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Native defects in silver orthophosphate could be generated by sim -precipitation method under
ethanol-aqueous solution using AgNO; and NazHP04;.12H:0. AgNOESthanol-aqueous solution with the
ethanol contents of 0%, 25%, 50%, 75%, 90% and 100% was reacted with Na; HPO, aqueous solution. The

duced catalysts were characterized using XRD, DRS, FE-SEM, BET specific surface area and XPS. The
increase of ethanol content in the synthesis process decreased the Ag/P atomic ratio of Ag;PO,. The
native defects of silver vacancy might be generated ol surface of Ag,PO;. The activity of Ag: PO, for

g:;’;"(‘:’ds" Rhodamine B degradation dramatically increased by 5.8 times higher compared to that of the pristine
Co-precipitation Ag:P0,4. The defect states of Ag vacancies enhanced the separation of electron-hole pairs, leading to the
Photocatalyst improvement of photocatalytic activity.

Silver orthophosphate © 2017 Elsevier B.V. All rights reserved.

Silver vacancy

1. Introduction

The improvement of AgiPO4 activity for organic pollutant
degradation has been mostly achieved by three strategies. The first
is the design of particular morphology to generate high reactivity
on the surface of Ag;P0y4. These could create highsurfaceenergy | 1)
and the desired facet formation |2-4] toboost the activity of Ag; PO,
photocatalyst. The tetrahedron [1,4,5], tetrapod [3 6], ellipsoid [ 7]
generally showed high activity under visible light irradiation. The
high activity of tetrahedral Ags; PO, is caused by {111} facets that
containoylm Ag atom | 5]. The enriched Ag* cationinthe {111} plane
of AgzPORBould be partly reduced by gwotogenerated electron
forming Ag nanolayers. These layegmcairtacilitate the separation
of photoexcited electron-hole pairs:™The partially reduced Ag* site
might produce a neighboring oxygen vacancy that increased the
number of photocatalytic active sites. The tetrahedral morphology
could also suppress the recombination of electron-hole pairs [4].
Saddle-like morphology of AgsPO, derived from tetrahedron also
shows high photocatalytic activity due to an enriched Ag' on the
surface |&], The improved activity of tetrapod Ag3PO4 under visi-
ble light might be caused by the high activity of { 110} facets |3 ,6]
whereas the enhanced activity of the ellipsoid Ag; POy is caused by
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the clean surface of this particle and smaller band gap energy [ 7].
Morphology-dependent photocatalytic properties are very promis-
ing to provide the way forwards for highly active photocatalysts.
The second strategy of improving the AgiPO4 activity is the
design of heterostructure materials. These materials could pre-
vent AgzP04 photocorrosionduring the photocatalytic reaction and
can enhance the separation of photogenerated electron and holes.
The photocorrogign reaction always occurs in Ag;P0, as its con-
duction band ( potential is more positive than the hydrogen
potential which limits its potential applications in photocatalysis.
Therefore many researchers have been dealing with this issue. The
heterostructures of AgzP04/TiOz [9-12], AgzPO4/Cr-SITiO3 [13],
Co304/Ag3 P04 [14], Ag3PO4@LaP04 [ 15], Ag3PO4fg-C3Ng [16,17],
Ag;P04/MoS; [18] were successfully synthesized and improved
activity and stability of photocatalyst. The responsible mechanism
of these heterostructures could be a direct band-band transfer [ 19]
and Z-scheme mechanism [17,20] between Ag; P04 and its coupled
semiconductor. A direct band-band transfer could be defined that
thgphotogenerated electron in the CB of coupled semiconductor
is sferred into the CB of Ag;P04 and the photogenerated holes
in the valence band (VB) of AgzP0; is transferred into the VB of
coupled semiconductor [17]. In this mechanism, the hole of -
pled semiconductor oxidizes the pollutants and the electron inshe
CB of AgsP04 produced reactive oxygen species during photocat-
alytic reaction. -scheme mechanism could be defined that the
photogenerated trons in the CB of Agsz PO, and photogenerated
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holes in the VB of coupled semiconductor combine directly [20] or
through metallic particle contacted with both Ag;P04 and coupled
semiconductor [ 18,21,22]. This mechanism generates holes in the
VB of AgzPO4 and electron in the CB of coupled semiconductor [17].

