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ABSTRACT: A facile and effective hydrothermal method for the
fabrication of the Ag;PO,-graphene (Ag;PO,-GR) visible light
photocatalyst has been developed to improve the photocatalytic
performance and stability of Ag;PO,, and also to reduce the high
cost of Ag;PO, for practical uses. The size and morphology of
Ag;PO, particles could be tailored by the electrostatically driven
assembly of Ag" on graphene oxide (GO) sheets and by the
controlled growth of Ag;PO, particles on the GO surface. The
generation of Ag;PO, and the transformation of GO to GR can
be achieved simultaneously in the hydrothermal process. The
improved photocatalytic activity of Ag;PO,-GR composites under
visible light irradiation is attributed to high-surface-area GR
sheets, enhanced absorption of organic dyes, and more efficient
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separation of photogenerated electron—hole pairs. The transfer of photogenerated electrons from the surface of Ag;PO, to GR
sheets also reduces the possibility of decomposing Ag* to metallic Ag, suggesting an improved stability of recyclable Ag;PO,-GR
composite photocatalyst. Moreover, with the advances in the large-scale production of high-quality GO, the use of GO as the

starting material can also reduce the cost for the synthesis

photocatalytic activities.

of Ag;PO,-based photocatalysts without weakening their
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1. INTRODUCTION

Since the discovery of photocatalytic water splitting on titania
by Fujishima and Honda in 1972, significant effort has been
devoted to the development of highly active photocatalysts. Of
particular interest are photocatalysts that function with visible
light, which have wide-ranging potential applications in areas
such as water splitting for hydrogen production, removal and
degradation of pollutants, and water purification and
disinfection.”®> Most recently, it has been shown that silver
orthophosphate (Ag;PO,) has extremely high photooxidative
capabilities for O, generation from water splitting under visible-
light irradiation.* Moreover, it has been reported that Ag;PO, is
an efficient visible-light photocatalyst for the degradation
organic dyes.” Despite the fact that Ag;PO, demonstrates
highly efficient visible-light photocatalytic performance, one
disadvantage is the high cost of the starting material, AgNO;,
which prohibits large-scale production. Ag;PO, samples
normally possess irregular polyhedral microstructures and
have poor dispersity/solubility. The photocatalytic activity of
Ag;PO, has also been shown to be closely related to its size,
morphology, and specific highly reactive facet, and is also
affected by decomposition rates to metallic Ag in the
photocatalytic process.

Over the past few years, more attention has been paid to
morphology-controlled synthesis of Ag;PO,°® and to the
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preparation of Ag;PO,-based composite photocatalysts includ-
ing TiO,/Ag;PO,,'”"" Fe,0,/Ag;PO,,'* carbon quantum dots
(CQDs)/Ag;PO,,"> Ag/Ag,PO,,'* !¢ AgX/Ag,PO,,'"'®
Sn0,/Ag;PO,,"” and so forth. However, low-cost fabrication
of well-defined Ag;PO,-based photocatalysts with superior
photocatalytic properties via a simple process remains a great
challenge.

Graphene (GR) has proven to be a promising candidate for
the fabrication of visible-light-responsive photocatalytic com-
posites.”* > It has been suggested that graphene may tailor the
size and morphology of photocatalysts. Additionally, its
conductive properties can also slow the recombination of
photogenerated electron—hole pairs, consequently resulting in
an enhancement in photocatalytic activity. Moreover, the cost
for the synthesis of Ag;PO,-based photocatalysts can be greatly
reduced with the recent improvements in the large-scale
synthesis of graphene oxide (GO). Thus the fabrication of
Ag;PO, using GO as the precursor provides an exciting
opportunity for the large-scale preparation of highly active
Ag:PO,-GR composite photocatalysts. Most recently, two
research groups and my group independently reported the
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Figure 1. FESEM images of (A) Ag;PO,, (B) Ag;PO,-HT, (C) Ag;PO,-GO composites, and (D) Agi;PO,-GR composites.

synthesis of GO-Ag;PO, composites with enhanced visible-light
photocatalytic performance.® ~** To the best of our knowledge,
no previous studies regarding the hydrothermal synthesis and
photocatalytic performance of Ag;PO,-GR composite photo-
catalysts have been reported. In the present work, well-defined
Ag;PO,-GR hybrids with promising visible-light photocatalytic
activity are synthesized by electrostatically driven self-assembly
between positively charged Ag" and negatively charged GO
sheets, followed by the addition of the precipitant disodium
hydrogen phosphate (Na,HPO,) and hydrothermal treatment.
The visible-light-driven photocatalytic activity of Ag;PO,-GR
hybrids is investigated together with their structural and
physicochemical properties.

