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ABSTRACT: A novel plasmonic photocatalyst, Au/Pt/g-C3N4,
was prepared by a facile calcination-photodeposition technique.
The samples were characterized by X-ray diffraction, energy-
dispersive spectroscopy, transmission electron microscopy, and
UV−vis diffuse reflectance spectroscopy, and the results demon-
strated that the Au and Pt nanoparticles (7−15 nm) were well-
dispersed on the surfaces of g-C3N4. The Au/Pt codecorated g-
C3N4 heterostructure displayed enhanced photocatalytic activity for
antibiotic tetracycline hydrochloride (TC-HCl) degradation, and
the degradation rate was 3.4 times higher than that of pure g-C3N4
under visible light irradiation. The enhancement of photocatalytic activity could be attributed to the surface plasmon resonance
effect of Au and electron-sink function of Pt nanoparticles, which improve the optical absorption property and photogenerated
charge carriers separation of g-C3N4, synergistically facilitating the photocatalysis process. Finally, a possible photocatalytic
mechanism for degrading TC-HCl by Au/Pt/g-C3N4 heterostructure was tentatively proposed.
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■ INTRODUCTION

Recently, the presence of pharmaceutical residues in wastewater
and their harmful effects on living ecosystems have aroused
worldwide attention. Pharmaceutical residues are discharged
into the aquatic environment through various sources such as
pharmaceutical industry, hospital effluent, and excretion from
humans and livestock,1 causing pollution of the living
environment. Antibiotic residues account for a large proportion
of the pharmaceutical contaminations because antibiotics have a
high consumption rate in not only humans but also in
aquaculture and livestock medicines.2 Antibiotic residues in
aqueous systems have the potential to induce negative
environmental effects, even in low concentrations, including
antibiotic resistance to bacteria, perturbations in ecosystems,
and possible risks to human health through drinking water and
the food chain.3−6 Several techniques such as activated carbon
adsorption, microbial degradation, and electrolysis have been
applied to deal with antibiotic residues.7 Moreover, semi-
conductor mediated photocatalysis has become the focus of
recent research on antibiotic residue treatment because it is a
green, efficient technology, compared to conventional
techniques. Some studies have already been carried out in
this area, such as photocatalytic degradation of tetracycline by
nonthermal plasma combined with nano-TiO2,

8 TiO2/5A
composite photocatalyst degrading antibiotic oxytetracycline,9

degradation of ceftiofur sodium using Au-TiO2 photocatalyst,
10

and so on. Graphitic carbon nitride (g-C3N4) is a polymeric
metal-free semiconductor with a medium band gap (2.65 eV),
and it possesses a two-dimensional layered structure by the sp2

hybridization of carbon and nitrogen forming the π-conjugated

graphitic planes.11 g-C3N4 has attracted tremendous attention
for applications in photocatalytic field such as photodegradation
of a variety of pollutions, hydrogen production by water
splitting, and photocatalytic reduction of CO2 owing to its
unique properties, such as physicochemical stability, response
to visible light, easy preparation via cheap materials, and
environmental friendliness.12−16 Nevertheless, the shortcom-
ings of low visible light utilization efficiency and fast
recombination of photogenerated electron−hole pairs in pure
g-C3N4 still limit the further improvement of its photocatalytic
activity. Therefore, some approaches have been employed to
enhance the photocatalytic activity of g-C3N4, such as nano/
mesoporous structures design,17−19 doping with metal or
nonmetal elements,20,21 surface modification,22−24 heterostruc-
tured nanocomposites fabrication,25−29 and so forth.
The surface plasmon resonance (SPR) effect of noble metals

derived from the collective coherent oscillation of surface
electrons enables noble metals nanoparticles (NPs) to be a
promising candidate for harvesting both UV light and visible
light.30−32 Consequently, noble metal−semiconductor compo-
sites have been widely developed to function as effective visible-
light-induced plasmonic photocatalysts. For instance, the Au/
TiO2 system

