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Abstract: In this study, a less finicky and effective: method is developed to synthesize
AgsP0,4/Fe;04/graphene oxide (GO) ternary composites. The as-synthesized samples are
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). The photocatalytic activity of AgsPO,/Fe;0,/GO composites is
evaluated by degrading Rhodamine B (RhB) under simulated sunlight irradiation. In comparison
with bare Ag;PO,, the Ags;P0O,/Fe;0,/GO composites show enhanced photocatalytic activity,
which can be attributed to the improved separation of electron-hole pairs. The possible
mechanism for the enhanced photocatalytic properties of AgsP0,/Fe;0,/GO composites is also
discussed. With the help of external magnetic field, the photocatalysts can be easily separated
from the solution for recycling.
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1. Introduction

In the past decades, many effects have been made to purify contaminated water,
which has a severe threat to human beings. Photocatalytic degradation is considered
to be the most common and effective method for treating organic pollutants. In recent
years, silver orthophosphate (AgsPO,4) has become a hot and popular photocatalyst
due to its high photooxidative capabilities for oxidation of water and the
photodecomposition of organic pollutants under visible-light irradiation [1-3].
However, AgsPOy is subject to stability issues in practical applications because it can
be photoreduced and decomposed to weakly active Ag if no sacrificial reagent is
involved [4-6]. Many works have been made to improve the stability while
simultaneously further enhance the photocatalytic performance of AgsPO,. Recent
report indicated that using insoluble AgX (X = CI, Br, 1) modified AgsPO, could
improve its photocatalytic activity and stability [7]. In addition, combination of
AgsPO,4 with different supports including TiO, [8], SnO; [9] and carbon quantum dots
[10] has recently been developed to improve the photocatalytic activity and stability
of AgsPO.,.

Graphene has attracted great attention due to its unique properties, such as large
specific surface area, exceptional electrical conductivity, excellent mobility of charge
carriers and high chemical stability [11]. Graphene oxide (GO) is the oxidative form
of graphene with copious hydroxyl and carboxyl groups on the basal planes and edges,
which favor its solubility in solvents and provide opportunities for synthesis of

GO-based composites [12-14]. The fabrication of GO-based composites as



photocatalysts, such as ZnO/GO, TiO,/GO, Ag/AgX/GO (X = Br, Cl) and Ag,O/GO
[15-22] have been reported and they show significantly enhanced photocatalytic
performance in the degradation of pollutants due to the efficient charge transportation
and separation capacity of GO. Considering the superior properties of GO, the
combination of GO and AgsPO, could also improve the photocatalytic activity of
AgsPO,4. Up to now, several groups have reported the synthesis of GO-based AgsPO4
photocatalysts with enhanced photocatalytic activity [23-25]. However, it is very
difficult to reuse the photocatalysts from the reaction media. Traditional separation is
usually expensive and time-consuming. Thereby, it is very important and desirable to
develop an effective and facile method to construct photocatalysts which can be easily
re-collected from the reaction solution.

Fe3O, nanoparticles have attracted much attention because of their excellent
magnetic properties. So far, many methods have been developed to combine Fe3O4
nanoparticles with a catalyst to fabricate a new magnetically recyclable catalyst. For
example, Ye et al. have successfully synthesized magnetic core/shell structured
WOs/Fe3;0,4 photocatalyst with enhanced photocatalytic activity and stable
recyclability [26]. Xuan et al. have developed hollow spherical Fe3O4/TiO, hybrid
photocatalysts with good photocatalytic activity under UV light irradiation and can be
recycled by magnetic separation [27]. Zhou et al. have prepared Fe3O4/C3N,4
nanospheres with good porous structure via a hydrothermal method [28]. Mao et al.
have reported on the synthesis of magnetically separable AgsPO./FesO, composites

[29]. However, to the best of our knowledge, there is no report on the synthesis of



Ag3PO.4/Fe;04/GO ternary composite photocatalysts.

