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Single-phase silver antimonite have quite low oxidation and reduction potential because of the easy recombination of photo-
generated electrons and holes. In the study, a novel ternary graphene@Ag/AgSb2O5.8 (G @Ag/ASO) visible-light-driven pho-
tocatalyst was successfully synthesized by a simple hydrothermal method. 0e morphology, structure, and chemical composition
of G @Ag/ASO and its sinters at different temperatures in the air atmosphere were systematically characterized by a range of
techniques. Reaction laws of the composites in the sintering process have been revealed based on the Ellingham diagram. 0e
photocatalytic degradation of rhodamine B (RhB) dye and tetracycline hydrochloride (OTC-HCl) by the as-synthesized pho-
tocatalyst was investigated under visible light irradiation.0eG@Ag/ASO-500 (the sinter at 500°C) exhibits degradation efficiency
of 80% for RhB and 85% for OTC-HCl in 120min, higher than those for AgSb2O5.8 (20% and 24%, respectively). 0e graphene-
enhanced Ag-loaded AgSb2O5.8 model is proposed and reasonably accounts for the high-efficiency electron-hole transfer
mechanism through four contact potentials and the crucial role of graphene sheets on the surface of the composites. 0e present
study provides a new perspective for enhancing photocatalytic performance.

1. Introduction

0e widespread use of antibiotics (e.g. tetracycline hydro-
chloride) in aquaculture, human medical care, and animal
husbandry has caused serious water pollution [1, 2]. In order
to efficiently destruct these organic molecules from the
aquatic environment, various techniques, including ad-
sorption, electrochemistry, and catalysis have been devel-
oped. Among those advanced oxidation processes (AOPs),
semiconductor-mediated piezo-photocatalysis [3–5] and
photocatalysis [6–18], which possess strong redox potentials
to produce high reactive radicals of O2

- and OH., have been
proven to be one of the most reliable technologies in water
purification by virtue of their eco-friendly, cost-effective,
and high-efficiency characteristics.

In recent years, silver antimonite photocatalysis has been
developed as a promising “green” photocatalyst with visible

light sensitivity in environmental remediation in which the
pollutant molecules are converted into nontoxic inorganic
molecules by their reaction with both the reactive radicals O2

-

and OH [19, 20]. In order to efficiently destruct molecules of
pollutants, photocatalysis must possess strong redox potentials
to produce high reactive radicals of O2

- and OH [21]. However,
the single-phase silver antimonite have quite low oxidation and
reduction potential and suffer from the easy recombination of
photogenerated electrons and holes [22]. Combining two
semiconductors to construct silver antimonite-based hetero-
structures photocatalysts such as AgSbO3/NaNbO3 [23, 24],
AgSbO3/AgNbO3 [25] or designing a “Z-scheme” such as
AgSbO3/Ag/g-C3N4 [21], have been considered to be efficient
methods to prepare photocatalysts possessing stronger re-
duction and oxidation potentials.

In contrast to the above heterostructures photocatalysts,
visible-light-triggered plasmonic photocatalysts have been
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recognized as another promising alternative to the traditional
single-phase photocatalysts [26, 27]. Recently, it has been re-
ported that many binary semiconductors modified by nano-
sized metals like Ag enhance the overall photocatalytic
efficiency due to its unique surface plasmon resonance (SPR)
features originating from the collective oscillations of the
electrons on the surface of the Ag nanoparticles (NPS) at the
range of visible light [28, 29]. In these binary Ag-semicon-
ductor composites, metal Ag NPS can absorb visible light and
facilitate the separation of eCB− and hVB− generated on the
semiconductor and improve the photocatalytic efficiency of
these composites.

Graphene (G), a 2D single or more layers of sp2-hybridized
carbon atomswith a large π − π conjugation on the surface, has
attracted great attention due to its extraordinary physical
properties including superior charge transport, unique optical
properties, high thermal conductivity, large theoretical specific
surface area, and good mechanical strength [30, 31]. Tre-
mendous efforts have been made for coupling graphene with
other semiconductors to synthesis binary heterojunction
photocatalysts with improved photocatalytic activity [32, 33].
0e ultrahigh electron conductivity of graphene resulted from
the large π − π conjugation upon the surface, allows the follow
of electrons from the semiconductor to its surface, assuring
efficient electron-hole separation. Moreover, the potential of
most of the photocatalyst are normally higher than graphene/
graphene− (−0.08V vs standard hydrogen electrode (SHE),
pH� 0) and then enabling the fast electron migration from the
photocatalyst to the graphene [34].

