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Constructing and Photocatalytic Performance of g-C;N/Ag/TiO, Composites
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Abstract: g-C;N/Ag/TiO, ternary photocatalysts were successfully constructed by a mechanical agitation method
with as-synthesized Ag/TiO, hollow microspheres and g-C;N, nanosheets as the raw materials. The photocatalysts
were systematically characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR),
scanning electron microscopy  (SEM), X-ray photoelectron spectroscopy  (XPS), ultraviolet-visible diffuse
reflectance spectroscopy (UV-Vis DRS), and photoluminescence spectra (PL). The results showed that g-C;N,/Ag/
TiO, was assembled by Ag/TiO, microspheres and g-C;N, nanosheets. Compared with TiO,, the resultant g-C;N/
Ag/TiO, heterojunctions possessed longer visible-light response range and faster photo-induced carrier separation
rate. At room temperature, the visible-licht photocatalytic activity of g-CsN/Ag/TiO, was investigated by
photodegradation of rhodamine B (RhB). The results showed that the highest visible-light-driven photocatalytic
efficiency of g-C3N, (0.5%)/Ag/TiO, with 180 min of light irradiation was 91.9%, which was nearly 7.5 and 1.8
times higher than pure TiO, and two-component Ag/TiO,, respectively. The enhanced photocatalytic activity could

be mainly attributed to the reasonably designed heterojunctions and the electrical conductivity of Ag.
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0 Introduction

With the increasing awareness of environmental
issues and energy crisis, sunlight-driven photocatalysis
has been extensively investigated as a potential strategy
for environmental remediation and energy conversion!.,
Among the reported semiconductor photocatalysts,
titanium dioxide (TiO,) has received massive attention
due to its advantage of low cost, safety and excellent

B8, Nevertheless, the photocatalytic efficiency

stability
of TiO,is inhibited significantly by the fatal drawback
of wide band gap energy (~3.2 €V) and rapid recom-
bination rate of photo-reduced e -h* pairs in TiO,
single-phase semiconductor®”. Hence, it is signifi-
cantly important to develop TiO,-based photocatalysts
by lowering the band gap and promoting the photo-
induced electron-hole pairs separationl. Research
today is mainly focused on developing high efficiency
TiOy-based photocatalysts by metal or non-metal
doping, metal deposition, morphological control and
formation of heterostructure with narrow band gap
semiconductors!*".

Doping noble metal is considered to a key path to
modify TiO,™. Among of noble metals, Ag is received
as a promising candidate as the electron mediators
due to its relatively low cost, electrical conductivity
and localized surface plasmon resonance (LSPR),
which are helpful for extending visible light absor-
bance and promoting the photoinduced electron-hole
pairs separation™". Another key point of constructing
a highly efficient photocatalyst is to constructing
heterostructure with narrow band gap semiconductors
which is considered to a key path to increase the
visible light response range and restrain photo-
reduced electron/hole pair recombination™”. Among
various types of semiconductors are capable of coupling
with TiO,, graphite-like carbon nitride (g-C3N,) is a
suitable candidate due to its narrow band gap (~2.69
eV) and well-matched conduction band position with
TiO,. Many reported composites of TiO, and g-C;N,
indeed show higher performance than TiO,'". Besides,
the 2D structure of g-C3N, also possesses other unique

properties, such as easy fabricating heterojunctions

with other semiconductors, easy availability, low cost.
Moreover, combing 2D and 3D structure contributes to
integrate their functionalities and tailor the single-
component physicochemical properties®. Therefore, it
is vital important to construct 3D/2D composite
structure of Ag/TiO, hollow microspheres and g-Cs;N,
nanosheets with excellent visible-light photocatalytic
performance.

