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ABSTRACT: Metal-free carbon-based hybrids composed of

reduced graphene oxide (rGO) and C;N,S; polymers with a
layered “sandwich” structure were fabricated by an in situ two-
step polymerization strategy and used as visible light
photocatalysts for selective aerobic oxygenation of benzylic
alcohols to the corresponding aldehydes, at good efficiency and
high selectivity. This work shows the great potential and
prospective application of the metal-free C;N;S; polymer in
the photocatalyzed synthesis of fine chemicals.
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he controlled and selective oxidation of alcohols to their
corresponding aldehydes, ketones, or carboxylic acids is
one of the most important reactions in organic chemistry and
has always been a hot topic in both academic and industrial
areas. The traditional methods to produce such fine chemicals
involve commonly the use of noble metal catalysts including Pt,
Pd, Au, among others, or organic oxidants such as 2, 2, 6, 6-
tetramethylpiperidine oxide (TEMPO).'~” However, enor-
mous disadvantages, such as toxicity, corrosiveness, expensive
cost, poisoning, and deactivation,® greatly restricted the further
improvement of the chemical processes. Photocatalysis, a
booming green technology, affords a promising alternative to
transform organic compounds into fine chemicals because it is
low in cost and environmentally benign,9 and as a result, it is
receiving more and more attention.' Much effort has been
devoted to the broad research from inorganic metal oxides,
metal sulfides, mono-, and multiple-component composites for
photofunctional materials capable of performing an excellent
conversion and selectivity to the “green” synthesis of fine
chemicals.'*~"® However, only few works have applied metal-
free photocatalysts for the organic conversions. For example, Su
et al. reported that mesoporous carbon nitride (mpg-C;N,) can
effectively catalyze the selective oxidation of different aromatic
alcohols under visible-light irradiation.'®
Herein, we reported another example of the photocatalysis-
driven organic transformations with a metal-free photocatalyst
based on a C;N,S; polymer with delocalized 7z bonds. Our
previous work showed that the C;N;S; polymer could function
as a photocatalyst for hydrogen production under visible light
irradiation.'” A further exploration was performed to evaluate
the photocatalytic oxidation capability of the pure C;N;S,

-4 ACS Publications  © 2014 American Chemical Society 3302

polymer by using the selective photocatalytic oxidation of
benzylic alcohol as a model reaction. A conversion of 28% is
achieved with visible light irradiation of 8 h, indicating a
promising application of the polymer in green organic
transformation.

For improving the photocatalytic efficiency, graphene, which
has been widely considered as one of the next-generation
nanofillers for polymer nanocomposites,”* >* was used as the
framework and support for the C;N;S; polymer to improve the
separation and transport of the photogenerated electrons and
holes.'***73% A well-dispersed state of graphene can guarantee
a maximal surface area. It affects the neighboring C;N,S;
polymer chains and, consequently, the properties of the
whole matrix>" Many works showed that a stable aqueous
dispersion of graphene can be obtained by reducing chemically
graphene oxide (GO) with hydrazine hydrate and ammonia
solution,**** which results in reduced graphene oxide (rGO).
The simple loading of the C;N;S; polymer on graphene is
limited for the improvement of photocatalytic efliciency, even
deleterious. In order to effectively hinder the restacking of
graphene monolayer sheets during the reduction process, an
innovative strategy is employed herein for preparation of the
“sandwich” rGO/C;N;S; polymer hybrids as depicted in
Scheme 1. A series of the layered rGO/C;N,S; hybrids with
different rGO/C;N;S; polymer weight ratios (denoted as
xrGO—CNS, where x is the rGO content) were fabricated by
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Scheme 1. Diagrammatic Sketch of Fabrication Procedures
for the rGO/C;N;S; Hybrids
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the in situ stepwise polymerization strategy to screen out an
optimal photocatalyst.

