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The highly active Mn-doped AgsPO,4 photocatalyst was successfully synthesized under coprecipitation method
using AgNO3, Na,HPO,12H,0, and MnSO4H,0, followed by annealing. The products were characterized using
the SEM, XRD, DRS, XPS, and BET. The results showed that the Mn doping decreased the broad absorption in the
visible region and increased the atomic ratio of O/Ag. The hydroxyl defects and oxygen vacancies can be sup-
pressed by Mn doping and the photocatalytic activity under visible light irradiation could be improved. This
excellent photocatalytic activity was caused by decreasing the recombination of electron and holes due to

suppressing the defect sites in the surface of AgsPOy,.

1. Introduction

The organic pollutants from the textile industry activities have led
to a deterioration of the environment. Therefore, the industries should
provide a sewage treatment to handle their pollutants before being sent
to the environment. To realize this process, the technology of pollutant
destruction using a photocatalyst could be effectively applied for the
treatment of organic pollutant. The photocatalyst of TiO, has been
widely developed to fulfill this goal. However, TiO, has a wide band-
gap energy that can utilize only ~5% of solar energy. Therefore, an-
other photocatalyst that has high activity under visible light could be
expected.

Recently, the silver orthophosphate (AgsPO,), an excellent candi-
date for the visible light responsive photocatalyst, has been widely
studied to be applied for organic pollutant degradation, especially, for
the color substances degradation. The methods of composite design
[1-3], morphological design [4-7], and doping element [8-11] have
been used to prepare the excellent photocatalytic activity.

The high activity of silver orthophosphate photocatalyst has been
successfully synthesized using the dopant of cation [8,9], noble metal
[11] and mixed anion [12]. Doping Bi®* ions in the crystal can affect
the valence band and band gap energy [8]. Under this preparation, Bi**
ions replace P> ions in AgzPO, and suppress the hydroxyl (OH) defects
on the surface. This design enhances the photocatalytic activity. The
Ni** doping into AgsPO, can also affect the band gap energy and en-
hance the separation of electrons and holes pair [9]. The more active

* Corresponding author.
E-mail address: uyi_sulaeman@yahoo.com (U. Sulaeman).

https://doi.org/10.1016/j.apsusc.2018.10.049

species are generated by Ni>* doping because this ion can act as an
electron acceptor that lead to the enhanced photocatalytic activity. It is
very interesting that the changes of Ag;PO, properties can be controlled
by cation doping. The Mn (Mangan) ion, an element with many var-
iations of oxidation number, can be applied for doping in Ags;PO4
photocatalyst. However, up to now, Mn ion has not yet been applied for
doping in AgsPO,.

Mangan ion has been effectively used as a doping element for
photocatalysts. The photocatalysts of TiO,, SrTiO3, ZnO, SnO,, and ZnS
had been improved by Mn doping [13-17]. The Mn ions doped into the
TiO, lattice can lead to a redshift of absorption and improves the
photocatalytic activity [13]. The Mn*" ion can also be incorporated
into SrTiO5 [14]. This ion can substitute the Ti** ion and shift the
absorption toward the visible region. This phenomenon generates the
photocatalytic reaction under the visible light irradiation. Incorpora-
tion of Mn into ZnO increases the defect site of oxygen vacancy and
reduces the band gap energy [15]. This design inhibits the re-
combination of electrons and holes and improves the photocatalytic
properties. A decreased band gap energy and crystal defect can be
realized under Mn doping in SnO, [16] that increases the photo-
catalytic activity. Better photocatalytic performances of ZnS can be
designed by Mn doping [17] that produces the absorption in the visible
region.

Besides doping design, the defects in the lattice of a crystal can
influence the photocatalytic activity. These defects can be generated by
a doping element and calcination. For examples, the oxygen vacancies
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Fig. 1. SEM images of undoped AgsPO,4 (SP-MO0) (a), Mn-doped AgzPO, (SP-M2) (b), X-ray diffraction pattern of SP-MO and SP-M2 (c), and the enlarged XRD pattern

of SP-MO and SP-M2 (d).

in AgsPO,4 can be generated by calcination [18]. In a famous photo-
catalyst, TiO,, the oxygen vacancies can be formed using a nanotube
titanic acid that calcined at various temperatures [19]. In a certain
content, the defects can enhance the activity because they increase the
separation of electron-hole pairs [20]. However, a much higher defect
generated on the lattice leads to being a center of recombination of
holes and electrons pair that decreases the photocatalytic activity.
Therefore, developing the method for controlling the defect is very
useful.