In the present work, a novel composite of 3D Ag/
TiO, hollow microspheres and 2D g-C;N, nanosheets
was successfully constructed via the template method
and chemical reduction method, followed by a facile
mechanical agitation method. The results demonstrated
that g-C;N; nanosheets allowed for the uniform
distribution of Ag/TiO, microspheres leading to the
increased contact areas. The as-obtained g-C;NJ/Ag/
TiO, photocatalyst showed excellent activity for
photodegradation of rhodamine B (RhB) under visible
light irradiation, which was nearly 7.5 and 1.8 times
higher than pure TiO, and Ag/TiO,. The possible

mechanism for superior performance of as-obtained g-

C3NJ/Ag/TiO; was further analysed and proposed.
1 Experimental

1.1 Materials and characterization

Titanium (V) isopropoxide (TIPT), silver nitrate
(AgNOs) polyvinylpyorrlidone (PVP) (My=30 000), mela-
mine (C3HgNg), trisodium citrate dihydrate (Na;CsHsO7+
2H,0) and glucose were obtained commercially from
Sinopharm Chemical Reagent Co., Ltd. Deionized
water (DI) with a resistivity of 18.0 M{)-cm was used
in all experiments. All the reagents were analytically
pure and used without further purification. Carbon
microspheres were synthesized as reported in the

22 The XRD patterns were collected on a

literature
XRD-6100 (Shimadzu, Japan) operated at 40 kV and
30 mA with a Cu Ka X-ray radiation source, a nickel
filter (A=0.154 06 nm), and 26 range of 10°~80°. The
SEM images were received on a Sigma 300 (ZEISS,
Germany) operated at 20 kV. FT-IR was measured on
a VERTEX70 (Bruker, Germany), samples were comp-
ressed into disks with KBr and analyzed over the

wavenumber range of 400~4 000 cm™ with 100 scans
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at a resolution of 4 cm™. UV-Vis DRS were measured
with a UV-Vis Lambda 650s
(PerkinElmer, USA) using BaSO, as the reflectance

standard. PL spectra were acquired on an Omni-PL

spectrophotometer

(Zolix, China) spectrometer at room temperature using
an excitation wavelength of 325 nm. XPS was performed
on an ESCALAB 250Xi (ThermoFisher, USA), using
Mg Ko (hv=1 253.6 V) as the excitation source.
1.2 Preparation of photocatalyst
1.2.1 Preparation of g-C;N, nanosheets

¢-C3N, nanosheets were prepared according to
reference™. Typically, g-C3;N, nanosheets were obtained
by a two-step calcination thermal-etching method using
melamine as precursor.
1.2.2  Preparation of TiO, hollow spheres

TiO, hollow spheres were synthesized via using
carbon microspheres as template, as reported in a
previous literature™. In a typical process, 0.3 g carbon
microspheres were dispersed to 20 mL ethanol and
stirred vigorously for 30 min, and then another
solution containing 3 mlL of TIPT and 20 mL of
ethanol was added dropwise into the above solution
under stirring. Subsequently, the mixture was then
transferred to a 100 mL Teflon-lined stainless steel
autoclave and heated at 180 “C for 24 h. After cooling
down to room temperature, the brown product was
collected and washed with water and ethanol by
centrifugation, and then dried at 60 °C for 12 h.
Finally, the white TiO, hollow spheres were obtained
by calcined at 450 °C in air for 3 h.
1.2.3  Preparation of Ag/TiO, composites

Ag-loaded TiO, (Ag/TiO,) was synthesized through
using sodium citrate as reductant. In a typical
synthesis, 7.99 g TiO, and 1.0 g PVP were dispersed
to 80 mL water and stirred for 30 min. Then another
20 mL aqueous solution containing 0.169 g AgNO;
and 0.3 g sodium citrate was added with drop by drop
to the above solution under stirring. Next, the mixture
solution was stirred and maintained at 100 C for 1 h.
After cooling down to room temperature, the product
was collected and washed thoroughly with water and
ethanol by centrifugation, and then dried at 60 °C for
12 h.

