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Abstract. Nanosized (1–x)KNbO3–x(BaNi12 Nb12 O3d ) (KBNNO) (x = 0–0.2) powders with an interval of 0.05 were
prepared by solution combustion method using citric acid as the fuel. The effect of fuel to oxidizer (F/O) ratio on phase
evolution and combustion process was studied and we observed that complete phase formation occurs at 600C for
ue = 0.55. XRD and Raman analysis confirm that with increase in dopant content, gradual changes occur in phase
transition from orthorhombic to cubic. Ba, Ni co-doping made KNbO3, visible light active, which was confirmed by
UV–Vis absorption spectra. Photocatalytic experiments show that KBNNO 0.1 exhibited better photocatalytic activity in
degrading RhB under visible light irradiation compared to KNbO3 and P25 (commercial TiO2-based photocatalyst). The
rate constant of KBNNO 0.1 for RhB degradation is 3.17 and 1.4 times higher than KNbO3 and P25, respectively, under
similar visible light illumination. The mechanisms behind photocatalytic activity and photostability have also been studied
for the best composition.
Keywords.
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Introduction

With rapid industrialization, the release of industrial waste
has been causing serious environmental pollution. In particular, the contamination of water bodies by textile
industries poses a serious threat to public health. Now, the
world is looking for innovative ways to treat this waste
water coming from textile industries before dumping them
into nearby water bodies. Individuals are searching for a
compelling approach to clean the water. In recent years,
photocatalytic oxidation process using semiconductor-based
photocatalysts has become the important pathway for
degrading hazardous compounds present in water [1]. Many
semiconductor-based photocatalysts like TiO2 [2,3], ZnO
[4,5] and SnO2 [6] have been and still are being investigated, for advanced oxidation process like photocatalysis,
hydrogen generation and other energy-related applications
due to their abundancy, stability, non-toxicity, excellent
light absorption and charge transport properties. But, the
present effectiveness of these photocatalysts in catalytic
applications has to go long way for large scale practical
application. The problems with those materials are that they

can utilize only UV portion of sunlight and electron–hole
pair recombine rapidly thus, limiting its efficiency. Ferroelectric oxides, like PZT [7], BaTiO3 [8–10], KNbO3
[11–14], SrTiO3 [15], are also studied for photocatalytic
applications. Ferroelectric materials are gaining importance
in the field of photocatalysis and photovoltaics due to their
switchable polarization which can induce internal electric
field. The internal electric field can help the charge carriers
move in opposite directions, resulting in prevention of
recombination reactions [16–18]. But ferroelectric materials
can utilize only UV portion of sunlight. KNbO3-based
system has very simple structure having the advantage of
non-toxicity, low-cost, high stability under illumination and
can undergo structural modifications above room temperature [19]. But its high band gap ([3.1 eV) like other conventional ferroelectrics, limits its applications. To enhance
the absorption of light in visible region and to improve the
photocatalytic activity, the heterojunction has been made
with Bi2O3 for BCZT- [20] and KNbO3-based [21] materials. However, the search for the single compound with
ferroelectricity and significant absorption in visible light
absorption is of prime importance. Wang et al [22]
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proposed a way to reduce the band gap of perovskites by
BO6 octahedral distortions. They reported that B-site cation
off-centre displacements caused by BO6 octahedral distortions
have a strong influence on band gap, while maintaining their
polarizations. Grinberg et al [23] reported a ferroelectric
material with low band gap 1.39 eV with room temperature
ferroelectricity for (1-x)KNbO3–x(BaNb1/2Ni1/2O3-d)
(KBNNO, x = 0.1) thin ceramic substrate (20 lm). Wang
et al [22] and Grinberg et al [23] reported that in this
material, valence band consists of hybridized Ni 3d and
O2p states, while CB consists of Nb 4d states. This
invention opened a new path for developing new ferroelectric materials for photovoltaic and photocatalytic
applications. Their reports tell us about the synthesis of
KBNNO by solid-state route, by calcining at 850C for a
prolonged time for phase formation [23,24]. Due to this
prolonged heat treatment at high temperature, potassium
volatizes which results in non-stoichiometry due to which it
may have an adverse effect on dielectric and optical properties. It is a well-known fact that the particle size also has
an important role to play on photocatalytic activity of oxide
semiconductor. Smaller particles have a large surface area
and thus, contribute more active sites for the catalytic
reactions to occur and thus, enhance their efficiency [5,25].
Low temperature synthesis of nanostructured powder at low
temperature may enhance the photocatalytic property and
cointains the alkali loss at high processing temperature.
Sol–gel-based solution combustion synthesis technique is a
widely used technique to synthesize high purity and high
crystalline powders with relatively smaller size at lower
temperatures [26,27]. Lombardi et al [28] synthesized
(1 – x)KNbO3–x(BaNi12 Nb12 O3d ) (x = 0.1–0.4) by sol–gel
method by using the ethoxides-based precursors of niobium,
potassium, barium and nickel and reported their dielectric
properties. But the precursors used were costly and moisture
sensitive. Recently, Abhinay and Mazumder [29] synthesized
0.9KNbO3–0.1(BaNi12 Nb12 O3d )
by
one-step
hydrothermal method at 200C. However, the particle size
of the powder was in the micrometre range. They showed
that KBNNO can degrade 68% of RhB dye solution within
120 min under visible light which is better than KNbO3
(degrade only 33% of RhB dye solution). However, further
reduction in particle size may improve the photocatalytic
activity. Wu and his co-workers [30] synthesized
(1–x)KNbO3–x(BaNi12 Nb12 O3d ) (KBNNO) (x = 0.1–0.4) by
Pechini method and reported the photocatalytic activity
under visible light in degrading methylene blue. However,
they found that KBNNO-0.2 shows highest photocatalytic
activity and can degrade only 50% methylene blue in 180
min under visible light. However, in their case, KBNNO-0.2
has absorption of *50% methylene blue in darkness. But
no information is available on the mechanism responsible
for photocatalytic activity. Moreover, they have not reported the effect of fuel to oxidizer ratio on the nature of
combustion and phase formation. Furthermore, it was
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reported [23,31] that the ferroelectric property of KBNNO
deteriorates with increase in Ba, Ni incorporation (x [ 0.1),
but not having significant influence on the absorption in
visible region. Surprisingly, they reported higher photocatalytic activity in more symmetric phase, raising question
about the role of the ferroelectricity in photocatalytic
activity. This discrepancy in earlier literatures tempted us to
prepare the nanostructure KBNNO by simple solution
combustion method avoiding alkoxide-based precursors and
to study further, the effects of Ba, Ni substitution in KNbO3
on phase formation, structure, powder characteristics,
optical, ferroelectric and photocatalytic properties.
From available literature, it is clear that KBNNO is a
promising ferroelectric photocatalyst as it has significant
absorption of visible light. However, there are very few
literatures available on the study of photocatalytic activity
of KBNNO. In addition, there is no report available on the
effect of dopant concentration on PL spectra and photodegradation of Rhodamine B (RhB) under visible light
exposure. Furthermore, the effect of fuel to oxidizer (F/O)
ratio on phase evolution of KBNNO has not been reported.
pH is an important factor on the photodegradation of dye
because it can influence the surface charge properties of a
photocatalyst and ionic species in the solution. However,
no report is available on the effect of pH on photodegradation of RhB in presence of KBNNO. In the present work,
we successfully synthesized nanosized KNbO3 and
(1-x)KNbO3-x(BaNi12 Nb12 O3d ) (KBNNO) (x = 0.05, 0.1,
0.15 and 0.2) by solution combustion method using citric
acid as fuel. In this study, the effect of Ba and Ni incorporation in KNbO3 ceramic and F/O ratio on phase evolution, powder morphology and photocatalytic properties
were demonstrated. In addition, the superiority of one
composition over other compositions was discussed by
comparing the surface property, optical properties and
ferroelectric properties of different compositions. Moreover, the effects of pH of the solution on photocatalytic
activity, the mechanisms behind photocatalytic activity
and photostability have also been studied for the best
composition.

