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Abstract
Carbon-based nanocomposites are gaining considerable attention due to their broad range of applicability in various 
fields, especially as photocatalysts. The present work demonstrates the impact of carbon nanospheres on photocatalytic 
efficiency of  ZnSb2O6 (ZSO), a UV active photocatalyst. Carbon nanospheres supported  ZnSb2O6 (CNSZSO) is synthesized 
by the hydrothermal method using glucose as a precursor.  ZnSb2O6 is prepared by metathesis method for the first time. 
As prepared samples are characterized by XRD, FESEM/EDS, FTIR, XPS, UV–Vis DRS. The samples are crystallized in the 
primitive tetragonal crystal lattice with space group P42/mnm as confirmed by XRD. The optical absorbance profile of 
CNSZSO showed a clear redshift of absorption edge towards visible region (400–800 nm) and also band gaps obtained 
from KM plots showed a decrease from 2.96 eV (ZSO) to 1.48 eV (CNSZSO). Further, photocatalytic degradation studies 
against methyl violet are investigated under visible light irradiation for the first time. The results suggest an enhancement 
in the degradation percentage by CNSZSO.
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1 Introduction

Water resources have become one of the most vulnerable 
abiotic components with discharge of two million tons of 
untreated sewage, industrial and agricultural wastes into 
it. About 40% of the dyes and pigments used in textile 
industries are released into water streams without proper 
treatment leading to water pollution at an alarming rate. 
It poses harmful effects on both flora and fauna, including 
humans resulting in ailments like respiratory disorders and 
skin diseases. Besides being a crucial component in textile 
industries, dyes are also extensively used in pharmaceuti-
cal, food, cosmetic, plastic, photographic, and paper indus-
tries. The impacts are not only restricted to fauna but also 
drenched to flora. It signifies the exigency for developing 
wastewater treatment technologies.

Photocatalysis, an advanced oxidation process, is one of 
the most promising methods with a lot of attention being 

focused nowadays because of its workability under solar 
light, which is an amply available continuous resource. It 
is a convenient process of harnessing solar energy for the 
degradation of organic substances [1] and water splitting 
[2]. Comprehensive research is being carried out on the 
development of efficient photocatalysts as it plays a piv-
otal role in the process of photocatalysis. Titanium dioxide 
is the most widely used photocatalyst due to its various 
favorable properties like long term chemical stability, 
environmental friendly, economically cheap, high activ-
ity. However, its applicability is restricted because of the 
higher bandgap, i.e., 3.2 eV, which limits its efficiency [3]. 
Though considerable research is carried out towards the 
development of an efficient photocatalyst, it is still a great 
challenge to obtain a photocatalyst which can work even 
under visible spectra. In such a scenario, extending the 
applicability of a photocatalyst into the visible region is of 
great significance.
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In search of an efficient visible-light-driven catalyst, we 
chose  ZnSb2O6 as photocatalyst. Careful examination of 
the literature reveals that considerable research has been 
carried out on  ZnSb2O6 due to its various applications like 
gas sensors [4], electrodes for dye-sensitized solar cells [5] 
and photocatalyst for dye degradation [6–10].  ZnSb2O6 
shows good photocatalytic activity under irradiation of UV 
light. Efforts have been made to enhance the photocata-
lytic dye degradation efficiency of  ZnSb2O6 by doping it 
with Nitrogen [8],  Eu+3 and  Tb+3 [9], under UV light irradia-
tion. But attempt to enhance the activity of the compound 
in the visible region is so far not reported.

Tailoring the optical and surface properties of materials 
is one of the strategic approaches to enhance the pho-
tocatalytic efficiency. It has been established that carbon 
nanospheres supported oxide materials exhibited excel-
lent photocatalytic activity [11, 12]. However, the impact of 
carbon nanospheres on the photodegradation efficiency 
of the ZSO is still not aimed. In the present study, for the 
first time, we adopted a novel metathesis approach to pre-
pare  ZnSb2O6. Owing to the pragmatic impact of carbon-
based composites; an attempt is made to enhance the 
photocatalytic activity of  ZnSb2O6 by compositing it with 
carbon nanospheres via hydrothermal method. All-encom-
passing the present work deals with the synthesis, char-
acterization, and photodegradation of methyl violet dye 
of  ZnSb2O6 and carbon nanospheres supported  ZnSb2O6.