The third strategy is the surface modification of AgzPO4 by var-
ious electron or hole co-catalysts. This method can improve the
photocatalytic performance via promoting the rapid transfer and
separation of photogenerated charges. The Ag; PO, surface could
be modified by Co-Pi as hole cocatalyst that improved the photo-
catalyticactivity [ 23 |. The simultaneous loading of Ag nanoparticles
and Fe(lll) co-catalyst could improve the photocatalytic activity of
AgzP04 | 24 ). This Ag nanoparticles can generate the surface plas-
mon resonance and improves the bandgap visible-light absorption
of AgiPOq4, resulting in the generation of more photogenerated
charges. The surface of Ag;P0, could also be modified by incorpo-
rating graphene to form Agz PO4/graphene composite [ 25,26], This
modification improved the surface area, absorption of organic dyes
and separation of photogenerated electron-hole pairs [25]. Incor-
porating graphene on the Ag; PO, also improved the morphology
in which the Ag3;P0y4 dispersed uniformly on the graphene sheets
surface [26].

Recently, the presence of native defects in AgzP04 catalyst has
tremendously attracted the attention of researchers [27]. Ags POy
with oxygen vacancy could be generated by calcination method
|28]. During calcination, metallic Ag nanoparticle are formed and
deposited on the surface of Ag;P04. Oxygen vacancies have signifi-
cant positive effect in improving the activity, whereas the metallic
Ag nanoparticles have a very important effect in improving the
stability. Chong et al. [29] reported that high temperature calci-
nation of AgyP0, induced the oxygen vacancies. [t is known that
the enhanced photocatalytic activity of Ag;PO4 depends on crys-
tallinity, oxygen va ces and specific surface area, Unfortunately,
the oxygen vacancy in AgzP0O4 has a relatively high formation
energy compared to silver vacancy and silver interstitial because of
the strong P-0 bond that must be broken to remove an O atom [27].
Due to the strong P-0 alence, PO, ions are difficult to form
oxygen vacancies | 30|, Therefore, generating the silver vacancy
couldbe a promising approachto boost activity ofAg; PO4. Yanetal.
|3 1] successfully synthesized Ag3P04 with formation of metallic Ag
and high Ag vacancies using silver acetate as the precursor followed
by cal@ution. The improved photocatalytic activity of this mate-
rial waSdue to the synergistic effect of Ag vacancies and metallic
Ag, which contributed to the efficient separatio photogener-
ated charge carriers. Ma et al. | 30| suggested that™@efect states of
Ag vacancies could act as capture traps for photoexcited holes and
enhanced the separation of photogenerated electron-hole pairs.

Here, native defects of Ag vacancy in Ag;PO, were generated
using co-precipitgon method under ethanol-aqueous solution.
AgNO3 dissolved iff€thanol-aqueous solution with the ethanol con-
tents of 0%, 25%, 50%, 75%, 90% and 100% was reacted to Na;HPO4
aqueous solution. The enhanced composition of ethanol in the syn-
thesis of Ag,P0, decreased the Ag/P atomic ratio in Ag; PO,. These
defects might facilitate the enhanced separation of photogenerated
electron-hole which improved the photocatalytic activity.

2. Experimental

Silver vacancies of Ags I’{ere prepared using co-precipitation
ethod. Typically, 0.85 g of AgNO; was dissolved in 200mL of
thanol-aqueous solution with ethanol contents of 0%, 25%, 50%,
75%,90% and 100%. These samples were named as Et-0, Et-25, Et-50,
Et-75, Et-90 and Et-100, respectively. AgNO3 in ethanol-aqueous
solution was slowly added (dropwise) by Na;HPO,4 agueous solu-
tion which was prepared by dissolving of 1.79 g of Na,HPO,4.12H,0
in 50mL of water. The precipitates in this reaction were separated

Intensity (a.u.)