2.

Experimental

KNbO3 and Ba, Ni-modified KNbO3 were synthesized by
using citric acid-assisted solution combustion technique.
For combustion synthesis, stoichiometric amount of KNO3
(99%, Aldrich), Ba(NO3)2 (99%, Aldrich) and Ni(NO3)26H2O
(99.99%, Aldrich) were mixed with a required amount
of Nb–citrate solution. We have developed a novel method
for preparation of Nb–citrate solution from niobium pentachloride (NbCl5). In the first step, distilled water (3 l),
followed by NbCl5 (15 gm) were added to hydrochloric
acid (90 ml) and stirred until the solution became clear. In
the second step, ammonia solution (*110 ml) is slowly

Bull. Mater. Sci.

(2021) 44:145

Page 3 of 16

145

At ue = 0.55 (fuel-rich):
0:9KNO3
þ 0:95NbðOHÞ5 þ 0:1BaðNO3 Þ2 þ 0:05NiðNO3 Þ2 6H2 O
þ 2:85C6 H8 O7 þ 11:41O2
¼ 1K0:9 Ba0:1 Nb0:95 Ni0:05 O3 þ 17:1CO2 þ 14:07H2 O
þ 0:65N2 :
ð3Þ

Figure 1. Flowchart for preparation of modified KNbO3 using
combustion synthesis technique.

added to reach the pH to *9–10, until a Nb2O5nH2O
precipitate was obtained. This precipitate was filtered using
a filter paper and then, dissolved in distilled water and citric
acid mixture (1:3 weight ratio). The strength of the obtained
solution was measured gravimetrically. In the present study,
strength of the 10 ml Nb-sol is 0.104 gm Nb2O5.
The solution thus obtained was heated at 120C with
constant stirring on a hot plate and turned to viscous gel.
The gels started to foam and auto-ignites because of
exothermic reactions between the nitrate and citrate present in the gel. The as-burnt powder was calcined at
600C for 6 h to get better crystallization and finally,
grounded to get modified KNbO3 powder. Flow chart for
the synthesis of Ba, Ni-modified KNbO3 ceramics was
given in figure 1. The ratio of F/O (ue ) was calculated by
using the formula [26] given in equation [1]. Here, ue = 1
indicates a stoichiometric condition, ue \ 1, a fuel-rich
condition and ue [ 1, a fuel-lean condition. By considering the individual valences of the elements present, the
following reactions are for the stoichiometric and fuel-rich
conditions:

For maintaining higher ue [ 0.55, stoichiometric amount
of ammonium nitrate was added to the solution.
Phase purity of the samples was identified by using X-ray
diffractometer (Rigaku, ultima-IV) with CuKa radiation
(1.5417 Å). The Rietveld refinement for the XRD patterns
was done by using ‘Full-Prof’ software. The morphology
and selected area diffraction (SAED) of the synthesized
catalysts were examined by using Technai-G230-FEI
transmission electron microscope (TEM). FTIR spectra
were recorded by using Perkin-Elmer (RX-I) from 400 to
4000 cm-1. XPS measurements were carried out on Physical Electronics (PHI 5000 Versa Probe III). Raman and
photoluminescence measurements of the synthesized catalysts were recorded by using Witec alpha 300R after excitation at 355 nm. Specific surface area and pore-size
distribution of the catalysts were recorded by using surface
area analyzer (Quantachrome, Autosorb-iQ). The band gap
of the catalysts was determined by using Perkin-Elmer UV–
visible photospectrometer. The detailed experimental procedure for carrying photocatalytic tests was given elsewhere
[20,29]. The pellets were prepared from calcined powder by
uniaxial pressing with an applied pressure of 350 MPa and
sintered at 1050 and 1100C for 4 h for KNbO3 and
KBNNO (0.05–0.2), respectively. A sacrificial amount of
calcined powder of the same composition has been given to
inhibit potassium volatilization at high temperatures. The
surfaces of the sintered pellets were ground and polished,
followed by application of a silver conducting paste on two
opposite surfaces of the sample. The silver paste was then
cured at 500C for 15 min. Polarization vs. electric field (P–
E) loops for the sintered samples were measured at room
temperature using a radiant precision premier II.

P
ðcoefficients of oxidizing elements in the specific formula  oxidizing valencyÞ
ue ¼ P
;
ðcoefficients of reducing elements in the specific formula  reducing valencyÞ

At ue = 1 (stoichiometric):

3.

0:9KNO3
þ 0:95NbðOHÞ5 þ 0:1BaðNO3 Þ2 þ 0:05NiðNO3 Þ2 6H2 O
þ 0:15NH4 NO3 þ 2:85C6 H8 O7 þ 11:26O2
¼ 1K0:9 Ba0:1 Nb0:95 Ni0:05 O3 þ 17:1CO2 þ 14:37H2 O
þ 0:75N2 :
ð2Þ

ð1Þ

Results and discussion

Table 1 displays the influence of F/O ratio (ue ) on the
combustion nature. At ue = 1 (stoichiometric) condition,
the combustion nature was highly vigorous with flame
which resulted in huge loss of as-produced powder. The
obtained powder was off-white in colour due to the presence of carbonaceous material. At ue = 0.8 and 0.7
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Effect of fuel to oxidizer ratio (ue ) on the nature of combustion.
Characteristics of products formed

Fuel to oxidizer ratio
1.0
0.8
0.7
0.55

Nature of combustion

Product colour

Phases present

Highly vigorous with flame
Less vigorous with flame
Less vigorous with flame
No flame

Off white
Brownish black
Brownish black
Black

K4Nb6O17, KBNNO
K4Nb6O17, KBNNO
K4Nb6O17, KBNNO
Amorphous phase

Figure 2. (a) XRD of KBNNO 0.1 as combusted powder with varying ue. (b) XRD of KBNNO 0.1 samples
calcined at 600C with varying ue.

(fuel-rich condition), the nature of combustion was less
vigorous with flame. The attained powder was brownishblack in colour. Further reduction in ue to 0.55, the
combustion of the gel occurred with no flame and resulted
in black charred mass.
Figure 2a displays the XRD pattern of as-synthesized
powders with varying ue . It was observed that for ue = 1,
K4Nb6O17 (JCPDS-31-1064) was obtained as major phase
along with KBNNO as minor phase. At ue = 0.8, the
powder contains KBNNO as major phase along with
K4Nb6O17 as minor phase. The as-fired powder obtained at
ue = 0.7, shows amorphous nature with presence of
K4Nb6O17 and KBNNO. However, in case of ue = 0.55, the

powder obtained was amorphous in nature. Figure 2b displays the XRD pattern of the powder samples after calcination at 600C. From the figure, it can be observed that for
ue = 1 and 0.8, KBNNO was observed as major phase with
significant amounts of K4Nb6O17 phase. The appearance of
potassium lean K4Nb6O17 phases, may be due to the
volatilization of potassium at the time of combustion
because of its vigorous nature. With decrease in ue to 0.7
almost, phase-pure KBNNO along with minor amounts of
K4Nb6O17 (10%) can be observed. Lastly for ue = 0.55,
complete phase pure KBNNO was observed. However, for
further studies, the powder obtained at ue = 0.55 was
considered for subsequent characterizations.
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DSC-TG of precursor gel

Figure 3 depicts the DSC-TG profile of KBNNO 0.1 dried
gels. From the graph, the first weight loss *23% corresponding to endothermic peak at 197C can be ascribed to
the loss of water from the gel precursor [32]. The weight
loss *43% in the range of 270–370C with a strong
exothermic peak at 334C can be due to the thermal
decomposition of citric acid [32,33]. The third weight loss
around *18% with three exothermic peaks at 410, 480 and
510C are due to the decomposition of nitrates present in
the precursor gel [32–34]. The XRD pattern of the precursor
gel calcined at 400C shows the amorphous nature of the
sample. Furthermore, the XRD pattern of the precursor gel
calcined at 500C shows the presence of K4Nb6O17 as
intermediate phases. A weak exothermic peak at 602C with
no weight loss can be due to the transformation of intermediate phases to modified KNbO3. The broad hump
around 700–800C without weight loss can be ascribed to
further crystallization of modified KNbO3.