2. EXPERIMENTAL SECTION

2.1. Materials and Sample Preparation. Synthesis of GO
Aqueous Suspension. Graphite oxide was synthesized from
graphite purchased from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China), using the improved Hummers method
with additional KMnO,.** In a typical synthesis, Graphite (3 g)
was first ground with NaCl (50 g) for 30 min, followed by the
removal of NaCl by repeatedly rinsing with deionized water;
the remaining graphite was heated at 80 °C for 1 h.
Concentrated H,SO, (69 mL) was then added to a mixture
of the dried graphite and NaNO; (1.5 g) in a 250 mL round-
bottom flask; the mixture was stirred and kept at 0 °C for 2 h.
KMnO, (9 g) was added dropwise to keep the reaction
temperature below 20 °C. The reaction was warmed to 35 °C
and stirred for 10 h. Additional KMnO, (9 g) was added, and
the solution was allowed to stir for 12 h at 35 °C. Afterward,
the reaction mixture was cooled to room temperature and
poured into ice with H,O, (30%, 3 mL) to end the reaction.
The suspension was then centrifuged (10000 rpm) and the
supernatant was decanted away; the remaining material was
then repeatedly washed in succession with deionized water,
HCI solution (3 M), and absolute ethanol. The obtained solid
was collected and vacuum-dried overnight, obtaining 5.4 g of
brown powder. The as-made graphite oxide (50 mg) was
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dispersed into distilled water (50 mL), and sonicated for S h to
give a GO aqueous suspension (1.0 mg mL™").

Synthesis of Ag;PO,-GO Composites and Ag;PO,-GR
Composites. In a typical synthesis, AgNO; aqueous solution
(10 mL, 0.6 M) was added with stirring to the above GO
aqueous suspension (50 mL,1.0 mg mL™"); after the addition,
the mixed suspension was kept stirring for further 12 h to
ensure the electrostatically driven assembly of positively
charged Ag* on the surface of negatively charged GO sheets.
Then Na,HPO, aqueous solution (10 mL, 0.2 M) was added
dropwise to the mixture, and the reaction mixture was kept
stirring for 30 min. Ag;PO,-GO composites were obtained by
the direct collection of the precipitates by filtration and drying
of the product in vacuum. For Ag;PO,-GR composites, the
above mixed suspension was transferred into a 100 mL Teflon-
lined stainless steel autoclave and kept in an oven at 180 °C for
24 h. The autoclave was left to cool naturally to room
temperature, the obtained precipitate was collected by
centrifugation, washed several times with absolute ethanol,
and dried at 60 °C in vacuum overnight.

Synthesis of Ags;PO, and AgsPO,-HT. In a typical synthesis,
Na,HPO, aqueous solution (10 mL, 02 M) was added
dropwise to the aqueous solution of AgNO; (10 mL, 0.6 M),
and the obtained golden yellow precipitates were collected by
filtration, washed with distilled water repeatedly, and dried in
vacuum. The Ag,PO,-HT sample was prepared by the
hydrothermal treatment of the mixture of Na,HPO, aqueous
solution (10 mL, 0.2 M) and AgNO; (10 mL, 0.6 M) aqueous
solution at 180 °C for 24 h, followed by the collection of the
precipitates by filtration and drying of the product in vacuum.

2.2. Characterization. The morphologies of the as-
synthesized samples were examined by field-emission scanning
electron microscopy (FESEM, JEOL, JSM-7001F). The phases
of the obtained products were collected on a Bruker D8
Advance X-ray diffractometer (Cu K «a radiation, A = 0.15406 A
in a 26 range from 10° to 80° at room temperature. Raman
experiments were performed using a DXR spectrometer using
the 532 nm laser line, and measurements were made in
backscattering geometry. UV—visible diftuse reflectance spectra
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Scheme 1. Schematic Illustration of the Synthesis Procedures of Ag;PO,, Ag;PO,-HT, Ag,PO,-GO, and Ag;PO,-GR
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Figure 2. (A) XRD pattern of Ag;PO,-GR composites; (B) Raman spectra of Ag;PO,-GR composites and GO; (C) UV—vis diffuse reflectance

spectra, and (D) the plot of (ahv)* versus energy (hv).

were recorded within the 200—800 nm wavelength range using
a Shimadzu UV2450 spectrometer. Electron spin resonance
(ESR) spectra were recorded at 77 K with an ESR spectrometer
(Bruker, ESP-300E) for the sample (20 mg) in liquid nitrogen
under irradiation with a 500 W mercury lamp.