Herein, we firstly successfully manufactured a ternary
photocatalytic composite graphene@Ag/AgSb2O5.8 (G@Ag/
ASO) composed of AgSb2O5.8 (ASO), Ag, and more-layers
graphene (G) via a simple one-step hydrothermal method, and
then the ternary samples were sintered under an air atmo-
sphere at different temperatures. Reaction laws ofmetal Ag and
graphene in the composites in the sintering process based on
the Ellingham diagram were investigated. 0e photocatalytic
activity of the ternary structure was studied by measuring the
degradation of RhB and OTC-HCl. 0e experimental results
show that the as-prepared ternary photocatalysts of G@Ag/
ASO hybrids exhibit excellent photocatalytic activity in the
visible light irradiation. 0e electron-hole transfer mechanism
of the ternary G@Ag/ASO is discussed based on the graphene-
enhanced metal-loaded semiconductor model.

2. Experimental Sections

2.1. Materials. Potassium pyroantimonite (KSbO6H6) and
AgNO3 were purchased from Xilong Scientific Co., Ltd.
(China). Graphene was obtained from Xiamen Kaina
Graphene Technology Co., Ltd. All chemical reagents are
analytic grade without further purifying. Deionized water
was prepared with ultrapure water of 18.2MΩ (Milli-Q,
Millipore).

2.2. Preparation of G@Ag/ASO Composites. Firstly, 0.1 g
graphene powder was dispersed in 70.0mL deionized water
kept ultrasonic station at 40°C for 1.5 h. 0en 1.051 g

(4.00mmol) KSbO6H6 was slowly added into the above
mixture under stirring at 80°C for 0.5 h. Secondly, 0.7136 g
(4.2mmol) of AgNO3 was dissolved in 10.0mL deionized
water and slowly added into the above mixture and then kept
stirring for 5 minutes. 0irdly, the mixture (pH value is 6.8
measured using a pH meter) was sealed in a Teflon-lined
stainless-steel autoclave (100ml capacity) and heated at
120°C for 24 h. After the reaction, the autoclave was cooled
down to room temperature naturally. After washing (with
deionized water and 99.5% ethanol) and drying (at 80°C for
10 h), the sample of G@Ag/ASO was obtained.

In order to investigate the effect of temperature on the
structure, composition, and photocatalytic activity of the
composites, the samples were sintered under an air atmo-
sphere at temperatures of 250°C, 500°C, and 750°C for 3h
with the rate of 2°C/min, and the as-annealed samples were
labeled as G@Ag/ASO-250, G@Ag/ASO-500, and G@Ag/
ASO-750, respectively.

As a comparison, silver antimonate was also prepared by
a hydrothermal route like our previous reports [35].

2.3. Characterization. 0e obtained samples were charac-
terized on a Bruker D8 advanced X-ray powder diffrac-
tometer (XRD) with Cu Kα radiation (λ�1.5418 Å). 0e size
and morphology of the as-synthesized products were de-
termined by a Zeiss Gemini 500 scanning electron micro-
scope (SEM). High-resolution transmission electron
microscopy (HRTEM) images were collected by JEOL JEM
2010. 0e chemical state of samples was investigated by
X-ray photoelectron spin (XPS). UV-visible diffuse reflec-
tance spectra were obtained on the Shimadzu UV-2600
spectrophotometer. Electron spin resonance (ESR) signals of
the samples were investigated by a Bruker E580
spectrometer.

0e photocatalytic activity was estimated by the pho-
tocatalytic degradation of both RhB and OTC-HCl under
visible light (λ≥ 420 nm) irradiation from a 300-W Xe lamp
with a cutoff filter (L-42). 0e distance between the light
source of the 300-W Xe lamp and the surface of the solution
is 10 cm. 0e concentration of RhB or OTC-HCl was de-
termined by measuring the absorbance at a wavelength of
about 554 nm. 0.05 g powder sample was suspended in a
100ml RhB (4.0mg/L) or OTC-HCl (16mg/L) aqueous
solution and then dark reaction for 30min under continuous
stirring of the suspension solution to get the absorption
equilibrium before light illumination. At a given time in-
terval, 4.0ml of the suspension was taken as a sample and
filtered to measure the concentration of RhB or OTC-HCl
solution by monitoring the intensity at maximum absorp-
tion wavelength from a UV-visible spectrophotometer.