The morphology and structure of the final products, rGO/
C;N;S; polymer hybrids, were observed first by scanning
electron microscope (SEM). The pure C,N;S; polymer
particles accumulate in a random way (Figure 1A), whereas

Figure 1. SEM images of pure C;N;S; polymer (A), 0.1rGO—CNS
(B), 0.3rGO—CNS (C), and 2.00GO—CNS (D).

the rGO/C;N;S; hybrids pack in a regular way (Figure 1B—D).
The “sandwich”like structure formed by the ordered stacking
of rGO and C;N,S; polymer is clearly discernible for the three
hybrids, 0.1rGO—CNS, 0.3rGO—CNS, and 2.0rGO—CNS. It is
thus reasonable to believe that the intimate contact between the
polymer and rGO can facilitate the transfer of photogenerated
electrons from the C;N;S; polymer to the rGO moieties,
consequently improving the photocatalytic efliciency.

The textural properties of the pure polymer and the rGO/
C;N;S; hybrids with different graphene percentages were
investigated by nitrogen adsorption—desorption at 77 K, as
shown in Figure 2. All of the pure polymer and these hybrids
display a tgffe IV isotherm according to the IUPAC
classification.” It appears that the pure polymer has a type
H1 hysteresis among the four types of hysteresis loops, which is
the characteristic of solids consisting of particles crossed by
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Figure 2. Nitrogen adsorption—desorption isotherms of pure CNS
and xrGO—CNS samples.

nearly cylindrical channels or made by aggregates (consoli-
dated) or agglomerates (unconsolidated), whereas the shape of
the loops for these hybrids are much closer to the type H4,
which is the characteristic of slit-shaped pores (plates or edged
particles like cubes) usually found on solids consisting of
particle aggregates or agglomerates.’® > The difference in
porous properties originates from the insertion of rGO,
corresponding to the SEM results. Moreover, the BET surface
areas are doubled to 193 m?>-g™" after the addition of 2.0 wt %
rGO, compared to the pure polymer (94 m*g™"), which may
result in a higher adsorption capacity and more possibility
available to reactive substrates.

Fourier transform infrared spectroscopy (FTIR), a powerful
technique for indentifying the structure of matter at the
molecular scale, was used to monitor the formation of the
rGO/C;N;S; hybrids. As shown in the Supporting Information,
Figure Sla, a sharp and strong absorbance of 1125 cm™ is
observed for the H;C;N;S; monomer, which represents the
stretching vibration of >C==S. The peaks located at the range
of 2900—3160 cm ™" belong to the stretching vibration of >N—
H, and the peak at 1540 cm™" is attributed to the combination
of >N—H and C—N groups. These vibration bands are in
accordance with the results reported by Loughran and
Mieczys,*** showing that the monomer exists in the form of
ketone. Different from the monomer, the vibration bands at
2900—3160, 1360, and 1125 cm™" disappear for the C;N,S,
anchored on GO. Several peaks display at 1725, 1483, 1234,
and 827 cm™}, which correspond, respectively, to the stretching
vibration of >C=N <, the six-membered ring of symmetrical
triazines, and >N—Cx, and the out-of-plane bending vibration
of symmetrical triazines, indicating the appearance of polymer-
ization. Moreover, the intense peak occurring at 966 cm™' in
the Raman spectra proves the existence of S—S bond
(Supporting Information, Figure S2). The aforementioned
analysis indicates that the grafted C;N;S; polymer exists in the
form of trithiol. The identical IR and Raman (Supporting
Information, Figure S2) spectra of the rGO/C;N,S; hybrids
and the pure C;N,S; polymer indicate that the hybrids have the
same chemical structure as the C;S;N; polymer.

