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ABSTRACT

In this article, novel Ag/g-C,N,/C ternary nanocomposites with leaves-fructification-like
architecture were prepared by hydrothermal treatment of the mixture of g-C_,N, nanosheets,
glucose solution and silver nitrate. In order to comparison, a series of nhanomaterials
including g-C,N, nanosheets, binary nanocomposites (g-C,N,/C) and ternary nanocomposites
(Ag/g-C,N,/C) loaded with different amounts of carbon were prepared and characterized in detail.
The Ag/g-C,N,/C1 nanocomposites showed the highest photocatalytic activity towards degradation
of MB. The reason for this was bio-inspired structures effects and the synergistic effect of Ag,
g-C,N, and carbon, which increased visible-light absorption due to their surface plasmon
resonance (SPR) effect of Ag, enhanced adsorption for the MB because of the negatively
charged surface of Ag, improved photoinduced electron—hole separation efficiency owing to
carbon and bio-inspired structures effects.

Kevworps: Photocatalyst, Ag/g-C,N,/C nanocomposites, Structure, Synergistic effect

1.INTRODUCTION carbon nitride (g-C,N,) is indeed an attractive
type of visible-light-induced photocatalyst,
which showed proper electronic structure
(Eg=2.7 eV), low toxicity, low cost and high
chemical and thermal stability €. However,
its photocatalytic efficiency is still limited
because of the high recombination of photo-
generated carriers and insufficient photon
absorption above 450 nm "],

Sunlight-driven semiconductor photocatalysts
have attracted intense attention for solving the
growing severity of environment problems and
an energy crisis "2, To the effective utilization
of solar energy, considerable studies have been
focused on developing inexpensive, earth-
abundant, and visible light-driven photocatalyst 1.
Among various semiconductors, graphitic
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Deposition of silver (Ag) nanoparticles on the
semiconductor photocatalysts has been
demonstrated as an effectual method, which
can not only inhibit photoinduced charge carrier
recombination &1 but also enhance the
sunlight harvesting of catalysts by a surface
plasmon resonance (SPR) effect ' 12 A great
deal of scientific research proved that g-C,N,
with Ag as an active component, showed
remarkable visible-light-driven photocatalytic
activity ['3l. Another widely reported approach
to enhance g-C,N,’s activity is to couple it with
other metal-free carbonaceous materials such
as graphene[', carbon nanotubes ', carbon
quantum dots (CQDs) ["®l. The carbonaceous
materials in g-C,N, can not only utilize the full
spectrum of sunlight due to the up-conversion
effect, but also separate the electron-hole pairs
upon the conjugated & structure. In our previous
work, the graphene-containing composites
showed elevated activity of g-C,N, on
degradation for methylene blue (MB) 4 17,
Nevertheless, reports on Ag/ g-C,N,/C ternary
nanocomposite for highly efficient
photocatalytic activity remain rare.

One main challenge is to construct the system
of Ag, g-C,N, and carbon for further improving
the quantum yield and expanding the light
absorption. Biomimetics is a splendiferous
strategy for scientific and technological
problems [, Many studies also revealed that
photocatalyst with bio-inspired structures show
higher photocatalytic activity '®. Bio-inspired
plasmonic nanoarchitectured hybrid system is
constructed by yan et al ?°!. Experiments show
the structural effects on obvious far red-to-NIR
photocatalysis enhancement.

Here, we prepared a novel Ag/g-C_N,/C ternary
composite with leaves-fructification-like
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architecture by hydrothermal treatment. The
chemical compositions, structures and
morphologies were fully characterized.

2. EXPERIMENTAL

2.1 Materials

Dicyandiamide (DCD), glucose, potassium dichromate
(K,Cr,0,), silver nitrate (AgNOQ,), concentrated sulfuric
acid (H,80,) and potassium persulfate (K,S,0,) were
purchased from Fuchen Chemical Reagent Co. (Tianjin,
China). All other chemicals were used as received with-

out further purification.

