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Abstract. Potassium antimony phosphates (K-Sb-P-O) exhibit different structural networks and therefore
they were studied as photocatalysts in the present investigation. K5 Sb5 P2 O20 was prepared by solid state
method. Metal ions (Cu2+ and Sn2+ ), and non-metal anion, N3− , were substituted into the K5 Sb5 P2 O20 for possible enhancement of photocatalytic activity. The precursor and substituted compounds were characterized by
powder X-ray diffraction, FT-IR, SEM-EDS and UV-Vis diffuse reﬂectance spectra. Nitrogen substitution into
K5 Sb5 P2 O20 lattice was studied by O-N-H and XPS measurements. The photocatalytic activity of all the compounds was studied by degradation of methylene blue and methyl violet. The ion-substituted K5 Sb5 P2 O20 have
shown higher photocatalytic activity against both the dyes. The role of reactive intermediate species produced
in the photocatalytic reaction was studied using their appropriate scavengers.
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1. Introduction
Phosphates containing alkali, p- and d-block metal (M)
ions have been the subject of investigations due to
their structural diversity and potential applications. In
these materials, the basic building blocks, tetrahedral
PO4 and octahedral MO6 , arrange in different ways
to form one-dimensional (1D), two-dimensional (2D)
and three-dimensional (3D) structural networks. Piffard
et al., reported the synthesis and characterization of
a series of potassium antimony phosphates, hereafter
abbreviated as K-Sb-P-O, with different dimensionality and a few of them have shown good ionic
conductivity.1–4 It is noticed that the variations in structures from 3D framework to 1D chain depend on the
M/P ratio. The alkali metal ions present in the channels
(tunnels) can be exchanged with iso/alio-valent ions
or sometimes with large organic molecules.5,6 Among
these K-Sb-P-O systems, K5 Sb5−x Nbx P2 O20 has shown
a conductivity of ∼10−3 ohm−1 cm−1 at 500◦ C which
is attributed its skeleton structure with interconnected
tunnels that facilitate the movement of alkali ions.7–10
Phosphates are also considered as good matrices for
storage of nuclear wastes (radioactive Cesium) and host
for lasing ions.
∗ For
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In addition, metal phosphates have potential applications in the ﬁeld of catalysis.11 However, photocatalytic studies of these materials are surprisingly meagre.
It is observed that in a few K-Sb-P-O systems, potassium ions can be easily exchanged with iso or aliovalent ions. Based on these strategies, the synthesis of
K5 Sb5 P2 O20 and exchange of its potassium with copper
and tin ions were planned. We have also planned to substitute nitrogen in place of oxygen for higher catalytic
activity. The present investigation deals with the preparation of Cu2+ , Sn2+ and N3− substituted K5 Sb5 P2 O20
and their photocatalytic studies against the degradation
of methylene blue and methyl violet.
2. Experimental
2.1 Preparation of K5 Sb5 P2 O20 (KSPO)
The precursor material, K5 Sb5 P2 O20 , was prepared by
conventional solid state reaction.4 KNO3 , Sb2 O3 and
(NH4 )2 HPO4 (all sourced from S D Fine-Chem Limited)
were used as starting materials as received. In a typical synthetic process, stoichiometric amounts of KNO3 ,
Sb2 O3 and (NH4 )2 HPO4 were ground in an agate mortar for one hour followed by heating at 300◦ C for 4 h
and 1000◦ C for 24 h with intermittent grinding. A white
powder was obtained and designated as KSPO.
663
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2.2 Preparation of Cu- and Sn-substituted KSPO
(CSPO and SSPO)
The Cu2+ and Sn2+ substituted KSPO were prepared by
the ion-exchange method. About 0.5 g of KSPO (0.42
mmol) was added to 100 mL each of CuCl2 (2.10 mmol)
(for CSPO) and acidiﬁed SnCl2 (1.26 mmol) (for SSPO)
solutions, separately. Both these solutions were stirred
for 24 h at room temperature to ensure complete ion
exchange. The resultant solutions were ﬁltered, washed
with distilled water and dried in air. The color of the
resultant materials was found to be light green and light
yellow for CSPO and SSPO, respectively.
2.3 Preparation of N-substituted KSPO (KSPON)
Nitrogen substituted KSPO was prepared by heating a
mixture of precursor KSPO and urea at 400◦ C for 2 h in
a mufﬂe furnace. The weight ratio of KSPO to urea was
1:2. After the reaction, the product was washed with
distilled water and dried in air at 100◦ C.
2.4 Characterization
The room temperature X-ray diffractograms of all samples were recorded using Rigaku MiniFlex 600 X-ray
diffractometer (Cu Kα, λ = 1.5406 Å, 2θ = 10–80◦ ,
step size (2θ) = 0.02◦ and scan step time = 0.15 s) for
phase conﬁrmation. FT-IR spectra were recorded using
Shimadzu spectrometer in the form of KBr pellets. The
SEM-EDS images were recorded on the HITACHI SU1500 variable pressure scanning electron microscope
(VP-SEM). JASCO V-650 UV-Vis spectrophotometer
was used for UV-Vis diffuse reﬂectance spectra measurements in the range 200–900 nm. BaSO4 was used
as the reﬂectance standard. O-N-H (Oxygen-nitrogenhydrogen) analysis was carried out using LECO O-NH 836 analyzer. The X-ray photoelectron spectroscopic
(XPS) measurements were performed on a KRATOS
AXIS165 X-ray photoelectron spectrometer using excitation energy of 1253.6 eV (Mg Kα) and pass energy of
80 eV.
2.5 Photocatalytic experiments
The photocatalytic activity of all the samples was evaluated by photodegradation of methylene blue (MB)
and methyl violet (MV) using HEBER Visible Annular
Type Photo-reactor, model HVAR1234 (Haber Scientiﬁc, India), under visible light irradiation using 300 W
Tungsten lamp as the light source. In a typical process,
50 mL of aqueous MB solution (initial concentration,

