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Abstract: Ag3 PO4 -TiO2 -graphene oxide ternary composite photocatalysts were fabricated by the
photocatalytic reduction and ion exchange methods. The properties and photocatalytic activity
of the composites were examined, and the photodegradation mechanism was investigated. More
TiO2 nanoparticles in the composites were found to improve light absorption, but caused a larger
impedance and inferior charge transport. Excess TiO2 nanoparticles distributed over the surfaces of
Ag3 PO4 and graphene oxide decreased the specific surface area and thus lowered light absorbance.
an appropriate TiO2 content enhanced photocatalytic performance. When the molar ratio of Ag3 PO4
to TiO2 was 0.6, the highest efficiency in photodegradation, hydrogen production (with a quantum
efficiency of 8.1% and a hydrogen evolution rate of 218.7 µmole·g−1 ·h−1 ) and bacterial inactivation
was achieved. Trapping experiments demonstrated that superoxide radicals and holes are the major
active species involved in the photodegradation process.
Keywords: graphene oxide; titanium dioxide; silver phosphate; photocatalyst; ternary composite;
photodegradation; hydrogen evolution; hydrogen production

1. Introduction
Since photocatalytic water splitting by titanium dioxide (TiO2 ) was disclosed by Fujishima and
Honda in 1972 [1], significant effort has been devoted to highly active photocatalysts, which could have
potential applications to hydrogen production from water splitting, water purification and disinfection,
and removal and degradation of pollutants [2,3]. Photocatalysis has been considered as an effective,
economical, and environmentally-friendly photooxidation process, where the active oxygen-containing
radicals produced can remove the contaminants by converting them to non-toxic carbon dioxide (CO2 ),
water (H2 O), etc. [4–7]. The development of new materials to meet the demands for removal and
sterilization of the pollutants in water has become urgent. Semiconductor photocatalysts have been
widely studied to solve current energy and environmental issues [8–13]. However, the semiconductor
materials available to date are generally limited by either poor photocatalytic efficiency in the
visible-light range or insufficient charge separation ability [14–17]. In order to address these problems,
considerable efforts should be made to the design and fabrication of more effective semiconductors,
in order to obtain higher photocatalytic performance.
Recently, Ye et al. have reported that the use of silver orthophosphate (Ag3 PO4 ) could achieve
an extremely high quantum efficiency (QE) of O2 evolution from water splitting under visible-light
irradiation [18]. Since then, Ag3 PO4 -based materials have been seen as promising photocatalysts,
due to their superior photooxidative capabilities. However, the drawbacks of Ag3 PO4 , such as
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insolubility in most solvents, instability upon light illumination, and the ease of reduction to weakly
active silver (Ag), may greatly restrict its practical applications. To overcome these, diverse approaches
have been attempted to promote the stability, usability, and photocatalytic activity of Ag3 PO4 —for
example: conjunction with metals giving rise to the surface plasmon resonance (SPR) effect, formation
of core-shell nanostructures or complexes with heterostructures [19–26], and combination with
graphene or its analogues [24–26]. In particular, the cost could be greatly reduced using graphene
oxide (GO) to fabricate the composites containing Ag3 PO4 [26].
Graphene and GO have attracted tremendous attention, due to their large surface areas and
high carrier mobility. Various composites based on graphene or GO employed as photocatalysts,
to improve the interfacial contact and significantly enhance the photocatalytic activity, have been
reported [25,27–35]. Liu et al. reported a GO-Ag3 PO4 composite, obtained by an ion exchange method,
showing improved antibacterial activity and photodegradation efficiency for organic pollutants [24].
Yang et al. produced a stable graphene-Ag3 PO4 composite with good photocatalytic performance
by a hydrothermal approach. The size and morphology of Ag3 PO4 particles could be tailored by the
electrostatically-driven assembly of silver ions (Ag+ ) on the GO surface. Nevertheless, the relatively
large size of Ag3 PO4 led to smaller specific surface area, and thus limited photocatalytic activity [26].
Xiang et al. fabricated a nano-sized graphene-Ag3 PO4 composite with enhanced visible-light
photocatalytic activity for the degradation of methylene blue (MB) by an in-situ growth strategy [36].
They declared that the graphene sheets could provide a greater number of active adsorption sites,
suppress charge recombination, and reduce the formation of Ag nanoparticles (NPs).
Compared with the aforementioned binary composites, the ternary system which contains metal
oxide, Ag3 PO4 , and graphene or GO has been reported to exhibit even more superior photocatalytic
and antibacterial characteristics. Yang et al. prepared the TiO2 -Ag3 PO4 -graphene ternary composite
with improved photocatalytic degradation activity toward organic dye molecules, and enhanced
antibacterial activity compared to bare Ag3 PO4 , TiO2 , and binary composites. By adjusting the molar
ratio of Ag3 PO4 to TiO2 and adding the amount of GO, the photocatalytic and antibacterial activities
were regulated [37]. In the next year, the same group reported that the P25-Ag3 PO4 -GO ternary
composite, with micro-sized Ag3 PO4 and TiO2 NPs decorated on the GO sheets, was prepared by
electrostatically-driven assembly and an ion exchange method. The efficiency of dye photodegradation
and bacterial inactivation could be tuned by varying the amount of GO and the molar ratio of Ag3 PO4
to P25. The dissolved Ag+ ions were also considered to play an important role in determining the
bactericidal performance [38].
As described above, the effective visible light harvesting, improved separation of photo-excited
electron-hole pairs, and fast interfacial charge transfer between different components in a composite
are crucial. The intrinsic antibacterial property of Ag3 PO4 is also important. Therefore, what we are
more concerned with is the ternary system, and various Ag3 PO4 -TiO2 -GO (APTGO) ternary composite
photocatalysts were obtained by the photocatalytic reduction and ion exchange methods in this study.
The presence of Ag3 PO4 and GO has been reported to be beneficial for visible-light absorption [36,38].
Their amounts for fabricating the ternary composites were fixed. Only the amount of TiO2 was
adjusted to investigate its impact on the photocatalytic performance. The results have demonstrated
that an appropriate content of TiO2 was indeed contributive to enhanced photocatalytic properties
of the APTGO composites. The highest efficiency in photodegradation, hydrogen production from
water splitting, and bacterial inactivation was obtained when the molar ratio of Ag3 PO4 to TiO2 was
0.6. The photocatalytic mechanism of the APTGO composites was also explored. To the best of our
knowledge, this is the first work of accomplishing the application of Ag3 PO4 -based photocatalysts to
hydrogen evolution.