33−35 and the Ag/AgX (X = Cl, Br) system36 have
been well exploited to be such plasmonic photocatalysts. In
these systems, the novel metal NPs could be regarded as
efficient media to absorb light, then the hot electrons generated
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on the NPs gain light energy and further migrate to the
conduction band of the semiconductor.37 In addition, the
combination of two different novel metal NPs has shown
excellent bimetallic co-effect for many important reactions in
the catalysis field.38,39

Herein, for the first time, we demonstrate a simple
calcination-photodeposition technique to fabricate bimetallic
Au and Pt NPs codecorated g-C3N4 (denoted as Au/Pt/g-
C3N4) plasmonic photocatalyst. The photocatalytic perform-
ance of the sample was investigated by photodegradation of
antibiotic residue tetracycline hydrochloride (TC-HCl), as
expected, the obtained Au/Pt/g-C3N4 showed enhanced
photocatalytic activity over that of Au/g-C3N4, Pt/g-C3N4,
and pure g-C3N4 under visible light irradiation. Coupling both
of the Au and Pt NPs with g-C3N4, the Au/Pt/g-C3N4
nanocomposites can improve the optical adsorption ability as
well as promote photogenerated electron−hole pairs separa-
tion, which were beneficial from Au NPs SPR effect and Pt NPs
electron-sink function.

■ EXPERIMENTAL SECTION
Synthesis of g-C3N4. The g-C3N4 power was synthesized by one-

step polymerization of 5 g of melamine according to the literature.40 In
a typical procedure, the precursor melamine was thermally treated in a
tube furnace at 550 °C for 4 h with a heating rate of 2 °C/min under
air atmosphere. The yellow-colored product was collected and ground
into powder for further use.
Synthesis of Au/Pt/g-C3N4 Plasmonic Photocatalyst. Au and

Pt NPs codecorated g-C3N4 nanocomposites were prepared through a
photodeposition procedure with hole scavenger (PH) method.
Generally, 0.5 g of the as-prepared g-C3N4 power was dispersed in
100 mL of deionized water with ultrasonication, and 2.3 mL of
isopropanol was added to act as a hole scavenger. Then, 1 mL of
HAuCl4 (10 mg/mL Au) and 430 μL of K2PtCl4 (5.875 mg/mL Pt)
aqueous solutions were added into the above suspension, and the
mixture was stirred for 30 min. The calculated amounts of the
deposited Au and Pt were 2.0 and 0.5% weight total to g-C3N4,
respectively. With continuous nitrogen sparging, the suspension was
photoirradiated for 3 h by a mercury arc lamp (250 W, GY-250, λ =
365 nm) under magnetic stirring. The codecorated Au (III) and Pt
(II) salt sources were reduced by photogenerated electrons, and the
novel metals were deposited on the surfaces of the g-C3N4. The solid
product was collected by centrifugation and washed with distilled
water for several times, and dried at 80 °C overnight to obtain the Au/
Pt/g-C3N4 nanocomposites. The Au/g-C3N4 (Au 2.0 wt %) and Pt/g-
C3N4 (Pt 0.5 wt %) were also prepared by using the same method as
the control samples for comparison.
Sample Characterizations. X-ray diffraction (XRD) measure-

ments were performed on a SmartLab XRD spectrometer (Rigaku)
with Cu Kα radiation in the range of 10−70° (2θ). Scanning electron
microscope (SEM) images were obtained with a FEI Inspect F50 field-
emission scanning electron microscope. Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) images
were taken with a JEM-2100 high-resolution transmission electron
microscope. X-ray photoelectron spectroscopy (XPS) analysis was
carried out on a Kratos Axis Ultra DLD spectrometer equipped with a
monochromatic Al Kα X-ray source (1486.6 eV). UV−vis diffuse
reflectance spectroscopy (DRS) was performed using a UV−vis
spectrophotometer (UV-3600, Shimadzu) with an integrating sphere
attachment. PL spectra were measured at room temperature on a
Shimadzu RF-5301 fluorescence spectrophotometer with 385 nm
excitation wavelength.
Photocatalytic Activity Test. The typical photocatalytic experi-

