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Surface modification of Ag3PO4 using the alginate for highly active 
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A B S T R A C T   

Surface modification of Ag3PO4 using alginate has been successfully synthesized. Ag3PO4 was prepared by 
precipitation method using CaHPO4/hydroxyapatite composite as a source of phosphate ion and AgNO3 ethanol 
solution. Alginate was introduced on the surface of Ag3PO4 under the chemisorption method. Products were 
analyzed using XRD, DRS, PL spectra, FTIR, SEM, TEM, and XPS. A small band edge absorption at 729 nm was 
created after surface modification using alginate. XPS analysis showed that the binding energy shifts of 0.3 eV 
and 0.5 eV were observed after alginate treatment for Ag3d and P2p respectively indicating that the alginate was 
successfully chemically bound to the Ag3PO4 surface. The alginate-modified Ag3PO4 photocatalyst showed much 
higher photocatalytic activity than pure Ag3PO4. The high activity is caused by the formation of conjugates that 
can act as electron donors under visible light irradiation.   

1. Introduction 

The development of Ag3PO4 photocatalyst is very rapid for a decade 
due to owing high activity under visible light exposure. The most 
interesting in the development of Ag3PO4-based photocatalysts is the 
surface modification through an incorporating of elements and func-
tional group of compounds that could improve the activity and stability 
of photocatalyst. This modification is very simple, cheaper, and has 
great challenges to provide an excellent photocatalyst. 

The surface modification of Ag3PO4 photocatalyst can utilize an 
inorganic and polymer compound. The modification using inorganic 
compounds of ammonium phosphate [1], copper [2], tungsten [3], 
platinum complexes [4], and ionic liquid [5] has successfully improved 
the properties of Ag3PO4. An ammonium phosphate can be utilized for 
Ag3PO4 surface modification resulting in a much higher photocatalytic 
performance for organic dye degradation under visible light irradiation 
[1]. Ammonium ion etching leads to a surface transition from Ag3PO4 to 
Ag0 producing higher capture of photogenerated electrons, generating 
much higher •O2

− radicals, whereas the adsorbed PO4
3− on the Ag3PO4 

surfaces lead to more a negative electrostatic field which enhances the 
holes flowing to the surface, generating much higher •OH radicals. The 

band-gap energy of Ag3PO4 can also be modified using Cu under the 
sol-gel method [2]. The shift of the bandgap from 2.07 to 1.00 eV leads 
to higher activity under visible light irradiation. The incorporating 
tungsten (W) in Ag3PO4 was also successfully synthesized using the 
facile chemical precipitation method [3]. The W6+ can replace the 
P+x002B5 in form of WO4

2− . This approach is similar to modification 
using platinum complexes, where PO4

2− can easily be substituted by 
PtCl62− on the surface [4]. These phenomena improve catalytic activity. 
The ionic liquid can also be utilized to modify the surface of Ag3PO4. The 
ionic liquid of 1‑butyl‑3-methylimidazole dihydrogen phosphate can 
increase the facet of {111} in Ag3PO4 surface leading to higher catalytic 
activity [5]. 

Many designs of highly active photocatalysts are organic polymers 
incorporated on the Ag3PO4 surface. The modification of Ag3PO4 using 
cyclized polyacrylonitrile (CPAN) improved the photocatalytic ability 
under visible light irradiation [6]. This higher activity was due to 
generating h+ in the valence band of Ag3PO4 and •O2

− radicals in the 
conduction band of CPAN. The polypyrrole (PPy) and multi-walled 
carbon nanotubes (MWCNTs) were successfully incorporated on the 
surface of Ag3PO4 [7]. This modification can bring the photogenerated 
holes can easily migrate to the surface of PPy, whereas the 
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photogenerated electron can easily transfer to MWCNTS, leading to high 
charge separation. The surface modification using a conjugated polyvi-
nyl alcohol derivative (CDPVA) can be applied in Ag3PO4 using chem-
isorption and heat treatment [8]. This method has significantly 
suppressed the aggregation of particles, increased the visible-light 
absorbance, and resulted in more efficient separation of the 
electron-hole pairs. The core-shell structure of Ag3PO4 can be designed 
using a polymer of polyaniline (PANI) [9]. This modification can 
generate a π-conjugated structure of PANI and the hybridization effect 
on the surface of Ag3PO4 that could improve stability and activity. The 
energy level of PANI also matched with Ag3PO4 which leads to high 
separation of electron-hole pairs thus enhancing the photocatalytic 
ability. PANI shell can also inhibit the Ag3PO4 dissolution during the 
photocatalytic reaction. The polyethene glycol (PEG) also can be used 
for surface modification of Ag/Ag2O/Ag3PO4/Bi2WO6 composite [10]. 
This modification leads to small particle size, high specific surface area, 
and strong visible light absorption. Polydopamine (PDA) can also 
effectively be used to modify the surface of reduced graphene (RGO) 
oxide and Ag3PO4 to form a PDA/RGO/Ag3PO4 membrane [11]. This 
engineered membrane enhanced the hydrophilicity properties of the 
surface. The hydrophilicity was induced by PDA due to a lot of 
oxygen-containing groups. Because of these excellent findings above, 
the application of the polymer in Ag3PO4 surface modification is very 
promising. Another approach, a natural polymer application to improve 
the properties of Ag3PO4, should also be expected. 

