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ABSTRACT
Undoped and B/Sn-doped ZnO nanoparticles are successfully produced by a simple mechano-
chemical method, and are characterized by XRD, FTIR, EDX, SEM, XPS and BET techniques. The
XRD studies reveal that the prepared nanoparticles possess the hexagonal wurtzite structure of
ZnO. The presence of various functional groups (–OH, –CH, Zn–O) are observed by FTIR. It is clear
from EDX analysis that B, Sn, Zn and O elements are present in the nanoparticles. SEM images
confirm the relatively smooth surface of B/Sn-doped ZnO nanoparticles. XPS results indicate that B
and Sn are successfully doped into ZnO matrix. The photocatalytic performances of undoped and
B/Sn-doped ZnO nanoparticles are investigated for the degradation of aqueous solution of
Rhodamine B (RhB) dye in natural sunlight irradiation. The photocatalytic degradation of RhB dye
in 1 h with B/Sn-doped ZnO nanoparticle is about 70.2%, which is significantly enhanced
compared with the undoped ZnO (51.8%).
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Introduction

Recently, semiconductor based photocatalytic degradation
have attracted great attention as highly efficient green tech-
nology for the removal of organic pollutants from water.[1]

ZnO is an n-type semiconductor which is well-known for its
beneficial properties, such as large exciton energy (60meV),
wide direct band gap (3.27 eV), high optical gain (25 �C),
high saturation velocity, piezoelectricity, pyroelectricity, non-
toxicity, biocompatibility, good stability and low-cost synthe-
sis.[2,3] ZnO nanomaterials have been extensively studied in
various fields like photocatalysis, chemical sensors and solar
cells.[4] Moreover, ZnO has been reported as a suitable photo-
catalyst to treat water containing several dye pollutants and
solving environmental pollution problems.[5,6] However, the
undoped ZnO exhibits low photocatalytic efficiency due to
inadequate utilization of sunlight, rapid recombination of
charge carriers and thus affect the catalysis rate of toxic dye
degradation.[7,8] Hence, to harvest more sunlight for photo-
catalysis, it is necessary to reduce the band gap of the ZnO.
Doping with nonmetals and/or metals can be considered as a
feasible approach to improve its utilization of sunlight, charge
separation efficiency and photostability of the catalyst.[9,10]

Different techniques have been employed for the synthe-
sis of doped ZnO nanomaterials such as co-precipitation
method,[11] sol-gel method,[12] combustion method,[6]

hydrothermal method[13] and thermal decomposition
method.[14] Doped ZnO has a significant role in a lot of

applications, namely- light emitting diodes, UV lasers, solar
cells, micro-electro-mechanical systems, transparent con-
ducting electrodes, gas sensors and photocatalysts.[15–19] An
assortment of metal dopants such as Ag, Au, Ce, Fe, Nb,
Pd, V and many others are widely used as doping agents in
ZnO.[20,21] Tin (Sn) is extensively used with ZnO owing to
its photocatalytic activity by lowering the band gap, elec-
tron-hole pair generation, reduced recombination of photo
induced charge carriers, and facilitating strength and
improved morphology.[22] Unlike metal dopants, presently
nonmetals like B, C, F, N, S etc. are being used to minimize
electron hole recombination, improve grain size, increase
surface area and so on.[23] Among them, B doping has
attracted great consideration due to its atomic size and elec-
tronic structure.[24] Ahmad et al.[25] have synthesized B-
doped ZnO nanostructures via the sol-gel method and sum-
marized the optical and structural properties. Dindar
et al.[26] have fabricated B-doped ZnO nanoparticles and
studied the photocatalytic removal of rhodamine B dye
under simulated sunlight. While Verma et al.[27] have
employed combustion method to synthesize Sn-doped ZnO
nanoparticles and reported the photocatalytic dye degrad-
ation. Siva et al.[28] have prepared Sn-doped ZnO nanopar-
ticles through a chemical precipitation method and
evaluated the photocatalytic activity. Priyadharsan et al.[29]

have synthesized Sn-doped ZnO/rGO nanostructures using
hydrothermal technique and investigated the structural and
optical properties. However, to the best of our knowledge,



the synthesis of B/Sn-doped ZnO nanoparticles via the sim-
ple mechanochemical combustion method has not
been reported.