ment was carried in a Pyrex reactor with reflux water at room
temperature. The photocatalytic activities of the as-prepared samples
were evaluated by the photodegradation of TC-HCl under visible light
irradiation. In the experiment, the photocatalyst (100 mg) was

dispersed in 100 mL of TC-HCl aqueous solution (20 mg/L), and the
mixed suspension was magnetically stirred for 30 min in the dark to
obtain absorption−desorption equilibrium before irradiation. Sub-
sequently, the above suspension was irradiated by a 500 W xenon lamp
(Philips) with a 400 nm cutoff filter, which was employed for the light
source. At 30 min intervals, 3 mL of suspension was sampled and
filtered through a 0.45 μm PTFE syringe filter to remove the solid
particles and obtain clear liquid. The concentrations of TC-HCl in the
liquid were analyzed by a UV−vis spectrophotometer (UV-3600;
Shimadzu). For comparison, the photocatalytic experiments of the Au/
g-C3N4 and Pt/g-C3N4 were also carried out under identical
conditions.

■ RESULTS AND DISCUSSION
Structure and Morphology. The XRD patterns of the as-

prepared g-C3N4, Pt/g-C3N4, Au/g-C3N4, and Au/Pt/g-C3N4
nanocomposites are shown in Figure 1. As can be seen, the

pure g-C3N4 shows one diffraction peak of (100) plane at about
2θ = 13.1° with respect to the characteristic interlayer structural
packing, and another diffraction peak of (002) plane at 27.2°
corresponding to the interplanar stacking peaks of the aromatic
systems.41,42 Compared with pure g-C3N4, the Au/g-C3N4 and
Au/Pt/g-C3N4 samples exhibit three additional peaks at 38.2,
44.4, and 64.6°, which are indexed to the (111), (200), and
(220) planes of Au, respectively. Such observations indicated
that the Au NPs were successfully loaded on the g-C3N4 after
irradiation.43 Nevertheless, the diffraction peaks of Pt were not
detected in the samples of Pt/g-C3N4 and Au/Pt/g-C3N4,
which may be due to its low loading content and high
dispersity.
Figure 2 depicts the FESEM images of the Au/Pt/g-C3N4

nanocomposites. As can be seen, the aggregated edge of g-C3N4
displays two-dimensional (2D) lamellar structures and an
amount of nanoparticles are attached to the surfaces of g-C3N4.
In spite of the difficulty to differentiate the composition of
every nanoparticle, we can reveal it in the following
characterization. The morphologies and microstructures of g-
C3N4 and Au/Pt/g-C3N4 nanocomposites were further
investigated by TEM and HRTEM (Figure 3). As shown in
Figure 3a, g-C3N4 possessed a layered structure, and it presents
in the form of a thin sheet with irregular morphology. After
UV-light irradiation of the g-C3N4 in the presence of Au (III)
and Pt (II) salts, the regularly shaped spherical Au and Pt NPs
sized 7−15 nm uniformly generated on the surfaces of g-C3N4

Figure 1. XRD patterns of the as-prepared g-C3N4, Pt/g-C3N4, Au/g-
C3N4, and Au/Pt/g-C3N4 nanocomposites.
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to form the Au/Pt/g-C3N4 structure, which is shown in Figure
3b,c. Furthermore, the interplanar distances of 0.234, 0.203,
and 0.224 nm measured out in the HRTEM image (Figure 3d)
are well indexed to the lattice spacing of the Au (111), Au
(200), and Pt (111) planes, respectively.44 All of the above
observations indicated that the Au−Pt codecorated g-C3N4
heterostructure (Au/Pt/g-C3N4) was indeed formed.
The XPS spectra were employed to analyze the detailed

chemical status of the sample. As observed from Figure 4a, the
C 1s spectrum can be fitted into three peaks at binding energies
of 284.4, 285.5, and 287.8 eV, which are attributed to pure
graphitic sites in the carbon nitride matrix (C−C), the sp2-
hybridized carbon atoms bonded to N in an aromatic ring (C−
N−C) and the sp2-hybridized carbon in the aromatic ring
attached to the NH2 group (C−(N)3).