The aim of the present research is to develop an efficient magnetically
recoverable Ags;PO.4/Fe;04/GO composite photocatalyst. It was found that the
presence of GO can improve the photocatalytic activity for the degradation of RhB
under simulated sunlight irradiation as compared with pure AgsPO,. Moreover, the
photocatalytic performance can be further adjusted by simply changing the content of
GO in the AgzPO4/Fe304/GO composites. The possible mechanism for the enhanced

photocatalytic activity was proposed.

2. Experimental
2.1. Materials

Natural flake graphite (99.9% purity) was obtained from Qingdao Guyu Graphite
Co., Ltd., with a particle size of 150 um. All the other chemical reagents involved in
this research were analytical grade, purchased from Sinopharm Chemical Reagent Co.,
Ltd., and used as received without further purification. Deionized (DI) water was used
throughout this work.
2.2. Synthesis of the AgsPO4/Fe;04/GO composites

Graphite oxide was synthesized from natural flake graphite by using a modified
Hummer method [30,31]. The colloidal suspension of Fe3O, nanocrystals was
synthesized by the reported method [32]. In a typical synthesis of the
AgsPO,/Fes04/GO composites, 40 mg of graphite oxide was dispersed in a solution of

DI water (40 mL) and ethanol (40 mL) by sonication for about 1 h. Subsequently, 2



mL of the Fe3O, colloidal suspension was added into the above solution. After stirring
for about 4 h, 5 mL of AgNO;3 (2.5 mmol) aqueous solution was added and stirred for
1 h. Then 10 mL of Na,HPO, (1.0 mmol) aqueous solution was added and stirred for
another 1 h. The products were separated by centrifugation, washed with water and
ethanol, and then dried in a vacuum oven at 45 °C. For comparison, a series of
Ag3PO,4/Fes04/GO composites were fabricated by changing the amount of GO and
denoted as AgsPO4/Fes04/GO-x, with x representing the used amount of GO. Pure
AgsPO,4 was also obtained through a similar procedure in the absence of GO and
Fez0,.
2.3. Characterization of photocatalysts

The crystalline phases of AgsPO4/Fe;04,/GO composites were analyzed by X-ray
diffraction (XRD) on a Bruker D8 Advance diffractometer with Cu Ka radiation (A =
1.5406 A). The morphology of the obtained samples was determined by field
emission scanning electron microscopy (FESEM, JSM-7001F) and transmission
electron microscopy (TEM, JEOL JEM-2100). The compositions of the as-prepared
products were evaluated by inductively coupled plasma-optical emission spectrometer
(ICP-OES, Vista-MPX, Varian). Ultraviolet-visible (UV-vis)  spectroscopy
measurements were performed on a UV-1800PC UV-vis spectrophotometer. Magnetic
property of the sample was evaluated on a HH-15 vibrating sample magnetometer
(VSM) at room temperature.
2.4. Photocatalytic activity

The photocatalytic activity of the samples was evaluated by degradation of RhB



dye under simulated sunlight irradiation. A 500 W tungsten lamp as the light source
was positioned at ca. 10 cm away from the reaction cell to trigger the photocatalytic
reaction. In a typical photocatalytic experiment, 30 mg of photocatalyst powder was
dispersed in 100 mL of RhB aqueous solution (5 mg L™) in a Pyrex reactor. Prior to
irradiation, the suspension was magnetically stirred for 1 h in the dark to reach the
adsorption-desorption equilibrium on the surface of the photocatalyst. Under
simulated sunlight irradiation, about 3 mL of the suspension was collected at 5 min
intervals and separated through centrifugation. The concentration of RhB was
analyzed by measuring the absorbance with a UV-vis spectrophotometer. The
characteristic absorption peak was chosen to be 554 nm. The degradation efficiency
was calculated using the relative concentration (C/Coy) of RhB as a function of time,
where Cy is the concentration of RhB at adsorption equilibrium, and C is the residual

concentration.

