3N4 gave direct evidence of
the protonation of carbon nitride by acid treatment [35]. It is
noteworthy to mention that there is a low content of S in the SA-CN
samples (1.3–1.7%), indicating that sulfur-containing groups are
linked on the CN surfaces.
The chemical structure of CN and SA-CN samples was
investigated by the FTIR spectra, as shown in Fig. 2. All of the
samples showed a broad band at around 3000 cm1, corresponding
to amines and incomplete graphitic condensation [42–44]. For the
SA-CN samples, the bands in the region of ca. 1100–1600 cm1 and
at 800 cm1 were also observed; the former is attributed to CN
heterocyclic stretches, whereas the latter is due to the breathing
mode of the tri-s-triazine units, which are also similar to the
results of CN. XRD and FTIR results were in good agreement and
conﬁrmed that the main structure of g-C3N4 is retained after acid
treatment. However, there is no obvious N
S [43] or C
S [45]
stretch detected in the FTIR spectra, as its vibration might be
overlapped by C
N stretches.
The surface chemical compositions and electronic states of the
SA-CN sample were further examined by XPS. Fig. 3a shows highresolution XPS spectra of N 1s of CN and SA-CN-1.0. The N 1s peak
can be ﬁtted by three peaks at 398.7, 400.2, 401.3 eV, which are
CNC groups, N
C3 groups and amino functions carrying
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CN

SA-CN-1.0
450

500

550

600

650

700

Wavelength (nm)
Fig. 9. PL spectra of bulk g-C3N4 and SA-CN-1.0 sample at 400 nm excitation at
298 K.

hydrogen (C
NH) related to structural defects [46], respectively. The detailed results of curve-ﬁtting of the high-resolution XPS
spectra for the N 1 s region are summarized in Table 1. It is clear
that SA-CN-1.0 sample has higher C
N
H content than the pure
g-C3N4. The higher N content in C
N
H might be originated to
amino functions broken up from its defects by acid treatment,
which resulted in more defects and acid functionality. The XPS
spectra (Fig. 3b) in S 2p region exhibits a broad single peak at
around 167.8 eV for SA-CN sample, which is attributable to sulfur in

SO3H [47]. The calculated surface atomic ratio of O/S content for
SA-CN-1.0 was found to be ca. 3.4 at%. This result together with the
elemental mapping images (shown in Fig. 4) conﬁrmed that the S
atoms in the acid-modiﬁed sample are contained in 
SO3H group
and SO3H group is homogenously distributed in the whole host
of acid-modiﬁed g-C3N4 solid. It should be noted that the acidmodiﬁed materials were washed with distilled water repeatedly
until sulfate ions were no longer detected in the wash water during
the preparation process. The presence of 
SO3H group is
attributed to the sulfonation of amino functions (C
NH) on
the surface of carbon nitride. The results illustrate that the acid
activation of carbon nitride would result in the formation of new
acid sites on its surface.
The morphology of SA-CN was studied by SEM and TEM. As
shown in Fig. 4, bulk g-C3N4 sample exhibits an aggregated
morphology and large particles with a size of several micrometers.
SA-CN-1.0 (Fig. 4b) displays a breaking up of both blocks and
stacks, turning into many smaller particles after acid treatment.
Fig. 5 shows typical TEM images of CN (5a) and SA-CN-1.0 (5b). A
two-dimensional structure with small ﬂat sheets stacked and
irregular shape were observed in the TEM images of SA-CN-1.0,
also quite different from broad stretches and integrated together in
CN. Clearly, due to its partly imperfect polymer-like structure, the
SA-CN sample is fragmented by acid treatment while the
characteristic interplanar stacking structure retains.
The results of nitrogen sorption, summarized in Table S2,
showed that the sulfuric acid treatment improved the speciﬁc
surface area and pore volume of carbon nitride. The speciﬁc surface
area of g-C3N4 was only 10 m2 g1, which was much smaller than
that of common photocatalysts or catalyst supports. By sulfuric
acid treatment, the surface area was signiﬁcantly increased from
10 m2 g1 for CN to 66 m2 g1 for SA-CN-3.0. Correspondingly, the
pore volumes also increased from 0.04 cm3 g1 for CN to 0.21 cm3
g1 for SA-CN-3.0. The pore-size distribution curves (Fig. 6 inset)
showed that a porous structure (2–50 nm) was formed by the acid
treatment, which was possibly formed by random-stacking of the
fragments. These data illustrated that sulfuric acid treatment could
introduce porous structure with increased surface area and
enlarged pore volume. Taking into account the results of
characterizations, a schematic route of synthesis of SA-CN material
is proposed (Fig. 7). It is known that the as-obtained C3N4
possessed imperfect polymer-like structure, which contained
carbon nitride domains with differential stabilities. When it was
treated by sulfuric acid, the unstable domains were preferentially
decomposed by sulfuric acid activation to form fragments of
relatively stable domains. Meanwhile, it also forms new acid sites
(e.g., 
SO3H group) and more structural defects and active sites
via acid activation.
Fig. 8 shows the light absorption spectra of CN and SA-CN
samples treated with different concentrations of sulfuric acid. It
can be seen that the wavelength at the absorption edge of pure gC3N4 was about 471 nm, and the band gap energy was determined
to be 2.63 eV. When carbon nitride was treated by sulfuric acid, the
light absorption edge of SA-CN showed obvious blue shift, giving
rise to an increase in band gap from 2.63 eV of g-C3N4 to 2.71 eV of
SA-CN-1.0. The blue shift in the band gap reﬂects the smaller
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Table 2
Photocatalytic performances of g-C3N4-based catalysts for oxidation of benzyl alcohol under visible light (l > 420 nm).
Entry