Here, the Mn-doped AgsPOy, for the first time, has been successfully
synthesized under coprecipitation method using the starting material of
AgNO3, Na,HPO412H,0, and MnSO4H,0, followed by calcination. The
results showed that the Mn doping enhanced the photocatalytic activity
by suppressing the hydroxyl defect and oxygen vacancy.

2. Experimental
2.1. Synthesis of samples

The Mn-doped Ags;PO, was synthesized using the coprecipitation
method followed by annealing. The starting materials of MnSO4H>O,
AgNOs;, Nap,HPO,12H,O were used in the experiment. Typically,
1.699 g of AgNO3; was dissolved in 10 ml of water (solution 1) and
1.181 g of Na,HPO412H,0 was dissolved in 20 ml of water (solution 2).
The MnSO4, solution (solution 3) was made by adding the MnSO4H-0 to
the 10 ml of water. The amount variation of MnSO,H,0O was designed
at 0.085, 0.169, 0.254, 0.338 and 0.507 g, namely, SP-M1, SP-M2, SP-
M3, SP-M4, and SP-M5, respectively. The sample of undoped AgzPO,4
(without Mn) was also similarly made, namely SP-MO. The solution 3
was introduced to the solution 1 under magnetic stirring and then the
solution 2 was slowly introduced into the mixed solution above until
the yellow crystal formed. These products were dried in an oven at
105 °C for 7 h then calcined at 500 °C for 5 h.

2.2. Characterization of samples

The crystal structure was characterized using the XRD (Bruker AXS
D2 Phaser). The absorptions of product and band gap energy were in-
vestigated using DRS (JASCO V-670). The morphology of the product
was determined using SEM (JEOL JSM 7001F) and their specific surface
areas were measured using BET (NOVA instruments). The core level of
the element and binding energy were investigated using the XPS
(Perkin Elmer PHI 5600).

2.3. Photocatalytic evaluation

The photocatalytic activities were investigated under visible light
irradiation (LED blue light, Skyled, 3 Watt). Amount of 0.15 g of cata-
lyst was introduced into a 200 ml of 10 mg/L RhB solution. The distance
of the sample and the lamp was designed at 10 cm. After keeping the
catalyst in the dark solution to achieve the adsorption equilibrium, the
photocatalytic reaction was carried out for 15 min. Four ml of sample
was withdrawn at the certain interval time and centrifuged at 2000 rpm
to separate the catalyst. The concentrations of RhB were measured
using the spectrophotometer (Shimadzu 1800).

The reusability of photocatalyst was evaluated. After the photo-
catalytic reaction, the photocatalysts were recycled, washed and dried
at 60 °C for 2 h. These experiments were conducted at 5 cycles.

The mechanisms of photocatalytic reaction were studied using the
scavengers to trap the radical and holes under the same condition with
the photocatalytic evaluation. The isopropyl alcohol (IPA), ammonium
oxalate (AO) and benzoquinone (BQ) with the concentration of
0.1 mmol/L, were used to trap the hydroxyl ("OH) radical, holes, and
superoxide ion (O, °) radical, respectively [21,22].
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3. Results and discussion
3.1. Characterization

The yellow AgsPO, crystals were successfully prepared using the co-
precipitation of the AgNOj solution and the Na,HPO, solution followed
by calcination. The white solids of Ag,SO4 were formed after mixing the
MnSO, and the AgNO; solution. These white solids disappeared by
adding the Na,HPO, solution to the mixed solution and the yellow
solids of AgsPO, were formed. Because the solubility product constant
(Ksp) of AgsPOy, is lower than that of Ag,SO,, the AgsPO, can easily be
precipitated. To investigate the effect of Mn doping, the undoped (SP-
MO0) and doped (SP-M2) samples were characterized. The bulk grains of
3-5um and 2-4 ym were found in SP-MO and SP-M2 (Fig. 1(a) and (b))
with the specific surface area of 11.3m?/g and 17.5 m?/g, respectively.
These morphologies were formed due to the calcination at 500 °C for
7 h. The high temperature might lead to the disordered movement of
fine particles leading to the bulk grains [23].