to diffraction from the (200) plane of Ag NPs. Compared to other diffraction peaks, its intensity is
relatively small, due to the low Ag contents in the composites [39]. It also indicates traces of zerovalent (neutral) Ag present in the composites, which were produced by the reduction of Ag+ ions.
Raman spectroscopy is a widely utilized technique to examine the structures and electronic
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3
4 -TiO2 -GO (APTGO) ternary composites.

Raman spectroscopy is a widely utilized technique to examine the structures and electronic
properties of graphene and its derivatives. Figure 2 shows the Raman spectra of the APTGO ternary
composites, ranging from 100 cm−1 to 2000 cm−1 . The five peaks at 147 cm−1 , 199 cm−1 , 399 cm−1 ,
515 cm−1 , and 639 cm−1 correspond to the vibrational modes of Eg , Eg , B1g , B1g and Eg , of anatase
TiO2 , respectively [16]. This demonstrates that the TiO2 in the five composites is mainly anatase.
The two peaks at 1354 cm−1 and 1594 cm−1 are D and G bands, respectively. The D band is due to the
presence of disorders in sp2 -hybridized carbon systems. It can be used to estimate the defect level and
content of impurity in graphene sheets. The G band is derived from the stretching of sp2 -hybridized
carbon-carbon bonds, and is highly sensitive to strain effects in the sp2 system within graphene sheets.
Furthermore, the intensity ratio of D and G bands, ID /IG , can be considered as a measure of the
relative concentration of local defects or interferences, i.e., to estimate the changes of sp3 graphite
oxide converting to sp2 graphene [40]. Therefore, an increment of ID /IG value implies an increase in
the number of defects. From Figure 2, the ID /IG value of GO is calculated to be 1.73. Those for the
five composites are in between 1.65 and 1.69, approximate to that of GO. This helps to ascertain the
presence of GO in the APTGO composites obtained from the reaction of AgNO3 and Na2 HPO4 .
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From the XPS results, it is thereby concluded that the preparation of APTGO photocatalysts was
successful.
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Figure 3. X-ray photoelectron spectrometer (XPS) spectra of the APTGO ternary composites: (a) Ti 2p,
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(b) C 1s, (c) Ag 3d, and (d) P 2p.