2.2 Preparation of g-C,N, nanosheets and
g-C,N,/C nanocomposites

The g-C,N, nanosheets used in our experiments were
prepared by the previously reported literature ?". The g-
C,N,/C nanocomposites were carried out as follows: At
first, 3.3 g glucose was dissolved in 22 mL water to
obtain a clear solution. Then, 10 mL g-C N, nanosheets
(8 mg/mL) were added. After ultrasonic treatment, the
resulting slurry was transferred into a Teflon-lined auto-
clave and maintained at 180°C for 10 h, and then cooled
to ambient temperature. The obtained products were
collected, washed, finally dried, and named as g-C,N,/
C1. The composites with different residence time (6 h
and 8 h) were prepared in similar procedure and named
as g-C,N,/C3 and g-C N, /C2, respectively.

2.3 Preparation of Ag/g-C,N,/C nanocomposites

The preparation of Ag/g-C,N,/C nanocomposites is simi-
lar to g-C,N,/C nanocomposites. The difference is the
addition of AGNO, (30 mL, 0.3 mg/mL) in slurry of glu-
cose solution and g-C,N, nanosheets. The obtained prod-
ucts were named as Ag/g-C,N,/C1, Ag/g-C,N,/C2 and
Ag/g-C,N,/C3 according to the different residence time
(6 h, 8 hand 10 h).

2.4 Characterizations

The crystal structures of the samples were character-
ized on a XD-3 X-ray diffractometer. The morphologies
and microstructures of the as-prepared samples were
obtained on a S4800 ESEM FEG scanning electron mi-
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croscope. Fourier transform infrared (FTIR) spectra
were measured with NEXUS-870 spectrophotometer.
X-ray photoelectron spectroscopy (XPS) measurements
were recorded with a VGESCALAB MKII X-ray photo-
electron spectrometer. UV-vis (L98,L176,L192) spectra
were recorded on U-4100UV spectrophotometer. Pho-
tocurrent measurements were measured with an electro-
chemical analyzer (CHI660E, CHI Shanghai, Inc.) by us-
ing three-electrode cells.

2.5 Evaluation of the photocatalytic activity

The MB was used as a probe molecule. The adsorption
capacity (C, umol/g) of the as-prepared samples was
calculated by Eq. (1).

Io_lszoXV

1, m

C=

M

where C is the initial concentration of MB (2.7 x 10-°mol/
L), 1, is the initial absorbance of MB, V is the solution
volume of MB (50 mL), |, is the absorbance after stirring
for 2 h, and m is the mass of the as-prepared samples
(25 mg).

After the absorption of MB, A 300 W Xe lamp equipped
with a 420 nm cut off filter was used as light source.
The decreases of MB concentrations were measured
by a UV-vis spectrophotometer at 664 nm with regular
intervals. In detail, 25 mg sample was dispersed in MB
(2.7 x 10~° mol/L) aqueous solution. After saturated MB
adsorption, the 3 ml liquid were collected at the prede-
termined irradiation time. The MB concentrations were
monitored using a UV-vis spectrophotometer. The stabil-
ity of the photocatalyst also was performed, that is, the
obtained photocatalyst by a vacuum filter was
redispersed in MB solution. The photocatalytic process
was the same as the above.

3. Results and Discussion

3.1 Morphology and structure
characterization

The SEM image shown in Fig. 1a demonstrates
that the as-prepared nanosheets by chemical
oxidation have independent lamellar structure.
The XRD pattern (Fig. 1b) confirms the
nanosheets belong to g-C N,.
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Fig. 1 SEM image (a) and XRD pattern (b) of g-C,N, nanosheets.

After hydrothermal treatment of the mixture of
g-C,N, nanosheets and glucose solution, the
morphology and microstructure of the
nanocomposite were characterized. XRD

pattern of the g-C,N,/C1 nanocomposites (Fig
2a-2) displays a broad diffraction peakin 2 theta
ranging from 16.6° t0 29.2°, which is analogous
to carbon’s spectra (Fig 2a-1). It is noted that
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no diffraction peaks of g-C,N, nanosheets can
be observed in nanocomposite, maybe due to
the small amount of g-C N, nanosheets used
and/or due to the hide by the diffraction peak
of carbon. FTIR spectra were employed to
further dissect the nanocomposites (Fig. 2b).
It can be observed that the neat carbon shows
obvious peaks at 2920 cm™ and 2842 cm™,
corresponding to the characteristic stretching
vibrations of carbonyl C—H and C=0 2],
The peak at 1627 cm™ are attributed to
aromatic C=C vibrations *24, The g-C,N,/C1
nanocomposites and pure g-C,N, nanosheets
display similar spectra, suggesting the
introduction of carbon does not change the
chemical structure of the g-C N, nanosheets.