2  Method of preparation 
and characterization

2.1  Materials

ZnCl2 (SDFCL) 97% purity,  KSbC4H4O7 (SDFCL) 98.5% purity 
and Glucose (Qualigens Fine Chemicals) are used as pre-
cursors for the synthesis of  ZnSb2O6 and C-nanospheres 
supported  ZnSb2O6.

2.2  Preparation of  ZnSb2O6 (ZSO) 
and C‑nanospheres supported  ZnSb2O6 
(CNSZSO)

Preparation of inorganic oxide materials by metathetic 
approach is beneficial in terms of energy, purity, and time. 
ZSO preparation is as follows. Stoichiometric amounts of 
potassium antimony tartrate and  ZnCl2 are thoroughly 
crushed in an agate mortar employing a few mL of ace-
tone. The powder is heated at 773.15 K/6 h in air. The 
resultant solid is dissolved in water to remove the byprod-
uct KCl.

C-nanospheres supported  ZnSb2O6 (CNSZSO) compos-
ite is prepared through the hydrothermal method [13]. 

Glucose is used as a source of carbon nanospheres. About 
4.449 × 10−4 kg of glucose is dissolved in 0.05 L of deion-
ized water, and ZSO (5 × 10−3 kg) is added to this solution. 
The resultant mixture is transferred to a Teflon cup, which 
is carefully sealed inside a steel case (bomb). The bomb is 
placed inside a hot air oven and heated autogenously at 
453.15 K for 12 h. The obtained dark brown solid is washed 
several times with water, followed by absolute ethanol to 
remove any remaining traces of organic residue. The solid 
obtained is dried at 333.15 K and labeled as CNSZSO.

2.3  Characterization

Powder X-ray diffractograms of the prepared samples are 
recorded using Rigaku Miniflex 600 X-ray diffractometer 
using Cu-Kα radiation (λ = 1.5406 Å) in the 2θ range of 
10–80° for the phase identification of as-prepared sam-
ples. Surface morphology analysis and Energy dispersive 
of X-rays (EDX) analysis are carried out by field emission 
scanning electron microscopy(FE-SEM) using a Carl Zeiss 
model Ultra 55 electron microscope. JASCO V-650 UV–Vis 
spectrophotometer is used for UV–Vis diffuse reflectance 
spectra (DRS) measurements in the range 200–900 nm. 
 BaSO4 is used as the reflectance standard. The X-ray photo-
electron spectroscopic (XPS) analysis is performed on AMI-
CUS 3400 X-ray photoelectron spectrometer using excita-
tion energy of 1253.6 eV (Mg Kα) and pass energy of 40 eV. 
The XPS experiments are performed at room temperature 
under ultra-high vacuum  (10−6 Pa). Infrared spectra are 
recorded in the form of KBr pellets in the wave number 
range 4000–400 cm−1 using JASCO IR-5300 spectrometer.

2.4  Photocatalytic activity

The degradation of methyl violet (MV) dye is investigated 
in the presence of ZSO and CNSZSO composite under the 
irradiation of visible light of 300 W tungsten lamp using 
HEBER visible annular type of photoreactor. About 
5 × 10−5 kg of the photocatalyst is dispersed in 0.05 L of 
methyl violet dye solution of concentration 5 × 10−5 M and 
stirred continuously with air bubbling for 1 h in the dark 
to establish adsorption–desorption equilibrium. The dis-
tance between the lamp and solution is fixed to 5 cm dur-
ing irradiation. Dye solution of 3 × 10−3 L was collected for 
every 30 min time interval and sediment to settle the 
remaining traces of catalyst. The absorbance values of col-
lected samples are recorded at λmax (580 nm for MV) using 
JASCO V650 UV–Vis spectrophotometer to understand the 
extent of degradation. The photocatalytic degraded 
amount (d) of pollutants was calculated using the formula, 
d =

(Ceq− C )

Ceq
 , where C is the concentration of MV solution 
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at regular interval times in the process of photo-degrada-
tion and Ceq is the concentration of MV at equilibrium.