Catalysts

hv

Conversion (%)

Benzaldehyde selectivity (%)

1
2
3
4
5
6
7
8
9
10
11
12
13

g-C3N4
–
g-C3N4
SA-CN-0.5
SA-CN-1.0
SA-CN-2.0
SA-CN-3.0
SA-CN-1.0–6 h
SA-CN-1.0–12 h
SA-CN-1.0–18 h
SA-CN-1.0–24 h
SA-CN-1.0–36 h
SA-CN-1.0–48 h

–
+
+
+
+
+
+
+
+
+
+
+
+

<1
3.2
6.6
10.7
23.4
15.3
18.8
8.9
10.1
11.5
23.4
17.3
14.2

>99
>99
>99
>99
98
>99
>99
>99
>99
>99
98
>99
>99

Reaction performed at 100  C for 4 h using triﬂuorotoluene as the solvent, 1 mmol benzyl alcohol, 50 mg catalyst. Entries 1–3: the controlled experiments; entries 4–7: bulk gC3N4 activated by different concentration (0.5–3 M) of sulfuric acid for 24 h; entries 8–13: bulk g-C3N4 activated by 1 M sulfuric acid in different reﬂux time (6–48 h).

structural size of SA-CN, demonstrating that the unstable domains
of g-C3N4 are decomposed by sulfuric acid treatment [29].
More detailed information regarding electronic properties of
SA-CN is studied by PL experiments. The PL spectra of CN and SACN-1.0 sample under 400 nm are presented in Fig. 9. For pure gC3N4, one main emission peak appears at about 459 nm. After
sulfuric acid treatment, the emission peak shows a blue-shift from
459 to 452 nm, which is in good agreement with the UV–vis
spectra. The enlarged band gap is attributed to the well-known
quantum conﬁnement effect [48]. Compared to pure g-C3N4, the PL
intensity of SA-CN-1.0 sample is greatly suppressed, indicating the
electron localization on the surface terminal sites [9]. The results
suggested that acid modiﬁcation was helpful to inhibit the
recombination of photo-induced electron-hole pairs and effectively improve their separation efﬁciency [33].
3.2. Photocatalytic activity of acid-modiﬁed g-C3N4
The selective aerobic oxidation of benzyl alcohol to benzaldehyde under visible light irradiation is chosen as the assessment of
photocatalytic activity of SA-CN samples. The results are shown in
Table 2 . The product of oxidation of benzyl alcohol was primarily
benzaldehyde. The mass balance of benzaldehyde and benzyl
alcohol was >99% and no byproducts were detected. The controlled
experiments are conducted in the cases of without light (entry 1)
or no catalysts under visible light (entry 2) for 4 h. The results
illustrate that the benzyl alcohol is difﬁcult to be oxidized in the
absence of light or catalysts. Under the same reaction condition,
pure g-C3N4 showed low activity for the oxidation of benzyl
alcohol, and the conversion of benzyl alcohol is only about 6.6%
with 99% benzaldehyde selectivity under visible light irradiation
for 4 h (entry 3). In contrast to the pure g-C3N4, signiﬁcant
Table 3
Photocatalytic performances of acid-modiﬁed g-C3N4 catalysts for oxidation of
benzyl alcohol under visible light (l > 420 nm).
Entry