3. Results and discussion
3.1. Characterization of as-prepared samples

The strategy for synthesis of the Ags;PO4/Fe;04/GO composites is shown in Fig.
1. Due to the plenty of oxygen-containing functional groups (hydroxyl, epoxide and
carboxylic groups) on the basal planes of GO nanosheets, GO sheets are highly
negatively charged when dispersed in water, Thus the positively charged FesO4 and
Ag’ ions can absorb on the surface of negatively charged GO sheets. When Na,HPO,

was added into the solution, the strong chemical combination occurred between Ag”



ions and PO,* ions, leading to the formation of AgsPO, particles on GO sheets
eventually.

XRD patterns of the as-synthesized graphite oxide, pure Ags;PO,4 and
Ag3PO,4/Fe;04/GO-40 composites are shown in Fig. 2. In the case of graphite oxide,
the obvious diffraction peak located at around 11° corresponds to the (001) diffraction
of graphite oxide [33]. For the pattern of pure AgsPOy, all of the diffraction peaks can
be indexed to the body-centered cubic structure of AgsPO,4 (JCPDS card no. 06-0505).
The AgsPO./Fe;04,/GO-40 composites exhibit a similar XRD pattern to that of pure
AgsPO,4. No obvious diffraction peaks of graphite oxide or Fe3O, are observed in the
Ag3PO4/Fe304/GO-40 composites, which is consistent with other reports about
GO-based composites [16,34]. The reason could be ascribed to the exfoliation of
layer-stacking graphite oxide and the relatively low diffraction intensity of Fe;O4
compared to AgsPO,4[32].

The morphological characteristics of the as-prepared pure AgsPO, and
Ag3P0.4/Fe;04/GO-40 composite were investigated by FESEM, which is shown in Fig.
3. Pure AgsPQ, in the absence of GO sheets is irregular particles with diameters in the
range of 0.5-1 um (Fig. 3a). The AgsPO, particles and GO sheets (GO sheets were
tagged with red arrows) in the AgsPO4/Fe304,/GO-40 composites can be clearly seen
in Fig. 3b. The morphology of the Ags;PO, particles in Ags;PO4/Fe;04/GO-40
composite is similar to that of the pure AgsPOy,, but the size becomes smaller (about
100-250 nm). The smaller size of the AgsPO, in the hybrid may be due to the

existence of GO, which can act as a surfactant in the reaction system and effectively



retard particle aggregations [20,35].

A deeper insight into the detailed structures of the AgQszPO./Fe;04,/GO-40
composites is obtained from TEM observations. The crumpled and sheet-like structure
is clearly observed for GO sheets, as shown in Fig. 3c. And the GO sheets are
decorated randomly with the AgsPO, particles. Except AgsPO, particles, there are
many much smaller particles anchored on the GO sheets. Fig. 3d is the enlarged TEM
image of the area marked by a rectangle in Fig. 3c. The average size of the small
particles is 5 nm, which is consistent with the size reported for the Fez;O,
nanoparticles [32]. From the high resolution TEM image in the inset of Fig. 3d, the
lattice fringes with interplanar distance of approximately 0.252 nm can be indexed to
the (311) crystal planes of cubic Fe3O,4. This result proves the presence of Fe;O,
nanoparticles in the AgsPO4/Fe304/GO composites.

3.2. Magnetic properties

The magnetic property of AgsPO4/Fes0,/GO-40 composite was investigated by
VSM at room temperature. Fig. 4 displays the hysteresis loop of
AgsPO,4/Fes04/GO-40 composite. AgsPO4/Fes04,/GO-40 composite exhibits a
superparamagnetic behavior without observable coercivity and remanence. The
saturation magnetization (Ms) of AgsPO./Fes04/GO-40 is about 1.56 emu g™. The
smaller Mg value is due to the low content of the magnetite fraction in the composite
(2.7%). The magnetic property of the AgsPO4/Fe;0,/GO composites facilitates their
separation and recycling from the liquid-phase reaction system. As presented in the

inset of Fig. 4, upon applying an external magnetic field, the sample could be well



separated from aqueous dispersion by a magnet within 15 seconds. This clearly
demonstrates the facile separability of the AgsPO4/Fes0,/GO composites from the
reaction media.
3.3. Photocatalytic properties