C0 = 1.0× 10−5 mol/L) and MV solution (C0 = 1.0×
10−5 mol/L) was stirred with 0.05 g of catalyst separately in a cylindrical-shaped glass reactor at room temperature in air. The suspension is stirred in the dark for
an hour to establish adsorption-desorption equilibrium.
Then the solution was exposed to light with continuous stirring. At regular 30 min intervals, about 3 mL
of solution was collected and centrifuged to remove the
catalyst particles. The change in the concentration of
MB was obtained by recording the absorbance at 664
nm using a UV-Vis spectrophotometer. Similar experiments were repeated by using scavengers (Isopropanol,
Ammonium oxalate and Benzoquinone) for testing the
presence of oxidative species. The reaction mixture
consisted of 3 mL of 2 mM scavenger, 47 mL of MB
(or MV) and 0.05 g of catalyst.

3. Results and Discussion
KSPO and N-substituted KSPO were prepared by
solid state method while the ion-exchange method was
adopted for the preparation of Cu- and Sn-substituted
KSPO. All the prepared materials were subjected to
powder X-ray diffraction (XRD) for phase characterization. The powder XRD patterns of KSPO, CSPO,
SSPO and KSPON are shown in ﬁgure 1. The d-lines of
KSPO are in agreement with the reported data,4 and free
from impurities (JCPDF number: 84-1115). The peak
intensities and positions of XRD patterns of the CSPO,
SSPO and KSPON vary signiﬁcantly from that of precursor KSPO. The dissimilarity in the peak intensities
and position of d-lines can be expected for ion substituted materials. Theoretically, substitution of other
atoms into a lattice will lead to both peak shift and
change in intensity. The peak shift occurs because of
the difference in size of the substituted ions. The change
in intensity of d-lines results from the difference in the
electron density of the substituted and host ions. The
d-lines of all the samples are reﬁned using POWD software to estimate the cell parameters. It is found that
all the samples were crystallized in the orthorhombic
lattice with space group Pnnm(58). All the d-lines are
indexed and shown in ﬁgure 1. The reﬁned cell parameters of all the samples (table S1 in Supplementary Information) and the d-values of KSPO, KSPON, SSPO, and
CSPO (in tables S2, S3, S4 and S5, respectively) are
given in supporting information. From the reﬁnement
of d-values it is observed that d-values of CSPO and
SSPO are slightly lower, whereas d-values of KSPON
are slightly higher compared to that of the precursor
sample. The obtained d-values are in concord with the
ionic radius of substituted ions.12–14 The ionic radius of

Photocatalytic studies of Cu2+ , Sn2+ and N3− substituted K5 Sb5 P2 O20

665

Figure 1. Powder X-ray diffraction patterns of KSPO, CSPO, SSPO and KSPON.