3. Results and Discussion

0e formation process of G@Ag/ASO is schematically il-
lustrated in Figure 1. Firstly, lots of tiny AgSb2O5.8 crystal
nuclei are formed by the reaction (equation (1)) between
SbO6H6

- (dissociated from potassium pyroantimonate) and
Ag+ (dissociated from silver nitrate) and preferentially
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adsorb on the interface on the graphene. Some Ag crystal
nuclei can be reduced from Ag+ in a hydrothermal reaction
system (equation (2)) [35] and gather on the surface of
AgSb2O5.8 particles. Both were aged in a Teflon-lined
stainless-steel autoclave after stirring and aging.

SbO6H6
−

+ Ag+⟶ AgSb2O5.8↓, (1)

H2 + 2Ag+
� 2Ag + 2H+

. (2)

Typical XRD patterns for graphene and G@Ag/ASO are
displayed in Figure 2(a). 0e characteristic peak of as-pre-
pared G@Ag/ASO appears at approximately 26.26 degrees
from graphene and the other diffraction peaks are consistent
well with JPCDS card No.00-052-0263 of AgSb2O5.8. 0e
XRD peak of the metallic Ag is not observed, which may be
due to the amount of Ag nanoparticles being too low to be
detected by XRD [36]. Figure 2(b) presents the typical SEM
image of G@Ag/ASO, in which the large quantity and good
uniformity of AgSb2O5.8 hollow nanoparticles (many broken
cavities can be seen) and some smaller particles dispersing
on the surface of the hollow nanoparticles can be clearly
observed. All of these particles gather on the surface of the
2D layer of graphene to be combined into the ternaryG@Ag/
ASO composite. Figure 2(c) shows the TEM image of the
same sample and it can be observed that particles with the
different shapes and sizes are suspended on the surface or
encased in transparent graphene films, the size of the larger
particle is ∼110 nm and the smaller one is about 10 nm. Some
smaller particles are anchored on the surface of the bigger
particles. Figure 2(d) presents an HRTEM image for G@Ag/
ASO composite and shows that there are the crystal lattice
0.30 nm identical with (222) of AgSb2O5.8 for a bigger
particle, 0.23 nm with (111) of metal Ag for a smaller one,
and 0.34 nm for graphene with 24-layer. 0e results show
that the ternary G@Ag/ASO sample composed of AgSb2O5.8,
metal Ag, and 24-layer graphene has been synthesized via a
simple hydrothermal route.

In order to investigate the effect of temperature on the
structure, composition, and photocatalytic activity of the G@

Ag/ASO composites, the powder was sintered under an air
atmosphere at 250°C, 500°C, and 750°C, respectively.
Figure 3(a) shows an SEM image of the sample of G@Ag/
ASO-250 (annealed at 250°C) and clearly reveals that large
hollow hexagon-type nanoparticles with the size of ∼130 nm
either gather on the surface of graphene sheet or are encased
in graphene films (intact layered structure). Some smaller
particles with the size of about 30 nm are embedded on the
surface on the larger particles. When the annealing tem-
perature was increased from 250°C to 500°C and further up
to 750°C, the multilayer-structure graphene sheet begins to
break up (SEM image of G@Ag/ASO-500 shown in
Figure 3(b)) and even disappear (SEM image of G@Ag/ASO-
750 in Figure 3(c)), which means that the multilayer-
structure graphene would be consumed to broken and
thinned and finally wear out with the temperature increases.

Typical XRD patterns for pure silver antimonite, the
samples “a” (identified as G@Ag/ASO-250), “b” (G@Ag/
ASO-500), and “c” (G@Ag/ASO-750) are displayed in
Figure 3(d), respectively. In the bottom, all diffraction peaks
of the individual phase of silver antimonite are also con-
sistent well with JPCDS card No.00-052-0263 of AgSb2O5.8.
For the samples “a” and “b”, both of them are composed of
AgSb2O5.8 and graphene. But, the intensity of the charac-
teristic peak of 26.26 degrees of sample “b” is weaker than
one of “a,” reflecting the decreases of graphene content of
sample “b.” All diffraction peaks of the sample “c” are the
same as the AgSb2O5.8 sample without the peak of 26.26
degrees, which means the content of graphene is too low to
be detected by XRD. 0e XRD peaks of metallic Ag are also
not observed, but the thermodynamics research and results
from the Ellingham diagram [37], commonly used in the
field of metallurgy, proves that metallic silver still exists in
the calcined systems. In the calcined systems, the possible
chemical reactions and their accordingly variation values of
the standard molar Gibbs free energy ΔrGθ

m (298K) [38] at
room temperature (298K) can be represented as follows:

