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l and magnetic properties of pure
and 3d metal dopant-incorporated SnO2

nanoparticles†

Supin K K,a Anson George,b Y. Ranjith Kumar,ac Thejas K. K.,bc Guruprasad Mandal,d

Anupama Chanda*e and M. Vasundhara *abc

Dilute magnetic oxide semiconductors doped with transition metals have attracted significant attention

both theoretically and experimentally due to their interesting and debatable magnetic behavior. In this

work, we investigated the influence of Fe, Co and Ni doping on the structural, optical and magnetic

properties of SnO2 nanoparticles, which were produced via a simple sol–gel technique. Raman

spectroscopy, XRD, XPS, TEM, FT-IR characterizations were performed to study the crystal structure and

morphology of the pure and doped nanoparticles, which confirmed the tetragonal rutile structure of the

SnO2 nanoparticles. The XPS analysis revealed the incorporation of divalent dopant ions in the host

matrix. The Raman plots indicated the generation of the cassiterite crystal structure, structural disorder

and oxygen vacancies in the pure and doped SnO2 nanoparticles. The UV-visible plots indicated

a decrease in the bandgap for the doped SnO2 nanoparticles because doping introduced defect levels in

the band gap. The photoluminescence study showed the creation of oxygen vacancies due to the

doping of different charge states of dopants. The magnetic study based on varying the temperature and

field of magnetization revealed the diamagnetic nature of SnO2 at 300 K and 5 K respectively, and the

concurrence of ferromagnetic (FM) and paramagnetic (PM) nature in doped SnO2 nanoparticles. The

bound polaron model was used to explain the co-existence of FM and PM behavior in all the doped

SnO2 nanoparticles.
1 Introduction

Recently, diluted magnetic semiconductors (DMSs), where
a minute quantity of magnetic dopants are doped in the parent
semiconductor lattice have captivated tremendous interest
because of their promising applications in spintronics and spin
build electronics.1,2 Spintronic devices use both the charge and
spin of electrons, which may revolutionize information tech-
nology due to their potential for storage and progressing speed,
low electronic power consumption and high integration densi-
ties in comparison to the conventional semiconductor devices.
However, for practical applications, these devices should
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exhibit room-temperature ferromagnetism (RTFM). The obser-
vation of RTFM in thin lms of ZnO and TiO2 has sparked huge
interest in oxide-based DMSs.3,4 The occurrence of ferromag-
netism in nanocrystalline and nonmagnetic materials is an
interesting research eld. In oxide semiconductors, the
observed ferromagnetic (FM) ordering is called “d0” ferromag-
netism, where weak FM ordering is observed with neither the
d orbitals nor f orbitals partially lled, have attracted great
attention. Oxide-based DMSs have been largely explored both
theoretically and experimentally due to their remarkable
application in photonic, nanoelectronic, optoelectronic and
spintronic devices.

Tin oxide (SnO2) has inspired great curiosity among the
numerous oxide-based DMSs due to its high transmittance in
the visible region, wide bandgap, low electrical resistance,
high carrier density, high thermal and chemical stabilities.
Among the various n-type semiconductors, SnO2 has a wide
bandgap of 3.65 eV at room temperature and nds promising
applications in solar cells, gas sensors, transparent conducting
electrodes, spintronics, at panel displays, etc.5–9 It has
a structure similar to TiO2 and a lattice in which a high Curie
temperature (TC) was rst discovered.10 The discovery of RTFM
in thin lms of Co-doped TiO2 led to the extensive study of
rutile-type oxide DMS. The presence of oxygen vacancies (OV)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and high carrier density in SnO2 has attracted interest in this
material for applications in which a high TC is required.
Accordingly, transition metal (TM) ions doping can enhance
its magnetic properties, while tuning its optical and electrical
properties. Much effort has been devoted to the production of
SnO2-based DMSs with RTFM. However, the mechanism of
high TC is still under debate, i.e., whether it is due to secondary
phases or it is intrinsic to the system. Ogale et al.11 reported
a high TC ferromagnetism in thin lms of Co-doped SnO2

deposited by pulsed laser deposition; however, para-
magnetism was observed in a subsequent study by Fitzgerald
et al.12 on similar thin lms. Simultaneously, the same authors
found RTFM in bulk Mn-, Fe- and Co-doped SnO2 and they
attributed this magnetism to the substitution of tin by the
dopants despite the presence of a slight amount of impurity.12

Punnoose et al. observed enhanced ferromagnetism in Co-
doped SnO2 nanoparticles, where OV played a vital role in
obtaining RTFM.13 They also reported the highest TC of 850 K
in 1% Fe-doped SnO2 and found that Sn0.95Fe0.05O2 powder
was ferromagnetism above the synthesis temperature of 350 �C
and showed paramagnetic (PM) behavior above 600 �C.14 Hays
et al. studied Fe-doped SnO2 nanoparticles synthesized
chemically and they observed a close relation between their
structural and magnetic properties.15 Coey et al. observed the
FM nature of Fe-doped SnO2 with a TC at around 610 K.16