Cu2+ (0.73 Å) and Sn2+ (1.27 Å) is smaller than the
ionic radius of K+ (1.51 Å), and hence lower d-values
are observed in CSPO and SSPO. Similarly, the ionic
radius of nitrogen (N3− ) (1.71 Å) is higher than the
ionic radius of oxygen (O2− ) (1.40 Å), and therefore
higher d-values are noticed in KSPON.
FT-IR spectra of all the compounds were recorded
in the 4000–250 cm−1 range to study the vibrational
modes of phosphate and antimonite skeletons. All the
compositions have exhibited bands below 2000 cm−1 .
Figure S1 (in Supplementary Information) shows the
FT-IR spectra of KSPO, CSPO, SSPO and KSPON in
the range 1200–250 cm−1 . The IR spectra of the precursor and substituted compounds are similar to each
other and akin with the earlier report.15 The structure of
KSPO is constructed by PO4 and SbO6 units. Two types
of P-O bonds (i.e., terminal P-O bond and bridging PO bond) and three types of Sb-O bonds (i.e., Sb-Ocyc ,
Sb-O-Sb and Sb-O-P) are found in the KSPO system.

The IR spectra of K-Sb-P-O systems were characterized
by vibrations corresponding to tetrahedral PO4 and
octahedral SbO6 polyhedra. The bands in the 900-1300
cm−1 region correspond to stretching modes of the PO4
group.15 The bands observed in the regions 750-880
cm−1 , 670-790 cm−1 and 470-680 cm−1 can be assigned
to the Sb-Ocyc , Sb-O-Sb and Sb-O-P stretching vibration modes, respectively.15 The vibrational positions of
all the compounds are given in table S6 (in SI), along
with the values reported for K5 Sb5 P2 O20 .
The optical properties of all the samples were studied
from their UV-Vis diffuse reﬂectance spectra. Figure 2
shows the UV-Vis diffuse reﬂectance spectra (DRS) of
precursor and ion substituted KSPO. The DRS proﬁles
of KSPO, KSPON and SSPO were characterized by a
ﬂat portion parallel to the x-axis in the 900-500 nm
region followed by steeply rising proﬁles in the region
500-200 nm. The DRS of CSPO shows, (a) considerable absorption in the region 900–600 nm which can
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Figure 2. UV-Vis diffuse reﬂectance spectra of KSPO,
CSPO, SSPO and KSPON.

be attributed to weak d-d transitions of octahedral Cu2+
(3d9 ) ions and, (b) a steeply rising portion in the 500200 nm region. The DRS of KSPO, CSPO, SSPO and
KSPON show absorption edges at 290, 451, 465 and
410 nm, respectively. The red shift observed for CSPO,
SSPO and KSPON may be due to the mixing of Cu 3d,
Sn 5s and N 2p orbitals with valence band O 2p orbitals,
which form (Cu 3d + O 2p), (Sn 5s + O 2p) and (N 2p

+ O 2p) hybrid orbitals, respectively.16–18 The bandgap
energies were calculated as 4.27 (KSPO), 2.74 (CSPO)
and 2.66 (SSPO) and 3.02 eV (KSPON) from the equation, Eg = 1240/λ,19 where Eg is the band gap energy
and λ is the wavelength in nm of the absorption edge.
The morphological studies and elemental analysis
were performed for all the samples. Figure 3 shows the
SEM photographs of KSPO, CSPO, SSPO and KSPON.
The morphology of KSPO shows the segregation of
lumps dominated by rod-like objects. The SEM image
of CSPO shows clusters with a rod-like and irregular
shape of almost equal proportion. The SEM images of
SSPO and KSPON show lumps consisting of spherical
objects. The elemental composition for KSPO was veriﬁed by energy dispersive spectra (ﬁgure 4). The EDS
proﬁle of KSPO shows the peaks for potassium (K):
antimony (Sb): phosphorous (P) in the atomic percent
ratio of ≈ 20:19:7, respectively, which is comparable
with the chemical formula of K5 Sb5 P2 O20 . In addition,
the appearance of Cu, Sn and N peaks in the EDS proﬁles of CSPO, SSPO and KSPON respectively, suggests
that the precursor material was successfully substituted
with Cu, Sn and N ions.
The weight percentage of nitrogen was measured
quantitatively by O-N-H analysis. The weight percentage of nitrogen was found to be 10.25. The presence