The most interesting natural polymer for photocatalyst surface 
modification is alginate. Alginate is one of the natural compounds that 
can be applied to improve the properties of photocatalysts, such as TiO2 
[12], ZnO [13], and CdS [14]. Alginate generally is derived from brown 
seaweed which has a structure of a linear copolymer containing a block 
(1,4)-linked-D-mannuronate (M) and -L-guluronate (G) residues [15]. A 
floating material can be designed using alginate through TiO2/CaAlg 
composites using the ionotropic gelation method [12]. This material can 
be utilized for the removal of tartrazine dye under UV-A irradiation. The 
floating of photocatalyst is very useful due to easy separation from a 
treated liquid. A core-shell structure of photocatalyst can also be 
designed using alginate [16]. In these cases, the floating ability can be 
enhanced through an internal cavity built by ice-templating. This 
modification improved the photocatalytic efficiency that was environ-
mentally friendly and conveniently reclaimable. The strong interaction 
of alginate aerogel and TiO2 nanoparticles through Ti-O-C was identified 
using XPS [17]. This interaction leads to improved electron transfer and 
increased photogenerated charge separation. 

Up to now, there are not so many reports of alginate application in 
Ag3PO4. Some reports are the design of CaAlg/nano-Ag3PO4 photo-
catalyst via in-situ synthesis [18] and Ag3PO4-alginate beads [19]. The 
CaAlg/nano-Ag3PO4 are designed via in-situ synthesis resulting in a 
photocatalyst that has less flammable gas leading to application for fire 
protection. The Ag3PO4-alginate beads can be synthesized by a simple 
precipitation method [19]. This material exhibited high performance for 
the degradation of MB and can maintain the activity to five cycles. 

In this work, the surface modification using sodium alginate was 
demonstrated to achieve a highly active Ag3PO4 photocatalyst. The 
Ag3PO4 was synthesized by the precipitation method using CaHPO4/ 
hydroxyapatite composite as source phosphate ion and silver nitrate in 
the ethanol solution. The single phase of Ag3PO4 was precipitated. 
Incorporating alginate on the surface of this phase significantly 
improved photocatalytic activity. The alginate was successful chemi-
cally bonded on the surface of Ag3PO4. 

2. Experimental 

2.1. Synthesis of photocatalyst 

The chemicals of AgNO3 (Reag. Ph Eur, Merck), KH2PO4 (analytical 
grade, Merck), CaCl2 (Reag. Ph Eur, Merck), NaOH (analytical grade, 

Merck), and sodium alginate (Sigma-Aldrich) were used for the prepa-
ration of samples. 

The photocatalyst samples were prepared using AgNO3 and the 
CaHPO4/hydroxyapatite composite as a source of phosphate. To prepare 
the composite, the 100 mL of 1 M CaCl2 solution was added dropwise to 
the 100 ml of 0.6 M KH2PO4 solution until white suspension formed. The 
pH of both solutions was adjusted at 8 using a 0.1 M NaOH solution. The 
suspension was aging for 12 h, then the white precipitate was separated 
by filtration, washed three-time and dried in an oven for 12 h at 60◦C 
[20]. 

To synthesize the photocatalyst samples, firstly the ethanol solution 
was prepared by mixing ethanol and water at the ratio of 1:1 [21]. The 
AgNO3 ethanol solution was prepared by dissolving 0.85 g of AgNO3 
into 100 mL of ethanol solution. The white CaHPO4/hydroxyapatite 
powder of 0.40 g was suspended into 25 mL of water. This suspension 
was reacted slowly (dropwise) to an AgNO3 ethanol solution until the 
white suspension disappeared and changed into a yellow suspension. 
This yellow precipitate was separated by filtration, washed with acetone 
and water, dried in an oven for 12 h at 60 ◦C. This prepared sample was 
named AP-H. The sample of Ag3PO4 which was not using CaHPO4/hy-
droxyapatite composite as phosphate source also prepared for photo-
catalytic comparison. This sample was prepared using KH2PO4 solution 
directly as a source of phosphate and the sample was named AP. 