2Ag (s) +
1
2
O2(g)� Ag2O(s) ΔrG

Θ
m,3(298K) � −11.20kJ •mol− 1 , (3)

C(graphene)+O2(g)� CO2(g) ΔrG
Θ
m,4(298K) � −394.36kJ •mol− 1 , (4)

CO(g) +
1
2
O2(g)� CO2(g) ΔrG

Θ
m,5(298K) � −257.19kJ • mol

− 1 , (5)

C(graphene) +
1
2
O2(g) � CO(g) ΔrG

Θ
m,6(298K) � −137.17kJ • mol− 1 . (6)

According to the equation of (z(ΔrGΘm)/zT)P � −ΔrSΘm,
the value of ΔrGΘm,4 changes very little with temperature
because the variation values of the standard molar entropy
(ΔrSΘm,4) are almost zero resulting from the same

stoichiometry of the gaseous substance before and after the
reaction (4). 0e value of ΔrGΘm,5 will decrease with in-
creasing temperature due to the increasing ΔrSΘm,3 in con-
sequence of the increased number (+0.5mol) of gas
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molecules in reaction 5 when the reaction progress is 1mol
(ξ �1mol). In the same way, the values of ΔrGΘm,3 and ΔrG

Θ
m,6

will increase with increasing temperature because of the
decreased number (-0.5mol) of gas molecules in the reaction
3 and 6, respectively. 0e curves describing how the value of
ΔrGΘm varies with temperature are shown in Figure 4

(Ellingham diagram). 0e detailed calculation process can
be found in the supplementary part.

In the calcined systems, silver oxide (Ag2O) may be
reduced by reducing agents C(graphene) and/or newly
formed carbon monoxide (CO), thermochemical reactions
equation is as follows:

Ag2O(s) +
1
2
C(graphene) � 2Ag(s) +

1
2
CO2(g) ΔrG

Θ
m,7� ΔrG

Θ
m,4 − ΔrG

Θ
m,3 , (7)

Ag2O(s) + C(graphene) � 2Ag(s) + CO(g) ΔrG
Θ
m,8� ΔrG

Θ
m,5 − ΔrG

Θ
m,3 , (8)

Ag2O(s) + CO � 2Ag(s)+CO2(g) ΔrG
Θ
m, � ΔrG

Θ
m,6 − ΔrG

Θ
m,3 . (9)

When the value of ΔrGΘm of the reaction is less than zero,
this means that the Ag2O can be reduced to metallic silver.
As can be seen from the Ellingham diagram, the curve
position for Ag2O (reaction 3) is always below the curve
positions for reactions 4, 5, and 6 in the range of 298–1200K,
indicating that the values of ΔrGΘm,7, ΔrG

Θ
m,8, and ΔrG

Θ
m,9 are

less than zero and Ag2O can easily be reduced to silver by C
(graphene) and/or CO in the range of 298–1200K. In other
words, metallic Ag in the as-fabricated G@Ag/ASO cannot
be reversed into Ag2O when the annealing temperature is in
the range of 298–1200K.

0ermodynamic studies have also revealed the laws of
thermodynamics and kinetics of C (graphene) in calcination
systems. As shown in Figure 4, both of ΔrGΘm,4 and ΔrG

Θ
m,6

are less than -394.36 and -137.17 kJ·mol−1 in the range of
298–1200K, respectively, far less than zero, means that
graphene can be easily converted into carbon dioxide (CO2)
and CO, which is not consistent with the real experimental
results. Our own experimental evidence has led us to believe
that the reactions of C (graphene) with oxygen form CO2
and CO which are controlled by the reaction rate. When the
temperature increases from 298K to 773K and further to
1023K, the reaction rate rapidly increased and resulted in
partial consumption and finally the layers of graphene
disappear.