Figure 3. SEM images of (a) KSPO, (b) CSPO, (c) SSPO and (d) KSPON.
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Figure 4. EDS proﬁles of (a) KSPO, (b) CSPO, (c) SSPO and (d) KSPON.

of nitrogen in KSPON was further substantiated by its
XPS analysis. The XPS spectra of KSPO and KSPON
are given in supporting information as ﬁgures S2 and S3
respectively. The spectra exhibit K, Sb, P and O characteristic peaks along with C 1s peak. The C 1s peak
appears due to the contamination of hydrocarbons from
the air. Figure S2 shows the surface high resolution
XPS spectrum of KSPO. It is characterized by K 2p, Sb

3d, Sb 4d, Sb 4s, P 2p and O 1s proﬁles. The surface
high resolution XPS spectrum of KSPON is shown in
ﬁgure S3. It is characterized by K 2p, Sb 3d, Sb 4d,
Sb 4s, P 2p, N 1s and O 1s proﬁles. It should be noted
that the presence of N 1s peak in KSPON conﬁrms
the N doping into KSPO lattice. The binding energy
of the N 1s is found to be in the range 394-408 eV
depending on the environment of substituted site.20–22

Figure 5. N 1s XPS of KSPON.

668

CH Sudhakar Reddy et al.

Figure 6. Photocatalytic degradation of MB under visible
light irradiation using KSPO, CSPO, SSPO and KSPON.

Figure 8. Photodegradation of MB over SSPO in the presence of scavengers.

In the present investigation, the broad N 1s XPS peak
observed at 395.5 eV (ﬁgure 5) can be deconvoluted
into two peaks, at 394.93 and 396.62 eV, and assigned
to N 1s in different chemical environments.
Degradation of organic dyes, MB and MV, was
done by photocatalysis using KSPO, CSPO, SSPO and
KSPON under visible light. The dark experiments were
carried out to analyze the extent of adsorbed dye over
the catalyst surface. Degradation experiments without
catalyst were also performed to estimate the extent of
photolysis (decomposition of dye molecules in the presence of light and absence of catalyst). Figure 6 shows
the photocatalytic performance of precursor and substituted compounds against photodegradation of MB. In
the absence of the catalyst, MB undergoes photolysis to

the extent of ≈ 23% in 180 min. of visible light irradiation. In ﬁgure 6 it is observed that pristine KSPO
and ion substituted (CSPO, SSPO and KSPON) KSPO
have shown considerable degradation of MB under visible light. However, the degradation of MB in the presence of ion substituted KSPO is more than 90%. The
MB degradation in the presence of KSPO, CSPO, SSPO
and KSPON is 51, 94, 96 and 92% respectively. The
ion substituted KSPO materials show better photocatalytic activity compared to KSPO (ﬁgure 6). The higher
photoactivity of substituted KSPO could be due to better charge transfer between catalyst and dye molecule
preventing any recombination.
Figure 7 shows the photocatalytic degradation of
aqueous MV solution in the presence of KSPO, CSPO,

Figure 7. Photocatalytic degradation of MV under visible
light irradiation using KSPO, CSPO, SSPO and KSPON.