2.5  Mechanistic photodegradation pathway studies

Controlled photocatalytic experiments using different 
radical scavengers are carried out to investigate the role 
of active species responsible for the removal of dye under 
similar experimental conditions  in the presence of as-
prepared catalysts. Ammonium oxalate (AO), benzoqui-
none (BQ) and isopropanol (IPA) are used as scavengers 
for photogenerated holes, superoxide radical and hydroxyl 
radical species, respectively [14, 15]. About 5 × 10−5 kg of 
CNSZSO composite is dispersed in 0.05 L of methyl violet 
dye solution containing 3 × 10−3 L of 2 mM Ammonium 
oxalate, Benzoquinone, and Isopropyl alcohol and placed 
separately in different tubes inside the photoreactor. Sam-
ples are allowed to attain adsorption–desorption equilib-
rium in the dark for about 60 min and then irradiated with 
visible light. During irradiation 2 × 10−3 L of sample is col-
lected for every 30 min, and absorbance is recorded.

A supplementary experiment, employing terephthalic 
acid (TA) as a probe, is also carried out to substantiate the 
formation of OH⋅ radicals during photocatalysis under vis-
ible light irradiation. The experimental procedure is as 
follows: typically, 5 × 10−5 kg of the sample is suspended 
in 0.05 L of a 0.02 M NaOH solution containing 3 mM tere-
phthalic acid (TA). The suspension is stirred in the dark for 
60 min followed by visible light (300 W tungsten lamp) 
illumination. Then, 3 × 10−3 L of the suspension is collected 
for every 60 min of time intervals, filtered and recorded 
its fluorescence spectra using JASCO FP-8500 spectrofluo-
rometer. It is well known that the photo-generated OH⋅ 
radicals react with TA and form a 2-hydroxyterephthalic 
acid (TAOH), which shows a characteristic fluorescence sig-
nal centered at 426 nm. The increase in the fluorescence 
intensity is directly proportional to the concentration of 
photo-generated OH⋅ radicals. The measurement is carried 
out at the excitation wavelength of 320 nm.

3  Results and discussion

It is reported that ZSO can be synthesized by the solid-
state method [8], sol–gel [9], hydrothermal [6], and the 
colloidal method [16]. In the present study, the pristine 
ZSO is prepared by a novel metathesis method. The 
phase formation of the ZSO is tested by recording pow-
der X-ray diffraction (PXRD) patterns. Figure 1 shows 
the PXRD patterns of ZSO. The observed d-lines of ZSO 
are consistent with JCPDS PDF 75-1037. XRD showed 
characteristic trirutile reflections such as (002), (101) 
and (112). ZSO is reported to exhibit a typical trirutile 

structure (Fig. 2) with a distorted octahedral arrange-
ment of  SbO6 with three different Sb–O bonds (1.9951 Å, 
1.998 Å, 2.011 Å) and the interstices of octahedra are 
filled with Zn [6]. Further, the Rietveld refinement of ZSO 
is carried out to study its structural parameters. The Riet-
veld refined powder pattern of ZSO is showing Fig. 3. It 
is found that ZSO crystallized in the primitive tetragonal 
crystal lattice with space group P42/mnm. The obtained 
unit cell parameters, a = 4.669 Å and c = 9.266 Å are in 

Fig. 1  PXRD patterns of ZSO and CNSZSO

Fig. 2  a Unit cell of ZSO and b crystal structure of ZSO
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good agreement with the literature data (a = 4.6719 Å 
and c = 9.2646 Å).  

CNSZSO composite attained from hydrothermal route 
also shows a similar pattern without any impurities sug-
gesting that the introduction of carbon nanospheres 
have no significant impact on the structure of ZSO lattice 
(Fig. 1). However, slight shifts of d-lines towards lower 2θ 
values infer the incorporation of a small portion of carbon 
atoms into the ZSO lattice. The carbon nanospheres on the 
surface of ZSO is endorsed from FESEM-EDS, FT-IR, XPS and 
UV–Vis DRS techniques.