The
APTGO
compositeswere
weredispersed
dispersed on
on the
the copper
copper grids
forfor
SEM
The
APTGO
composites
grids with
withlacey
laceycarbon
carbonfilms
films
SEM
observation.
Figure
4
shows
the
surface
morphologies
of
APTGO-0.6
at
three
different
magnifications.
observation. Figure 4 shows the surface morphologies of APTGO-0.6 at three different
Large Ag3 PO4Large
particles
uneven size distribution and tiny TiO2 NPsand
are tiny
deposited
on the
of
magnifications.
Agwith
3PO4 particles with uneven size distribution
TiO2 NPs
aresurface
deposited
semitransparent GO [38]. The diameter of the Ag3 PO4 particles is 250 nm to 600 nm approximately. For
on the surface of semitransparent GO [38]. The diameter of the Ag3PO4 particles is 250 nm to 600 nm
further confirmation, elemental mappings are examined. Figure 5 reveals the even distribution of the
approximately. For further confirmation, elemental mappings are examined. Figure 5 reveals the
C, O, P, Ti, and Ag elements, and verifies the successful preparation of the APTGO composites again.
even distribution of the C, O, P, Ti, and Ag elements, and verifies the successful preparation of the
Figure 6 shows the TEM micrographs of APTGO-0.6. The semitransparent membranous structure
APTGO composites again. Figure 6 shows the TEM micrographs of APTGO-0.6. The semitransparent
of GO can be observed, as shown in Figure 6a,b. A large number of TiO2 NPs with a size of around
membranous structure of GO can be observed, as shown in Figure 6a,b. A large number of TiO2 NPs
20 nm to 30 nm, a small amount of Ag NPs, and Ag3 PO4 particles with larger sizes cover the GO
with
a sizeThe
of around
20 nm toof30
nm, a small
of Ag
NPs, and
3PO4 particles with larger
sheets.
microstructures
APTGO-0.6
areamount
displayed
in Figure
6c,d.Ag
The
lattice fringe spacing
sizes
cover
the
GO
sheets.
The
microstructures
of
APTGO-0.6
are
displayed
in
6c,d.
The
lattice
value of 0.34 nm corresponds to the d-spacing of the (101) plane of anatase TiO2Figure
. Another
two
lattice
fringe
spacing
value
of
0.34
nm
corresponds
to
the
d-spacing
of
the
(101)
plane
of
anatase
TiO2.
fringe spacing values of 0.20 nm and 0.27 nm correspond to the (200) plane of Ag NPs and the (210)
Another
two
fringe spacing values of 0.20 nm and 0.27 nm correspond to the (200) plane of Ag
plane of
Aglattice
3 PO4 particles, respectively. The TEM results also contribute to confirming the successful
NPs
and
the
(210)
plane ofternary
Ag3PO
4 particles, respectively. The TEM results also contribute to
preparation of the APTGO
composites.