2.3. Photocatalytic Experiment. The optical system for
the photocatalytic reaction was composed of a 350 W Xe lamp
and a cutoff filter (41>420 nm). Dye solutions (100 mL, 107>
mol/L) containing SO mg of samples were put in a sealed glass
beaker and first ultrasonicated for 10 min, and then stirred in
the dark for 30 min to ensure absorption—desorption
equilibrium. After visible light illumination, 4 mL of samples
were taken out at regular time intervals (0.5 min) and separated
through centrifugation (10000 rpm, 10 min). The supernatants
were analyzed by recording variations of the absorption band
maximum in the UV—vis spectra by using a Lambda 25 UV/vis
spectrophotometer.

3. RESULTS AND DISCUSSION

3.1. Characterization of As-Prepared Samples. The
morphology and structure of as-prepared samples are first
characterized by field-emission scanning electron microscopy
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(SEM). It can be seen in Figure 1A that as-prepared Ag;PO,
possesses an irregular sphere-like polyhedral morphology with
an average diameter of 450 nm. As shown in Figure 1B, Ag;PO,
polyhedra with an average diameter of more than 15 ym were
observed when the mixed aqueous solution comprising silver
nitrate (AgNO,;) and disodium hygrogen phosphate
(Na,HPO,) was sealed in an autoclave and hydrothermally
treated at 180 °C for 24 h, indicating that hydrothermal
treatment of the sample results in a remarkable increase in the
size of Ag;PO, polyhedra. Interestingly, when S0 mg of GO (1
mg/mL) aqueous dispersion was introduced into this synthetic
system (without hydrothermal treatment), Ag;PO,-GO com-
posites were obtained; in this process, first, electrostatic
properties drive the self-assembly of positively charged Ag*
and negatively charged GO sheets, followed by the generation
of Ag;PO, seed particles and controlled growth of Ag;PO,
particles on the surface of GO sheets. An FESEM image of
Ag;PO,-GO composites (Figure 1C) clearly reveals that it
consists of sphere-like Ag;PO, polyhedra with an average
diameter of 250 nm, and most particles are observed to be
coated by flexible GO sheets. FESEM observations imply that
the presence of GO has an obvious effect on the morphology of
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Figure 3. XPS spectra of C 1s for (A) Ag;PO,-GO and (B) Ag;PO,-GR composites.
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Figure 4. Photocatalytic activity of (A) samples for RhB degradation under visible light irradiation; (B) Ag;PO,-GR composites for RhB, MB, and
MO; (C) reactive species trapping experiments and (D) repeated photocatalytic experiments of Ag;PO,-GR composites.

AgiPO, particles. Moreover, hydrothermal treatment of
Ag;PO,-GO composites at 180 °C for 24 h leads to
transformation of Ag;PO,-GO composites to Ag;PO,-GR
composites and causes a slight decrease in the size of Ag;PO,
particles in the Ag;PO,-GR composites (Figure 1D). A
procedure for the synthesis of different samples is illustrated
in Scheme 1.

The X-ray diffraction (XRD) pattern (Figure 2A) clearly
shows that all of the diffraction peaks of the Ag;PO,-GR
composite could be readily indexed to the body-centered cubic
structure of Ag;PO, (JCPDS No. 06-050S). No characteristic
diffraction peaks for graphene are observed in the pattern
because of the low amount and the relatively low diffraction
intensity of graphene. The presence of graphene and Ag;PO,
are further supported by Raman spectroscopy. It can be seen
from Figure 2B that several peaks below 1300 cm™" correspond
to the vibrations of Ag;PO,. The two peaks at 1350 cm™" (D
peak) and 1590 cm™ (G peak) are attributed to GR. In
comparison with GO (Ip/I; = 0.92), an increased D/G
intensity ratio (Ip/Ig = 1.18) was observed, suggesting the
reduction of GO to GR. XRD pattern, Raman spectrum, and
TEM image of as-prepared GO were also recorded as reference
(Supporting Information, Figure S1). Furthermore, a compar-
ison of the UV—vis diftuse reflectance spectra of four samples
are displayed in Figure 2C. There is an obvious enhanced
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absorbance in the visible-light region (>500 nm) when Ag;PO,
was incorporated with GO or GR, compared with the spectrum
of Ag;PO,. Hydrothermally treated Ag;PO, exhibited a
decreased visible-light absorbance in comparison with three
samples. A plot of the transformed Kubelka—Munk function of
light energy (ahv)? versus energy (hv) is also shown in Figure
2D. From this, the band gaps of the samples were estimated to
be 2.23 eV, 2.35 eV, 2.28 eV, and 2.33 eV corresponding to
Ag;PO,-GR composite, Ag;PO,-GO composite, Ag;PO,, and
Ag:PO,-HT, respectively. Band gap narrowing was clearly
observed for Ag;PO,-GR composites and Ag;PO,-GO
composites. By contrast, a broadened band gap of Ag;PO,-
HT was observed.