The FESEM image of ZSO shows small irregular shaped 
crystals with more agglomeration. The carbon nano-
spheres are inserted between the ZSO crystals, as shown 
in Fig. 4. The element distribution of ZSO and CNSZSO 
from EDS mapping is shown in Fig. 5, which indicates 
the uniform distribution of carbon nanospheres in the 
ZSO sample. FT-IR of the ZSO and CNSZSO are compa-
rable in the range of 400–1000 cm−1 (Fig. 6). The peak at 
505 cm−1 represents the symmetric deformation mode of 
Zn–O bond in  ZnO6 octahedra. The band observed in the 
610–680 cm−1 region corresponds to the stretching mode 
of Sb–O in  SbO6 octahedra [8]. The additional peaks in the 
CNSZSO compared to that of ZSO attributed to the sur-
face carbon particles bonding with surface oxygen and 
hydroxyl groups [17, 18].

XPS analysis is performed to investigate the chemical 
composition and oxidation state of each element in the 
CNSZSO and the results are shown in Fig. 7a shows the 
survey scan spectra of CNSZSO in the range of 0–1100 eV, 
which reveal the presence of Zn, Sb, C, and O elements 
in the CNSZSO catalyst. Further, it is essential to mention 
that no other elements or impurity peaks are observed in 

the CNSZSO sample. The high-resolution XPS of Zn 2p, Sb 
3d, O 1s, and C 1s are shown in Fig. 7b–e, respectively. As 
shown in Fig. 7b, the binding energies of Zn  2p3/2 and Zn 
 2p1/2 appear at 1024.2 and 1045.4 eV, respectively, which 
indicates the oxidation state of Zn represent in the + 2 oxi-
dation state [19, 20]. The binding energy values at around 
531.5 and 540.9 eV are ascribed to Sb  3d5/2 and Sb  3d3/2, 
respectively and no peak of  Sb3+ is observed at 539 eV, 
which indicates that Sb in both the samples exists only 
in  Sb5+ state (Fig. 7c) [19, 21, 22]. As shown in Fig. 7d, the 
O 1s spectrum of CZSO shows asymmetry and distinctly 
different peaks. Therefore, the O 1s spectrum is fitted with 
two kinds of chemical states. Generally, the lower bind-
ing energy peak observed at 529.5 eV corresponds to the 
crystal lattice oxygen (such as  O2− species), and the other 
peak at 531.2 eV is due to the adsorbed oxygen of surface 
hydroxyl OH groups [19]. As seen in Fig. 7e, the high-res-
olution XP spectrum of C 1s core level peak for CZSO can 
be deconvoluted into three peaks at around 286.4, 288.3 
and 290.3 eV (designated as α, β, and γ) [17]. The “α” peak 
could be assigned to the surface adventitious carbon. The 
“β” and “γ” peaks are characteristic of oxygen bound spe-
cies, C–O, and C=O, respectively. More importantly, the “γ” 
peak also belongs to the carbonaceous species that form 
the structure between  ZbSb2O6 and carbon (such as Zn/
Sb–O–C bond species) during the carbon doping process.

Optical absorption profile of ZSO and CNSZSO are 
shown in Fig.  8. It is noticed that the absorbance of 
CNSZSO is high in the visible region, and the absorption 
edge is red-shifted compared to that of parent ZSO. The 
bandgap energy of these materials is calculated using the 
Kubelka–Munk (KM) theory. Figure 9 shows the KM plot 
(Khν)1/2 where [ K =

(1−R)2

2R
,where R is reflectancy (in %)] 

Fig. 3  The observed and calculated patterns of ZSO
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and hν is photon energy vs. Photon energy) of ZSO and 
CNSZSO. The bandgap energy of the ZSO and CNSZSO 
is found to be 2.96 and 1.48 eV, respectively. CNSZSO is 
expected to show high photocatalytic activity under the 
visible light irradiation compared to that of ZSO due to 
its lower bandgap energy. It is known that carbon nano-
spheres assist in improving the photocatalytic activity of 
the material by providing the high surface area with large 
adsorptive active sites, photosensitization, bandgap tailor-
ing and decrease in the electron–hole recombination rate 

[23]. In the degradation of the organic dyes, carbon nano-
spheres supported materials increase the dye adsorption 
on its surface and provide excellent contact between the 
photocatalyst and the dye.