0e surface chemical state and bonding configuration of
AgSb2O5.8 and G@Ag/ASO composite were investigated by

XPS. As shown in Figure 5(a), the peak for C 1s only for G@
Ag/ASO is around 284.4 eV, which may be attributed to sp2-
hybridized carbons over graphene. 0e O 1s XPS is illus-
trated in Figure 5(b). 0e fitted two apparent peaks at
around 529.8 eV and 530.5 eV over both AgSb2O5.8 and G@
Ag/ASO correspond to crystal lattice oxygen of AgSb2O5.8
and the surface chemisorbed hydroxyl, respectively [22].0e
XPS spectrum for Ag 3d at 367.4 eV and 373.4 eV over
AgSb2O5.8 are assigned to Ag +whereas the peaks at around
367.7 eV and 373.7 eV correspond to Ag0 (Figure 5(c)),
suggesting the existence of metallic Ag [39]. All peaks of Ag
3d of G@Ag/ASO shift to a slightly larger binding energy
compared with AgSb2O5.8, revealing a smaller electron
density on Ag in G@Ag/ASO because of the bonding effect
[40]. 0e Sb 3d XPS spectra over AgSb2O5.8 are composed of
fitted peaks at around 529.8 eV and 531.0 eV and a single
peak at 539.2 eV (see in Figure 5(d)). 0ese peaks can be
assigned to antimony bounded to sliver and oxygen in the
form of Sb3+ and Sb5+ oxidation states [41]. 0e Sb 3d peaks
over G@Ag/ASO have no shift when AgSb2O5.8 was com-
posited into G@Ag/ASO, suggesting that the electron cloud
may be unchanged on Sb in G@Ag/ASO.

Figure 6(a) displays the UV-vis absorption spectrum of
the as-synthesized samples. 0e absorption edge of
AgSb2O5.8 is at about 430 nm (Curves 6a). 0e ternary
graphene-enhanced composites, including G@Ag/ASO
(curve 6b), G@Ag/ASO-250 (curve 6c), and G@Ag/ASO-

Stiring Annealing

Ag AgSb2O5.18 (ASO) Graphene

Figure 1: Schematic illustration for the formation process of G@Ag/ASO composite. 0e AgSb2O5.8 and Ag nucleus grow and anchor onto
the surface of graphene to form into G@Ag/ASO composite.
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(A) G@Ag/ASO-250; (B) G@Ag/ASO-500; (C) G@Ag/ASO-750.
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500 (curve 6d) exhibit a broad background absorption in the
wide range of ultraviolet and visible wavelengths
(λ> 240 nm), which can be attributed to the 0 eV bandgap of
graphene [42]. Figure 6(b) shows the DRS spectra and
bandgaps calculation diagram of AgSb2O5.8. On the account
that silver antimonite is an indirect bandgap semiconductor,
the calculated apparent energy bandgap (Eg) of the
AgSb2O5.8 is 2.68 eV.

According to the formula (10)

αhυ � A hυ − Eg 
1/2

, (10)

where Eg, h, α, v, and A are bandgap, plank constant, ab-
sorption coefficient, light frequency, and constant,
respectively.

0e 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was
employed to confirm the generation of active species O2

- and
OH. by an ESR spin trap. Figure 7(a) exhibits ESR signal of
DMPO-O2

- for AgSb2O5.8, G@Ag/ASO.
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G@Ag/ASO-250 and G@Ag/ASO-500 composites under
visible light irradiation, respectively. 0e results show that
there are obvious signals of DMPO-O2

−at the magnetic field
of 3486, 3495, 3499, 3509, 3513, and 3523G for all of the
samples, indicating that all of the as-synthesized materials
have a reduction potential to produce O2

-. But the intensities
of signals for the different materials are a little different.
Compared to pure AgSb2O5.8, the ternary composites exhibit
stronger intensities of the signal of DMPO-O2

-, meaning
that reduction ability is enhanced when AgSb2O5.8 semi-
conductor has been loaded with silver particles and gra-
phene membranes. 0e G@Ag/ASO-500 composite with
broken and thinned graphene exhibits stronger signal in-
tensities than other graphene-based composites, which may
be due to the larger specific surface area of G@Ag/ASO-500
than those of other graphene-based composites with more
layers and intact graphene. Usually, the increase of the
specific surface area leads to the improvement of photo-
catalytic activity. On the other hand, the G@Ag/ASO-500
composite also exhibits much higher signal intensity than
AgSb2O5.8 and other graphene-based composites to produce

DMPO-OH (Figure 7(b)). 0ere is a little signal for
AgSb2O5.8, suggesting that the oxidation potential is too low
to produce OH. 0e oxidization reaction to generate OH.

thus happens on the active site of graphene in graphene-
based composites.