11] THI 1 ) A

10 20 30 40 50 60 70 80
Wavelength (nm)

Fig. 1. XRD of AgsPO, synthesized using Na; HPOy agueous solution with AgNO; in
ethanol { Et-100), 50% e thanol (Et-50) and without ethanol { Et-0).

by 14,000 rpm centrifugation and washed with distilled water and
acetone three times, and subsequently dried in avacuumover night
at 60 C.

The AgzP0; samples were characterized by X-ray diffraction
(XRD, Bruker AXS D2 Phaser), while the diffuse reflection spec-
tra were obtained using a UV-vis NIR spectrometer (JASCO V-670).
The specific surface areas were determined by BET measurements
(NOVA 4200e). The morphologies of the powders were observed by
an FE-SEM (Hitachi, S-4800). The X-ray photoelectron spectra were
obtained using an X-ray photoelectron spectrometer (XPS, Perkin
Elmer PHI 5600).

The photocatalytic activities were evaluated based on the rate
of Rhodamine B decomposition after dispersing 0.1 g of photocat-
alyst to 100mL of 10mg/L Rhodamine B aqueous solution. The
mixture was stirred at room temperature for 20 min (under dark
condition) and the 25W of LED blue light (OptiLED, SP-E27BL,
2.5W) was used for irradiation. Four ml of sample solution was
withdrawn every 10 min and centrifugated at 14,000 rpm to sepa-
rate the catalyst. The concentration of Rhodamine B was measured
using a spectrophotometer (JASCO V-670). The highest photocat-
alytic activity was also evaluated using phenol (colorless pollutant)
decomposition under blue light irradiation with the higher power
(Duralux, E-27, 3W). The phenol concentration was determined
using 4-aminoantipyrine method.

The mechanisms of photocatalysis were investigated using the
scavengers of radical and holes in photocatalytic reaction (10 mg/L
RhB, 100 mL solution, 0.1 g catalyst) under blue light irradiation
(Duralux, E-27, 3W). The benzoquinone (BQ), isopropyl alcohol
(IPA) and ammonium oxalate (AO) were added into solution as
scavenger of superoxide ion (O3 *) radical, hydroxyl (*OH) radical
and holes, respectively [32]. The scavenger dosage was 1 mmol/L
and the concentration of Rhodamine B was measured using a spec-
trophotometer.

3. Results and discussion

A yellow-crystalline Ag3P0Oy4 catalyst was successfully synthe-
sized by a simple method of co-precipitation using AgNQa and
NazHPO4.12H:0 as the starting materials. The AgNO; eS¥&nol-
aqueous solution with the ethanol concentrations of 0%, 25%,
50%, 75%, 90% and 100%, were successfully co-precipitated with
Nazl-m aqueous solution. The XRD profiles shows that the struc-
ture ody-centered cubic (JCPDS no.06-0505) with the space
group of P4-3n is observed in Et-0, Et-50 and Et-100 (Fig. 1)
No impurities were detected in all samples, indicating that they
are single phase. There is no difference of lattice constants that
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Fig. 2. SEM images of Ag; PO, synthesized using Na; HPOy agueous solution and AgNO; in different compositions of ethanol-water: Et-0(a), Et-25 (b), Et-50 (c), E-75 (d).

Et-90(e) and Et-100 (f).

Talalea

Specific surface area, band gap energy and rate constant of Ag,PO, synthesized
under different compaositions of ethanol-water solution.

Sample SSA (m?fg) Band gap energy (eV) Ky (min ¥}
Et-0 718 240 0.018
Et-25 834 237 0.051
Et-50 446 238 0.105
Et-75 167 237 0.095
Er-90 411 238 0.106
Et-100 9.12 240 0.069

could be observed in the samples. The lattice constants of 5.01481&.

6.0149A,6.0149 A couldbe calculated in the Et-0, Et-50 and Et-100,
respectively. All structures were similar to those reported previ-
ously using H3POy4 in ethanol solution as the source of phosphate
ion [8]. However, in the recent synthesis, there was no tetrahe-
dral morphology that could be formed. The sphere and irregular
shapes were clearly observed in all samples with the particle sizes
of 200-600nm as shown in Fig. 2(a-f). Specific surface areas of
4,46-9.12m? /g could be obtained and there is no significant dif-
ference of the specific surface area (Table 1). These indicated that
the high photocatalytic activity did not depend on specific surface
area or morphologies. Some other effects such as defect proper-
ties should be investigated to understand the reason of enhanced
photocatalytic activity.