41,45−47 The N 1s
spectrum in Figure 4b can be deconvoluted into three peaks,
ascribable to C−N−C at 397.7 eV, N−(C)3 at 398.6 eV, and
N−H at 400.1 eV.46,47 The Au 4f spectra spectrum (Figure 4c)
consists of two peaks with binding energies of 83.7 and 87.5 eV

for Au 4f7/2 and Au 4f5/2, respectively, well in agreement with
the Au0 state values.48 The peaks at binding energy values of
72.5 and 75.7 eV for Pt 4f7/2 and 4f5/2 were observed in the Pt
4f spectra spectrum of Figure 4d, corresponding to the standard
binding energy values of Pt0 state.49,50

The UV−vis diffuse reflectance spectra of g-C3N4, Pt/g-
C3N4, Au/g-C3N4, and Au/Pt/g-C3N4 samples are demon-
strated in Figure 5. As can be seen, pure g-C3N4 displayed an
absorption band lower than about 460 nm, resulting in a low
visible light utilization efficiency, whereas both of the Au/g-
C3N4 and Au/Pt/g-C3N4 samples exhibit a broad absorption
peak at around 550 nm which could be attributed to the SPR
effect of Au NPs.51 Meanwhile, we observed a significant
enhancement of optical absorption in the visible light region,
ascribable to the plasmonic resonance of Au NPs aroused from
the collective oscillations of the hot electrons generated on the
irradiated Au NPs.52,53 Nevertheless, the SPR of Pt NPs cannot
be observed due to the high imaginary part of the dielectric
function of Pt.54 Benefiting from such enlarged light absorption

Figure 2. FESEM images of the Au/Pt/g-C3N4 nanocomposites at (a) low magnification and (b) high resolution.

Figure 3. Typical TEM images of (a) g-C3N4 and (b and c) Au−Pt−C3N4 nanocomposites. (d) HRTEM image of the as-prepared Au−Pt−C3N4
nanocomposites.
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range and intensity, the Au/Pt/g-C3N4 plasmonic photocatalyst
is expected to enhance the solar energy utilization efficiency in
the photocatalysis process, showing improved visible-light-
driven photocatalytic performance.
Photocatalytic Performance. Tetracyclines (TCs) repre-

sent a major proportion of the antibiotics currently in use,55

and tetracycline hydrochloride (TC-HCl) was chosen as a
hazardous representative to evaluate the photocatalytic
performances of the as-prepared photocatalysts. Figure 6a
shows the photocatalytic activities of g-C3N4, Pt/g-C3N4, Au/g-
C3N4, and Au/Pt/g-C3N4 samples in degradation of TC-HCl
under visible light irradiation. The blank experiment demon-
strates that the direct photolysis of TC-HCl can be ignored
because TC-HCl is only slightly degraded without photo-

catalyst after visible light irradiated for 3 h. And it can seen from
Figure 6a that the degradation rate of TC-HCl follows an order
of Au/Pt/g-C3N4 (93.0%) > Au/g-C3N4 (78.6%) > Pt/g-C3N4
(67.2%) > g-C3N4 (52.8%) after the same irradiation time.

Figure 4. XPS spectra of (a) C 1s, (b) N 1s, (c) Au 4f, and (d) Pt 4f of the as-prepared Au/Pt/g-C3N4 nanocomposites.

Figure 5. UV−vis diffuse reflectance spectra of g-C3N4, Pt/g-C3N4,
Au/g-C3N4, and Au/Pt/g-C3N4 nanocomposites.