confirming the successful preparation of the APTGO ternary composites.
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Figure 5. Elemental mappings of APTGO-0.6: (a) C, (b) O, (c) P, (d) Ti, and (e) Ag.
Figure 5. Elemental mappings of APTGO-0.6: (a) C, (b) O, (c) P, (d) Ti, and (e) Ag.
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The oxidation and reduction capabilities of a material can be evaluated by the magnitude of
oxidation and reduction potentials obtained by CV tests. Figure 8a shows the CV curves of the
electrodes covered with the APTGO photocatalysts. Among the five composites, APTGO-1.0 exhibits
the largest oxidation potential, implying that it is the strongest oxidizer and acquires electrons most
readily. This can explain why it also shows the largest oxidation current. Figure 8b displays the
Nyquist plots of the electrodes covered with the APTGO composites obtained by EIS analysis. The plot
for APTGO-1.0 shows the smallest semicircle, which implies the smallest interfacial impedance.
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To explore the main active species involved in the photodegradation process of the APTGO
composites, hole and radical trapping experiments were carried out, and the photocatalytic reaction
mechanism was thereby elucidated. Three scavengers, each with a concentration of 2 mM, were
selected for the trapping experiments [38,46]. Benzoquinone (BQ), ammonium oxalate (AO) and tertbutyl alcohol (TBA) were used for capturing superoxide radicals (O2•−), holes (h+), and hydroxyl
radicals (OH•), respectively. As shown in Figure 10a, the degradation efficiency for APTGO-0.6 is
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To explore the main active species involved in the photodegradation process of the APTGO
composites, hole and radical trapping experiments were carried out, and the photocatalytic reaction
mechanism was thereby elucidated. Three scavengers, each with a concentration of 2 mM, were
selected for the trapping experiments [38,46]. Benzoquinone (BQ), ammonium oxalate (AO) and
tert-butyl alcohol (TBA) were used for capturing superoxide radicals (O2 •− ), holes (h+ ), and hydroxyl
radicals (OH•), respectively. As shown in Figure 10a, the degradation efficiency for APTGO-0.6 is
98.6% when no scavenger is used after two hours of irradiation. The inactivation of the photocatalyst
with the degradation efficiency of 19.8% and 16.3% was remarkably caused by BQ and AO, respectively.
On the other hand, there is not much reduction in the degradation efficiency when TBA is used.
The results have demonstrated that the irradiated O2 •− and photo-induced h+ play important roles
and contribute the most to the APTGO photocatalytic system. OH• is considered to be of lesser
importance,
since
less involved in photodegradation process [36,38].
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Figure 11a displays the hydrogen evolution curves of the APTGO composites. A methanol
solution was employed as the sacrificial agent. As predicted, the results of hydrogen evolution are
found to have a similar trend to those of photodegradation. A higher hydrogen evolution rate can be
obtained when an appropriate content of TiO2 is used to fabricate a composite. After six hours of
photocatalytic water splitting, the photocatalyst exhibiting the maximum hydrogen production
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All the APTGO ternary composites prepared in this study are of powder type, stored at the room
temperature in a dry box. According to the literature [26,36,38,47], the composites containing Ag3 PO4
have the problem of poor optical stability only when they are put in water, where the Ag+ ion is
easily reduced to metallic-state Ag under light irradiation. Therefore, the APTGO composites are
considered to be stable by our way of storage. Based on the aforementioned results and by referring
to the literature, a probable photocatalytic mechanism of the APTGO composites can be proposed,
as depicted in Figure 10b. Under the solar simulator light irradiation, both TiO2 and Ag3 PO4 are
excited to generate electron-hole pairs. The electrons in the CB of TiO2 are transferred to the CB of
Ag3 PO4 , and then migrated rapidly to the surface of GO. When the electrons are away from Ag3 PO4 ,
the probability of Ag+ ions being reduced to metallic-state Ag is decreased. This is conducive to
improving the optical stability of Ag3 PO4 . Meanwhile, the high surface area of GO is beneficial to
the adsorptions of dye and bacteria, which are decomposed by O2 •− produced from O2 molecules
captured on the GO surface. On the other hand, the holes in the VB of Ag3 PO4 are transferred to the
VB of TiO2 , to make dye and bacteria oxidized. This photocatalytic mechanism is established by the
synergistic effect of Ag3 PO4 , TiO2 and GO.
Figure 11a displays the hydrogen evolution curves of the APTGO composites. A methanol
solution was employed as the sacrificial agent. As predicted, the results of hydrogen evolution are
found to have a similar trend to those of photodegradation. A higher hydrogen evolution rate can
be obtained when an appropriate content of TiO2 is used to fabricate a composite. After six hours
of photocatalytic water splitting, the photocatalyst exhibiting the maximum hydrogen production
amount (1312 µmole·g−1 ) is APTGO-0.6. Compared to APTGO-1.0 showing the smallest amount of
hydrogen production (362 µmole·g−1 ), there is an over three-fold difference in the amount of hydrogen
production. This again demonstrates that the most appropriate molar ratio of Ag3 PO4 to TiO2 is 0.6.
Figure 11b displays the mass-normalized evolution rates and QE of the APTGO composites. According
to the literature [48,49], QE can be calculated after obtaining the mass-normalized evolution rate by:
QE(%)