1.2.4  Preparation of g-C;N/Ag/TiO, photocatalysts
The g-C;NJ/Ag/Ti0, composite photocatalysts were
successfully constructed via mechanical agitation
method. Typically, 0.1 g Ag/TiO, and 0.005 g g-CsN,
nanosheets were dispersed in 60 mL absolute alcohol
via ultra-sonication for 2 h, followed by mechanical
stirring for 48 h. Finally, the product was washed with
ethanol by centrifugation, and then dried at 60 “C for
12 h. Other composites with different weight percentages
of g-C3N,

procedure. For comparison, g-C;N4 (0.5%)/TiO, comp-

(1% and 3%) were obtained via the same

osite with weight percent of 0.5% was prepared via the
same procedure without the depositing process of Ag.
1.3 Measurement of photocatlytic performance
Photocatalytic performance of the samples for
removal of RhB was evaluated within an optical
(XPA  Xujiang, China) under

irradiation.

reaction apparatus
visible-light Before illumination, the
mixture was continuously stirred for 90 min in the
dark to achieve the adsorption-desorption equilibrium
between RhB and the samples. Then a 500 W Xe
lamp (with 420 nm UV-cutoff filter) was turned on,
the samples was extracted at 20 min intervals and
separated by centrifugation for analysis. The concen-
tration (C) of RhB was measured from the peak intensity
at the maximal absorption wavelength using a Hitachi

U-3010 UV-Vis spectrophotometer. The ratio (C/Cy) was

adopted to determine the photocatalytic performance.
2 Results and discussion

2.1 Crystal structure

The crystalline phase of all samples was analysed
by XRD, as shown in Fig.1a. The two diffraction peaks
located at around 26=13.0° and 27.4° corresponded to
the (100) and (002) reflection planes of pure g-CsN,
(PDF No.87-1526), The diffraction peaks of pristine
TiO, at 25.3°, 37.8°, 48.1°, 54.1°, 54.9°, 62.7°, 68.9°,
70.3°, and 75.1° can be well assigned to the (101),
(004), (200), (105), (211), (204), (116), (220) and
(PDF No.21-
1272), respectively. Nevertheless, the diffraction peak

(215) reflection planes of anatase TiO,

intensity corresponding to g-C;N; and Ag was weak

and inconspicuous in the binary and ternary
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Fig.1 (a) XRD patterns and (b) FT-IR spectra of as-synthesized samples

composites, which can be attributed to the relatively
low concentration or high dispersion in the samples!".
Moreover, it can be seen that there was no impurity
formed during the synthesis process of composites
photocatalysts.

The FT-IR technique was
functional groups as displayed in Fig.1b. For pure g-
(3N, the obvious signals located at 1 200~1 600 ¢cm™
region could be ascribed to the C-N and aromatic C-N

used to analyse

heterocycles stretching vibration modes™*.  Besides,
the signal located at 808 ¢cm™ corresponded to typical

breathing mode of tris-triazine rings. With regard to

EMTM0W  WOS1R2ww  Mage HIKE Sgwiag2Hm

pure TiO,, the characteristic signal located at 500 ~
800 cm™ corresponded to Ti-O-Ti and Ti-O stretching
vibration modes, and the signals at 1 650 and 3 400~
3 500 ¢cm™ regions were ascribed to the O-H group
and absorbed water™. For g-C3N, (0.5% )/Ag/TiO,
composite, all signals of g-C;N, and TiO, were
observed obviously. Along with XRD results, the FT-
IR test confirms that the structures of both g-C;N, and
TiO, were well kept in the ternary composite.
2.2 Morphology characterizations

Fig.2 shows SEM images of carbon spheres,
pristine g-C;N,; nanosheets, TiO,, Ag/TiO, and g-CsN,