3.2

FTIR and XRD analyses of KBNNO 0.1 dried gel

Figure 4 depicts the FTIR spectra of KBNNO 0.1 gel
samples collected before the combustion which were subsequently calcined at different temperatures. The absorption
peaks at 1725 and 1200 cm-1 can be attributed to monodentate ligand of metal ion with carbonyl groups (COO–)
and the absorption peaks at 1390 cm-1 which are assigned
to the stretching vibration modes of COO– bonds [35]. The
absorption peaks at 1590 cm-1 corresponds to bending
mode of –O–H arises due to physically adsorbed water
[36,37]. From the figure, it can also be observed that the
intensity of the above peaks did not change much upto
300C and gradually decreased after calcination at 400C.
Further, the peaks at 1060 and 860 cm-1 shows the existence of carbonate in the compounds [35–38]. For the gel

Figure 3.

DSC-Tg profile of KBNNO 0.1 dried gel.

Figure 4. (a) FTIR of KBNNO 0.1 gel samples calcined at
different temperatures. (b) FTIR of KBNNO 0.1 gel sample
calcined at 600C.

sample calcined above 500C, absorption peaks at 1060 and
860 cm-1 almost disappeared indicating the decomposition
of carbonate. The band at 925 cm-1 corresponds to COO–
stretching vibrations [39] and the band at 800 cm-1 corresponds to O–C=O vibrations. Further, the bands at 550, 620
and 702 cm-1 in the temperature range 130–300C correspond to C–O and C–OH (620 and 702 cm-1) vibrations,
respectively. For the gel sample calcined at 600C (figure 4b), the bands at 550 and 700 cm-1 represent the O–
Nb–O stretching vibrations of the corner-shared NbO6
which indicates the formation of Ba and Ni modified
KNbO3 [11].
Figure 5a displays the XRD pattern of KNbO3 gel samples calcined at different temperatures. From the figure, it
can be observed that the samples are amorphous in nature
when calcined in the temperature range of 130–400C for
6 h. Majority of perovskite phase has been formed when
calcined at 500C with minor amount of K4Nb6O17
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Figure 5. (a) XRD of KBNNO 0.1 gel samples calcined at different temperatures. (b) XRD of KNbO3 and Ba, Ni
co-doped KNbO3 samples calcined at 600C.

(JCPDS-31-1064) as impurity phase. FTIR peaks at 500 and
600 cm-1 confirm the presence of perovskite phase at
500C. Further, increase in calcination temperature to
600C results in complete phase pure perovskite formation.
Figure 5b shows the XRD pattern of KNbO3 and Ba–Ni codoped KNbO3 (x = 0.05, 0.1, 0.15 and 0.2) after calcination
at 600C for 6 h. It has been observed that phase pure
perovskite phase can be formed in all the cases. The Rietveld refinement for the above calcined samples was done by
using ‘Full Prof’ software. The initial structural parameters
required for refinement of KBNNO were taken from the
work published by Abhinay and Mazumder [29] and
Kumada et al [40]. The final outputs are shown in supplementary figure S1. From the refinement, it is clear that the
compositions for x = 0, 0.05 and 0.1 belong to orthorhombic symmetry with space group Amm2. Whereas, the
compositions with x = 0.15 and 0.2 belong to cubic symmetry with space group Pm-3m. We observed that the
results produced after refinement are satisfactory and the
obtained fitting parameters are listed in table 2. It was
observed that with NiO incorporation in the KNbO3 matrix,
there is a marginal increase in the unit cell volume because
of the larger ionic radius of the Ni?2 (radius 69 pm) when
compared with Nb?5 (radius 64 pm).

3.3

Raman spectroscopy

Figure 6 displays the Raman spectroscopy for pure KNbO3
and Ba, Ni co-doped KNbO3 samples measured at room
temperature. The Raman spectra of KBNNO has typical
bands at 185, 273, 288, 525, 593 and 826 cm-1, respectively [29]. Abhinay and Mazumder [29] reported that the
band situated at 185 cm-1 can be attributed to the internal
vibration mode of NbO6 octahedron, while the mode at
273 cm-1 is due to O–Nb–O symmetric bending vibrations of NbO6 octahedron. The bands at 525 and 593 cm-1
correspond to the stretching modes of NbO6 octahedron,
while the band at 826 cm-1 results from the combination
of 525 and 593 cm-1. The sharp modes at 185 and
288 cm-1 are attributed to the fingerprint for the occurrence of long range polar order which determines ferroelectricity in these ceramics [29]. Further, from figure 6, it
can be observed that the modes at 185, 273 and 288 cm-1
merge together to form a broad band and the decrease in
relative intensities of the peaks are observed for KBNNO
0.15 and KBNNO 0.2. Furthermore, two bands at 525 and
593 cm-1 coalesce to form one broad band around
563 cm-1 for x [ 0.1 which can be ascribed to the variation in crystal structure from orthorhombic to cubic [30].
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Results of Rietveld refinement for XRD profiles.

a (Å)
b (Å)
c (Å)
Vol (Å*3)
Rp
Rwp
Rexp
Goodness of fit (GOF)