=

number of reacted electrons
number of incident photons

=

number of evolvedH2 molecules×2
number of incident photons

× 100
× 100

The QE and mass-normalized hydrogen evolution rate for APTGO-0.6 are 8.1% and
218.7 µmole·g−1 ·h−1 , respectively. Nevertheless, those for APTGO-1.0 are 2.2% and 60.4 µmole·g−1 ·h−1 ,
respectively. The difference of QE between the two photocatalysts is 5.9%. The results have illustrated
that when an APTGO composite has fixed contents of Ag3 PO4 and GO for hydrogen production
from water splitting, the optimum TiO2 content should be present in order to achieve the highest
photocatalytic efficiency.
The antibacterial tests were all designed with a controlled trial. Due to the different absorbance
at 600 nm when a different APTGO photocatalyst was used, the OD 600 value at the very beginning
for every test was treated as 1.00. The relation charts of bacterial growth rate versus time can be
then achieved, as displayed in Figure 12. The antibacterial effects by an excess amount (1.0 mg)
of the photocatalysts are found to be too good, so that the difference in bacterial growth rate can
hardly be distinguished, as revealed in Figure 12a. The bacterial growth rate for every test group
is around 1.0. There is no obvious trend. Moreover, the OD 600 values were observed to be lower
than 0.50 after bacterial culture for 200 min. By contrast, the OD 600 value for the control group
without using any photocatalyst increased to 2.85 after bacterial culture for 400 min. The growth rate
of E. coli for the control group was 22.6. These indicate that the APTGO composites can effectively
inhibit the growth of E. coli. To be able to distinguish the difference in bacterial growth rate, a smaller
amount of the photocatalysts (0.3 mg) was used for the antibacterial tests. As shown in Figure 12b,
a reduced amount of the photocatalysts can slow down the bacterial growth, and the difference in
bacterial growth rate can be differentiated more readily. It is revealed that APTGO-0.6 exhibits the