The incorporating alginate on AP-H was prepared using the chemi-
sorption method. A certain amount of sodium alginate was dissolved 
into 50 mL of water. The 0.6 g AP-H were added to the alginate solution, 
stirred for 12 h at room temperature. The precipitate was separated 
using centrifugation at 1500 rpm, washed with acetone and water 3 
times in beaker glass, and dried in an oven at 60 ◦C for 4 h. The variation 
alginate solution was designed using 0.3 g, 0.6 g, 0.9 g. 1.2 g, 1.5 g, 1.8 
g, and 2.1 g of sodium alginate which are named AP-HG03, AP-HG06, 
AP-HG09, AP-HG12, AP-HG15, AP-HG18, and AP-HG21, respectively. 

2.2. Characterization of photocatalysts 

The structures of AP, AP-H, and AP-HG15 samples were character-
ized using XRD (PANalytical Aeris). The XRD analysis was carried out 
using Cu-Kα incident source at the range of 2θ from 5◦ to 80◦ with the 
step size of 0.017◦. The K-α1, K-α2, and Kβ of the light source are 1.54060 
Å, 1.54443 Å, 1.39225 Å, respectively, with the K-α2/K-α1 ratio of 0.5. 
The diffraction patterns were refined by the Rietveld method using the 
HighScore Plus software. Absorption spectra of these samples and so-
dium alginate were investigated using UV–Vis DRS (Shimadzu 
UV–2450). To evaluate the separation of photogenerated electrons and 
holes, the photoluminescence (PL) spectra were carried out using a laser 
diode at 405 nm, 60 milliWatts as an excitation source. The emission was 
recorded by a portable MAYAPRO2000 spectrometer from Ocean Op-
tics. The surface functional groups of samples were studied using FTIR 
(Shimadzu IR Prestige 21). Specific surface area, pore-volume, and pore 
size of these samples were also measured using the BET (Micromeritics 
TriStar II 3020). SEM (JEOL JSM-7800F) was utilized to investigate the 
morphology of AP-H and AP-HG15 samples. The AP-HG15 morphology 
was also investigated using TEM (ThermoFisher Talos F200X). To un-
derstand the interaction of alginate on the surface of photocatalyst, the 
sample of AP-H and AP-HG15 were analyzed using XPS (ULVAC PHI 
5600) and the deconvolution was carried out using XPS software 
(XPSPEAK Version 4.1). 

2.3. Photocatalysis and mechanism evaluation 

The Rhodamine B (RhB) solution with the concentration of 10 mg/L 
was utilized as a model of wastewater for photodegradation [22]. The 
photocatalyst of 0.2 g was added to 250 mL of RhB solutions, stirred 
under a magnetic stirrer at a speed of 400 rpm. The photocatalytic 
evaluation was evaluated under dark and irradiated conditions for 20 
min and 50 min, respectively. Blue LED was used as a source of 
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irradiation [4]. Samples of 4 ml were taken out from the solution every 
10 min, centrifugated at 5000 rpm. The RhB concentration was 
measured using a spectrophotometer. To ensure the effect of alginate on 
the surface of photocatalyst, the photocatalytic activity was also applied 
to methylene blue (MB) and methyl orange (MO) photodegradation. The 
cyclic photocatalytic activity of AP-H and AP-HG15 were investigated 
for 5 cycles. The mechanism of reaction in the surface was evaluated 
using isopropyl alcohol (IPA), benzoquinone (BQ), and ammonium ox-
alate (AO) for detecting the effect of •OH, •O2- and h+, respectively 
[23]. The red light irradiation of LED was also applied to AP-H and 
AP-HG15 to analyze the effect of alginate. 

3. Results and discussion 

3.1. Characterization of photocatalyst 

The diffraction peaks of three samples were fully indexed to the cubic 
structure of Ag3PO4, matched with the data of ICSD 98–020–1362 with 
the space group of P-43n (218) (Fig. 1). No other phase was observed in 
the XRD pattern, confirming that the structures are single phases. It is 
well known that a structural unit of Ag3PO4 is a body-centered-cubic 
lattice with a regular PO4 tetrahedron [24]. The P atom is coordinated 
with four oxygen atoms forming the PO4 tetrahedra and the Ag atom is 
surrounded by four oxygen atoms forming the AgO4 tetrahedra, whereas 
the O atom is coordinated with three Ag atoms and one P atom. Three 
AgO4 tetrahedra and one PO4 tetrahedron are connected by the corner 
oxygen [25]. 