KNbO3

KBNNO 0.05

KBNNO 0.1

KBNNO 0.15

KBNNO 0.2

3.99 ± 0.0001
5.68 ± 0.0005
5.704 ± 0.0003
129.27
7.66
9.23
7.21
1.98

4.008 ± 0.0006
5.679 ± 0.0002
5.709 ± 0.0007
129.94
5.97
8.12
2.84
1.61

4.02 ± 0.0001
5.69 ± 0.0006
5.72 ± 0.0005
130.83
8.6
11.19
7.54
2.2

4.025 ± 0.0001
4.025 ± 0.0002
4.025 ± 0.0001
65.207
7.86
10.2
3.12
1.6

4.024 ± 0.0002
4.024 ± 0.0002
4.024 ± 0.0001
65.15
9.35
11.8
7.71
2.35

Figure 6. Raman spectroscopy of KNbO3 and Ba, Ni co-doped
KNbO3 samples calcined at 600C.

The bands at 273, 593 and 826 cm-1 indicate that
KBNNO 0.1 is orthorhombic in nature. The frequency dip
observed at *185 cm-1 for x [ 0.1 has been identified as
a significance of ferroelectricity in KNbO3-based solid
solutions [23,28,41]. From Raman data, it is clear that
symmetry of KBNNO 0.1 sample is orthorhombic and it
indirectly proves the existence of ferroelectricity in the
sample.

3.4

145

Powder morphology and BET analysis

Figure 7a–e shows the TEM micrographs and particle size
distribution of KNbO3 and Ba, Ni co-doped KNbO3
(x = 0.05–0.2) nanoparticles and figure 8 shows the
HRTEM and SAED micrographs for KBNNO 0.1 powder.
From figure 7, one can observe that particles are weakly
agglomerated and cube-like shaped with an average particle size (d50) * 43, 30, 17, 19 and 20 nm for KNbO3
and for KBNNO, 0.05, 0.1, 0.15 and 0.2, respectively. The
average particle size (d50) distribution graph shown in
figure 7a–e (inset) is prepared by ImageJ software and

observed several TEM images of each composition. We
can also observe that the particle size decreases with
incorporation of Ba and Ni into KNbO3 lattice. The
decrease in particle size can be ascribed to particle growth
inhibition caused by the addition of Ba?2 into K? site [42].
From the HRTEM micrographs, the lattice fringe is
0.28 nm which corresponds to the (111) plane of
orthorhombic KBNNO 0.1. The calculated d-spacing
matches well with the d-spacing obtained from XRD. The
diffraction spots (011), (111) and (200) obtained from
SAED pattern also confirm that the synthesized KBNNO
0.1 is highly crystalline in nature.
Figure 9a reveals the nitrogen adsorption and desorption
isotherms of KNbO3 and Ba, Ni co-doped KNbO3 powders
synthesized by solution combustion method. The
figure reveals that all the samples displayed type-IV isotherm associated with H3 type hysteresis according to
IUPAC classification [26,43]. The relative pressure (P/P0)
range of the hysteresis loops (0.1–0.99) of the samples
indicate the presence of micro (B2 nm) and meso pores
(B50 nm) in the sample with plate-like or slit-shaped pores
(where P and P0 are the equilibrium and saturation pressures, respectively). All the isotherms in the figure adsorbed
the N2 in the pressure range 0.1 \ P/P0 \ 0.99. However,
the intensity of the adsorbed volume is varied for different
samples. The maximum adsorbed volume of about
305 cc g-1 is observed for KBNNO 0.1 powder, which is
more than two times higher to that of the volume adsorbed
by KNbO3 (124 cc g-1) sample. Such a variance in the
adsorbed volume shows the difference in surface area and
pore architecture in the Ba, Ni co-doped samples. The
specific surface area of the samples is found to be *72.3,
105.3, 154.2, 168.1 and 207 m2 g-1, respectively, for
KNbO3 and KBNNO 0.05, 0.1, 0.15 and 0.2 samples,
respectively.
Figure 9b provides the BJH (Barret–Joyner–Halenda)
pore-size distribution of the KNbO3 and Ba, Ni co-doped
KNbO3 powders. From BJH pore-size distribution data, one
can observe that there exist micro pores as well as meso
pores in the prepared samples. In case of KNbO3 and
KBNNO 0.05, the volume of the porosity present in the
samples are equal. Further, with increase in Ba and Ni
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Figure 7. TEM micrographs of (a) KNbO3, (b) KBNNO 0.05, (c) KBNNO 0.1, (d) KBNNO 0.15 and (e) KBNNO
0.2 samples calcined at 600C.

(0.1–0.2) concentration, the fractional volume of the
porosity present in the sample increases. From figure 9b, it
is clear that the meso porosity in KBNNO 0.1 sample is
higher in comparison to KBNNO 0.15 and 0.2. The average
pore diameter for pure KNbO3 sample is found to be
14.9 nm. However, this value is decreased to 7.36 nm for
KBNNO 0.05 and further decreased to *3.2 nm for
KBNNO 0.1, 0.15 and 0.2. The graph also reveals, in the
case of doped-KBNNO (0.1–0.2) samples, the fractional
volume of the pores with pore diameter \10 nm is higher
when compared to KNbO3 and KBNNO 0.05 samples. The
difference in pore size and fractional pore volume attributed
to the high surface area of the KBNNO 0.1, 0.15 and 0.2
samples.