Presently, undoped and B/Sn-doped ZnO nanoparticles
are prepared by mechanochemical combustion method and
subsequently characterized by XRD, SEM, EDX, FTIR, BET
and XPS. The structural properties and the effects of B/Sn-
doping in ZnO have been studied. The photocatalytic activ-
ities of undoped and B/Sn-doped ZnO nanoparticles are also
investigated.

Experimental details

Chemicals

The following analytical grade reagents were used in
the synthesis of the nanoparticle samples- zinc acetate

dihydrate (Zn(CH3COO)2�2H2O), oxalic acid dihydrate
((COOH)2�2H2O), boric acid (H3BO3) and tin chloride penta-
hydrate (SnCl4�5H2O). All of the reagents were obtained from
Merck (Germany). The reagents were not further purified.
Deionized water was used for the preparation of solutions.

Synthesis method

Undoped and doped ZnO nanoparticles were synthesized by
mechanochemical technique with controlled combustion
method (Figure 1). At first, zinc acetate dihydrate (2.195 g)
and oxalic acid dihydrate (2.521 g) were mixed and ground
in an agate mortar for 10minutes in order to obtain a paste
of zinc oxalate dihydrate and acetic acid. The presence of
acetic acid was confirmed by its typical smell. The loss of
acetic acid in the form of fumes acted as a driving force for
the reaction. Then, for the doped ones, boric acid and tin

Figure 1. Synthesis of 3%B7%Sn/ZnO nanoparticles by mechanochemical combustion method.

Figure 2. XRD patterns of ZnO, 3%B/ZnO, 7%Sn/ZnO and 3%B7%Sn/ZnO nanoparticles.



chloride pentahydrate as the sources for B and Sn respect-
ively, were added to the paste and the grinding process was
continued for a further 10minutes to obtain the precursor.
The undoped and doped ZnO crystallites were obtained by
calcination of the precursors at a temperature of 500 �C for
3 hours under atmospheric conditions.[30]

Characterization

The diffraction patterns of the as-synthesized samples were
collected using powder X-ray diffractometer (XRD, Ultima
IV, Rigaku Corporation, Akishima, Japan) employing Cu Ka
radiation (k¼ 0.15406 nm, 40KV, 1.64mA) in 2h angle
range from 10� to 80�. A scanning electron microscope
(SEM, TESCAN VEGA3, Brno, Czech Republic) equipped
with an EDX system was used to record the morphologies
and elemental analysis of undoped and doped ZnO. The
chemical structures of the as-synthesized nanoparticles were
studied using Fourier transformed infrared (FT-IR) spectro-
photometer (IR Prestige-21, SHIMADZU, Japan) while the
specific surface areas of those were determined by three
points BET method with N2 adsorption-desorption iso-
therms (Autosorb-1, Quantachrome Instruments, Florida,
USA). X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out with IR/XPS-UHV system (Prevac)
equipped with a VG Scienta R4000 electron energy analyzer
using Al Ka (non-monochromatic, 1486.68 eV) radiation
(CasaXPS database, v2.3.16, Rog�ow, Poland).

Photocatalytic activity evaluation

The photocatalytic activities of undoped and doped ZnO
nanoparticles were examined by the degradation of RhB
under sunlight irradiation at ambient temperature. Typically,
30mL of RhB (10mg/L) solution and 20mg of synthesized
photocatalyst was added to a 100mL beaker. Experiments
were conducted under similar conditions on a sunny day
between 11:00 and 14:00. To equilibrate the suspension, a
magnetic stirrer was used in the dark for 30min. Then, the
suspensions in the beakers were kept in sunlight for differ-
ent time intervals. About 3mL RhB solution was withdrawn
and separated with an Advantec membrane filter 0.45 lm.
The RhB concentration was calculated using a UV–visible
spectrometry (UV-1700 Pharma Spec, SHIMADZU, Kyoto,
Japan). The relative RhB concentration (C/C0) was deter-
mined at the relative absorbance (A/A0) of k¼ 549 nm,
according to the Beer–Lambert law, where A0 and A were
the absorbance of aqueous RhB at a starting time (t0) of
photodegradation and at any time t, respectively.

Results and discussion

XRD study

Figure 2 displays the XRD patterns of undoped and doped
ZnO nanoparticles. The XRD spectra show distinct peaks at
the specified positions of 31.76�, 34.46�, 36.32� and 56.64�,

Table 1. Summary of physical parameters.