The different characteristic of the XRD profile was found in the (210) 
peak, shown in the insert of Fig. 1. Rietveld refinement analysis was 
carried to investigate the peaks (Fig. S1 in the Supplementary Material). 
The doublet peak of (210) was observed in the XRD profile for Ag3PO4 
prepared using KH2PO4 and AgNO3 (AP). It might be caused by the 
energy source of XRD that contains two lines (K-α1 and K-α2) with an 
intensity ratio of 2:1 [26]. The AP sample exhibited the angle (2θ) of 
33.1909◦ and 33.2758◦ with the intensity of 4687 counts and 2343 
counts for the source of K-α1 and K-α2, respectively. When using the 
composite precursor (CaHPO4/hydroxyapatite), this doublet peak dis-
appeared as shown in AP-H sample. It indicates that the preparation 
using the precursor of composite might cause a broadening of peak x-ray 
diffraction. The full width at half maximum (FWHM) of 0.0871◦, 0.107◦, 
and 0.139◦ was estimated for the sample of AP, AP-H, and AP-HG15, 
respectively (Table S1 in the Supplementary Material). The increased 
FWHM due to peak broadening in AP-H sample might be caused by the 
defect formation [27]. The defects can be created from the structural 
arrangement, synthetic method, and experimental conditions [28]. The 
alginate treatment on the surface of Ag3PO4 also significantly leads to a 
broad peak XRD shown in AP-HG15. The alginate treatment on the 

sample can influence the particle size through the eroded particle on the 
surface. This phenomenon can lead to a broad peak of XRD. It is also well 
known that the peak broadening occurred in the crystal due to a crys-
tallite smallness, micro-stresses, and chemical heterogeneities [27]. This 
prominent characteristic confirms that the alginate might influence the 
properties of Ag3PO4. 

The source of starting material significantly affected Ag3PO4 syn-
thesis. This preparation applied the CaHPO4/hydroxyapatite as a source 
of phosphate ion. This starting material was obtained through the re-
action of KH2PO4 and CaCl2 under pH 8, resulting in white suspension of 
CaHPO4/hydroxyapatite composite. The XRD pattern of this composite 
and the reaction step formation can be seen in Fig. S2 in the Supple-
mentary Material. It was successful that AP-H synthesized through this 
step resulting in a single phase of the structure. There is no CaHPO4 or 
hydroxyapatite was found in the XRD pattern of AP-H, indicating the 
phosphate ion released from this material and creating a phase of 
Ag3PO4. This phase could lead to a different property such as absorption 
and photoluminescence (PL) spectra compared to AP prepared directly 
with KH2PO4 and AgNO3. To make sure there is no CaHPO4/hydroxy-
apatite, the Ca atom on the surface of Ag3PO4 was analyzed using high 
resolution of XPS (Fig. S3 in the Supplementary Material). The atomic 
percentage of 0.24% and 0.11% were found in the sample of AP-H and 
AP-HG15, respectively. After Ar+ sputtering, the Ca content decreased 
to 0.14% and 0.00% for the sample of AP-H and AP-HG15, respectively. 
All the Ca atomic percentages are very small suggesting that the Ca- 
based compounds do not significantly exist. 

The DRS absorptions of AP, AP-H, and AP-HG15 are displayed in 
Fig. 2. AP-H and AP-HG15 gave a higher absorption in the visible region 
above ~x223C500 nm. This phenomenon might be related to the source 
of phosphate from CaHPO4/hydroxyapatite that might induce defect 
formation. This result was similar to the previous report that the strong 
absorption in the visible region was created after using the hydroxyap-
atite as a phosphate source in the preparation of Ag3PO4 [20]. It is very 
beneficial since the visible light responsive photocatalyst is needed to 
implement in sunlight irradiation, more absorption in visible light more 
electrons can be excited. The spectra absorptions were detail analyzed 
using Tauc’s relation [29]. The edge absorptions at 512 nm, 521 nm, and 
521 nm were found in the sample of AP, AP-H, and AP-HG15, respec-
tively, suggesting that all samples can be well activated under blue light 
irradiation. The bandgap energies of 2.42 eV, 2.38 eV, and 2.38 eV were 
estimated for AP, AP-H, and AP-HG15, respectively (Fig. S4 in the 
Supplementary Material). The lower bandgap energy of AP-H and 
AP-HG15 might be created by different phosphate sources. The 

Fig. 1. XRD patterns of AP, AP-H, and AP-HG15.  Fig. 2. Absorption spectra of AP, AP-H, AP-HG15, and sodium alginate.  
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incorporation of alginate on the surface of Ag3PO4 created a new 
band-edge absorption at 729 nm that can be converted to 1.70 eV of 
bandgap energy (insert Fig. 2). This new phenomenon in absorption 
might be generated by the interaction of alginate and AP-H forming a 
new conjugate. The sodium alginate, a material applied for the modifi-
cation, was also had a small absorption at 671 nm. It might induce the 
new edge absorption formation of Ag3PO4. 