3.5

XPS analysis

Oxidation states and surface elemental composition of
KBNNO 0.1 sample were identified by using XPS spectroscopy. From the survey scan, given in figure 10a, signals related to K, Nb, Ba, Ni and O are observed. The
shifts in binding energies of the elements present in the
sample were corrected by using binding energy of carbon
(C1s) 284.5 eV. From the high resolution XPS spectra of
potassium (figure 10b) and niobium (figure 10c), two
peaks can be observed at 291.9 and 294.7 eV which correspond to K 2p3/2 and K 2p1/2 and at 205.3, 208.09 eV
which correspond to Nb 3d5/2 and Nb 3d3/2 which confirm
the presence of potassium in K?1 state and Nb?5 state,
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(a) SAED pattern and (b) HRTEM micrograph of KBNNO 0.1 ceramics.

Figure 9. (a) BET Isotherms and (b) BJH pore size distribution of KNbO3 and Ba, Ni co-doped KNbO3 samples.

respectively. From the high resolution XPS spectra of
O1s two peaks (figure 10d) can be observed at 528.16 and
529.88 eV. Abhinay and Mazumder [29] and his team
reported that the peak at 528.16 eV corresponds to lattice
oxygen and the peak at 529.88 eV comes from oxygen
atoms bonded with nickel. The peak at 778.6 eV corresponds to Ba 3d5/2, which confirms that barium is in Ba?2
state (figure 10e). The peaks at 854.1 eV and the satellite
peak at 860 eV confirms the presence of nickel in the
sample with Ni?2 state (figure 10f). Further, we have also
observed that there is a shift in binding energies of K and
Nb. Abhinay and Mazumder [29] and his team also
reported that doping ‘Ni’ in ‘Nb’ site creates oxygen
vacancies for charge compensation. These oxygen vacancies break the bonds between K–O and Nb–O leading to
the decrease in binding energies of K and Nb.

3.6

Optical properties

3.6a UV–visible absorption spectroscopy: Figure 11a and b
shows the optical properties of KNbO3 and Ba, Ni co-doped
KNbO3 powder samples studied using UV–visible absorption spectra. From the experimental data, it is clear that pure
KNbO3 can only absorb UV portion of the solar spectrum.
In case of Ba, Ni co-doped KNbO3 samples, red shift in
absorption edge can be observed. Further, for Ba, Ni codoped KNbO3 samples, two absorption peaks in visible
region can be observed: one at 400–500 nm and the other at
600–800 nm (figure 11a). These results are consistent with
white colour of KNbO3 powder and light green colour for
Ba/Ni modified KNbO3, suggesting the creation of defect
levels in these ceramics. Furthermore, KBNNO has no NiO
peak in XRD characterization.
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Figure 10. XPS spectra of KBNNO 0.1 ceramics.

The band gap of Ba, Ni co-doped KNbO3 ceramics were
calculated by using the formula [44]:
Eg ¼ 1240=k:
For pure KNbO3, Eg is around 3.2 eV. For Ba, Ni co-doped
KNbO3 ceramics, the band gap falls in the region of 3.1–
2.88 eV (figure 11b). In pure KNbO3, the valance and conduction bands consist of O 2p and Nb 4d states. The decrease

in band gap of Ba, Ni co-doped KNbO3 ceramics is due to
creation of Ni 3d states above valence band (O1s) [29]. Further, the absorption peaks around 600–800 nm can be
attributed to dz2 to dx2 y2 transitions of Ni(II) clusters [29].
This study gives us information that KBNNO can significantly absorb the visible portion of the solar spectrum.
3.6b Photoemission (PL) spectroscopy: Figure 12 depicts
the PL spectra of KNbO3 and Ba, Ni co-doped KNbO3
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Photocatalytic properties

The photodegradation of RhB was carried out by as-synthesized KNbO3 and Ba, Ni co-doped KNbO3 powder
samples under visible light. Figure 13 shows the

Figure 12.
ceramics.
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UV–Vis spectroscopy of (a) KNbO3 and (b) Ba, Ni co-doped KNbO3 ceramics.

powder ceramics after excitation at 355 nm. A broad peak
with peak maxima *530 nm can be observed for all the
samples studied. Abhinay and Mazumder [29] observed
similar kind of PL emissions for KBNNO 0.1 sample synthesized by hydrothermal method. They reported that PL
emissions in KBNNO is due to the distorted NbO6 octahedron and oxygen vacancies caused by replacing ‘Ni’ in
‘Nb’ site. Among all the compositions studied, KBNNO 0.1
has lowest PL intensity which can be attributed to lowest
recombination of electrons and holes.

3.7
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PL spectra of KNbO3 and Ba, Ni co-doped KNbO3

photocatalytic activity of KNbO3 and Ba, Ni co-doped
KNbO3 samples. From the figure, one can observe that RhB
got degraded to 43% by KNbO3 within 60 min, whereas
KBNNO 0.05, 0.1, 0.15 and 0.2 samples can degrade 71, 81,
75 and 77% of the dye in 60 min, respectively. Photocatalytic activity of commercial P25 was also studied under
identical irradiation condition for comparison and found
that 60% of the RhB degradation takes place in 60 min
duration. Wu et al [30] reported the photocatalytic activity
of (1-x)KNbO3-x(BaNi12 Nb12 O3d ) (x = 0.1–0.4) powder
samples derived from sol–gel-based Pechini method. In
case of KBNNO 0.2, they observed that *50% degradation
of methylene blue solution occurred in 180 min under visible light exposure. Abhinay and Mazumder [29] reported
that KBNNO 0.1 synthesized under hydrothermal conditions can degrade 63% of RhB under visible light. In the
present work, our best composition KBNNO 0.1 can

Figure 13. Change of concentration of RhB vs. time under
visible light irradiation.
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degrade 81% of the dye solution in 60 min under visible
light under similar illuminating condition.
Figure 14 depicts the rate constant (k) of RhB degradation under visible light irradiation for different specimens.
The obtained experimental data follows pseudo-first order
kinetics [20,29].
 