Photocatalytic degradation studies of ZSO and CNSZSO 
are conducted on methyl violet (MV) dye. In spite of lethal 
action of MV, it is used widely in textile and paper indus-
tries, and approximately 15% of the dye is escaped into 
the natural ecosystems without adequate treatment 
which is of high environmental concern. Hence, MV dye 

Fig. 4  FESEM images of a ZSO and b CNSZSO
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is taken as a model system for understanding the degra-
dation efficiency of the as-synthesized compounds. The 
MV dye is irradiated with visible light in the presence and 
absence of catalysts (ZSO and CNSZSO). Figure 10 shows 
the temporal change in the concentration of MV dye in 
the presence/absence of catalysts as a function of irradia-
tion time. As shown in the figure, the percentage degra-
dation of MV in the absence of the catalyst is ~ 3%, indi-
cating negligible photolysis of the dye. The degradation 
percentage in the presence of ZSO and CNSZSO is about 
40 and 93 respectively at the end of 180 min of visible 
light irradiation. It is observed that about 85% of MV dye 
is degraded in 60 min of visible light irradiation only. The 
higher photocatalytic activity of CNSZSO is attributed to 
its reduced bandgap energy and photosensitization effect 

of carbon nanospheres on ZSO. It is reported that carbon 
nanospheres supported catalyst exhibits higher activity 
because of the synergistic effect between the catalyst and 
carbon nanospheres [24].

3.1  Mechanistic degradation pathway 
and effect of operational parameters 
on the decomposition efficiency of MV

It is known that upon irradiation of light onto the surface 
of semiconductor photocatalyst, electrons from valence 
band get excited to conduction band resulting in the for-
mation of electron–hole pair. This initiates two pathways: 
(1) a reductive pathway due to excess electron in conduc-
tion band reducing  O2 to O2

·− and (2) oxidative pathway 

Fig. 5  EDS mapping of ZSO AND CNSZSO
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due to vacant hole in valence band oxidizing  H2O to 
produce highly reactive  OH· free radical species which 
invade the dyes and other organic contaminants present 
in water converting them ultimately to simple harmless 
byproducts. The vital factor in photocatalysis is a delay in 
the recombination time of the electron–hole pair, which 
will decide the efficiency of the catalyst. It is also reported 
that carbon-supported materials lower the electron–hole 
recombination rate by capturing the photogenerated 
electron during the photoreaction and transport that elec-
tron to the surface of the dye due to their high conductive 
activity [25].

The expected mechanism is as follows: The photoex-
cited electrons generated on irradiation are transferred into 
the conduction band of ZSO escalating the production of 

 O2·− by reduction of  O2. Also, Carbon nanospheres provide 
an accessible electron reservoir for the valence band elec-
trons of ZSO stimulating rapid electron migration and cre-
ating holes which serve as oxidation centers for producing 
 OH· free radicals. Besides, the high absorptivity of carbon 
nanospheres tends to absorb dye and make it available for 
degradation. Thus the synergetic effect of adsorption and 
photosensitization results in enormous enhancement of 
photodegradation. To ascertain the efficiency of charge 
carrier migration, trapping, and transfer of electron–hole 
pairs in the present systems, the photoluminescence (PL) 
spectra of ZSO and CNSZSO are recorded (Fig. 11) [26]. The 
photoluminescence experiment gives an idea about the life-
time of the electron–hole pair. The PL signal arises due to 
the recombination of electron and hole. Thus, the intensity 