Fig. 3 shows the absorption spectra of Et-0, Et-50 and Et-100. It
is clearly noted that the broad absorption above 500 nm increased
in Et-50 and Et-100. It indicates that the ethanol treatment in the
solution affects the optical properties of AgsPO,. The absorption of
Agz POy is very important to act as a visible-responsive photocata-
lyst. Some researchers found that the broad absorption in visible
region might come from the defect sites of crystals as found in
TiOz [33] and SrTiO3 [ 34]. In this experiment, the broad absorption
in visible region cguld be found in AgzP04 prepared by ethanol-
water solution. Th&8and gap energy (Eg) of photocatalyst can be
calculated using the following equation [35]; ahv=A(hv - EgJ“ﬂ’z
where «, h and v are the absorption coefficient, Planck constant,
light frequency, respectively, while A is a constant and the value
of n depends on whether the transition is direct (n=1) or indirect
(n=4). The calculated band gap energies of all samples are similar
as shown in Table 1. Therefore, the phenomenon of broad absorp-
tion in visible region might play a key role in photocatalytic activity

under visible light irradiation. This phenomenon is also discussed
indetail in the section of XPS analysis.

Fig. 4 shows the photocatalytic decomposition of Rhodamine
B (RhB) under blue light irradiation (LED 2.5W). The apparent
pseudo-first-order kinetics equation of In{Cy/C)=Kzppt was used
to evaluate the rate of photocatalytic reaction, where Kapp is the
apparent pseudo-first-order rate constant(min").c and Cp are the
RhB concentration at time t and zero, respectively | 36,37]. The cal-
culated values of K;p, are summarized in Table 1. Based on these
results, all samples synthesized with the ethanol-water solution
showed higher activity. The highest activities were observed in
Et-50 and Et-90. The photocatalytic activity could be improved
to about 5.8 times higher than that of the Et-0. This activity was
higher than the previous result of saddle-like Ag; PO; which was
about 3 times higher compared to its control [8]. This observation
suggests that the activity of AgsP0O4 was significantly affected by
the type of starting materials and composition of solution. In this
experiment, the photocatalytic activities were significantly influ-
enced by the properties of Ag;P0O4 which was formed by varying
the ethanol content in the Ag® solution and Na,HPOy; aqueous
solution. The different properties might be attributed to different
co-precipitation condition due to different polarity of the mixed

0.84
8 0.6+
g
2 0.44 Et-50
Et-100
t
0.24

200 300 400 500 600 ?60 800
Wavelength (nm)

Fig 3. DRS of Ag,P0, synthesized using NayHPO, aqueous solution and AgNO, in
ethanol (Et-100), 50% ethanol in ethanol-water solution (Et-50) and without ethanol
(Et-0)
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Fig.4. Photocatalytic activities of Ag,PO, synthesized using Ma,HPO, agqueous solu-
tionand AgNOs indifferent compositions of ethanol-water: Et-0, Fr-25,Et-50, Et-75,
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Fig. 5. Photocatalytic phenol degradation using Et-0 and Et-90 under blue light
iradiation (LED 3 W).

solutions. The mixed solution would affect the migration of ions in
the solution and influence the co-precipitation, which causes the
defect sites trapped in the bulk or the surface of Ag; P04 particles.
These native defects might be a silver vacancy state which facili-
tates the enhanced separation of photogenerated electron-hole.
To ensure the effect of defect sites, the photocatalytic activity
was also applied to decompose the phenol compound (the colorless
pollutant) under blue light irradiation with the higher power of LED
lamp (3 W) (Fig. 5). The highest photocatalytic activity of Et-90 was
evaluated by phenol decomposition and the result was compared

Table 2
Peak energy and FWHM of Agdd, P2p and 015 from the XPS analysis,
Sample Element Peak energy (eV) PWHM (eV)
Et-0 Agdd 499 2.90
P2p 132,61 213
01s{01) 530.52 1.62
01s(02) 532.34 206
Et-50 Agdd 5.00 2.80
P2p 132.86 223
01s{01) 530,60 1.55
01s(02) 532.46 203
Er-100 Agdd 481 277
P2p 132.74 221
01s(01) 530,52 153
015{02) 532,40 193

to Et-0, The rate constant of 0.286 min—' could be observed in Et-90
which is significantly higher than that of Et-0 (0.124 min-') indi-
cating that the photocatalyst is not only active for color pollutant
degradation but also for colorless pollutant.