To investigate the transformation of GO to GR in the
hydrothermal reduction process, XPS spectra of Cls were
collected for Ag;PO,-GO and Ag,PO,-GR samples (Figure 3).
The XPS spectrum of Cls for Ag;PO,-GO composites (Figure
3A, solid line) can be deconvoluted into four peaks (dashed
lines), which are attributed to the following functional groups:
sp* bonded carbon (C—C, 284.8 eV), epoxy/hydroxyls (C—O,
286.9 eV), carbonyls (C=0, 287.8 eV), and carboxyl (O—C=
0O, 288.9 eV). Four peaks for C—C, C—0, C=0, and O—C=
O (dashed lines) still exist in the XPS spectrum of Cls for
Ag;PO,-GR composites (Figure 3B, solid line); however, the
percentage of oxygen-containing functional groups decreases.
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Figure S. ESR spectra of radical adducts trapped by DMPO in Ag;PO,-GR aqueous dispersions (A) and methanol dispersions (B).

The degree of reduction of GO has also been quantified by
calculating the relative content of carbon in the samples,
indicating that Ag;PO,-GO composites have 54% graphitic
carbon and 46% oxidized carbon. With Ag;PO,-GR compo-
sites, 72% graphitic carbon and 28% oxidized carbon were
found. The results further confirmed the loss of oxygen-
containing functional groups and the transformation of
Ag;PO,-GO composites to Ag;PO,-GR composites by hydro-
thermal reduction; full and Ag 3d XPS spectra from Ag;PO,-
GR composites are provided (Supporting Information, Figure
S2).

3.2. Photocatalytic Degradation Results and Analysis.
Furthermore, the photocatalytic performance of the samples
was measured using the degradation of organic dyes under
visible-light irradiation as a model reaction, and the results are
shown in Figure 4.

To the best of our knowledge, this is the first example in
which Ag;PO,-GR composites have been used as visible-light
photocatalysts. The photocatalytic performances of as-prepared
Ag;PO,, Ag;PO,-HT, and Ag;PO,-GO composites were also
investigated for comparison. Figure 4A shows that all Ag;PO,-
based materials exhibited excellent photocatalytic activities in
the degradation of RhB except the hydrothermally treated
sample, Ag;PO,-HT. Among them, Ag;PO,-GR composites
presented the highest visible-light photocatalytic performance
with the efficiency of nearly 100% in 2 min. Three minutes is
needed for Ag;PO,-GO composites, and 4 min is needed for
AgiPO, polyhedra. Ag;PO,-GR was further used for the
degradation of three different organic dyes, rhodamine B
(RhB), methyl blue (MB), and methyl orange (MO), under the
same conditions. The results indicate that a higher photo-
catalytic degradation rate was achieved for RhB compared to
MB and MO (Figure 4B).

Furthermore, reactive species trapping experiments were
performed to investigate the reactive oxygen species in the
photocatalytic process. In this study, three different chemicals,
p-benzoquinone (BZQ, a O,™* radical scavenger), disodium
ethylenediaminetetraacetate (Na,-EDTA, a hole scavenger) and
tert-butanol (a *OH radical scavenger), were employed. The
experimental results (Figure 4C) show that the addition of 1
mM BZQ reduced the photocatalytic activity for the
degradation of RhB from almost 100% to 49% in 2 min. The
photocatalytic degradation activity was further decreased to
13% after 2 min when a higher concentration of BZQ (5 mM)
was employed. The introduction of 1 mM Na,-EDTA into the
same system caused fast deactivation of the Ag;PO,-GR
photocatalyst, whereas the presence of tert-butanol had no
deleterious effect on the photocatalytic activity. One possibility
is that EDTA anion can be absorbed on the surface of the
photocatalyst and acts as a hole trap or electron donor,
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resulting in the deactivation of the Ag;PO,-GR photocatalyst.
The addition of BZQ to the Ag;PO,-GR photocatalytic system
results in the capture of irradiated O,™* by BZQ and the
decrease in the amount of active O, * radicals for photo-
catalytic reactions. However, the fact that tert-butanol has no
obvious effect on the photocatalytic activity, implies that O,*
radicals and holes contribute to photocatalytic perfromance and
‘OH radicals do not. The robustness of the Ag;PO,-GR
photocatalyst was confirmed by repeated photocatalytic
experiments using a recycled catalyst sample under the same
reaction conditions. As shown in Figure 4D, the experiments
revealed that the photocatalytic efficiency remained consistently
high.