Figure 9. Photodegradation of MV over CSPO in the presence of scavengers.
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SSPO and KSPON. The photolysis of MV in 180 min.
of visible light irradiation is ≈ 10%. In the case of MV
photodegradation also, the substituted compounds have
exhibited higher activity compared to precursor KSPO.
The extent of degradation of MV after 180 min. of irradiation was found to be 65, 78, 72 and 75% for KSPO,
CSPO, SSPO and KSPON respectively. The extent of
degradation of MV in the presence of ion substituted
KSPO, however, is slightly lower (≈ 70-80%) than the
degradation of MB (≈ 90-95%) by the same catalysts
under identical experimental conditions.
It is well-known that reactive species such as • OH,
• −
O2 and h+ are responsible for the degradation of
organic dyes under visible light.17,23,24 In the present
investigation, scavenger experiments were performed
to identify the reactive species. Generally, isopropanol
(iPrOH), ammonium oxalate (AO) and benzoquinone
(BQ) are used as quenchers for • OH, h+ and • O−2 ,
respectively.14,25,26 Figure 8 shows the photodegradation of MB over SSPO in the presence and absence of
quenchers. From the ﬁgure 8, we can observe that the
degradation of MB in the presence of hydroxyl radical
quencher, iPrOH, is about 50% compared to 96% degradation in the absence of iPrOH. This clearly shows the
participation of hydroxyl radicals in the decomposition
of MB. Further, if hydroxyl radicals are the only reactive species responsible for the degradation of MB, then
the degradation of MB should have been only 20%, a
result that equals to photolysis of MB. But the degradation of MB in the presence of iPrOH is 50%. Thus
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it can be concluded that in addition to hydroxyl radicals, • O−2 and h+ are also participating the degradation
of MB. Similar results were obtained for the degradation of MB for the catalyst SSPO in the presence of AO
and BQ. Scavenger experiments were performed for the
degradation of MV using CSPO catalyst also (ﬁgure 9).
Similar trends were observed in the degradation of MV.
From the above results the photocatalytic mechanism
is given as shown below
Catalyst (KSPO/CSPO/SSPO/KSPON)
−
+ h+vb
(i)
+ hv → ecb
H2 O + h+vb → • OH + H +

(ii)

−
→ O2•−
O2 + ecb

(iii)

O2•− + H + → HO•2

(iv)

2HO•2 → H2 O2 + O2

(v)

H2 O2 → 2OH •

(vi)

•

OH, O2•− , h+vb + Dye (MB/MV)
→ Byproducts

(vii)

The reusability and cost of the catalysts are important aspects of photocatalysis for practical applications.
In order to evaluate the reusability of the catalyst, SSPO
(CSPO) was used to degrade MB (MV) in a cyclic
manner. The catalyst, SSPO (CSPO), was added into

Figure 10. Cyclic runs of (a) SSPO for MB degradation and (b) CSPO for MV degradation.
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MB (MV) solution and irradiated with visible light.
After 180 min of irradiation, the catalyst was separated,
washed with distilled water and dried at room temperature. The same catalyst was used in the second cycle.
This process was repeated four times. Figure 10 (a, b)
shows the results of reusability of SSPO and CSPO. It
is clear from this ﬁgure that SSPO and CSPO exhibited
the same photoactivity after the fourth cycle also. Thus
the catalysts have the potentiality to degrade the organic
dyes repeatedly.
4. Conclusions
Potassium antimony phosphate, K5 Sb5 P2 O20 (KSPO),
has been prepared by solid state method. The ion substituted analogues such as CSPO and SSPO were synthesized by ion exchange method. The nitrogen substituted KSPO was obtained by solid state method.
Powder X-ray diffraction patterns of precursor and its
ion substituted analogues conﬁrm their phase formation
The bandgap energy of the substituted materials was
reduced considerably compared to the precursor material. The weight percentage of nitrogen was found to be
10.25 in KSPON. The peaks at 394.93 and 396.62 eV
in the deconvoluted XPS of KSPON are assigned to the
N 1s in different chemical environments All the compounds have shown signiﬁcant photocatalytic activity
against the degradation of both MB and MV. The ion
substituted compounds have exhibited higher activity
compared to the precursor oxide. The • OH radicals produced in the photocatalytic reaction play the dominant
role in the degradation of organic dyes.
Supplementary Information (SI)
Figures S1 to S3 and tables S1 to S6 are available in electronic Supplementary Information available
at http://www.ias.ac.in/Journals/Journal_of_Chemical_
Sciences/.
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