Kimura et al. conrmed RTFM in thin lms of Ni-doped SnO2

settled by pulsed laser deposition on different substrates.17

Sharma et al. reported a decrease in bandgap energy with an
increase in Ni concentration and a higher saturation magne-
tization for the lowest Ni concentration in Ni-doped SnO2

nanoparticles.18 Adhikari et al. reported antiferromagnetic
(AFM) interaction in 3% and 5% Fe-doped SnO2 compounds
synthesized by a chemical method and FM interaction in 7.5%
Fe-doped sample, where ferromagnetism was observed
because of the evolution of secondary phases.19 Due to the
critical role of defects created during synthesis and due to the
dopants incorporated in the lattice, the understanding of
magnetism in oxide DMSs is complicated. Despite the abun-
dant research done on SnO2, controversy persists on the root of
RTFM, whether it is extrinsic or intrinsic. Several studies have
been reported on TM ions doping in SnO2 to tailor its bandgap
and to enhance its magnetic properties; however, the expla-
nations regarding the unusual magnetic and optical behavior
in these materials are highly debated. Different methods such
as hydrothermal, co-precipitation spin coating, pulsed laser
deposition, solid-state reaction, and ash evaporation have
been adopted to synthesize SnO2 nanoparticles,20–26 where
their structural and morphological properties are highly
dependent on their synthetic routes and post-synthesis treat-
ment. The solubility limit of Co in SnO2 is �2%12 and Ni in
SnO2 is 3%,27 whereas that of Fe in SnO2 is 10%.28,29 Some
studies have also shown that at lower Fe doping concentration
(x# 0.07), no secondary phase forms but impurity phases were
identied with a higher doping concentration of Fe.30 Also,
some studies have already been reported with a content of
these dopants of up to 3%. Thus, inspired by this, we investi-
gated their concentration at the solubility limit and studied
© 2022 The Author(s). Published by the Royal Society of Chemistry
their effect on the structural, optical and magnetic properties
of SnO2. Co, Ni, and Fe are TM elements and SnO2 is a non-
magnetic. DMSs obtained by doping TM ions in non-
magnetic oxide semiconductors have potential applications
in spin electronics. TM doping in oxide semiconductors
modies their structural, optical and magnetic properties, and
thus the motivation of this study was to explore the basic
behavior of Co-, Fe-, and Ni-doped SnO2 and how the magnetic
behavior of SnO2 changes with the incorporation of these TM
dopants into the host non-magnetic lattice. Although transi-
tion metal-doped SnO2 has been studied, there has been little
work done on a systematic and correlation study of three
dopants, i.e., Fe, Co and Ni, to date. This systematic study can
nd multifaceted applications in photocatalysis,31,32 solar
cells,33 gas sensing34 and biomedical applications.35 Thus, the
present work focused on the effect of TM (Co, Fe, and Ni) ions
substitution on the structural, optical and magnetic properties
of SnO2 nanoparticles synthesized via the sol–gel method. In
this work, initially, we aimed to synthesize SnO2 via the sol–gel
method, and then optimized the post-synthesis treatment by
changing the calcination time to get phase-pure SnO2 nano-
particles with good crystalline properties. Then, TM ions-
doped SnO2 nanocrystals were synthesized using the opti-
mized conditions and their structural, optical and magnetic
properties were studied to determine the mechanism of their
magnetic properties.

2 Experimental details
2.1 Synthesis of pure and doped SnO2 nanoparticles

The sol–gel process was used for the preparation of SnO2

nanoparticles. Tin tetrachloride penta-hydrate (SnCl4$5H2O),
ammonia and ethylene glycol solution were used for the
synthesis of SnO2 nanoparticles. Double-distilled water was
used as a solvent for the synthesis. 0.1 M of tin-tetrachloride
penta-hydrate was prepared in double-distilled water and
mixed with 50 mL of ethylene glycol to get the 100 mL precursor
mixture. Double-distilled water and ethylene glycol were taken
in a 1 : 1 ratio. Ethylene glycol was benecial for the formation
of a gel. The obtained precursor mixture was stirred continu-
ously using a magnetic stirrer. Aqueous ammonia solution was
added to the mixture dropwise while stirring until the pH
reached 8. The gel was formed during this process. The ob-
tained gel was ltered using a Whatman lter paper (grade-42)
and then washed with double-distilled water 3–4 times to
remove the excess ammonia. Then the residue on the lter
paper was transferred carefully to a crucible. The residue in the
crucible was dried at 150 �C for few hours to remove the
moisture. A black-brown colored tin oxide nano-powder was
produced aer the drying process. Finally, it was ground well
with agate mortar and pestle and further calcined at 400 �C for
various times ranging from 1–8 h to get phase-pure SnO2

nanoparticles with good crystalline properties. The samples
were named according to the calcination time including Sn-1,
Sn-2, Sn-4, Sn-6 and Sn-8 for 1 h, 2 h, 4 h, 6 h and 8 h, respec-
tively. To prepare 3% Fe-, Co- and Ni-doped samples, the cor-
responding chlorides were weighed and added together with
RSC Adv., 2022, 12, 26712–26726 | 26713

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03691f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 6
:3

0:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
SnCl4$5H2O. These samples were calcined at 400 �C for 2 h,
which was employed as the optimized condition for the
synthesis of SnO2 synthesis. The obtained powder aer calci-
nation was ground well to maintain a uniform particle size, and
henceforth denoted as SnFe-3, SnCo-3 and SnNi-3 for the Fe-,
Co- and Ni-doped SnO2 nanoparticles, respectively.