The XPS measurement in Fig. 2c shows that
g-C,N,/C1 nanocomposites are mainly
composed of C, N and O. The high resolution
XPS spectra of C1s are provided in Fig 2d. Two
peaks at 288.4 eV and 284.9 eV are attributed
to the N-C=N backbone of the g-C,N, and
surface adventitious carbon, respectively 2°.
The C1s spectrum is similar to that of pure
g-C,N, nanosheets. However, the C/N ration of
g-C,N,/C1 nanocomposites calculated using
XPS is 0.89, a little higher in comparison with
the value 0.71 in g-C,N, nanosheets, suggesting
a high concentration of C in g-C,N,/C1
nanocomposites. Combined with the FTIR and
XRD analysis, it can be known that the g-C,N,/
C1 nanocomposite is obtained.
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Fig. 2. XRD patterns (a) and FTIR spectra (b) of samples; XPS spectra of g-C,N

,/C1 nanocomposite: (c)

Survey spectrum, (d) C 1s peak.
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As shown in Fig. 3a and b, the g-C,N,/C1
nanocomposite was made up of nanospheres
and flocculent material. The flocculent
material is similar to pine leaves, and the
nanospheres is similar to fructification in pine
(Fig. 3e). The whole leaves-fructification-like
architecture may be beneficial to the
performance of the product due to the bio-
inspired structures effects. Mother Nature has
already known to use the wide spectrum and
improve the photosynthesis. Spinner et al
found that snake skins are able for NIR
harvesting due to the nanoarchitecture 129!,
Up to now, most efforts are focused on
preparation of biomimetic material. Fu et al
fabricate a novel leaf-like CdS micro-/
nanostructure, which exhibited a fascinating
performance in gas sensor .. So the leaves-
fructification-like architecture may be to
develop the photocatalyst properties of the
g-C,N,/C1 nanocomposite. Aside from the
nanoarchitecture, it is noteworthy that the
morphology of the g-C_,N,/C1 nanocomposites
is completely different from the g-C,N,
nanosheets’ (Fig. 1a), indicating that the
addition of carbon has tremendous influence
on the microstructures. It also can be seen
that the surface of nanocomposite is smooth
(Fig. 3b). A series of experiments were
performed by varying the reaction time, while
keeping other parameters constant. For
g-C,N,/C2 and g-C,N,/C3, the number of
nanospheres decreases with decrease in the
reaction time (Fig. 3c, d). The element ratio
of C to N for g-C,N,/C nanocomposite also
steady decreases from 0.85 (g-C,N,/C2) to
0.80 (g-C,N,/C3) showed by element analysis,
which may be influence the performance of
the subsequent photodegradation of dye ['2.

After hydrothermal treatment of the mixture of
g-C,N, nanosheets, glucose solution and
AgNO,, the Ag/g-C,N,/C1 nanocomposites were
also made up of nanospheres and flocculent
material (Fig. 4a and b), which is similar the
g-C,N,/C3 nanocomposite with leaves-
fructification-like architecture. However, the
nanospheres in ternary nanocomposites were
more uniformly distributed (comparing 4a with
3a), and the flocculent material was filled
between nanospheres. It is noteworthy that the
surface of ternary nanocomposite is relative
rough in Fig. 4b compared with Fig. 3b. The
XRD pattern shown in Fig. 4c is the same as
that of the g-C,N,/C1 nanocomposites (Fig. 2a-
2) except the presence of the (111), (200), (220)
and (311) planes of face centered cubic (FCC)
of metallic Ag (JCPDS card no. 65-2871).
Furthermore, it could be clearly seen that the
main characteistic peaks of Ag/g-C,N,/C1
nanocomposites in FTIR spectra (Fig. 4d) is
similar the g-C,N,/C1 nanocomposites (Fig. 2b),
suggesting that no structural change of binary
nanocomposites occurs during the introduction
of Ag. All these analyses confirm as-obtained
ternary nanocomposites are Ag/g-C,N,/C1
nanocomposites consisting of pine leaves-
fructification architecture covering Ag.