Fig. 5  (continued)
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of the PL signal is proportional to the rate of electron–hole 
recombination. Figure 9 shows the PL spectra MV solution 
in the presence of ZSO and CNZSO. It is clear from Fig. 9 that 
the PL signal intensity in the presence of CNSZSO is lower 
than that of ZSO, indicating lower electron–hole recombina-
tion rate in CNSZO compared to ZSO. A lower electron–hole 
recombination rate implies the availability of more electrons 
and holes to attack the dye molecules to initiate a series of 
dye degradation reactions. Thus, the photocatalytic activity 
of CNSZSO is much higher (93%) compared to pristine ZSO 
(40%). In addition to that, the activity of the photocatalyst 
is directly proportional to the number of active radicals pro-
duced during the photoreaction,which in turn is based on 
the number of photons absorbed. A supportive examination 
is carried out to establish the mechanism using scavenger 
test. Scavengers like Benzoquinone (BQ), Ammonium oxa-
late (AO), and isopropyl alcohol (IPA) trap the  O2−, hole,  OH· 
free radicals respectively thereby inhibiting their activity. 
Irradiation of light followed by measurement of absorbance 
values of the CNSZSO samples collected at regular intervals 
suggested that the degradation of the dye in the pres-
ence of scavengers is reduced to a considerable extent. It is 

identified to be 22%, 29% and 31% for Ammonium oxalate, 
isopropyl alcohol, and benzoquinone, respectively support-
ing the involvement of active species in the photodegrada-
tion process (Fig. 12). Further, to support the formation of 
 OH· free radical during the photocatalytic reaction, tereph-
thalic acid (TA) is used as a probe. TA when reacts with  OH· 
will form 2-hydroxyterephthalic acid (TAOH) which shows an 
intense signal in fluorescence spectroscopy at 426 nm. The 
regular increase in the fluorescent signal concerning irradia-
tion time indicates the increase in the concentration of  OH· 
during the photoreaction time course (Fig. 13).

4  Conclusion

I n  summar y,  carbon nanosphere suppor ted 
 ZnSb2O6(CNSZSO) is a novel visible-light-driven photocata-
lyst synthesized hydrothermally using glucose and ZSO as 
precursors. ZSO is prepared by metathesis method using 
potassium antimony tartrate for the first time. These prepa-
ration methods are advantageous in terms of cost, energy, 
purity, and time. As prepared composites are characterized 
by XRD, FESEM, EDS, FT-IR, XPS, PL for studying their struc-
tural and morphological properties. FESEM indicates the 
presence of carbon nanospheres and further supported 
by EDS, FTIR, XPS. XRD reflects a slight shift of d-lines, indi-
cating incorporation of a small amount of carbon into the 
lattice. The optical properties of the composite are investi-
gated using UV–Vis DRS depicts expansion of the absorb-
ance profile of CNSZSO in the visible region. Bandgap ener-
gies obtained from KM plots 2.96 and 1.48 eV for ZSO and 
CNSZSO respectively support the photodegradation per-
centages recorded against degradation of MV dye. CNSZSO 
could degrade 85% of the dye within 60 min. Reduction in 
degradation percentage in the presence of scavengers (BQ, 
AO and IPA) suggests the role of  O2−, hole,  OH· free radicals 
in the abatement of the dye. The increase in activity is attrib-
uted to delay in electron–hole pair recombination, which 
is evident from PL spectra where the intensity of peak is 
reduced in case of CNSZSO indicating lower electron–hole 
pair recombination. In conclusion, we have successfully 
transformed UV light driven ZSO catalyst to visible light 
active by incorporating carbon nanospheres and observed 
remarkable enhancement in the photocatalytic activity.

Fig. 6  FT-IR spectra of ZSO AND CNSZSO
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Fig. 7  a Survey scans XPS of CNSZSO. High resolution XPS of b Zn 2p, c Sb 3d, d O 1s, e C 1s
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Fig. 8  Absorption spectra of ZSO and CNSZSO

Fig. 9  KM plots of ZSO and CNSZSO

Fig. 10  Temporal changes in the MV concentration in presence and 
absence of catalyst (ZSO and CNSZSO)

Fig. 11  PL spectra of ZSO and CNSZSO
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