The XPS investigation was carried out to understand the prop-
erties of Et-0, Et-50 and Et-100 (Fig. 6 (a,b)). The peaks at 4.99eV,
5.00 and 4.81 eV could be attributed to Agdd of Et-0, Et-50 and Et-
100 respectively. The peak energy of Agdd of Et-50 is similar to
that of Et-0, whereas the peak of Et-100 shifts to the lower bind-
ing energy by 0.18eV. The peak energies of 132.61, 132.86 and
132.74 eV attributed to P5* of AgsP0Oy are observed in Et-0, Et-50
and Et-100 respectively [38]. The peak energy of P2p is shifted by
0.25€V to a higher energy for Et-50. Interestingly, the full width
at half maximum (FWHM) of Ag4d decreases with the addition of
ethanol whereas the FWHM of P2p increases with the addition of
ethanol in synthesis of AgyP04. The decreased FWHM of Agdd and
increased FWHM of P2p might be attributed to the silver vacancy
formation. The details of peak energy and FWHM of Et-0, Et-50 and
Et-100 are summarized in Table 2.

The changes of these states could be explained by theoreti-
cal aspect of Ag vacancy as described by Reunchan and Umezawa
[27]. The Ag vacancy (V4. ) formation did not require much energy
because the Ag—0 bonds are weak and can be easily broken,
whereas oxygen vacancy (V,) needs high energy due to the strong
bonding of P-0. With the absence of Ag atom, the partially occu-
pied states in the band gap could be created. These were mostly
derived from the d orbitals of a neighboring Ag atom. These states
could accept an additional electron to form a single acceptor of Ag
vacancy (Vag ). As the Vg is an acceptor, the negative charge state
(V-ag) is more easily formed when Fermi energy (&¢) increases.

The decreased FWHM of Agd4d might be the consequence of
shorter distance of the two Ag atoms due to the V.. Theoretically
[27], the distance of the two Ag atoms across the Vg isshorter than
the equilibrium distance of the corresponding two Ag atoms in the
perfect crystal. The strong attractive interaction between the Vag
and the neighboring Ag atoms might lead to a high V,, mobility.
The low energy migration barrier of V-4, suggests that the V-4,
probably migrates along the path which involves the displacement
of the nearest-neighboring Ag atom, Therefore, the silver vacancies
could not be the isolated defects. They could bind with other defects
or impurities, diffuse out of the bulk region, or possibly migrate and
become trapped on the surface of the Agz PO4 particles.

The atomic ratio of Ag/P significantly decreases by increasing
the ethanol contentindicating that the silver vacancy could be eas-
ily created (Table 3). Theoretically [27], the main native defects of
Ag3P04 could be a silver vacancy (Vag), oxygen vacancy (Vp), silver
interstitial (Ag;), oxygen interstitial (0;), and interstitial hydrogen
(H;). Among these defects, silvervacancy is easier created in Ag3 PO,
due to low energy of formation. Previous work, the defects could
be designed by non-stoichiometric synthesis of photocatalyst | 39 ].
Here, the different polarity of the mixed solutions might also affect
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Fig. 6. XPS profiles of Ag;P0, for Et-0, Et-50 and Et-100: the Ag4d (a ), P2p (b) and O1s with the deconvolution of Et-0 (c), Et-50 (d ) and Et-100(e).
ble3 _ the electron and holes separation, which plays an important role in
omic ratios of Ag/Pand O/Agin the samples of Et-0, Et-50 and Et-100. photocatalysis [41].
Sample Atomic Ratio Mechanisims of photocatalytic were investigated by adding the
AP o/Ag scavengers of radicals and holes to photocatalytic reaction [32].
- — - The benzoquinone (BQ), isopropyl alcohol (IPA) and ammonium
:::‘;0 ;':f; :;3 oxalate (AD) were added into the reaction solution as scavenger of
Et-100 241 1.55 superoxide ion (0, *) radicals, hydroxyl (*OH) radicals and holes,

the atomic ratio of Agz PO4. The decrease of Ag/P atomic ratio, the
decrement of the Agdd FWHM and increment of PZp FWHM of
Ag3 POy indicate that the silver vacancies were for med.