XPS was used to further study the chemical states of C, N,
and S in the products obtained by steps (1—4) (Figure 3), as
indicated by the S 2p core level XPS spectra (Figure 3A). The S
2p3/, and 2p,/, binding energies of the first step product are
centered at 163.6 and 164.6 eV, which are attributed to the C—
S bond, higher than those (161.9 and 163.1 V) of the C=S
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Figure 3. XPS spectra for S 2p of product of every step (A—C),
H,C;N,S; monomer (D), CNS (E), and 2.0rGO—CNS (F).

bonds in the HyC;N;S; precursor (Figure 3D).** It indicates
the successful pregrafting of C;N;S; on GO. The set of intense
peaks centered at 168.0, and 169.1 €V, belonging to SO,*~,* is
a powerful evidence for the oxidation of part of the monomers
by strong oxidizing groups of GO. After the chemical reduction,
a very small amount of grafted C;N;S; species are firmly
anchored on rGO, as demonstrated by the very weak S 2p lines
centered at 163.6 and 164.6 eV (Figure 3B). The XPS lines of
these SO,* species disappear, showing the complete removal
of those oxidized C;N,S,. Compared to that (164.4 eV) of the
C;N,S; polymer (Figure 3E), the S 2p;/, binding energy of
these grafted C;N;S; shifts by 0.8 eV toward low energy. It
implies the strong electron donation of rGO to the C;N,S;
rings as a result of the m-electron conjugated effect. The
electron donation is also observed in the rGO adsorbing
C;N;S;H; monomers (Figure 3C). It shows the lower S 2p;,,
and 2p,/, binding energies at 161.1 and 162.3 eV. But after
adding I, the resultant hybrid, 2.0rGO—CNS, gives two sets of
binding energies as seen clearly from the S 2p core levels
(Figure 3F). The set of S 2p core levels centered at 163.7 and
165.1 eV is originated from the C3N;S; polymer grafted to rGO
surface, whereas the set of XPS signals at 164.4 and 165.6 eV is
fully consistent with that of the pure C;N;S; polymer. These
results indicate the successful formation of the S—S bonds by
the polymerization."

UV—vis DRS was applied to study the optical properties of
the rGO/C;N;S; hybrids. As shown in Supporting Information,
Figure S3, the pure C;N;S; polymer has absorption with a band
edge at 450 nm, corresponding to the band gap energy of 2.76
eV. Adding rGO, the intensity of absorption in the visible-light
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region is significantly improved. This is mainly because that
rGO can enhance the background absorption.30’40 Moreover,
the red-shift of the absorption edge can be apparently observed
for these rGO/C;N;S; hybrids. This clearly indicates the
enhancement of solar energy utilization, as a result of the solid
bond between C;N;S; polymers and rGO. Expectedly, the
improvement of optical properties facilitates the photocatalyzed
conversion of solar-to-chemical energy.

Selective aerobic oxidation of benzyl alcohol, a classic
reaction, was employed to evaluate the photocatalytic proper-
ties of the rGO/C;N,S; hybrids. The reaction was conducted
under visible light irradiation and with molecular oxygen as the
primary oxidant. Figure 4A shows the photocatalytic activity of
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Figure 4. Photocatalytic oxidation of benzyl alcohol over pure C;N;S;
polymer and xrGO—CNS hybrids (A) and over the 0.3rGO—CNS
hybrids prepared with different methods (B).