Figure 6. (a) Photocatalytic activities and (b) kinetics of the as-
prepared g-C3N4, Pt/g-C3N4, Au/g-C3N4, and Au/Pt/g-C3N4 nano-
composites for degradation of TC-HCl under visible light irradiation.
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Therefore, it is easy to conclude that the degradation efficiency
of TC-HCl can be improved in the presence of Au loaded g-
C3N4 and Pt loaded g-C3N4 photocatalytic systems as
compared to pure g-C3N4, particularly remarkably enhanced
with the Au/Pt codecorated g-C3N4 photocatalyst. The
phenomenon also implied that the bimetallic decoration was
advantageous than monometallic decoration, which was
resulted from the synergistic effect between Au and Pt
accounting for the significant enhancement of the photo-
catalytic activity. Moreover, the photocatalytic degradation of
the organic pollutant generally can be regarded as a pseudo-
first-order kinetics reaction when Co is within the millimolar
concentration range.56

=C C ktln( / )o

where Co is the concentration of TC-HCl after initial
adsorption−desorption equilibrium, C is the concentration
after visible light irradiation, and k is the first-order kinetics rate
constant. The linear relationship between ln(Co/C) and t are
depicted in Figure 6(b). After calculated, the rate constants of
g-C3N4, Pt/g-C3N4, Au/g-C3N4 and Au/Pt/g-C3N4 samples are
0.1269 min−1, 0.1809 min−1, 0.2495 min−1, and 0.4286 min−1,
respectively. Obviously, Au/Pt/g-C3N4 exhibits the best
degradation efficiency and has the highest rate constant
among the above four samples, giving a 3.4 times higher rate
constant of TC-HCl degradation than pure g-C3N4. The
excellent photocatalytic performance for the Au/Pt/g-C3N4
sample, on one hand, should be largely attributed to the SPR
effect of Au NPs induced broadband optical absorption
enhancement.51−53 On the other hand, it could be ascribable
to the loaded Pt NPs served as an electron tank to facilitate
charge carriers separation and accept the separated photo-
generated electrons.44

Because a photocatalyst’s practical application also requires it
is renewable besides its catalytic activity, we carried out four
cycling tests to degrade TC-HCl using the as-prepared Au/Pt/
g-C3N4 photocatalyst to investigate its stability, as shown in
Figure 7. The Au/Pt/g-C3N4 sample for photocatalytic
decomposition of TC-HCl shows a slight decline rather than
a significant loss of activity after four cycles, where the
photocatalytic efficiency reduces only 8.7%, suggesting the
photocatalyst is stable.

Proposed Mechanism for Enhanced Photocatalytic
Activity. On the basis of the analysis discussed above, we
proposed a possible mechanism of degradation of TC-HCl by
visible-light-driven Au/Pt/g-C3N4 photocatalyst; it is presented
in Figure 8. Under visible light irradiation, both the Au SPR and

g-C3N4 could be excited. As reported by Zhang et al., when the
novel metal SPR combined with the excited semiconductors
under irradiation, it is possible to achieve a synergic effect
which would take an important place in plasmon-related
photocatalysis processes.57 In our study, SPR-excitation of Au
NPs generated hot electron−hole pairs, and the hot electrons
transiently occupied empty states in the Au conduction band
(CB) above the Fermi energy, further energetically injected to
the CB of g-C3N4, with the hot holes left on Au NPs.

35,58,59 It is
known that the photoexcited semiconductor exhibits higher
conductivity due to more charge carriers are created in the
structure by the excitation.60,61 Therefore, g-C3N4 could serve
as a excellent mediator for the rapid transport of the hot
electrons to the nearby Pt NPs. As to g-C3N4, electrons (e

‑) in
the valence band (VB) were excited to the CB with the
simultaneous generation of holes (h+) in the VB. With the hot
electrons by SPR excitation injected, the nonequilibrated
electrons on the CB of g-C3N4 then transferred to the Pt
NPs. Such electrons transfer direction is feasible because the
CB of g-C3N4 (−1.09 eV) is lower than the work function of Pt
(5.65 eV).62 In this case, the photogenerated charge carrier
separation was boosted, and the transportation process was
accelerated to some extent. A majority of photogenerated
electrons (e−) that transferred on Pt NPs can react with O2 to
generate active species ·O2