Nanoparticles 2h for (101) Crystalline size (nm)

Lattice parameters (Å)

Volume (Å3)a, dhkl (101) c, dhkl (002)

ZnO 36.30 27.87 3.237 5.245 47.61
3%B/ZnO 36.32 15.48 3.242 5.204 47.39
7%Sn/ZnO 36.24 41.94 3.250 5.209 47.66
3%B7%Sn/ZnO 36.32 23.22 3.242 5.206 47.40

Figure 3. Williamson Hall plots of (a) ZnO, (b) 3%B/ZnO, (c) 7%Sn/ZnO and (d) 3%B7%Sn/ZnO nanoparticles.



which are in good agreement with the standard ZnO
(JCPDS no.36–1451) and indexed as the hexagonal wurtzite
structure of ZnO.[31] All nanoparticles of B-, Sn- and B/Sn-
doped ZnO show strong peak of (101) and the intensity of
the peak decreases with adding of B and B/Sn in ZnO.[32]

The particle size of the oxides has been obtained from
the full width at half maximum (FWHM) of the most
intense peaks of the respective crystals using the
Debye–Scherrer’s equation:

D ¼ kk
b cosh

(1)

where D is the average crystallite size, k is the X–ray
wavelength, h is the Bragg diffraction angle, and b is the
full width at half–maximum. The crystal size of B- and B/
Sn-doped ZnO are smaller compared with those of the
undoped ZnO (Table 1). The lattice parameters
for hexagonal ZnO nanoparticles are estimated from
the equation:

1
d2

¼ 4
3

h2 þ hk þ k2

a2

� �
þ l2

c2
(2)

where a and c are the lattice parameters and h, k and l are
the Miller indices and dhkl is the interplaner spacing for the

plane (h k l). This interplaner spacing has been calculated
from Bragg’s law:

2d sinh ¼ nk (3)

The volume (V) of the unit cell for hexagonal system and
the number of unit cells (n) in the particle can be calculated
from the following equations:

V ¼ 0:866 � a2 � c (4)

The strains of doped ZnO nanoparticles have been esti-
mated and compared using the Williamson�Hall (W–H)
equation[33]:

b cosh ¼ kk
D

þ 4e sinh (5)

where e is the strain associated with the doped ZnO nano-
particles. Equation (5) illustrates a straight line between 4
sin h (X–axis) and b cos h (Y–axis). The slope of line gives
the strain (e) and intercept (k/D) of this line on Y–axis pro-
vides the grain size (D). The crystal strains of undoped and
doped ZnO are obtained from the slope (g) of the W�H
plot, as shown in Figure 3. Positive slopes of 0.00095,
0.00065 and 0.00053 are obtained in B-, Sn- and B/Sn-doped
ZnO nanoparticles, respectively, describing the tensile strain

Figure 4. SEM images of (a) ZnO, (b) 3%B/ZnO, (c) 7%Sn/ZnO and (d) 3%B7%Sn/ZnO nanoparticles.



for crystal ZnO. The lattice parameters and cell volume
values have been calculated from the XRD data, as shown
in Table 1. Consequently, the effects of B- and
B/Sn-doping describe the following characteristics of:
(i) XRD peaks broadening (ii) crystallinity degradation,
(iii) crystallite size reduction, (iv) smaller particle size
and (v) tensile strain.

SEM study

Figure 4 presents the surface morphologies of the undoped
and doped ZnO nanomaterials evaluating by SEM. The syn-
thesized undoped ZnO is heterogeneous in nature and dis-
tributed over the surface with the rod shape branches of
building blocks shown in Figure 4(a). On the other hand,
Figure 4(b) shows that the shape of the B-doped ZnO par-
ticles changed from rod-like to spheroid. As shown in SEM
Figure 4(c), Sn-doped ZnO nanoparticles are spherical like
structures and have high degree of agglomeration. After
doping B and Sn, the surface of B/Sn-doped ZnO particles
become relatively smooth as shown in Figure 4(d). The mor-
phologies of B-, Sn- and B/Sn-doped ZnO nanoparticles are
different from the undoped ZnO. The average size of the
particles as observed by SEM is in the nanometer range,
which is consistent with the XRD results.