Co
ln
ð4Þ
¼ ko t;
C
where t is the time for the initial concentration, Co to
become C and k is the first order rate constant (min-1). By
using the above formula, k was found to be 0.0048, 0.0088,
0.011, 0.009 and 0.01 for the KNbO3, KBNNO 0.05, 0.1,
0.15 and 0.2 samples, respectively. Amongst them, KBNNO
0.1 sample displayed the highest k value which is 3.17 times
more than that of KNbO3, samples under visible light.
The adsorption capacity of the catalyst as a function of time
was studied in dark condition and shown in figure 15. The
study showed a marginal decrease in the concentration of
the dye which is ascribed to the adsorption of the dye
molecules on the catalyst surface. It is also observed that the
degradation in dark condition is almost negligible (1% for
KNbO3, and 1.3, 1.8, 2 and 2.4% for KBNNO 0.5, 0.1, 0.15
and 0.2, respectively, after 90 min), when compared to the
degradation obtained in the presence of light. Hence, the
contribution from the adsorption of dye was not considered
in the rate constant calculation.
3.7a Effect of pH on RhB degradation: Figure 16a depicts
the zeta potential of KBNNO with varying pH and
figure 16b depicts the photocatalytic degradation of
KBNNO 0.1 as a function of pH. The zeta values show that
below pH *4, the surface of KBNNO is positively charged
and above this value (pH *4), the surface is negatively
charged. Abhinay et al [20] reported that at lower pH, the
surface of RhB is negatively charged and in the higher pH,

Figure 15.
the dark.

Figure 14. Rate constant ‘k’ for RhB degradation under visible
light irradiation.

Figure 16. (a) Zeta potential and (b) photocatalytic activity of
KBNNO 0.1 as a function of pH.

Adsorption capacity of the RhB by photocatalysts in
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RhB will be in zwitterionic form. The original pH of RhB
solution was *5. In the experiment carried out to find out
the effect of pH on photocatalytic degradation, it is clear
that the degradation efficiency increased to 95 and 96% in
60 min when the pH of the solution was brought down to 3
and 1, respectively. The increase in photodegradation efficiency is due to the existence of attraction between KBNNO
particles and RhB molecules. When the pH of the solution
increased to 9 and 11 from 5, the degradation efficiency
suppressed to 60 and 39%, respectively, this may be due to
repulsion between negatively charged KBNNO particles
and zwitterionic form of RhB molecules [20].

3.8

Mechanism of photocatalytic activity

From the photocatalytic experiments, it is clear that
KBNNO 0.1 has better dye degradation under visible light.
This may be due to the shifting of band gap to the lower
energy region and PL experiment also showed that the
separation efficiency of charge carriers is better for KBNNO
0.1 compared to KNbO3 and other KBNNO compositions.
However, for further confirmation about the influence of
ferroelectricity on photocatalytic activity of KBNNO,
polarization vs. electric field (P–E) hysteresis was measured
on different dense KBNNO (x = 0, 0.05, 0.1, 0.15 and 0.2)
ceramics. P–E hysteresis loops of KNbO3 and KBNNO
(0.05–0.2) (figure 17a and b) show that remnant polarization
decreases with increase in Ba, Ni incorporation in KNbO3.
The remnant polarization of the KNbO3, KBNNO-0.05,
KBNNO-0.1, KBNNO-0.15 and KBNNO-0.2 ceramics are
3.97, 1.64, 1.41, 0.33 and 0.15 lC cm-2, respectively. It is
interesting to note that ferroelectricity of KBNNO is faded
away for the compositions x [ 0.1. The decrease in polarization at higher BNNO (x [ 0.1) concentration is due to
structural transition from the non-centrosymmetric ferroelectric phase to the more symmetric paraelectric phase.
Raman study carried out also confirms the structural

Figure 17.
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transition from the ferroelectric phase to the paraelectric
phase above x [ 0.1. Interestingly, lower photocatalytic
activity in KBNNO 0.05 compared to KBNNO 0.1 can be
attributed to the higher surface area and higher absorption in
visible region of the wavelength in KBNNO 0.1. It is to be
mentioned that KBNNO 0.15 and KBNNO 0.2 have higher
surface area compared to the KBNNO 0.1. In addition,
KBNNO 0.15 and KBNNO 0.2 do not have significant
difference in absorption edge in UV–visible spectroscopy
with that of KBNNO 0.1. However, KBNNO 0.1 shows
better photocatalytic activity than KBNNO 0.15 and
KBNNO 0.2. Furthermore, KBNNO 0.1 has significantly
higher remnant polarization compared to KBNNO 0.15 and
KBNNO 0.2, which indirectly indicates that ferroelectricity
in KBNNO has important role in improvement of photocatalytic activity. In addition, Raman spectroscopy also
corroborates that polar structure retained in KBNNO 0.1
and may be the reason for better separation in photogenerated electrons and holes. It can be summarized that at
zero- or low-dopant concentration (KNbO3, KBNNO 0.05),
photocatalytic activity is dominated by higher surface area
of the powder and nature of the absorption in the visible
region of the spectrum. However, in higher concentration of
the dopants (KBNNO 0.1, KBNNO 0.15, KBNNO 0.2),
photocatalytic activity is dominated by ferroelectricity of
the compositions.
The effect of different reactive species on photocatalytic
activity can be found by the addition of different scavengers
into the reaction system. Here, in the present study, the
active species in reaction system could be identified by
adding oxalic acid as hole (h?) scavenger, silver nitrate
(AgNO3) as electron (e-) scavenger, benzoquinone as oxygen ion (O
2 ) scavenger and isopropyl alcohol as hydroxyl
(•OH) scavenger. Before light irradiation, 1 mmol of
scavengers were added into the reaction system separately.
From figure 18a and b, it is clear that with the addition of
oxalic acid and AgNO3, the photocatalytic efficiency
enhanced from 81 to 90 and 96% in 60 min, respectively.