Based on the XRD results (Fig. 1(c)), the AgsPO, structure exhibits
the body-centered cubic (JCPDS No. 06-0505) [2]. There are no im-
purities such as Ag>SO,4 found in the samples. The diffraction peak of
Mn cannot be observed, indicating that the Mn might be incorporated
in a small concentration. The image of {21 0} diffraction peak was
investigated in detail (see in the inset of Fig. 1(c)). It showed that the
shifting of diffraction peak to the higher degree was observed, in-
dicating that the Mn ions might introduce to the crystal lattice of
AgsPO,4. The doublet of {21 0} diffraction peak in SP-MO suggesting
that the large defect sites in SP-MO might be formed. The small amount
of Ag® was observed in SP-MO, indicating that the thermal treatment
generated the reduction of Ag* to Ag® (Fig. 1(d)). Incorporating the Mn
into the AgsPO, suppressed the Ag® formation since there was no Ag®
diffraction peak observed in SP-M2.

The absorption in the visible region (above 500 nm) of SP-MO was
larger than that of SP-M2 (Fig. 2), suggesting that the incorporation of
Mn into the crystal lattice of AgsPO4 may affect the optical properties of
AgsPO,. The large defect formed in the sample of SP-MO might be
generated by the calcination at 500 °C for 5h. The large absorption in
SP-MO was suppressed by incorporating Mn into the AgsPO, (SP-M2). It
demonstrated that the Mn doping might decrease the large defect of the
surface during calcination. To investigate in detail, the band gap en-
ergies were calculated using direct optical transition [24] and showing
that the 2.28 eV and 2.44 eV were found as the band gap energy of SP-
MO and SP-M2, respectively. The narrowed band gap of SP-MO might be
caused by the high defect crystal which is generated by calcination.
Many researchers reported that the calcination generates the defect of
oxygen vacancy [18]. After Mn doping, the band gap of Ags;PO,

1.6
1.24
&
=
-,_S 0.8
S SP-MO0
o
<
0.4
SP-M2
0.0 T T T T T
200 300 400 500 600 700 800

Wavelength (nm)

Fig. 2. The absorption spectra of undoped Ag;PO, (SP-MO0) and Mn-doped
AgsPO, (SP-M2).
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Fig. 3. The XPS of Mn 2p in undoped Ag;PO, (SP-MO) and Mn-doped
Ag3;P04(SP-M2) (a) and the deconvolution of Mn 2p in SP-M2 (b).

increases to 2.44 eV which agrees with both theoretical (2.43 eV) and
experimental value (2.45eV) [25]. Based on the theory [25], the con-
duction band of Ags;PO, is mainly attributable to Ag 5s and 5p states,
whereas the valence band is dominated by O2p and Ag4d states. It is
reasonable that the defect e.g. oxygen vacancy would influence the
band gap energy.

3.2. XPS analysis

To understand the chemical state and composition of Mn-doped
AgsPO,, the samples of SP-MO and SP-M2 were deeply investigated
using the XPS. The peak energy of Mn2p was clearly observed, in-
dicating that the Mn was successfully incorporated into Ags;PO,
(Fig. 3(a)). The Mn doping in SP-M2 showed the atomic concentration
of 2.42% (before sputtering), and 0.67% (after sputtering) as shown in
Table 1. The existence of Mn after sputtering, indicating that a portion
of Mn introduced to the crystal lattice of AgzPO,4. The XPS spectrum of
Mn 2p exhibits two peaks at ca. 643.1 and 654.7 eV, which are assigned

Table 1
Surface chemical composition (%) of undoped AgszPO, (SP-M0) and Mn-doped
AgsPO, (SP-M2) calculated according to XPS analysis.