the pure C;N;S; polymer and the rGO/C;N;S; hybrids with
different rGO weight ratios. It appears that 100% selectivity
implies the application potential of the polymer materials in
green chemistry. Compared to the pure polymer, a distinct
improvement can be observed for these rGO/C;N;S; hybrids.
The photocatalytic conversion of benzyl alcohol increases with
increasing the rGO content and reaches a maximum at 0.3 wt %
of rGO, where a near double conversion up to 51.5% is
achieved over the hybrid 0.3rGO—CNS. The highest light
quantum yield of 2.3% is attained for the photocatalytic
oxidation of benzyl alcohol under 450 nm single wavelength
light irradiation. It suggests that the optimal addition of rGO is
0.3 wt %. However, a higher addition (more than 0.3 wt %) of
rGO contrarily leads to a gradual decrease in the photocatalytic
activity. Especially for the 2.0rGO—CNS, it shows a lower
conversion than the pure C;N;S; polymer, indicating that the
excessive rGO is deleterious to the photoreaction. Also, under
solar light irradiation, the hybrid 0.3rGO—CNS achieves a
conversion of 45.9% within 4 h, which is nearly 2 times than
that (24.3%) of the reference anatase TiO, (Table 1).
Moreover, use of TiO, is deleterious to the selectivity to
benzaldehyde due to the deep-oxidation, although the
0.3rGO—CNS maintains 100% selectivity and high activity
stability within 24 h. The results further confirm the application
potential of the hybrid materials in chemical synthesis.
4-Nitrobenzyl alcohol, 4-methylbenzyl alcohol, and 4-
fluorobenzyl alcohol were chosen to prove the wide
applicability of the rGO/C;N,S; hybrids (Table 1). For the
four reactions, 100% selectivity is achieved, but the conversion
rate is related closely to the electron donation of the —R group,
which decreases in the order of —CH, (54.4%) > —H (51.5%)
> —NO, (34.1%) > —F (25.4%). Compared to the activity
results of the pure C3N;S; polymer, these conversion rates are
also nearly doubled over the 0.3rGO—CNS photocatalyst.

dx.doi.org/10.1021/cs5006597 | ACS Catal. 2014, 4, 3302—-3306



ACS Catalysis

Table 1. Photocatalytic Oxidation of Several Typical
Aromatic Alcohols over the Pure C;N,S; Polymer (CNS)
and the rGO/C;N,S; Hybrid (0.3rGO—CNS)“

0\ OH hv Q/\o
R

+ 1/202—>Cat.

R
R groups photocatalysts conversion (%) selectivity (%)¢

H CNS 282 100
0.3rGO—-CNS S1.S 100

NO,’ CNS 223 100
0.3rGO—-CNS 34.1 100

F CNS 13.5 100
0.3rGO—CNS 254 100

CH, CNS 34.7 100
0.3rGO—-CNS 54.4 100

HY 0.3rGO—CNS 459 100

TiO, 243 92.7

“Reaction conditions: aromatic alcohols (0.5 mmol), photocatalysts
(0.03 g), solvent of benzotrifluoride (BTF) (2.5 mL) prior to being
saturated with molecular oxygen, visible light iradition (1 > 420 nm),
irradiation time (8 h). b4—nitr0benzyl alcohol (0.05 mmol), solvent of
BTF (3.5 mL). “The selectivity is indicated to the corresponding
aldehydes. “The photoreaction proceeds for 4 h with sunlight
irradiation.

According to the characterizations above, it is reasonable to
propose that the improved photoactivity might be contributed
mainly from the unique layered structure, which can ensure the
intimate contact between rGO and C;N;S; polymers and
consequently acceleration of the photogenerated electron
transfer from the C;N;S; polymer to rGO. The decrease
trend of the photocatalytic conversion upon larger than 0.3 wt
% of rGO content originates from the strongly shielding effect
of rGO."?”*° The excessive rGO greatly shields the polymer
from absorbing visible light and decreases the active sites on the
surface of the polymer.