Polarization vs. electric field hysteresis loops of (a) KNbO3 and (b) KBNNO (x = 0.05–0.2).
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Figure 18. (a, b) Change of concentration of RhB vs. time under visible light irradiation with and
without addition of scavengers, (c, d) mechanism for the degradation of RhB by KBNNO 0.1. (e) Cyclic
stability of KBNNO 0.1. as a visible light photocatalyst for five cycle.
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With the addition of isopropyl alcohol and benzoquinone,
the photocatalytic efficiency decreased from 81 to 54 and
24% in 60 min, respectively. From this study, it is clear that
•OH and O
2 played an important role in photodegradation
of RhB.
To further confirm the formation of •OH and O
2 radicals,
it is necessary to find out the conduction band (CB) and
valence band (VB) potentials of a semiconductor. The
energy levels of ECB and EVB are found to be 2.23 and
-0.64 eV vs. NHE [29]. The minimum energy required for
formation of oxygen ion (O
2 ) radical is -0.33 eV vs. NHE
and hydroxyl ion (•OH/OH-) is 1.99 eV vs. NHE. From the
above values, it is clear that KBNNO favours the formation
of oxygen ion (O
2 ) and hydroxyl ion (•OH) radical formation. This data supports the experiments that we carried
out to find out the reactive species involved in photocatalytic reactions where O
2 and •OH are the major active
species in photocatalytic reactions. This explanation is in
accordance with the Abhinay and Mazumder [29] experimental data, where the O
2 radicals are the major active
species involved in photodegradation of RhB. Based on the
above results, the probable reactions happening during
photocatalysis and mechanism involved for the degradation
of RhB by KBNNO are given in figure 18c and d. Finally,
the reusability tests carried out on KBNNO 0.1 showed that
only *3% efficiency has been decreased even after 5 cycles
of RhB photodegradation under visible light and the data
was shown in figure 18e.
4.

Conclusions

In summary, citrate–nitrate solution combustion method has
been utilized to successfully synthesize (1-x)KNbO3-x
(BaNi12 Nb12 O3d ) (KBNNO) (x = 0, 0.05, 0.1, 0.15 and 0.2)
powder at low temperature. The effects of Ba and Ni
co-doping on the phase evolution, powder morphology,
surface area, optical and photocatalytic activity have been
studied in detail. The F/O ratio (ue) has considerably
influenced the nature of the combustion reaction and powder properties. Here, the stoichiometric ue (=1) produces
significant amounts of potassium lean K4Nb6O17 phase in
KBNNO that is due to vigorous nature of the combustion.
Further increase in the fuel concentration reduces the ue and
in effect, reduces the exothermicity of the reaction. Finally,
for ue = 0.55, complete phase pure KBNNO was observed.
It can be concluded that complete phase purity can be
achieved at 600C which is significantly lower than the
powder prepared by solid-state method. FTIR analysis of
gel, calcined at different temperatures, shows that the
desired phase has obtained above 600C which correlates
with the XRD data. Raman analysis confirms the change in
crystal structure from orthorhombic to cubic nature with
increase in dopant concentration. XPS analysis confirms the
presence of Ba and Ni in the KNbO3 lattice. TEM and BET
surface area show that Ba and Ni incorporation in KNbO3
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reduces the particle size and significantly enhances surface
area of the powders. UV–visible spectroscopy shows the
presence of absorption peaks in visible region confirming
that band gap has been decreased by Ba and Ni incorporation in the KNbO3 lattice. Photocatalytic experiments
show that KBNNO 0.1 sample can degrade 81% of the RhB
solution in 60 min under visible light irradiation which is
much better than the KNbO3 and superior to other KBNNO
(0.05, 0.15, 0.2) powder and P25. Raman, ferroelectric P–E
hysteresis loop and photoluminescence spectroscopy indicate polar structure, ferroelectric nature and lowest electron–hole recombination, respectively, in KBNNO 0.1 and
this may be the reason for the best photocatalytic activity.
The pH of the RhB solution has significant effect on the
degradation of colour in the presence of KBNNO. The
highest photocatalytic efficiency of KBNNO can be
observed when pH of the solution is 3. The photodegradation of RhB under visible light with different scavengers
confirms that O
2 radicals are the main species involved in
degrading RhB. In addition, KBNNO 0.1 showed better
stability even after 5 cycles of reusability.
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