Catalysts

hv

Conversion (%)

Benzaldehyde selectivity (%)

1
2
3
4
5
6
7
8
9

g-C3N4
SA-CN-1.0
PhA–CN
HA–CN
FA–CN
AA–CN
BA–CN
PeA–CN
NA–CN

+
+
+
+
+
+
+
+
+

6.6
23.4
16.5
20.2
12.8
10.8
17.7
12.6
16.9

>99
98
99
99
99
>99
>99
>99
99

Reaction performed at 100  C for 4 h using triﬂuorotoluene as the solvent, 1 mmol
benzyl alcohol, 50 mg catalyst.

improvement of benzaldehyde yield could be achieved by
modiﬁcation of sulfuric acid. It was found that the activity of
the acid-modiﬁed samples was greatly inﬂuenced by the concentrations of sulfuric acid. At the sulfuric acid concentration of 0.5 M,
the conversion of benzyl alcohol is as high as 10.7% (entry 4). When
the concentration increases to 1 M, the conversion of benzyl
alcohol increases to 23.4%, which is over 2.5 times higher than that
of the CN sample, while the selectivity to benzaldehyde is still
higher than 98% (entry 5). However, higher concentration of
sulfuric acid leads to decrease of conversion of benzyl alcohol
(entry 6, 7). The present results indicated that a suitable sulfuric
acid concentration is crucial for optimizing the photocatalytic
activity of SA-CN materials. In the range of 1 M-3 M, although
sulfuric acid treatment induced an obvious increase in surface area,
the sample still exhibited decreased activity with increase of the
sulfuric acid concentration. The results show that the excessive
sulfuric acid modiﬁcation is unfavorable for photocatalytic activity.
The activity of the acid-modiﬁed samples was also greatly
inﬂuenced by reﬂux time of sulfuric acid treatment. The results are
shown in entries 8–13 of Table 2. When the carbon nitride was
reﬂuxed by sulfuric acid (1 M) for 6 h, the photocatalytic activity is
enhanced with 8.9% conversion and 99% benzaldehyde selectivity.
When the reﬂux time is increased to 24 h, the conversion of
alcohols increases gradually and the optimal photocatalytic
performance is obtained. Further increase of the reﬂux time above
24 h leads to a decrease of photocatalytic activity. Clearly, the
higher sulfuric acid concentration and longer treatment time
would deactivate carbon nitride. It is inferred that excessive
sulfuric acid treatment degrades the surface structure of carbon
nitride that is responsible for the low catalytic activity.
Other inorganic and organic acids were also selected to
investigate the effect of protonation on the photocatalytic activity
(Table 3). It was observed that the activity of carbon nitride could
be improved by the treatment of Brønsted or organic acids, and
H2SO4 was found to be the most effective acid examined, indicating
that surface acidity of carbon nitride is an important factor
inﬂuencing its photocatalytic performance. It is known that
b-hydride elimination to form an alkoxy intermediate is the
rate-limiting step for the catalytic oxidation of alcohols [49]. In the
photocatalytic oxidation system, the rate of photoredox-induced
b-hydride elimination was mostly dependent on the charge
separation efﬁciency at the interface. The presence of surface
acidity on the catalysts surface would facilitate both the trapping of
electrons by transferring of proton-coupled electron to oxygen and
fast electron donation from the alcohol to the hole. Therefore, the
b-hydride elimination in the photocatalysis system could be
accelerated by acid modiﬁcation.
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Fig. 10. stability test of SA-CN-1.0 sample for the selective oxidation of benzyl
alcohol.