To verify the contribution of the layered “sandwich”
structure to the enhanced photocatalytic conversion, we
prepared three counterparts with a 0.3 wt % of rGO by varying
the preparation procedure. The sample 0.3rGO—CNS-T was
prepared by direct addition of the C;N;S;Na; monomer into
the rGO dispersion solution at the first step and without the
third step, and the sample 0.3rGO—CNS-R was prepared by
first reducing GO into rGO (step 2), adding the C;N;S;Na,
monomer (step 1), and then by adding H;C;N;S; (step 3). The
sample 0.3rGO—CNS-P was fabricated through ultrasonic
treatment of the mixture of rGO dispersion and polymer sol.
The corresponding photoactivity results were displayed in
Figure 4B. The photocatalytic conversion decreases in the order
of 03rGO—CNS (51.5%) > 0.3rGO—CNS-T (37.0%) >
0.3rGO—CNS-R (33.2%) > CNS (28.2%) > 0.3rGO—CNS-P
(3.3%), indicating that the route to 0.3rGO—CNS is indeed the
optimal synthesis procedure for the rGO/C;N;S; hybrids,
which can maximize the combinative benefits from rGO and
the C;N;S; polymer. The synthesis strategy of 0.3rGO—CNS
may offer dual advantages over these preparation routes of
0.3rGO—CNS-T, -R, and -P. On the one hand, the existence of
the C;N;S;Na; monomer in the GO solution prior to the
chemical reduction of GO is likely to prevent graphene sheets
from the restacking. On the other hand, more amounts of the
C;N;S; polymer can be anchored to rGO by the C—S bonds as
demonstrated by the aforementioned XPS results. The lowest
activity for the 0.3rGO—CNS-P is probably due to the drastic
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shielding of graphene from the light absorption of the polymer
and decreases the active sites on the surface of the polymer.
Electrochemical analysis including transient photocurrent
response and electrochemical impendence spectra was
conducted to better understand the improvement mechanism.
On the I—t curves (Figure SA) of the pure C;N;S; polymer and
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Figure S. Photocurrent responses of the pure C;N;S; polymer and
0.3rGO—CNS (A). Electrochemical impedance spectroscopy (EIS)
Nyquist diagrams of the pure C;N;S; polymer and 0.3rGO—CNS (B)
in the electrolyte composed of KCI aqueous solution (0.5 M) and
K;[Fe(CN)4]/K,[Fe(CN),] (0.01 M) with a ratio of 1:1.

the 0.3rGO—CNS hybrid, a near double enhancement of
transient photocurrent is displayed for the 0.3rGO—CNS
hybrid, compared to the pure polymer. It is in line with the
activity results. This is mainly due to the superior carrier
mobility of rGO. A smaller hemicycle at high frequency, which
corresponds to the double-layer capacitance can be observed
for the 0.3rGO—CNS electrode in the Nyquist plots (Figure
SB), further confirming the more efficient transfer of
photogenerated carriers as a result of the insertion of rGO.
Based on all characterizations and analysis above as well as the
relative literatures,'> we believe that the activity improvement
over the rGO/C;N;S; hybrids follow a mechanism initiated by
photogenerated electron transfer during the organic trans-
formation (Scheme 2). With light stimulation, the HOMO

Scheme 2. Schematic Illustration of the Photocatalytic
Process and the Synergetic Interaction between C;N,S,
Polymer and rGO

electrons of the C;N;S; polymer moieties jump to the LUMO
orbitals and then are transferred quickly to the rGO moieties to
reduce O, molecules, whereas the photogenerated holes oxidize
the organic substrates to carbocations. The formed superoxide
radicals further react with carbocations to form the final
products. The layered “sandwich” structure of the rGO/C;N,S;
hybrids can maximize the separation efficiency of photo-
generated carriers of the C;N;S; polymer.
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In conclusion, the metal-free C;N;S; polymer has been
found for the first time to enable selective photocatalytic
oxidization of benzylic alcohols into corresponding aldehydes
under visible light irradiation. More importantly, the conversion
can be greatly enhanced by fabricating the layered sandwich
rGO/C;N;S; hybrids. This study affords a novel strategy to
prepare graphene-filled C;N;S; polymer composites for the
visible light photocatalysis and demonstrates its great potential
in developing metal-free C;N;S; polymer-based photocatalysts
for the photocatalyzed synthesis of fine chemicals.
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Details of the hybrids fabrication and characterization including
FT-IR spectra, Raman spectra, UV—vis diffuse reflectance
spectra, XRD data, and the photocatalytic activity testing are
provided. This material is available free of charge via the
Internet at http://pubs.acs.org.
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