The PL spectra are very useful to assess the photogenerated charge 
separation of photocatalysts [30]. Fig. 3 displayed the PL spectra of AP, 
AP-H and AP-HG15 under the excitation wavelength of 405 nm. The PL 
spectra of AP exhibited high three strong emission peaks at 533, 561 and 
599 nm, which were related to the recombination of photogenerated 
electron and hole pairs of Ag3PO4. The decreased emission of AP-H, 
mainly in a lower wavelength of 599 nm, implies that the synthesis of 
Ag3PO4 using the composite of CaHPO4/hydroxyapatite as a source of 
phosphate ion prevents the recombination rate. It might be the defect 
formation in Ag3PO4 effectively trapping the photogenerated electron. 
The lowest PL spectra at 533 and 561 nm peak emissions were found in 
AP-HG15 indicating that the alginate effectively improves the separa-
tion of photogenerated electrons and holes. 

The absorption spectra of AP, AP-H, and AP-HG15 were also inves-
tigated using FTIR ranging from 400 to 4000 cm− 1. All samples are 
similar absorption (except for the AP-HG15) as shown in Fig. 4. A broad 
absorption at around 3130 cm− 1 is attributed to O–H stretching vi-
bration, whereas the peak of 1675 cm− 1 is attributed to H‒O‒H bending 
vibration from the water adsorbed on the surface of Ag3PO4 [31]. The 
absorption of 1080 cm− 1 was assigned to C–O stretching [32] that 
might have originated from the carbon-based compound impurities. The 
peak of 859 cm− 1 and 989 cm− 1 may refer to symmetrical stretching and 
asymmetric stretching vibrations of P–O–P groups, respectively [33]. 
The strong absorption at 543 cm− 1 was assigned to the bending vibra-
tion of O=P–O [34]. Specific vibration among the samples was found at 
1032 cm− 1 assigned to saccharide structure (C‒O‒C stretching) of 
AP-HG15 [35]. 

The BET surface area, pore-volume, and pore diameter of AP, AP-H 
and AP-HG15 were measured, and the results can be seen in Table 1. 
There are no significant changes in specific surface area, pore-volume, 
and pore diameter implying that the enhanced photocatalytic activity 
might not be influenced by these characteristics. 

The SEM images of AP-H and AP-HG15 can be seen in Fig. 5a and b. 
Sphere and irregular shape with the distribution of 200–1000 nm was 
observed in both AP-H and AP-HG15. Carbon-based compound impu-
rities attached to the surface were found in both AP-H and AP-HG15. The 
average particle sizes of 618 and 492 nm can be calculated using ImageJ 
processing for AP-H and AP-HG15 samples, respectively (Fig. 5c and d). 
The smaller particle of AP-HG15 might be induced by alginate. Small 

fragments can be originated from the eroded large agglomerates. Fig. 5e 
and f showed the several sphere particles of AP-HG15 which alginate 
might be chemically bonded on the surface. 

3.2. XPS analysis 

The effect of alginate on the surface of Ag3PO4 was studied using 
XPS. The core level of Ag3d, P2p, and O1s was compared between the 
sample of AP-H and AP-HG15. These spectra were shown in Fig. 6. There 
are significant changes in binding energies (BEs) and FWHM (full-width 
at half-maximum) after alginate treatment. The BEs of 374.3 eV and 
368.3 eV were found at peaks of Ag3d3/2 and Ag3d5/2, respectively for 
AP-H [36], these BEs decreased to 374.0 and 368.0 as found in 
AP-HG15. There is a shift of 0.3 eV after incorporating with alginate. The 
FWHM of 1.44 and 1.47 were measured at Ag3d3/2 and Ag3d5/2, 
respectively for AP-H, whereas the larger FWHM of 1.49 and 1.59 was 
found in AP-HG15, respectively. 

To obtain detailed information, the deconvolution of P2p and O1s 
spectra were studied, the results can be seen in Fig. 7. The BEs of 134.3 
eV and 133.1 eV were assigned to P2p1/2 and P2p3/2 respectively, found 
in AP-H [37]. These BEs shifted to 133.8 eV and 132.6 eV, respectively 
after being treated with alginate as shown in the sample of AP-HG15. 
There is a shift of 0.5 eV after alginate treatment. The FWHM of 1.64 
eV and 1.71 eV was calculated to P2p1/2 and P2p3/2 of AP-H, respec-
tively, whereas the lower FWHM of 1.59 eV and 1.54 eV was found in 
AP-HG15 for P2p1/2 and P2p3/2, respectively. From this data, the algi-
nate treatment narrowed the P2p spectra but broadened the Ag3d 
spectra implying that alginate might be strongly attracted to these ele-
ments. The deconvolution of O1s was displayed in Fig. 7c and d. The BEs 
of 530.9 and 532.7 eV in AP-H sample were assigned to oxygen lattice (I) 
and oxygen hydroxyl/organic compound (II), respectively [38]. These 
BEs shifted to 530.6 eV and 532.5 eV after being treated with alginate as 
found in the AP-HG15 sample. There is a BE shift of 0.3 eV and 0.2 eV for 
oxygen I and II respectively. The peak of oxygen II in AP-HG15 is higher 