EHIABO0W WOs1ETmm Mgs 202 SgwAsilen (RN

Fig.2 SEM images of (a) carbon spheres, (b) g-C3N,, (¢) TiO,, (d) Ag/TiO,, (e) g-C3N, (0.5%)/Ag/TiOx;
() EDS elemental mappings of g-C3N, (0.5%)/Ag/TiO,
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(0.5%)/Ag/TiO,. The diameter of carbon spheres could
be estimated to be 400~500 nm from Fig.2a. As shown
in Fig.2b, the pristine g-C;N4 exhibited irregular and
loose agglomeration characteristic of curly nanosheets.
In contrast, the TiO, sample displayed regularly hollow
(Fig.2¢). After combining TiO,
with Ag, the Ag uniformly distributed on the surface
of TiO, hollow microsphere (Fig.2d). Further, after
combining Ag/TiO, and g-CsN,, the Ag/TiO, hollow
spheres were equably attached to surface of g-CsN,

microsphere structure

nanosheets (Fig.2e), this interaction can contribute to
promote the photo-generated charge transfer and
separation, and then increase photocatalytic activity.

Energy dispersive X-ray spectroscopy (EDS, Fig.2f)

analysis of g-C;Ny (0.5%)/Ag/TiO, further confirms that
the ternary composite mainly consisted of Ti, O, C, N,
and Ag elements, which indicates the successful
fabrication of the target product. Furthermore, the
EDS results show that the molar ratio of Ti, O, C, N,
and Ag elements in g-C;N, (0.5%)/Ag/TiO, were about
1.20:2.40:0.024:0.032:0.009, which in good agreement
with that of starting materials.
2.3 XPS analysis

XPS spectra of as-obtained g-C;N, (0.5%)/Ag/TiO,
were used to notarize the chemical composition and
status of elements, as shown in Fig.3. Fig.3a exhibits
the XPS survey spectrum of the sample, suggesting
that the sample was consisted of Ag, C, N, Ti and O
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(a) XPS survey spectrum of g-C3N,(0.5%)/Ag/TiO,; High-resolution spectra of (b) Ti2p, (c¢) Ols, (d) Ag3d,
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elements. Fig.3b displays the XPS spectrum of Ti2p,
which was consisted of four peaks at 464.5, 463.6,
458.5 and 458.3 eV. The binding energies at 464.5
and 458.5 €V could be ascribed to the 2p,, and 2ps,
28, While the electron

binding energies at 463.6 and 458.3 eV corresponded

of Ti** orbitals, respectively
to the 2pi, and 2ps, of Ti** orbitals, respectively ™.
The results indicate the coexistence of Ti** and Ti**
species in the sample. In Fig.3c, the XPS spectrum of
Ols was fitted into three peaks at 531.2, 530.0 and
529.5 eV, which could be ascribed to the oxygen
(Ov), hydrogen oxygen bond (O-H) and
titanium oxygen bond  (Ti-O) respectively. The Ov
indicated the exist of Ti** ™. For the XPS spectrum of
Ag3d (Fig.3d), two independent peaks at 373.3 and
367.3 eV could be ascribed to Ag3diy, and 3dsp,

respectively, suggesting the characteristic of metallic

vacancy

silver®™ !, Fig.3e reveals the XPS spectrum of Nls
with three peaks centered at 400.1, 399.1 and 398.4
eV, which could be ascribed to the sp*hybridized N
bound to carbon atom (C-N=C), tertiary nitrogen N-(C);
and C-N-H groups™, respectively. With regard to Cls,
the XPS spectrum (Fig.3f) can be divided into three
peaks of 288.3, 285.2 and 284.5 eV. The binding
energies at 284.5 and 285.2 eV can be assigned to
the sp? C-C bonds and sp*bonded C in N-C=N of g-
G\, and the peak at 288.3 eV corresponded to the
0=C-0 or C-0 bond in the skeleton.
2.4 PL spectra

The PL spectra are adopted to further investigate
the separation difference of the photo-induced charge

carriers. As shown in Fig.4, pristine TiO, presented

high PL intensity, which is mainly attributed to quick
photon-generated e -h* pairs recombination rate, but
after introducing Ag, the PL intensity decreased
slightly. Furthermore, The PL intensity of g-C;Ny
(0.5% )/Ag/TiO, decreased remarkably, which was
much lower than that of pristine TiO,, implying that
high separation efficiency of photo-induced charge
carriers existed in the ternary photocatalyst, which

always associated with the enhanced photocatalytic

activity.
25000 —Tio,
—— AgTiO,
20 000 ——g-CN, (0.5%)Ag/TiO,
3
< 15000
z
8 10000
k=
5000
0
1 1 1 1 1
350 400 450 500 550 600 650