Samples Treatment Cls Ols P2p Mn2p Ag3d Ag/P O/Ag

SP-MO  Before Ar* 16.21 50.25 1220 0.00 21.34 175 235
sputtering
After Ar™ 0.55 4584 14.74 0.00 39.23 266 1.17
sputtering

SP-M2  Before Ar* 1465 50.97 11.41 242 2055 1.80 248
sputtering
After Ar* 0.00 47.45 15.66 0.67 36.21 231 1.31
sputtering
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to Mn 2p,,3 and Mn 2p; -, respectively, with the spin-orbital splitting of
11.6 eV (Fig. 3(b)). It suggests that the manganese ions are present as
Mn** [26], whereas another peak of 645.1 and 657.3 are assigned to
Mn>*. It is possible that the higher oxidation state of Mn could be
produced during the annealing. These ions might interstitially be in-
corporated into AgsPO, because the ionic radius of Mn** (39 pm) and
Mn®* (33 pm) ions are smaller than those of Ag™ ions (100 pm) [27].
Moreover, the atomic ratio of Ag/P in Mn-doping is significantly lower
than that of the undoped after sputtering (Table 1), indicating that the
Mn doping induces the Ag vacancy, therefore the Mn could easily be
incorporated in the lattice of the AgsPO, crystal.

Fig. 4(a) showed that the spectra of P2p in SP-M2 exhibited the
shrinkage phenomenon, indicating that the Mn affected the chemical
environment of P2p. The deconvolutions of the two spectra are shown
in Fig. 4(b) and (c). Two peaks of 134.1 eV and 132.8 eV are assigned to
P2p; » and P2p;,, of SP-MO, respectively, with the spin-orbital splitting
of 1.3 eV. Whereas, two peaks of 133.7 eV and 132.7 eV are assigned to
P2p; ,» and P2p; 5 of SP-M2, respectively, with the spin-orbital splitting
of 1.0 eV. The Mn incorporation influences the P2p environment that
might decrease the spin-orbital splitting.

Fig. 5(a) shows the XPS peak energy of Ols. The deconvolution of
SP-MO and SP-M2 can be seen in Fig. 5(b) and (c), respectively. The O1s
spectrum has two peaks of O1 and O2. The lower binding energy of
530.6 eV (01) is related to O—Ag bonding and the higher binding en-
ergy of 532.4 eV is related to OH group [18]. The 02 of SP-M2 exhibits
the lower ratio of intensities (30%) compared to that of SP-MO (43%),
indicating that the SP-M2 might have low OH group, whereas the SP-
MO has high OH group in the surface.

The higher intensity ratio of O2 in SP-MO0 implying that the undoped
AgsPO,4 might have large OH defects on the surface. It is similar to those
of Bi®* doped AgsPO, [8], the OH defects are easily created on the
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Fig. 5. The XPS of O1s for undoped AgsPO,4 (SP-MO0) and Mn-doped AgzPO,(SP-
M2) (a), and their deconvolution of SP-MO (b) and SP-M2(c).

surface and replaced the oxygen of P—O tetrahedron due to low energy.
Moreover, the high oxygen vacancy might lead to high OH defects.
Large OH defects might inhibit the electron excitation and enhance the
recombination by breaking the Ag—O bonds. The OH defects also in-
crease the valence band positions and decrease the conduction band,
consequently, the band gap becomes narrow. It accords to the band gap
calculation from the DRS curve that shows a lower band gap in SP-MO.
This phenomenon accelerates the recombination of electron and hole
leading to a decreased photocatalytic ability. Because the OH defects
generate excess positive charges [8] and doping Mn** also generate the
positive charge, therefore doping Mn** in AgsPO, can inhibit the for-
mation of excess OH defects due to the repulsion forces. The OH defects
on the surface of Mn-doped Ag;PO, (SP-M2) are significantly lower
than that of undoped (SP-MO). Mn** doping might reduce the OH
defects and improve the photocatalytic ability of AgzPOy,.