With increase in the hydrothermal treatment
duration (8 h and 10 h), the morphologies of
the resultant products (Fig. 5a and b) are similar
to one that treated during shorter time (6 h).
However, the broad diffraction peak in 2 theta
ranging from 16.6° to 29.2° become weaker
gradually with increasing hydrothermal
treatment duration (Fig. 5¢ and d), suggesting
that plasmonic metal (Ag) have been
successfully deposited onto the surface of
g-C,N,/C nanocomposites 8.
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Fig. 3. SEM images of the g-C,N,/C1 (a, b) with different magnifications, g-C,N,/C3 (c), g-C,N,/C2
(d); Photograph (e) of the pine leaves and fructification.
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Fig. 4. SEM images (a, b) with different magnifications, XRD pattern (c)
and FTIR spectra (d) of Ag/g-C,N,/C1.
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Fig. 5. SEM images (a, b) and XRD patterns (c, d) of
Ag/g-C,N,/C2 (a, c) and Ag/g-C,N,/C3 (b, d).
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Fig. 6 shows the UV-vis absorption spectra of
the different samples. The pure g-C,N,
nanosheets have the absorption edge at about
480 nm (Fig. 6a), which is assigned to band
gap absorption (2.7 eV) ®9. The g-C,N,/C3
nanocomposites enhances its light absorption
over the whole range of wavelengths investigated
(Fig. 6a), due to the strong absorption of carbon
in the visible light region 4. While the Ag/g-
C,N,/C1 nanocomposites presents a weak
absorption in the range of 450-650 nm (Fig.
6a), which results from the localized surface
plasmon resonance (LSPR) of Ag loaded in the

nanocomposites. Meanwhile, the g-C,N,/C
nanocomposites show weaker absorption with
increasing the reaction time, namely increasing
carbon content (Fig. 6b), due to bio-inspired
structures effects. However, the Ag/g-C,N,/C
nanocomposites show stronger absorption with
increasing the reaction time (Fig. 6b), and the
LSPR peaks broaden obviously because the
Ag nanoparticles have a wide particle size
distribution "2, All these analyses reveal that
the proper proportion of Ag, g-C,N, nanosheets
and carbon influence the light absorption of the
resultant products.
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Fig. 6. UV-vis absorption of the different samples.

3.2 Adsorption and photocatalytic
degradation of MB

It is well known that the high adsorption
capability of the catalyst is important and can
make the catalyst behave as a collector to
gather the dye without sunlight &%, In addition,
the adsorption of the dye is important for
efficient dye-photosensitisation, enhancing
photodegradation reactions B'. As shown in
Fig. 7, the adsorption capability of pure
g-C,N, nanosheets is about 60 umol/g. The
g-C,N,/C nanocomposites have approximate

Journal of Polymer Materials, December 2017

adsorption capacities. However, the ternary
nanocomposites from Ag/g-C_,N,/C1 to Ag/g-
C,N,/C3 possess high adsorption capacity to
the cationic dye of methylene blue (MB). The
Zeta potential of the Ag colloid is tested to be
-44 mV B2 which may play a key role in the
removal of cationic dye (MB). The integration
of high adsorption capacity and the
photocatalytic nature of g-C,N, nanosheets will
endow the g-C,N,-containing nanocomposites
a strong candidate for subsequent
photodegradation of MB.
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Fig. 7. The adsorption of g-C N, (1), g-C,N,/C3 (2), g-C,N,/C2 (3), g-C,N,/C1 (4), Ag/ g-C,N,/C1 (5),
Ag/ g-C,N,/C2 (6), Ag/ g-C,N,/C3 (7).

After the absorption balance in MB, the
photocatalytic performance of these catalysts
was examined, and the results are
summarized in Fig.8. In the presence of pure
g-C,N, nanosheets, the degradation of MB is
47% after 40 min of illumination (Fig. 8a). The
g-C,N, nanosheets compounded with carbon
exhibit higher photocatalytic performance due
to the bio-inspired structures effects (Fig. 8a).
It is noteworthy that the photocatalytic
efficiency can be further improved by
introducing Ag in the nanocomposites. 75%
of MB was photodegraded over the Ag/g-C N,/
C tannery nanocomposites after 40 min of
illumination (Fig. 8a). The plot of the irradiation
time (t) against In(C /C)) is shown in Fig. 8b,
which is linear. The reaction constant « of the
ternary nanocomposites (Ag g-C,N,/C) is the
biggest, suggesting the highest photocatalytic
activity towards degradation of MB. The
enhanced photocatalytic activity of the ternary
nanocomposites contributed to bio-inspired
structures effects, the synergistic effect of the