Fig. 3. PL spectra of AP, AP-H, and AP-HG15 at the excitation wavelength of 
405 nm. 

Fig. 4. FTIR spectra of AP, AP-H, and AP-HG15.  

Table 1 
BET surface area, pore volume, and pore diameter of AP, AP-H and AP-HG15.  

Samples BET surface area (m2/ 
g) 

Pore volume (cm3/ 
g) 

Pore diameter 
(nm) 

AP 0.776 0.0036 18.73 
AP-H 0.673 0.0022 13.17 
AP- 

HG15 
0.901 0.0035 15.41  
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due to the oxygen contribution of alginate on the surface of Ag3PO4. 
The spectra of C1s and their deconvolution can be seen in Fig. 8. The 

carbon-based compound impurities were found in both AP-H and AP- 
HG15. The C1s spectra of AP-HG15 were larger and broader, indi-
cating that the alginate was successfully incorporated on the surface 
(Fig. 8a). The alginate has remained attached on the surface after 
treatment with the Ar+ sputtering as found in the sample of AP-HG15 

(Fig. 8b), suggesting that alginate was strongly bonded on the surface 
of photocatalyst. Whereas, the carbon-based compound impurities in 
AP-H were completely disappeared after Ar+ sputtering. The deconvo-
lution of C1s AP-HG15 was displayed in Fig. 8c. The BEs of 284.6 eV, 
286.2 eV, 287.3 eV, and 288.7 eV were assigned to C‒C/C‒H, C‒O/C‒ 
O‒C, C=O, and O‒C=O, respectively [39]. These peaks still existed 
after Ar+ sputtering, as shown in Fig. 8d. 

Fig. 5. SEM images of AP-H (a), AP-HG15 (b), the particle size distribution of AP-H (c), AP-HG15 (d), and TEM images of AP-HG15 (e) with higher magnification (f).  

Fig. 6. XPS of Ag3d (a), P2p (b), and O1s (c) for the samples of AP-H and AP-HG15.  
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Fig. 7. XPS deconvolution of P2p AP-H (a), P2p AP-HG15 (b), O1s AP-H (c), and O1s AP-HG15 (d).  

Fig. 8. C1s XPS of AP-H and AP-HG15 (a), C1s after Ar+ sputtering treatment (b), and C1s deconvolution of AP-HG15 (c) and after Ar+ sputtering treatment (d).  
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The Ag/P atomic ratios of 2.98 and 2.43 were found in AP-H and AP- 
HG15, respectively (before Ar+ sputtering). The lower atomic ratio of 
Ag/P in AP-HG15 might be caused by attaching alginate to the surface of 
Ag3PO4. A small portion of silver ion on the surface might be replaced by 
the functional group of alginates leading to a lower Ag+ content in the 
surface. The interaction of the alginate carboxyl group with a phosphate 
ion, forming the covalent bond of P‒O‒C. The interaction of alginate 
carboxyl with Ag+ ion might also be possible forming the ionic inter-
action of Ag‒O‒C. The chemical interaction can be illustrated in Fig. 9. 
These interactions lead to higher electron delocalization of alginate on 
the surface of Ag3PO4 that generates the small edge absorption at 729 
nm as shown in Fig. 2. This chemical bonding can help improve the 
transport of charge carriers that lead to the high efficiency of the pho-
tocatalytic reaction. 

The Ag/P atomic ratio of 2.86 and 3.06 was found in AP-H and AP- 
HG15, after Ar+ sputtering, respectively. The higher atomic ratio of Ag/ 
P in AP-HG15 might be caused by the loss of phosphate ions on the 
surface. Since the strong covalent interaction between phosphate and 
carboxyl group, the phosphate ion might be swept out together with 
portion alginate after Ar+sputtering, leading to the lower content of 
phosphor in the surface of AP-HG15, therefore the atomic ratio of Ag/P 
increased. 