Based on Table 1, the O/Ag atomic ratio of SP-MO is lower than that
of SP-M2 both before and after sputtering, indicating that the oxygen
vacancies are really formed in SP-MO. This phenomenon was also
supported by the O1s spectrum as shown in Fig. 5. The intensity ratio of
O1 in SP-MO is lower that of SP-M2, suggesting that the O of O—Ag in
SP-MO is in a low concentration. After Mn doping, this detrimental
Ags;PO, can be repaired. In addition, the atomic ratio of Ag/P in the SP-
M2 (2.31) is significantly lower than that of SP-MO (2.66) as shown in
Table 1 (after sputtering), indicating that the Mn doping also induces
the silver vacancy. Therefore, the Mn doping might decrease the defect
of hydroxyl radical and oxygen vacancy but increases the silver va-
cancy. This silver vacancy could also be a crucial role for enhanced
catalytic activity. Other researchers [28,29] reported that the thermal
treatment generates the silver vacancy in Ags;PO,4. This phenomenon
enhances the separation of photogenerated electrons and holes. The
formation of metallic Ag during annealing process could also improve
the photocatalytic activity. In our report, however, Mn doping
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Fig. 6. Photocatalytic activities of AgsPO, with elevated concentration of
doping Mn (a) and their rate constants of pseudo-first-order kinetics (b).

suppresses the formation of metallic Ag.

3.3. Photocatalytic evaluation

Fig. 6 shows the photocatalytic activity of Mn-doped Ags;PO,4 with
the variation of Mn content. The apparent pseudo-first-order kinetics
equation of In(Co/C) = Kyppt was used to study the rate of photo-
catalytic reaction, where C and C, are the RhB concentration at time t
and zero, respectively, the K,p, is the apparent pseudo-first-order rate
constant (min~') [22,30]. The rate of photocatalytic activity has fol-
lowed the pseudo-first-order kinetics, the rate constant of 0.077 min~?,
0.164min~', 0.226min~', 0.148min~', 0.107min~' and
0.073 min "' were observed on the samples of SP-MO, SP-M1, SP-M2,
SP-M3, SP-M4, and SP-MS5, respectively. Incorporating the Mn into the
lattice of AgszPO, affected the photocatalytic activity. The sample of SP-
M2 showed the highest activity of ~2.9 times higher compared to that
of SP-MO. When the concentration of Mn increases, its photocatalytic
activity decreases, indicating that the high concentration of dopant
might lead to a negative effect on the catalytic reaction. A too high
concentration of dopant might not effectively suppress the defect site of
oxygen vacancy.

To evaluate the reusability of Mn-doped AgsPO,, the experiment of
RhB photodegradation of SP-MO and SP-M2 were repeated to 5 cycles
(Fig. 7). The results showed that the photocatalytic activity of both SP-
MO and SP-M2 gradually decreased, indicating that the samples were
not quite stable. However, the SP-M2 exhibited higher activity com-
pared to that of SP-MO for all cycles.
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Mechanisms of photocatalytic reaction were studied by adding the
scavengers of radicals and holes [21,22]. The IPA, AO, and BQ were
added to the reaction solution as the scavenger of ‘OH, h™ and 0,7 ",
respectively. The effect of these scavengers to the photocatalytic reac-
tion can be seen in Fig. 8. The mechanisms of SP-M0O and SP-M2 are
similar, both SP-MO and SP-M2 are greatly suppressed by the AO and
BQ, as shown in Fig. 8(a), indicating that the mechanism involve mostly
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Fig. 8. The effect of scavengers on the rate constant of photocatalytic activity
(a) and their relative percent degradations (b).
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viah™ and O, ". To understand the rate mechanism in SP-MO and SP-
M2, the rate constants of photocatalytic activity were compared to the
blank one (relative percent degradation) as shown in Fig. 8(b). The
results showed that relative percent degradations in SP-M2 due to
scavenger of IPA, AO and BQ are lower than that of SP-MO, indicating
that the role of "OH, h*, and O, " scavenger works more efficiently in
SP-M2. It is because the effect of Mn doping effectively inhibits the
recombination of electron and hole pairs due to suppressing the defect
sites in the surface.

4. Conclusions

The Mn could be easily incorporated into the crystal lattice of
AgsPO, using the coprecipitation method followed by calcination. The
Mn doping decreased the broad absorption in the visible region and
increased the atomic ratio of O/Ag. Large OH defect and oxygen va-
cancy might be generated in the sample without Mn doping during
calcination. These large defects could effectively be suppressed by
doping with Mn and improved the photocatalytic activity.
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