Visible-light-induced photodegradation of rhodamine B
(RhB) was selected as model reaction to evaluate the pho-
tocatalytic properties of the different graphene-based sam-
ples. As a comparison, RhB degradation with pure
AgSb2O5.8 was also carried out under identical conditions.
As shown in Figure 8(a), about 7% of RhB in the solution was
destructed in 120min under visible light irradiation
(λ> 420 nm) without a photocatalyst. 20% of RhB was
destructed within 120min over AgSb2O5.8.0e G@Ag/ASO-
500 displays much enhanced photocatalytic performance
compared to AgSb2O5.8 because that 80% RhB was removed
by G@Ag/ASO-500 in 120min. 0e linear relationship
between ln (1/A) and t (min) of the as-prepared samples was
shown in Figure 8(b), which confirms that the photo-
degradation reaction of this study is indeed pseudo-first-
order and the rate equation (6) is as follows:where k1 and R
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- and (b) DMPO-OH. for (A)AgSb2O5.8; (B)G@Ag/ASO; (C) G@Ag/ASO-250; (D) G@Ag/ASO-500.

200 400

a

b

c

d

1.2

1.0

0.8

0.6

0.4

0.2

0.0
600

wavelength (nm)

Ab
so

rb
an

ce
 (a

.u
.)

300 500 700 800

(a)

50

40

30

20

10

0

Ab
so

rb
an

ce
 (a

.u
.)

200 400 600
wavelength (nm)

300 500 700 800

2 4
hv (ev)

(α
hv

)1/
2  (c

v)
1/

2

2.68ev

3.0

2.5

2.0

1.5

1.0

0.5

0.0
3 5 6

(b)

Figure 6: (a) UV-vis light adsorption of the different composites: (A) AgSb2O5.8, (B) G@Ag/ASO, (C) G@Ag/ASO-250, (D) G@Ag/ASO-
500; (b) UV-vis DRS and bandgaps calculation diagram of AgSb2O5.8.
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are apparent reaction rate constant and constant, respec-
tively. According to Equation (6) and Figure 8(b), the values
of k1 of the photodegradation of RhB are 0.50min−1,
1.50min−1, 1.4min−1, and 1.58min−1 for AgSb2O5.8, G@Ag/
ASO-250, G@Ag/ASO, and G@Ag/ASO-500, respectively. It
appears that the G@Ag/ASO-500 composite exhibit about 3
folds RhB degradation rate as AgSb2O5.8. On account of the
significance of stability and reusability for the pragmatic
application of photocatalysts, cycling degradation of RhB
over G@Ag/ASO-500 was further conducted. As shown in
Figure 8(c), G@Ag/ASO-500 did not present significant
deactivation, and approximately 72% of RhB could be de-
graded even in the fifth run. 0e slight deterioration in the
photocatalytic activity probably stemmed from the
unavoided loss of the catalyst in the experiment. Good
stability of ternary composites was further verified via using
the XRD technique. Clearly, the phase of the used G@Ag/
ASO-500 was almost identical to that of the original one
(Figure 8(d)). 0ese findings disclosed that G@Ag/ASO
belongs to a type of stable visible light-driven photocatalyst,
which could be a potential candidate for actual organics
degradation.

ln
1
A

  � k1t + R, (11)

To further validate its strong photocatalytic activity, the
degradation of tetracycline hydrochloride (OTC-HCl) over
G@Ag/ASO-500 was further performed. As shown in Fig-
ure 9, after 120min of visible light irradiation, about 85% of
OTC-HCl was eliminated by G@Ag/ASO-500 (vs ∼3%,
blank and 24%, AgSb2O5.8), demonstrating its high pho-
tocatalytic capability for the removal of antibiotics in
aquaculture.