3.3. Photocatalytic evaluation 

The evaluation of photocatalytic activity was conducted on the 
samples with alginate content variation from 0.3 g to 2.1 g. The pseudo- 
first-order-kinetic of ln(C0/C) = kt were applied to identify the charac-
teristic of photocatalytic reactions [21]. C and C0 are the RhB concen-
tration at time t and zero respectively, k is the pseudo-first-order rate 
constant (min− 1). The results can be displayed in Fig. 10. 

The average rate constants of 0.0198 min− 1, 0.0298 min− 1, 0.0545 
min− 1, 0.0708 min− 1, 0.0786 min− 1, 0.0840 min− 1, 0.0909 min− 1, 
0.0563 min− 1 and 0.0307 min− 1 were calculated from the sample of AP, 
AP-H, AP-HG03, AP-HG06, AP-HG09, AP-HG12, AP-HG15, AP-HG18, 
and AP-HG21, respectively. With the increase of alginate concentra-
tion, the photocatalytic activity increased and the highest activity was 
found at 1.5 g of alginate (AP-HG15). After more addition of alginate, 
the photocatalytic activity decreased. The higher alginate content on the 
surface of the photocatalyst might hinder the light penetration lead to 
decreased activity. The highest activity of AP-HG15 was found 4.6 times 
higher compared to the Ag3PO4 and 3.0 times higher compared to AP-H. 

To ensure the high photocatalytic ability of AP-HG15, the compari-
son of AP-H and AP-HG15 was also applied to MB and MO degradation. 
The result can be seen in Fig. 11. For MB degradation, the rate constant 
of 0.010 min− 1 was measured in a sample of AP-H and significantly 
increased to 0.041 min− 1 in AP-HG15 when alginate was treated on the 
surface. It was 4.1 higher compared to AP-H. For MO degradation, the 
rate constant of 0.0057 was found in AP-H and enhanced to 0.011 in AP- 
HG15. It was 1.9 times higher compared to AP-H. Based on the photo-
catalytic tests, the alginate surface modification improves photo-
catalytic activity. 

The cycle of photocatalytic activity of AP-H and AP-HG15 was also 
compared [Fig. 12]. The rate constant of 0.0269 min− 1, 0.0163 min− 1, 
0.0078 min− 1, 0.0061 min− 1, 0.0032 min− 1 was measured for cycle 1, 
cycle 2, cycle 3, cycle 4, and cycle 5 of AP-H sample, respectively. 
Whereas the rate constant of 0.0827 min− 1, 0.0449 min− 1, 0.0310 
min− 1, 0.0174 min− 1 and 0.0125 min− 1 was obtained from cycle 1, cycle 
2, cycle 3, cycle 4, and cycle 5 of AP-HG15, respectively. Every cycle of 
the AP-HG15 showed higher activity compared to the AP-H, indicating 
that the alginate-modified surface exhibited a significant effect. The 
gradual decrease due to the cycling test might be caused by metallic Ag 
formation from photo-corrosion [20,40]. The samples of AP-H and 
AP-HG15 after cyclic test of photocatalytic reaction were investigated 

Fig. 9. The interaction of alginate on the surface of Ag3PO4.  

Fig. 10. The RhB photodegradation using Ag3PO4 photocatalyst with the 
variation of alginate content (0.3— 2.1 gram (A), and the average rate con-
stants of pseudo-first-order kinetic (B). 

Fig. 11. The photodegradation of methylene blue (MB) (a), and methyl orange 
(MO) (b) using photocatalysts of AP-H and AP-HG15. 
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using XRD. Both AP-H and AP-HG15 exhibited a metallic Ag (Ag0), 
indicating that the photoreduction occurred on the surface. The content 
of Ag0 in AP-HG15 is lower than that of AP-H, suggesting that the 
alginate can suppress the photoreduction of Ag+ as shown in Fig. S5 in 
the Supplementary Material. 

3.4. Mechanism of photocatalytic reaction 

The mechanism of photocatalytic activity was investigated using 
ammonium oxalate (AO), isopropyl alcohol (IPA), and benzoquinone 
(BQ) as a scavenger of holes (h+), hydroxyl radical (•OH), and super-
oxide radicals (O2

•− ), respectively [23]. After the addition of scaven-
gers, all rate constant of photocatalytic activity decreased (Fig. 13a and 
b). The rate constants of 0.0326 min− 1, 0.0213 min− 1, 0.0135 min− 1, 
and 0.0060 min− 1 were calculated in AP-H for blank, IPA, BQ, and AO, 
respectively. Whereas the rate constant of 0.0957 min− 1, 0.0560 min− 1, 