Wavelength / nm
Fig.4 PL spectra of as-prepared samples

2.5 Optical absorption behaviour

The UV-Vis DRS of as-prepared samples was
performed to assess the optical absorbance properties
and bandgap. As shown in Fig.5a, pure g-C;N, possessed
an absorption edge at about 451 nm, while the absorp-
tion edge of TiO, appeared at 381 nm. Compared with
TiO,, the absorption edge of Ag/TiO, composite had a
slightly red-shift, which may be partly ascribed to the
interaction of TiO,and Ag nanoparticles. Furthermore,
g-C3Ny (0.5%)/Ag/TiO, showed wider adsorption range
than Ag/TiO, as a result of the incorporating g-C;N,

with relatively narrower bandgap. Besides, the values

M= 50 —
k _g'C3N4 // Iy //
1.6} % —g-CN, — 7o, Yy
14F \\ — TiO, 40 F—Ag/TiO, //
——g-C.N, (0.5%)Ag/Ti ’
2 — Ag/TiO, « g-CN, (0.5%)Ag/ 102//
g 1.0 — &GN, (0.5%)Ag/TiO, % 30f /
2 =
2 0.8 5
g 5 20
= 0.6 &
0.4
10
451 nm
02 395nm \¢"
0.0 , 0
400 500 2.5 s

Wavelength / nm

Fig.5

(a) UV-Vis DRS and (b) computation of the indirect interband transition energies of as-prepared samples
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of band gap energies can be calculated according to
the Tauc plot (where a, h, v are the absorption coeffi-
cient, Planck constant and light frequency, respe-
ctively). As demonstrated in Fig.5b, the E, of g-C;N,,
Ti0,, Ag/Ti0,, g-C;N, (0.5%)/Ag/TiO, can be calculated
as 2.94, 342, 3.36 and 3.32 eV, respectively. The
results indicate that g-CsNy (0.5%)/Ag/TiO, sample
displayed enhanced light harvesting ability compared
with TiO, and Ag/TiO,, which is a vital aspect to
improve photocatalytic activity.
2.6 Photocatalytic performance

The photocatalytic degradation of RhB (10 mg -
L™) in solution under visible-light illumination using
no catalyst, pure g-C;N; nanosheets, pristine TiO,, Ag/
TiO, and g-CsN, (0.5%)/Ag/TiO, with different concen-
tration of g-C3N; as photocatalysts was measured to
verify the enhanced photodegradation efficiency. As
shown in Fig.6a, the concentration of RhB did not
show obvious change in absence of catalyst. Pure g-
(3N, nanosheets showed relatively ideal photocatalytic
effect. In contrast, pristine TiO, exhibited weak

photodegradation efficiency of RhB under visible-light

irradiation. However, the photocatalytic activity of g-
CiNy (0.5%)/Ti0, and Ag/TiO, two-component comp-
osites were obviously enhanced compared with that of
pristine TiO,, which iwas attributed to the-formation of
heterojunction with g-C3N4 and good conductivity of
Ag, respectively. Furthermore, when coupling TiO/Ag
with g-C3N,, the degradation efficiency of RhB became
much higher than that of two-component composites.
Especially, when the load ratio of g-C;N; was 0.5%,
the degradation efficiency became 91.9%, which was
79.9% higher than using pristine TiO, and 41.7%
higher than using Ag/TiO,, respectively.

The photocatalytic reusability of g-C;N, (0.5%)/
Ag/TiO, was further evaluated by photodegradation of
RhB under visible light cycled for four times. As shown
in Fig.6b, the photocatalytic efficiency of g-C3N,
(0.5%)/Ag/Ti0, sample for RhB degradation decreased
from 91.9%% to 79.6% after four cycling runs, which
showed that the g-C;N, (0.5%)/Ag/TiO, sample can
maintain relative good reusability in the photocatalytic

degradation process under visible-light irradiation.