EDX study

Figure 5 shows the EDX line-scanning results of undoped
and doped ZnO nanoparticles. The EDX spectrum of
undoped ZnO has sharp peaks of elemental Zn and O as
shown in Figure 5(a). The EDX spectra of B-doped ZnO
contain peaks corresponding to the elements of B, Zn and O
(Figure 5b). In Figure 5(c), the EDX spectra of Sn-doped

Figure 5. EDX pattern of (a) ZnO, (b) 3%B/ZnO, (c) 7%Sn/ZnO and (d) 3%B7%Sn/ZnO nanoparticles.

Figure 6. FTIR spectra of ZnO, 3%B/ZnO, 7%Sn/ZnO and 3%B7%Sn/ZnO
nanoparticles.



ZnO show the strong signals of element Sn, Zn and O. The
EDX spectra analysis of B/Sn-doped ZnO indicates the pres-
ence of all the four elements of B, Sn, Zn, and O (Figure
5(d)). EDX spectra confirm the formation of pure undoped
and doped ZnO nanoparticles.

FTIR study

Figure 6 illustrates the FTIR results of undoped and doped
ZnO nanoparticles. IR spectra demonstrate that the zinc
oxide absorption band with stretching mode of Zn�O is
between 400 cm 1 to 590 cm 1, which corresponds to the
hexagonal ZnO wurtzite crystal structure.[34] The fundamen-
tal mode of vibration near 3385 cm 1 and 1637 cm 1 corre-
sponds to the asymmetric and symmetric stretching of
H�O�H vibration. The very weak peak observed at
2370 cm 1 is attributed to the symmetric C�H bond vibra-
tions which may be present due to the environmental condi-
tions. The signal between 1600 and 700 cm 1 assigns to
B�O stretching vibrations which indicates boron incorpor-
ation into ZnO.[35] The 3000–3650 cm 1 bands are due to
the reversible dissociative absorption of hydrogen on Zn as
well as O site.[36]

BET study

Figure 7 shows the N2 adsorption/desorption curves of the
undoped and doped ZnO nanomaterials. It is observed that the
adsorption/desorption curves are of type IV which are exem-
plary for mesoporous materials based on the IUPAC classica-
tion.[37] The detailed physical characteristics of the undoped and
doped ZnO nanoparticles are given in Table 2. The BET surface
area and pore volume of undoped ZnO are of 8.4m2/g and
0.146 cm3/g whereas the surface area of B-, Sn- and B/Sn-doped
ZnO are 36.8m2/g, 17.7m2/g and 2.14m2/g with pore volume
of 0.287 cm3/g, 0.073 cm3/g and 0.001 cm3/g, respectively.

XPS study

The surface compositions and their corresponding valence
state of the B/Sn-doped ZnO have been investigated with

Figure 7. N2 adsorption/desorption isotherms of (a) ZnO, (b) 3%B/ZnO, (c) 7%Sn/ZnO and (d) 3%B7%Sn/ZnO nanoparticles.

Table 2. BET parameters of ZnO, 3%B/ZnO, 7%Sn/ZnO and 3%B7%Sn/ZnO
nanoparticles.

Nanoparticles BET surface area (m2/g) Pore volume (cm3/g)

ZnO 8.45 0.146
3%B/ZnO 36.88 0.287
7%Sn/ZnO 7.70 0.073
3%B7%Sn/ZnO 2.14 0.001



XPS. Figure 8(a) exhibits the XPS full survey spectrum, from
which the peaks of Zn, B, Sn, O and C elements can be
observed clearly. The C element might be from hydrocar-
bons during the synthesis process. Therefore, the nanopar-
ticles are composed of Zn, B, Sn and O only and these
results are agreement with the XRD patterns. Figure 8(b)
presents the high resolution spectra for Zn 2p. In Figure
8(b), the peaks centered at 1021.9 and 1044.9 eV are attrib-
uted to the Zn 2p3/2 and Zn 2p1/2 of Zn2þ.[30] The binding
energy peak of B 1 s shown in the Figure 8(c) is located at

191.6 eV, indicate that the doping B atoms are in the triva-
lent state of B3þ.[38] The peaks appearing in Figure 8(d) are
located at 486.7 and 495.7 eV, which are ascribed to the Sn
3d5/2 and Sn 3d3/2 of Sn4þ, respectively.[39] Figure 8(e)
shows the spectrum of O 1 s which illustrates the chemical
state of oxygen in the prepared nanomaterials. The peak
appeared at 530.2 eV represents the metal bonded oxygen as
Zn–O whereas the other located at 532 eV reveals the pres-
ence of hydroxyl groups on the surface of the
nanoparticles.[40]

Figure 8. XPS spectrum of (a) 3%B7%Sn/ZnO nanoparticles, (b) Zn 2p, (c) B 1 s, (d) Sn 3d, and (e) O 1 s of acquired with Al Ka radiations.