=

2
number of incident photons

× 100

The QE and mass-normalized hydrogen evolution rate for APTGO-0.6 are 8.1% and 218.7
μmole·g−1·h−1, respectively. Nevertheless, those for APTGO-1.0 are 2.2% and 60.4 μmole·g−1·h−1,
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photocatalysts (0.3 mg) was used for the antibacterial tests. As shown in Figure 12b, a reduced
amount of the photocatalysts can slow down the bacterial growth, and the difference in bacterial
growth rate can be differentiated more readily. It is revealed that APTGO-0.6 exhibits the highest
antibacterial activity, demonstrating the excellent antibacterial effect of the APTGO ternary
Catalysts 2018, 8, 57
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3. Experimental
3.1. Preparation of Graphene Oxide
GO was synthesized from graphite powder (UniRegion Bio-Tech, Hsinchu, Taiwan) by the
modified Hummers’ method [50]. A graphite oxidation procedure was carried out before the synthesis
of GO [41,51]. A total of 4 g of graphite powder was added into a solution composed of 2 g of potassium
persulfate (K2 S2 O8 ) (J. T. Baker, Phillipsburg, NJ, USA), 2 g of phosphorus pentoxide (P2 O5 ) (J. T. Baker,
Phillipsburg, NJ, USA), and 30 mL of conc. sulfuric acid (H2 SO4 ). The mixture solution was heated
to 80 ◦ C under a continuous stirring for 6 h. When it was cooled down to the room temperature,
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rinse with deionized (DI) water was performed repeatedly by centrifugation until the neutral pH
level was achieved. Afterwards, 4 g of the pre-oxidized graphite powder was added into 100 mL of
conc. H2 SO4 solution in an ice bath. Then, 12 g of potassium permanganate (KMn O4 ) (J. T. Baker,
Phillipsburg, NJ, USA) was slowly added at 35 ◦ C. The stirring was continued for 2 h until the color
of the mixture turned to dark brown. Subsequently, a solution containing 200 mL of DI water and
40 mL of hydrogen peroxide (H2 O2 , 30 wt. % in water) (Sigma-Aldrich, St. Louis, MO, USA) was
added slowly as a violent chemical reaction occurred. The color turned to yellow brown when the
reaction was completed. The obtained product was put in a dilute aqueous solution of hydrochloric
acid (HCl) so as to remove metal ions. After ultrasonication for 1 h, rinse with DI water was repeatedly
performed by centrifugation until the neutral pH level was achieved to obtain GO powder.
3.2. Fabrication of Ag3 PO4 -TiO2 -GO Ternary Composites
20 mg of GO was added into 100 mL of DI water to prepare the GO solution. Ultrasonication
was performed for 2 h to better disperse GO. 153 mg of silver nitrate (AgNO3 ) was dissolved in
100 mL of DI water to prepare the 9 mM AgNO3 solution. Afterwards, the GO and AgNO3 solutions
were mixed to form a mixture of Ag+ /GO, which was stirred overnight. Various weights (24 mg,
30 mg, 40 mg, 60 mg, and 120 mg) of P25 were added in 100 mL of DI water to prepare the TiO2
solutions with various concentrations (3 mM, 3.75 mM, 5 mM, 7.5 mM, and 15 mM, respectively).
After stirring for 30 min, the TiO2 solutions were added into the Ag+ /GO mixture and then stirred for
another 30 min to form a TiO2 /Ag+ /GO mixture solution. Subsequently, the 3 mM sodium phosphate
(Na2 HPO4 ) solution was added dropwise till the yellow brown precipitate appeared. Rinses by DI
water and absolute ethanol were repeated several times, followed by centrifugation to collect the
APTGO ternary composites, which were then dried at 60 ◦ C for 24 h. These composites were named
APTGO-z, in which z represented the molar ratio of Ag3 PO4 to TiO2 during the preparation processes.
There were five ratios (z = 0.2, 0.4, 0.6, 0.8, and 1.0) for comparison.
3.3. Photocatalysis
The photodegradation of methylene orange (MO) was carried out, to evaluate the photocatalytic
activity of the photocatalysts. A total of 200 mg of an APTGO composite was dispersed in 200 mL of
MO solution with a concentration of 20 ppm. The 350 W xenon lamp placed 15 cm above the reactor
was used as a solar simulator light source. Prior to irradiation, the mixture was kept in the dark,
stirring for 20 min so as to establish an adsorption-desorption equilibrium. Under irradiation, 8 mL
aliquots from each sample were taken out at the desired time intervals, followed by centrifugation and
filtration to remove the photocatalyst. The supernatant was used to determine the concentration of
residual dye in the solution, analyzed by recording the characteristic optical absorbance using a UV-Vis
spectrophotometer. Another reactor with a volume of 65 mL was used for hydrogen production from
water splitting. A 300 W xenon lamp was employed as its solar simulator light source. The fixed