three components and the dye-sensitisation
caused by stronger adsorption in MB. To the
leaves-fructification-like architecture, the
Ag/g-C,N,/C tannery nanocomposites benefit
the transfer of photogenerated electrons using
the channel between nanospheres
(fructification) and flocculent material (leaves).
To the synergistic effect of the three
components, the photogenerated electron-hole
was formed by the excitations of both the
band-gap transition of g-C,N, nanosheets and
the surface plasmon resonance (SPR) of metal
Ag after irradiating with visible light. The SPR
properties of Ag can enhance the visible light
harvesting. The carbon can rapidly transfer the
photogenerated electrons, and obtain an
efficient charge separation 3. To the dye-
sensitisation, some pioneering endeavors
discovered that the adsorption of dye is an
important factor ®'. Both the g-C,N,
nanosheets and the metal (Ag) provide high
adsorption to MB molecules, which can
enhance photodegradation under visible light.
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Fig. 8. Photocatalytic degradation of MB (a, c) and the kinetic linear simulation curves (b, d)
of as-prepared samples.
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Fig. 9 The stability of the Ag/g-C,N,/C1 after three cycles.
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All of these effects from the three components,
bio-inspired structures and dye-sensitisation
enhanced the photocatalytic activity of Ag/g-
C,N,/C nanocomposites.

As shown in Fig 8 c and d, further increasing the
element ratio of C to N no matter in binary
nanocomposites (g-C,N,/C1, g-C,N,/C2) or in
corresponding ternary nanocomposites (Ag/g-
C,N,/C2, Ag/g-C,N,/C3), the photocatalytic
activity decreased. The decrease in the samples
with a heavy loading carbon is maybe due to the
shading effect (Fig 6b) and the gradual fall in
adsorption to MB molecules (Fig. 7). Thus,
excess compounded with carbon is not favorable
for the improving photocatalytic activity. Fig. 9
shows that the Ag/g-C N, /C1 is stable for each
cycle. The MB decomposed during the 20 min
irradiation, have a small decline after three cycles.

3.3 Photoelectrochemical measurements

The transient photocurrent responses of g-
C,N, nanosheets, g-C_N,/C3 nanocomposites
and Ag/g-C,N,/C1 nanocomposites were
investigated in Fig. 10. The photocurrent of
g-C,N, nanosheets is very low (1.44 uA/cm?).
After introducing carbon, the photocurrent is
improved (3.72 uA/cm?). The ternary
nanocomposites of Ag/g-C,N,/C1 show the
strongest photocurrent response, which
increase to 5.88 pA/cm2. The result is
consistent with the photocatalytic
performance, confirming that the Ag/g-C,N,/
C1 ternary nanocomposites possess the
highest visible light conversion efficiency, due
to the synergistic effect of Ag, g-C,N,, and
carbon.

1.8-CN,
2.g-C N T3
g4 3 Agig-c N T1

&0
Time (s}

75 an

Fig. 10. I-t curves of the samples.

4. Conclusions

In summary, we reported a facile method on
fabrication Ag/g-C,N,/C ternary nanocomposites
by hydrothermal treatment with a mixture of

g-C,N, nanosheets, glucose solution and
AgNO,. In order to comparison, a series of
nanomaterials including g-C,N, nanosheets,
binary nanocomposites (9-C,N,/C1, g-C,N,/C2,
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g-C,N,/C3) and ternary nanocomposites
(Ag/g-C,N,/C1, Ag/g-C,N,/C2, Ag/g-C,N,/C3)
with different element ratio of C to N were
prepared and characterized. The Ag/g-C,N,/C1
nanocomposites with leaves-fructification-like
architecture showed the highest photocatalytic
activity towards degradation of MB. The reason
for this was bio-inspired structures effects, the
synergistic effect of Ag, g-C,N, and carbon and
dye-sensitisation, which increased visible-light
absorption, enhanced adsorption for the MB
and improved photoinduced electron—hole
separation efficiency. So the integration of the
three components with leaves-fructification-like
architecture can greatly improve the efficiency
conversion in visible-light, and improve
photocatalytic activity.
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