Photocatalytic RhB dye degradation

Undoped and B/Sn-doped ZnO nanoparticles are used in
the presence of sunlight for the photodegradation of RhB
dye to evaluate the photocatalytic performance. The
UV–visible absorption spectrum of RhB dye shows a peak at
549 nm (Figure 9(a)). The absorption intensities of the peaks
decrease with undoped and doped ZnO, which confirms the
progress of the photocatalytic degradation of the RhB dye.
The effect of the dopants in the photodegradation of RhB is
depicted in Figure 9(b). The degradation is greater with B-
doped and B/Sn-doped ZnO, but Sn doped ZnO shows
similar performance as undoped ZnO. With B-doped and B/
Sn-doped ZnO the degradation percentage is 65.6% and
70.2% respectively but Sn-doped one shows similar perform-
ance as the undoped ZnO, about 51.8%. Thus, B/Sn-doped
ZnO can enhance the degradation rate and improve the
photocatalytic activity which is attributed to the doping
effect of both B and Sn together in the nanoparticles.

Plausible RhB dye degradation mechanism

The photocatalytic RhB dye degradation mechanism with B/
Sn-doped ZnO photocatalyst is demonstrated in Figure 10.
When sunlight is provided, RhB dye is degraded signifi-
cantly by B/Sn-doped ZnO. Because, the photogenerated
electrons (e ) and holes (hþ) in doped ZnO become lighter
and heavier compared with undoped ZnO. The combination
of lighter e and heavier hþ in doped ZnO is beneficial for
the separation of photogenerated hþ/e pairs and improves
its photocatalytic performance.[41] During sunlight irradi-
ation to photocatalyst, B/Sn-doped ZnO can easily absorb
light energy to create hþ/e pairs. Then, the photogenerated
hþ can degrade RhB dye directly or react with the water
(H2O) to produce �OH radical.[9] The photoexcited e
attack the dissolved oxygen (O2) to produce �O2 radical,
which can degrade RhB dye.[9] Moreover, the e can inter-
act with the H2O continuously to generate �OH radical,
which is the strong oxidative agent in the photocatalytic
reaction to degrade RhB dye into CO2, H2O and other

degradation products.[42,43] Therefore, the plausible photo-
catalytic RhB dye degradation reactions by B/Sn-doped ZnO
with sunlight can be summarized as follows.[44,45]

Photocatalyst þ hvðSunlightÞ ! e þ hþ (6)

e þ O2 ! �O2 (7)

�O2 þ H2O ! �OH þ OH þ 1=2O2 (8)

hþ þH2O ! Hþ þ �OH (9)

�O2 þ RhB dye ! Degradation products (10)

hþ þ RhB dye ! Degradation products (11)

�OH þ RhB dye ! Degradation products (12)

Conclusion

A facile one-step mechanochemical combustion method is
used to synthesize a novel B/Sn-doped ZnO nanoparticle

Figure 9. (a) UV visible spectral changes and (b) Photocatalytic degradation of RhB with undoped and B/Sn doped ZnO nanoparticles after 1 h sunlight irradiation.

Figure 10. Photocatalytic RhB dye degradation mechanism by B/Sn doped ZnO
with sunlight.



photocatalyst. The material characteristics and photodegra-
dation activities of the nanoparticle have been investigated.
XRD measurement shows that the average crystallite sizes of
undoped and B/Sn-doped ZnO are �28 nm and �23 nm,
respectively. The FTIR spectra demonstrate the stretching
mode of Zn�O in between 400 cm 1 to 590 cm 1. The sur-
vey spectrum of B/Sn-doped ZnO exhibits the presence of
B-1s, Sn-3d, Zn-2p and O-1s peaks. All the nanoparticles
indicate typical type IV isotherm according to the IUPAC
classification. The B/Sn-doped ZnO nanoparticles are found
to exhibit better photocatalytic performance for RhB dye
degradation in comparison with the undoped ZnO.
Therefore, the photocatalytic degradation treatment of
wastewater including dye pollutants by sunlight is an easy
and simple technique, and cost-effective.
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