−, while photogenerated holes (h+)
left on the Au NPs simultaneously reacted with H2O or OH− to
produce active species such as ·OH. Moreover, because the EVB
value of g-C3N4 (+1.57 eV vs SHE) is lower than the standard
redox potentials of ·OH/H2O (+2.68 eV vs SHE) and ·OH/
OH− (+1.99 V vs SHE), photogenerated holes (h+) left on the
VB of g-C3N4 could not react with H2O or OH− to generate
the active oxidative species ·OH,63,64 hence h+ on the VB of g-
C3N4 would be consumed by directly decomposing TC-HCl.
The major routes of photocatalytic degradation of TC-HCl
under visible-light irradiation were proposed as follows:

ν+ → +− +hAu Au(e h )

ν‐ + → − +− +hg C N g C N (e h )3 4 3 4

− + → − +− − −Au(e )/g C N (e ) Pt Au/g C N Pt(e )3 4 3 4
Figure 7. Four photocatalytic degradation cycles of TC-HCl by Au/
Pt/g-C3N4 under visible light irradiation.

Figure 8. Proposed photocatalytic mechanism for degradation of TC-
HCl by Au/Pt/g-C3N4 nanocomposites under visible light irradiation.
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+ → + ·− −Pt(e ) O Pt O2 2

· + → · + ·−O H O OH HO2 2 2

+ → · ++ +Au(h ) H O OH H2

· + → ·− +O H HO2 2

· → +2HO H O O2 2 2 2

+ · → · + +− −H O O OH OH O2 2 2 2

+ → + ·+ −Au(h ) OH Au OH

· + − →OH TC HCl degradation products

‐ + − →+g C N (h ) TC HCl degradation products3 4

PL quenching effect is related to the transfer and
recombination processes of charge carries in the photocatalysts,
so it is an efficient method to apply PL spectral analysis to
investigate the recombination rate of photogenerated electron−
hole pairs. It was generally believed that a lower PL emission
intensity is an indication of a lower recombination of
photogenerated electron−hole pairs.63 Figure 9 shows the PL

spectra of pure g-C3N4, Pt/g-C3N4, Au/g-C3N4, and Au/Pt/g-
C3N4 samples at an excitation wavelength of 385 nm. The four
samples all have the same wide emission peaks at about 460
nm, which could be attributed to the band gap recombination
of photoexcited electron−hole pairs in g-C3N4.

65 As can be
observed, the PL emission intensities of Pt/g-C3N4 and Au/g-
C3N4 decreased compared to that of pure g-C3N4, while Au/Pt
codecorated g-C3N4 exhibited a further decrease in PL emission
intensity. It is suggested that the recombination extent of the
photogenerated electron−hole pairs was inhibited more greatly
in Au/Pt/g-C3N4 photocatalyst, which would contribute to the
enhancement of photocatalytic efficiency.

■ CONCLUSIONS
In summary, we have successfully fabricated Au/Pt codecorated
g-C3N4 heterostructure as a plasmonic photocatalyst by using a
simple calcination-photodeposition technique. Au and Pt NPs
with size of 7−15 nm were deposited onto the surfaces of g-

C3N4. The obtained Au/Pt/g-C3N4 nanocomposites displayed
improved degradation efficiency of TC-HCl compared to pure
g-C3N4 under visible light irradiation. The Au SPR effect that
enlarged the optical adsorption range combining with the
electron-sink function of Pt to efficiently separate photo-
generated charge carriers synergistically account for the
enhancement of photocatalytic activity. Besides, hydrogen
evolution through water splitting by such Au/Pt/g-C3N4
photocatalyst is theoretically feasible and under further
investigation. In all, Au/Pt/g-C3N4 plasmonic photocatalyst
has potential application in solving the problems of worldwide
environmental pollution and energy crisis by efficiently utilizing
solar energy.
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