The photocatalytic performance of the samples was evaluated by photocatalytic
degradation of RhB under simulated sunlight irradiation. Temporal concentration
changes of RhB were monitored by examining the variations in maximal absorption in
UV-vis spectra at 554 nm. For comparison, the catalytic properties of pure AgsPO4
and AgsPO4/Fe304/GO composites with different GO contents were also investigated.
Fig. 5 displays the degradation ratio versus reaction time in the presence of different
photocatalysts. When introducing a small amount of GO, the activity of
Ag3PO,4/Fe;04/GO-20 composite is enhanced. This result indicates that GO plays an
important role in decomposing the organic pollutant of RhB under simulated sunlight
irradiation. In addition, the content of GO in the composites has a great effect on the
photocatalytic activities of AgsPO,4. With increasing the feeding amount of GO to 40
mg, the degradation ratio of RhB was further increased to 97% within 25 min
irradiation. The enhanced photocatalytic activity of AgsPO4/Fe30,/GO composites
can be ascribed to the ability of GO to promote the separation of photogenerated
carriers, which is also reported by other GO-based composite photocatalysts [15-22].
However, further increasing the GO content leads to the decrease of photocatalytic
activity, which could be ascribed to the covering of the active sites on the surface of

AgsPO,4 [36]. This result indicates that a suitable amount of GO is crucial for



optimizing the photocatalytic activity of AgsPO./Fe;04,/GO composites. In this study,
the photocatalytic reactions followed the pseudo-first-order Kinetics, as displayed in
Fig. 6. The apparent rate constants (k, min™) are determined from the slopes of
In(C/Cy) versus irradiation time. The rate constants for AgsPO, and
AQsPO4/Fe;0,4/GO composites follow the order AgsPO4/Fe30,/G0O-40 >
AgsPO4/Fe;04/GO-20 > AgsPO, > AgsPO4/Fe;04/GO-60. The AgsPO4/Fe;04/GO
composites synthesized with 40 mg of GO exhibits the best photocatalytic activity.
The degradation rate constant for AgsPO./Fe;04/GO-40 composite is 0.138 min™,
which is 2.6 times of pure AgsPO4 (0.054 min™). Thus, the AgsPO./Fe;0,/GO-40
composites were selected for the following experiments.

To investigate the stability of AgsPO./Fe;04,/GO-40 composites, the reusability
was further evaluated in terms of cycling degradation experiments for three times. All
the processes and parameters were kept unchanged during the cycling tests. As shown
in Fig. 7, although some loss of photocatalytic activity was observed, the
Ag3PO.4/Fe;04/GO-40 composite maintains a relatively high photocatalytic activity
during the recycle reaction for photodegradation of RhB. Since the dosage of the
photocatalysts is very small, the decrease of the activity during the recycling reactions
could be attributed to the loss of some of the catalysts during the photocatalytic
processes. It is known that by absorbing incident light, AgsPO, could be photoreduced
to form metallic Ag, which could be evidenced by the XRD pattern of AgsPO, after
three cycling runs (Fig. 8). However, when AgsPO4/Fe;04/GO-40 composite was used

as the photocatalyst to repeat three cycling runs, there were only small diffraction



peaks of metallic Ag appeared in the XRD pattern, which suggests that GO can inhibit
the further production of Ag from the decomposition of AgzPO, [8].

Generally, photoinduced reactive species including holes, hydroxyl radicals
(‘OH), and superoxide radicals (O, ) are expected to be involved in the
photocatalytic process. p-benzoquinone (BZQ), disodium ethylenediaminetetraacetate
(Na-EDTA) and isopropanol (IPA) are commonly used as scavenger of O, radicals,
holes and -OH radicals, respectively. To investigate the role of these reactive species,
controlled degradation experiments with the addition of BZQ, Na,-EDTA and IPA
were performed. Fig. 9 shows the influences of radical scavengers on the RhB
degradation process. The experimental results show that in the presence of IPA, the
degradation ratio of RhB has no obvious changes. The addition of BZQ reduces the
degradation ratio of RhB to 17%. While in the presence of Na,-EDTA, the
degradation rate of RhB was severely decreased to about 2%. These results suggest
that the degradation of RhB with AgsPO4/Fes0,4/GO composites as the photocatalyst
is mainly attributed to direct oxidation by holes and O," radicals, while -OH radicals
play a comparatively minor role in the degradation process.