distance between the reactor and lamp was 14 cm. At first, 20 mg of an APTGO composite was
dispersed in methanol (20 vol. % in water) in the reactor. Prior to irradiation, the mixture solution was
degassed for 20 min by high nitrogen gas. A strong stir was kept for six hours during the irradiation.
The gas generated in the reactor was collected once per hour. It went through a thin stainless steel
pipeline and was injected into a gas chromatograph. Then the amount of hydrogen produced from
water splitting could be recorded.
3.4. Antibacterial Test
Lysogeny broth with the concentration of 20 mg/L was used as the nutritionally rich medium.
Escherichia coli (E. coli) was added to the nutrient broth and cultivated in a rotary shaker at room
temperature for 12 h, until the stationary growth phase was reached. Further dilution to the required
density was performed, to prepare the bacteria solution for antibacterial tests. Amounts of 0.3 mg and
1.0 mg of each composite were mixed with 20 mL of the bacteria solution in glass tubes, respectively.
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At the desired times (10 min, 40 min, 100 min, 220 min, and 400 min), 1 mL aliquots from each tube
were taken out, followed by centrifugation to remove the composite and acquire the supernatant.
The absorbance at 600 nm (OD 600) of each supernatant was recorded. The antibacterial properties of
the composites were then compared by the plot of OD 600 versus time.
3.5. Characterizations
The surface morphologies of the APTGO ternary composites were examined by a field emission
gun scanning electron microscope (SEM) (Hitachi, Tokyo, Japan). The microstructures and lattice
fringes were observed by a high-resolution transmission electron microscope (HRTEM) (JEOL, Tokyo,
Japan). The elemental mappings were obtained by the energy-dispersive X-ray spectroscopy (EDX).
The X-ray diffraction (XRD) patterns (Shimadzu, Kyoto, Japan), ranging from 10◦ to 80◦ (2θ), were
collected by an X-ray powder diffractometer with copper Kα radiation (λ = 1.5406 Å). The absorption
spectra, ranging from 300 nm to 800 nm, were recorded by the UV-Vis spectrophotometer (Hitachi,
Tokyo, Japan). The chemical compositions of the composites were examined by the X-ray photoelectron
spectrometer (XPS) (Ulvac-Phi, Kanagawa, Japan). According to the binding energies of photoelectrons
emitted from the surface of a composite, the chemical states of elements could be ascertained.
The vibrational modes of molecules were identified, and the chemical structures of composites
were thus determined by Raman spectroscopy. A three-electrode configuration was utilized for
the electrochemical measurements, including cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS), by a potentiostat/galvanostat analyzer (CH Instruments, Austin, TX, USA), using
a 0.5 M sodium sulfate (Na2 SO4 ) solution as the electrolyte. The composite powder was mixed with
anhydrous ethanol to form a paste, which was coated on the FTO conductive glass by a doctor blade
method to form the working electrode. A silver chloride (Ag/AgCl) electrode and a platinum (Pt) wire
served as the reference and auxiliary electrodes, respectively. The scanning rate for CV was 0.05 V·s−1 .
The frequency range for EIS was 10−2 Hz to 105 Hz. The AC amplitude was set as 10 mV between
two electrodes.
4. Conclusions
The APTGO ternary composites were fabricated by the photocatalytic reduction and ion exchange
methods, and applied as photocatalysts. The presence of Ag3 PO4 and GO in the composites was
verified by XRD, Raman, and XPS spectra. The deposition and distribution of TiO2 NPs and
Ag3 PO4 particles on the GO sheets were examined by SEM and TEM. The results of absorption
spectra, electrochemical analysis, photodegradation, and hydrogen evolution demonstrated that
an appropriate content of TiO2 was certainly contributive to enhanced photocatalytic properties of
the APTGO composites. Excess TiO2 NPs covering Ag3 PO4 particles and GO sheets were found
to decrease the specific surface area of a photocatalyst, leading to lower light absorbance and
inferior charge transfer. The optimum molar ratio of Ag3 PO4 to TiO2 was evidenced to be 0.6, with
which APTGO-0.6 showed the highest efficiency in photodegradation, hydrogen production, and
bacterial inactivation. The highest QE and mass-normalized hydrogen evolution rate were 8.1% and
218.7 µmole·g−1 ·h−1 , respectively. By holes and radicals trapping experiments, the photocatalytic
mechanism of the APTGO composites could be proposed. It has been verified that O2 •− and h+ are
the major active species involved in the photodegradation process.
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