0.0248 min− 1, and 0.192 min− 1 were found in AP-HG15 for blank, IPA, 
BQ, and AO, respectively. The relative percentages of rate decrease in 
the sample can be approximated by (kb-ks)/kb) x 100%, where kb is the 
rate constant of blank (without scavenger), ks is the rate constant of a 
scavenger. The results of the photocatalytic mechanism are displayed in 
Fig. 13c. The relative percentages of rate decrease in AP-H were 36%, 
61%, 82% for IPA, BQ, and AO, respectively, whereas in AP-HG15 
sample were 41%, 74%, 80% for IPA, BQ, and AO, respectively. Both 
AP-H and AP-HG15 have the same order of radical role on the surface of 
the photocatalytic reaction, h+> O2

•− > •OH. They have the same high 
h+ role in the photocatalytic reaction. Alginate surface modification 
(AP-HG15) enhances the role of O2

•− and •OH. The increased role of 
O2

•− may be due to the alginate chemical bonding on the surface of 
AP-HG15 which forms a new conjugate. This is supported by the 
absorbance feature which has a band-edge absorption at 729 nm (1.70 
eV). This conjugate can act as an electron donor and promote the 
reduction of O2 to O2

•− . Another radical species that increase in 
AP-HG15 is •OH. The increase in •OH may be related to the higher 
phosphate ion on the surface of AP-HG15 because the ratio of Ag/P 
atoms in AP-HG15 is lower than that of AP-H which indicates that 
AP-HG15 has a large phosphate on the surface. The large negative 
charge of phosphate ions can maintain a large dipole that promotes 
photogenerated charge separation [41]. The higher negative electro-
static field created PO3

− 4 in the surface can induce holes to flow to the 
surfaces and increase the formation of •OH radicals [1]. 

The visible light can excite the electron of conjugates and act as an 
electron donor. To ensure the mechanism, the red light with a longer 
wavelength of 627 nm was applied on AP-H and AP-HG15 (Fig. 13d). 
The results showed that there is no activity on AP-H. Surprisingly, the 
photocatalytic activity for RhB degradation was significantly found on 
the AP-HG15, indicating the conjugate molecule on the surface has a 
significant role in the enhancement of photocatalytic activity. 

The proposed mechanism of photocatalytic reaction in the surface of 
AP-HG15 can be seen in Fig. 14. Upon blue light irradiation, the electron 
in VB can be exited into CB, producing a hole in VB which oxidizes the 
hydroxyl ion or water into hydroxyl radical. The conjugate molecule 
generated on the surface might act as a sensitizer that contributes to 
producing the photogenerated electron. The electron of HOMO can be 
exited into the LUMO of the sensitizer that directly transfers to the CB of 
Ag3PO4. The sensitizer can act as an electron donor. This phenomenon 
enhances the reduction of oxygen to produce more superoxide radicals. 
Meanwhile, the hole formed in VB of Ag3PO4 might have migrated to the 
HOMO of conjugate increasing the separation of photogenerated elec-
trons and holes. The HOMO directly reacts with RhB to produce the 
degradation products. 

4. Conclusions 

Alginate can effectively modify the surface of Ag3PO4 under the 
chemisorption method. Alginate treatment on the photocatalyst surface 
broadened the XRD peak and generated a small band-edge absorption at 

Fig. 12. The cyclic photocatalytic activity of AP-H (Ag3PO4 prepared without 
alginate) and AP-HG15 (Ag3PO4 prepared with alginate). 

Fig. 13. The photocatalytic activity of AP-H (a), AP-HG15(b), with the varia-
tion of scavenger (IPA, BQ, AO), the relative percentage of rate decrease (c), 
and the effect of red light (627 nm) irradiation on the samples (d). 

Fig. 14. Mechanism of a photocatalytic reaction on the surface of Ag3PO4 
photocatalyst modified using alginate. 
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729 nm (1.70 eV). The specific 1032 cm− 1 vibration assigned to the C‒ 
O‒C stretching originates from the alginate on the surface of the pho-
tocatalyst. Lower XPS binding energy was observed due to the incor-
poration of alginate. Shifts of 0.3 eV and 0.5 eV were observed for Ag3d 
and P2p, respectively. Alginate treatment also increased the FWHM 
value of Ag3d and decreased the FWHM value of P2p. The different 
characteristics of XPS indicate that the alginate was successfully chem-
ically bonded to the Ag3PO4 surface. The interaction of the alginate 
carboxyl group with phosphate ions can occur in the P‒O‒C covalent 
form and interaction with Ag+ ions can occur in the Ag‒O‒C form. The 
alginate-modified Ag3PO4 photocatalyst has a higher photocatalytic 
activity under visible light irradiation. The excellent photocatalytic ac-
tivity can be induced by the conjugates generated on the surface of the 
photocatalyst which acts as sensitizers for electron donors. This modi-
fication enhances the role of O2

•− and •OH on the surface of the pho-
tocatalytic reaction. 
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