Figure S shows electron spin resonance (ESR) spin-trap
signals (with DMPO) of Ag;PO,-GR composites in two
different dispersions. Figure SA shows that four characteristic
peaks of DMPO-*OH were observed in aqueous dispersions of
Ag;PO, and Ag;PO,-GR composites under visible light
irradiation; no such signals were detected in the dark. However,
signal intensities of *OH radicals in Ag;PO,-GR composites are
much weaker than those in Ag;PO,. Furthermore, the DMPO-
O, 'species were also detected in methanol dispersions of two
samples where 6 characteristic peaks of the DMPO-O,*
adducts were observed under visible light irradiation (Figure
5B); again no such signals were detected in dark in either case.
Signal intensities of O, radicals in Ag;PO,-GR composites are
stronger than those in Ag;PO,. ESR results indicated that
certain visible light irradiation is crucial to the generation of
*OH radical and O,™* radical species and directly confirmed
that both O,™* and *OH are produced on the surface of visible
light-irradiated Ag;PO,-GR composites, with O,* radicals as
the predominant species.

3.3. Possible Mechanism. Furthermore, XRD spectra of
Ag:PO, and Ag;PO,-GR samples after repeated visible light
photocatalytic experiments were also recorded to understand
the photocatalytic mechanism of Ag;PO,-GR composites. It is
clearly shown in Figure 6 (top) that Ag,PO, is partially
decomposed to Ag. In contrast, no obvious signal from metallic
Ag was observed with the Ag;PO,-GR sample after repeated
photocatalytic measurements, confirming a higher photo-
catalytic stability of Ag;PO,-GR composites compared to
pure Ag;PO,.

On the basis of the results described above, we propose the
following mechanism (Figure 6, bottom). Under visible light
irradiation, the electron—hole pairs of the Ag;PO, semi-
conductor (conduction band: 0.45 eV, valence band: 2.45 eV)
are separated, and the electrons at the valence band (VB) are
excited to the conduction band (CB), inducing the formation
of holes in the VB. O,~* radicals are produced by the reduction
of O, molecules adsorbed on the catalyst surface by the
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Figure 6. XRD spectra of Ag;PO, and Ag;PO,-GR samples after
visible light photocatalysis (top) and proposed photocatalytic
mechanism of Ag;PO,-GR composites (bottom).

photogenerated electrons; because of the presence of
conductive graphene sheets, charge transfer may also happen
between separated photogenerated electrons and graphene in
Ag;PO,-GR composites. In addition, the reaction of H,O and
active holes generate *OH, and both O,™® and *OH radicals can
degrade organic dyes (RhB, MB or MO) effectively under
visible light irradiation; furthermore, reactive holes at the VB
are able to oxidize organic dye directly because of its strong
oxidation. GR exhibited a significant influence on the
photocatalytic activity for two reasons. First, high-surface-area
GR sheets offer more active adsorption sites and photocatalytic
reaction sites, which favor improved photocatalytic activity.
Second, because of the presence of conductive GR sheets, it can
serve as an effective acceptor of the photoexcited electrons;
hence, the photogenerated CB electrons of Ag;PO, can be
transferred to GR sheets in the Ag;PO,/GR composite. The
transportation and mobility of electrons on GR sheets are very
rapid in the specific 7-conjugated structure; thus the efficient
electron transfer from Ag;PO, to GR sheets keeps electrons
away from the Ag;PO,. More photogenerated electrons and
holes are produced by continuously working in this way,
effectively suppressing the charge recombination and improving
the photocatalytic activity, which reduces the decomposition
rates of Ag" to metallic Ag in the photocatalytic process and
suggests a better stability and recyclability of Ag;PO,/GR

composites in the photocatalytic process.

4. CONCLUSIONS

In summary, we have developed a novel electrostatically driven
hydrothermal approach to synthesize Ag;PO,-GR composites
with controlled morphology. The choice of hydrophilic GO as
the precursor proved to be crucial for the generation of well-
defined Ag;PO,-GR composites. Our Ag;PO,-GR composites
have superior visible-light-driven photocatalytic performance
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and are robust, offering a new method for the low-cost, large-
scale production of visible-light active photocatalysts.
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