Based on the above discussion, a possible mechanism for the photodegradation
of RhB over AgsPO./Fes04/GO composites is proposed, as shown in Fig. 10. Under
simulated sunlight irradiation, electrons (e") in the valence band (VB) of AgsPO, can
be excited to its conduction band (CB), causing the generation of holes (h*) in the VB
of AgsPO, simultaneously. Due to the presence of GO sheets, the photogenerated

electrons on the surface of AgsPO, can transfer to the surface of GO sheets, and thus



promote the separation of photoinduced electron-hole pairs and enhance the
photocatalytic activity. The efficient electron transfer from AgsPQO,4 to GO sheets also
can avoid AgsPO,4 from photocorrosion, which can inhibit the light absorption and
decrease photocatalytic activity. The photogenerated electrons on GO can adsorb
surface O, to form O, radicals. These O, radicals can efficiently decompose RhB.
Meanwhile, the resultant holes (h*) in the VB of AgsPO, can oxidize RhB directly
because of their strong oxidation. In a word, the effective separation of electrons and
holes contributes to the improved photocatalytic performance of AgsPO4/Fe;0,/GO

composites.

4. Conclusions

In summary, AgsPO./Fe;04/GO ternary composites with different GO contents
are successfully synthesized by an electrostatic interaction combined with a chemical
precipitation approach. The AgszPO./Fe;0,/GO composites show much enhanced
photocatalytic activity for degradation of RhB. The enhanced photocatalytic activity
may be mainly attributed to the existence of GO, which can accelerate the charge
separation and inhibit the further decomposition of AgsPO;, into Ag. It is revealed that
the direct oxidization of RhB by holes and O, radicals take a major role in the whole
degradation process. More importantly, AgsPO4/FesO4,/GO composites can be easily
separated from the reaction system by applying an external magnetic field. Thus, the
the AgsPO4/Fe;0,/GO ternary composites with excellent magnetic and enhanced

catalytic properties are expected to a promising material for the environmental issues.
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Figure Captions

Fig. 1. Synthetic procedure for the AgsP0O4/Fe304/GO composites.

Fig. 2. XRD patterns of (a) graphite oxide, (b) pure AgsPO; and (c)

Ag3P0,4/Fe304/G0O-40 composite.

Fig. 3. FESEM images of (a) pure AgsP0O, and (b) AgsP0,4/Fe304/G0O-40 composites. (c)
TEM image of the AgsP0,4/Fe304/G0O-40 composite and (d) the enlarged TEM image

of the area marked by a rectangle in (c).

Fig. 4. Field-dependent magnetization curve of AgsP0O4/Fes04/G0O-40 composite at

room temperature (the inset shows the magnetic separation of the catalyst).

Fig. 5. Time profiles of RhB degradation over different catalysts under simulated

sunlight irradiation.

Fig. 6. The pseudo-first-order plots of In(C/Cy) vs reaction time in the presence of

different photocatalysts.

Fig. 7. Repeated photocatalytic degradation of RhB with AgsP0O,;/Fes04/G0O-40 as

photocatalysts.

Fig. 8. XRD patterns of pure AgsPO, and AgsPO4/Fes04/G0O-40 photocatalysts after

three cycle experiments.

Fig. 9. Photocatalytic activity of AgsP04/Fes0,/G0O-40 for RhB with different

scavenges under simulated sunlight irradiation.

Fig. 10. Proposed photocatalytic mechanism for the degradation of RhB over

AgsP0,/Fe304/GO composites under simulated sunlight irradiation.
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