Based on the abovementioned results, a possible gra-
phene-enhanced metal-loaded semiconductor model and
evolved electron-hole transfer mechanism of the ternary G@
Ag/ASO are proposed. As shown in Figure 10, smaller Ag
particles (labeled as Ag 1 and Ag 2 near VBM and CBM of
ASO, respectively) are attached to the ASO particles, which
are surrounded by graphene to form a ternary G@Ag/ASO
composite. 0e composite consists of four interfaces, in-
cluding the interface between Ag 1 particle and the gra-
phene, Ag 1 and the VBM of ASO, Ag 2 and the CBM of
ASO, and Ag 2 and the graphene.
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Figure 8: (a) photocatalytic degradation of RhB and (b) linear transform ln (1/A) of the kinetic curves of RhB degradation; (c) five recycling
runs of G@Ag/ASO-500 for RhB removal; (d) the XRD patterns of the original and recycled G@Ag/ASO-500.
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Under the irradiation of visible light, photoelectrons
and holes are generated within the ASO semiconductor
and form the internal potential ψVBM/CBM between CBM
(negative pole) and VBM (positive pole). 0e direction of
ψVBM/CBM is from CBM to VBM. Due to the localized
surface plasmon resonance (LSPR) effect, plasmon-in-
duced electron-hole pairs are also formed on the surface
of Ag nanoparticles under visible light irradiation. As far
as CBM of ASO is concerned, because of its close contact
with metallic Ag 2 particle and the electrons excited to the
CBM of ASO were entrapped by Ag 2 particle to
recombine with the plasmon-induced holes through the
Schottky barrier, a contact potential ψCBM/Ag(2) is formed
at the interface between CBM and Ag 2 particle. 0e
direction of the ψAg(2)/CBM is from Ag(1) to CBM, which is
the same as that of ψVBM/CBM. Another contact potential
ψG/Ag(2) at the interface between Ag 2 particle and gra-
phene is also formed because graphene has a delocalized
conjugation electron cloud upon the surface and low

potential graphene/graphene− (-0.08 eV vs SHE, pH � 0)
[31] and enabling the fast electron migration from the Ag
2 particle (the potential Ag+/Ag is +0.80 eV vs SHE,
pH � 0) [43] to the graphene. 0e direction of the ψAg(2)/G
is from graphene to Ag 2. 0e follow of electrons mi-
gration from CBM of ASO to Ag 2 particle and further to
graphene assure efficient electron-hole separation of ASO
semiconductor. Simultaneously, the electron migrated to
the surface of graphene with strong reduction power can
react with absorbed O2 to produce O2

-, which could
oxidize the dye molecule of RhB or OTC-HCl and resulted
in a high photocatalytic degradation rate. In the same way,
the contact potential ψAg(1)/VBM at the interface between
the VBM of ASO and Ag 1 particle (the direction is from
VBM to Ag 1) and ψG/Ag(1) between Ag 1 particle and
graphene (the direction is from Ag 1 to graphene) are also
formed. Both of ψAg(1)/VBM and ψG/Ag(1) assure that the
photogenerated holes migrate from the VBM of ASO to
the surface of Ag1 particles and further to the surface of

Ag (2)

Ag (1)

Oxidation
reaction

Reduction
reaction

ASO

Ag AgSb2O5.18 (ASO) Graphene

Figure 10: Model of charge separation proposed for G@Ag/ASO.
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graphene sheets. 0e holes that remain on the graphene
can react with H2O/OH− to generate OH. with strong
oxidizing power and directly oxidize the dye of RhB or
OTC-HCl to CO2, H2O, and other micromolecules.
0erefore, the graphene-enhanced Ag-loaded ASO model
and evolved electron-hole transfer mechanism of the
ternary G@Ag/ASO could reasonably explain the effective
separation of the electron-hole pairs excited by ASO and
resulted in enhanced photocatalytic activity. Because
multilayer-structure graphene sheets in G@Ag/ASO were
consumed to broken and thinned in calcining process, G@
Ag/ASO-500 or G@Ag/ASO-250 possess larger specific
surface area and more reaction sites than G@Ag/ASO. As
a result, G@Ag/ASO-500 or G@Ag/ASO-250 exhibits
stronger photocatalytic activity than G@Ag/ASO.

4. Conclusions

In summary, the ternary photocatalysts of G@Ag/ASO
composites are successfully synthesized in the hydrothermal
process and exhibited excellent photocatalytic activity for
the decomposition of organic pollutants. 0e reaction laws
of both metallic Ag and graphene in the annealing process
have been revealed based on the Ellingham diagram. 0e
graphene-enhanced Ag-loaded AgSb2O5.8 model is pro-
posed and reasonably accounts for the high photocatalytic
performance of G@Ag/ASO which possesses high efficiency
of electron-hole pairs separation through four contact po-
tentials. 0e graphene sheets on the surface of the com-
posites play a crucial role. 0is novel ternary G@Ag/ASO
composite may be a new potential material for environ-
mental applications.
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