The atomic ratio of OfAg in Ag;P0, increases by elevating the
ethanol content of mixed solution (Table 3), Tounderstand the type
of oxygen in AgyP0,, the deconvolution of O1s peak should be cre-
ated using the Lorentziane Gaussian fitting. There are two types of

aks (01 and 02) were observed as shown in Fig. 6 (c-e). The O1
ﬁak at530.52eV is related to O—Ag bonding whereas the 02 peak
(shoulder Jat 532.34 eV could be assigned to hydroxyl groups
[29,40]. T peak of hydroxyl groups might be attributed to the
interaction of Hz0 on the Ag;P0O,4 surface. From the deconvolu-
tion, the 0201 area ratio of 0.25, 0.29 and 0.32 could be calculated
in Et-0, Et-50 and Et-100 respectively, indicating that the samples
with the ethanol treatment might have higher amount of hydroxyl
groups on the surface. The Ag vacancy created in Et-50 and Et-
100 might enhance the interaction of PO4*~and H,0 in the surface.
These can facilitate the formation of hydroxyl radical under visible
light irradiation. The inductive effect of PO4+* could also enhance

respectively. The effect of these scavengers to photocatalytic reac-
tion can be seen in Fig. 7. The BQ addition could significantly
suppress the photocatalytic activity in both Et-0 and Et-50, indicat-
ing that their mechanisms involved the superoxide ion radicals. The
addition of IPA suppress the photocatalytic activity of Et-50, sug-
gesting that the mechanism involved the hydroxyl radicals which
might be generated by the defect sites of Ag;PO,4 surface, whereas
the photocatalytic activity in Et-0 could not be significantly sup-
pressed by adding IPA, indicating that the mechanism might not
involve the hydroxyl radical. Generating hydroxyl radical in Et-50
correspond with the XPS analysis that showing the higher ratio of
02/01 due to higher amount of hydroxyl group adsorption in the
surface of AgzPO4. The PO, on the surface of Ag; P04 might play as
the strong bonding ability with H, O that can promote hydroxyl rad-
ical formation. The addition of AD to Et-0 and Et-50 suppressed their
photocatalytic activity, indicating both of them involved the holes
mechanism. The higher suppressionwas found in Et-50, suggesting
that the holes were highly involved in the mechanism of photocat-

tic. The Ag vacancy sites in the band gap of Ag3;P04 will act as
a}turetraps for photoexcited holes, which subsequently enhances
the separation of electron-hole pairs resulting in improvement in
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Fig. 8. The proposed mechanism of photocatalytic reaction in the surface of defect
AgsPO,.

photocatalytic activity. Thﬂoles accumulated at the valence band
of Ag;PO,4 might directly oxidize RhB to produce RhB** radicals,
and the exited electron at the conduction band of Ag; PO, transfer
to adsorbed oxygen to form *0, . The mechanismofphotocatalytic
reaction was proposed in Fig. 8

4. Conclusions

The Ag; PO, photocatalyst with native defects were success-
fully synthesized through co-precipitation method using AgNO;

ethanol-aqueous solution and Na; 4 aqueous solution. Elevated
ethanol concentration evidently decreased the Ag/P atomic ratio of
Ag3P04. The broad absorption in visible region of DRS, the decre-
ment of the Agdd FWHM and incre t of P2Zp FWHM might be
caused by a silver vacancy formation offthe surface of Ag;PO,. The
photocatalytic activity of Ag,P0, with silver vacancy increasgsato
about 5.8 times higher than that of the pristine Ag;POy. The d t
states of Ag vacancies could act as capture traps for photoexited
holes, which subsequently enhances the separation of electron-
hole pairs, leading to the enhancement of photocatalytic activity.
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