1.0 —a (3) (b)
038 80
®
0.6 < 60}
&
o g
20 =
S S 40}
02 g
—¥—Ag/TiO, ~
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Fig.6

2.7 Photocatalytic performance enhancement

mechanism
To elucidate the photocatalytic performance
degradation mechanism, isopropanol  (IPA), 1.,4-

benzoquinone (BQ) and EDTA-2Na were adopted as
hydroxyl free radicals (- OH), superoxide radical (-0,
(h*) scavenger in RhB

degradation system over g-C3;N,4 (0.5%)/Ag/Ti0,, resp-

and photogenerated holes

ectively. As shown in Fig.7, the photodegradation rate

of RhB showed no obvious decrease with the addition

(a) Photocatalytic degradation of RhB under visible light irradiation; (b) Cycling runs of g-C;N, (0.5%)/Ag/TiO, sample

of IPA indicating that -OH made no contribution to
the photocatalytic activity. While declined photode-
gradation rates were observed in the presence of
EDTA-2Na and BQ. Therefore, it is not difficult to
deduce that h* and -0, are the crucial active species
during the photocatalytic process.

Based on above analysis, the probable photo-
catalytic activity enhancement mechanism for the charge
transfer of g-C3N, (0.5%)/Ag/TiO, was proposed. As
show in Fig.8a, g-C;N, can easily adsorb photons and
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Fig.7 RhB degradation over g-C;N, (0.5%)/Ag/TiO, in

the presence of different scavengers

generate e -h* pairs under visible-light irradiation.
Since both the conduction band (CB) and valence
band (VB) g-C;N, were lower than those of TiO,*, the
photo-generated electrons of g-C3N, migrated to the
surface of TiO,. Furthermore, Ag can serve as a bridge
for electron transfer between TiO, and g-Cs;N,, the
excited state electrons at the of g-C;Ny could easily

RhB

@

RhB h* h*

Degraded products
gCN, TiO,

2

Fig.8

3 Conclusions

In summary, 3D Ag/TiO, hollow microspheres
coupled with 2D g-C3N, nanosheet as heterojunctions
were successfully constructed by a simple mechanical
agitation method. The as-synthesised ternary comp-
osites loaded with 1% Ag and 0.5% g-C;N, nanosheets
exhibited the highest photodegradation performance
under visible-light irradiation. The enhanced visible
light photocatalytic activity mainly contributed to

promoting the separation of charge carriers by the

transfer to that of TiO,. Subsequently, the electrons in
CB of TiO, can be trapped by molecular oxygen
dissolved in the solution to produce active species *0,".
The obtained -0, and h* stay in the VB of g-C;N,,
and can directly react with RhB adsorbed on the
surface of samples due to their high oxidative capacity.
In addition to the enhanced charge separation, the
hollow structure of TiO, may have some benecial
effects on the photocatalytic performance. On the one
hand, the hollow structure can allow more exposure
surface to act as oxidation reaction active sites. On
the other hand, the hollow structure promotes multiple
reflections of light in the cavity leading to enhance
the light harvesting. The possible light path in the
cavity is shown in Fig.8b. Therefore, the enhancement
of photocatalytic activity is mainly attributed to the
effective separation efficiency of carriers and TiO,

hollow sphere structure.

Degraded products

(®)

Degraded products
g-C\N

34

(a) Possible charge carriers separation and transfer mechanism; (b) Scheme of light path in the TiO, hollow microsphere

synergistic effect of the formation of heterojunction
with g-C;N, and the good conductivity of Ag, more-
over, enhancing effectively the utilization efficiency of
the visible light by constructing TiO, hollow sphere
structure. The study will provide a promising insight
for constructing visible-light-driven photocatalyst for

environmental remediation.
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