3.3. Stability test
In order to determine the stability of SA-CN photocatalyst, ﬁve
times repeated experiments were carried out under the same
conditions and the results were shown in Fig. 10 . SA-CN catalyst is
able to maintain a stable and efﬁcient activity to the selective
aerobic oxidation of benzyl alcohol generally. Except for around a
8 (a)

CN
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2% drop of conversion rate during the third run, there is no further
deactivation for the sample in the long run. The structures of SACN-1.0 catalysts before and after reactions are also characterized
by XRD and FTIR techniques (Fig. S1), which demonstrates that
there is no measurable change in surfaces and structures after
reactions. This also provides a premise for the catalyst in the
practical applications.
3.4. Mechanism of photoactivity
To reveal the photocatalytic mechanism, the main oxidative
species in the photocatalytic process were detected. In this
photocatalytic reaction system, many active species might be
involved, such as superoxide radicals ðO
2 Þ, photogenerated holes,
the hydroxyl radicals. So radical scavengers were adopted to
sacriﬁce the above oxidative species to determine prominent
active species. The results are shown in Fig. 11. For pure g-C3N4
photocatalytic system, the addition of tert-butyl alcohol has a little
effect on conversion of benzyl alcohol, indicating hydroxyl radicals
were not formed in the oxidation process. It is reasonable that the
valence band potential of g-C3N4 is too low to directly oxidize
hydroxyl group to form hydroxyl radicals in thermodynamics.
When ammonium oxalate was added, the activity was decreased
slightly. However, the activity declined dramatically by the
addition of benzoquinone to the reaction solution. The above
results indicate that holes are the minor active species, while ðO
2Þ
radicals are the main active species that is responsible for the
oxidation of benzyl alcohol under visible light irradiation. When O2
was replaced by N2 in the photocatalytic system, the activity also
declined signiﬁcantly. As molecular O2 is the important source for

the generation of ðO
2 Þ, the result provides evidence that ðO2 Þ is
the main active species. Similar to g-C3N4 photocatalytic system,
both ðO
2 Þ radical and holes are responsible for the photocatalytic
activity of SA-CN catalyst. ðO
2 Þradical is still the main active
species in the SA-CN photocatalytic system as the activity
decreased obviously in the presence of benzoquinone.
Combined with experimental results including physicochemical and photocatalytic properties, it is inferred that the enhanced
photocatalytic performance of SA-CN over the CN can be attributed
to main reasons as follows: (1) the surface area of carbon nitride is
improved greatly by sulfuric acid treatment, and the larger surface
area can oers more adsorption sites and photocatalytic reaction
centers; (2) the smaller structural size and nanoporous structure of
SA-CN formed by the acid treatment makes the mass transfer
easier in the reaction. Moreover, the porous structures are also
beneﬁcial to enhance photoadsorption efﬁciency. The presence of
smaller structural size and porous structure are another reasons
that account for the improved activity; (3) the enlarged band gap of
SA-CN leads to a strengthened redox ability, also contributing to
the enhanced photocatalytic activity; (4) the new acid sites on the
surface of carbon nitride formed by acid treatment can promote
b-hydride elimination in the photocatalytic oxidation of alcohols,
which can be also considered as an important factor in the
enhancement of the photocatalytic activity.
4. Conclusions

10

5

0
Fig. 11. Results of mechanism experiments for bulk g-C3N4 (a) and SA-CN (b).

In summary, we have demonstrated the novel acid-modiﬁed gC3N4 works as efﬁcient catalysts in the selective aerobic oxidation
of benzyl alcohol under visible light irradiation. Acid-modiﬁed gC3N4 catalyst was synthesized by a facile method through reﬂux in
different acidic substances. Under visible light irradiation, acidmodiﬁed g-C3N4 catalyst exhibited higher photocatalytic performance in the oxidation of benzyl alcohol to benzaldehyde in
neutral condition than pure g-C3N4. Among acids examined,
sulfuric acid-modiﬁed g-C3N4 displayed the best catalytic activity,
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which was about 2.5 times higher than that of pure g-C3N4. The
catalyst can be recyclable for ﬁve times without obvious
deactivation. The enhanced catalytic performance has been
attributed to the larger speciﬁc surface area, smaller structural
size, larger band gap, enhanced surface chemical property by acid
modiﬁcation. Acid activation provides a facile and efﬁcient way for
g-C3N4 to enhance photocatalytic activity in the selective aerobic
oxidation of benzyl alcohol, which makes it a promising candidate
for a large scale of potential applications in selective organic
transformation.
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