3 Characterization techniques

To determine the crystal structure of the synthesised samples,
X-ray powder diffraction (XRD) was performed using a PAN-
alytical-Empyrean diffractometer equipped with Cu Ka radia-
tion at l ¼ 1.5404 �A with the 2q step size of 0.02�. A PHY 5000
Versa Probe II, ULVAC-PHI, Inc. instrument with an Al Ka X-ray
source was employed for the X-ray photoelectron spectroscopy
(XPS) characterization to determine the oxidation states of the
samples. The pressure inside the chamber during the analysis
was 5 � 10�10 mbar and the C 1s peak located at 284.6 eV was
used as the reference peak for the binding energy (BE)
corrections.

The morphology and size of the nanoparticles were investi-
gated using transmission electron microscopy (TEM), FEI Tec-
nai F20, operated at 300 kV. The crystal lattice was investigated
using selected area electron diffraction (SAED) patterns. The
micro Raman scattering study was performed using a T64000
triple monochromator Horiba Jobin Yvon system having
a 514 nm laser in backscattering geometry, equipped with
a liquid nitrogen-cooled CCD detector. The identication of the
functional groups in the samples was carried out using a Bruker
Fourier transform-infrared (FT-IR) spectrometer The optical
properties studies were carried out using a Shimadzu (model
UV2401 ultra-violet-visible (UV-vis)) spectrophotometer equip-
ped with an integrating sphere to perform absorbance
measurements. Further optical properties were studied using
a Varian uorescence spectrometer (Fluorolog Jobin Yvon,
Horiba, JAPAN) equipped with a xenon lamp. An excitation
wavelength of 325 nm was employed to study the steady-state
photoluminescence (PL) properties. Magnetic measurements
were carried out using a vibrating sample magnetometer (VSM)
linked to a physical property measurement system supplied by
Quantum Design Inc., USA. Magnetic data were recorded as
a function of temperature and applied magnetic eld.

4 Results and discussion
4.1 XRD analysis

The XRD patterns of the SnO2 samples calcined for a time
ranging from 1 to 8 h at 400 �C (denoted as Sn-1, Sn-2, Sn-4, Sn-
6 and Sn-8 for 1 h, 2 h, 4 h, 6 h and 8 h annealing durations,
respectively) are presented in the ESI (S Fig. 2a)† and the cor-
responding crystallite size obtained for the various samples is
also plotted in the ESI (S Fig. 2b).† The XRD patterns showed
distinct peaks, which conrms the crystalline nature of the
samples, and the broadening of the peaks indicates the small
crystallite size. All the XRD peaks are ascribed to the tetragonal
rutile-type phase of SnO2 with the P42/mnm space group, which
agrees well with the standard JCPDS data le (card no. 77-
26714 | RSC Adv., 2022, 12, 26712–26726
0450). The synthesized samples were phase pure given that no
characteristic peaks corresponding to impurities were found.
The average crystallite size of samples Sn-1, Sn-2, Sn-4, Sn-6,
and Sn-8 was calculated using the Scherrer equation, as
follows: D ¼ 0.9l/(b cos q), where D is the crystallite size in nm,
b is the full width at half maximum (FWHM) expressed in
radian, l is the X-ray wavelength used and q is the Bragg's angle
expressed in radian. The most intense peak (110) was
employed to calculate the crystallite size. All the particles fall
in the size range �4.7–5.3 nm. According to the average crys-
tallite size values obtained, it can be inferred that with an
increase in the calcination time, the average crystallite size of
the SnO2 NPs also increased slightly. The change in the crys-
tallite size with calcination time is shown in the S Fig. 2b.†
According to the XRD patterns, no change in the crystal
structure was obtained with an increase in the calcination
time. Therefore, for the transition metal-doped SnO2 samples,
2 h was taken as the calcinations time. The XRD Rietveld
rened plots of the Co-, Fe- and Ni-doped SnO2 samples are
presented in Fig. 1. The Rietveld renement of all the samples
was done using the Fullprof soware. All the XRD peaks are
attributed to the tetragonal rutile-type phase of SnO2 with the
P42/mnm space group. No traces of metal, other metal oxides
and binary tin-metal compound phases were observed within
the detection limit of XRD, indicating that the tetragonal unit
cell of SnO2 was not disturbed due to transition metal ions
doping. These results conrm the single-phase and tetragonal
rutile crystalline nature of the TM ions-doped SnO2 nano-
particles and their successful synthesis.

There was a slight change in the diffraction peak position and
FWHM, giving rise to a slight change (increase/decrease) in the
lattice parameters, which is due to the different cationic radii of
Sn4+ (0.71 �A), Ni2+ (0.69 �A), Fe2+ (0.74 �A) and Co2+ (0.54 �A). The
obtained crystallite size, lattice parameters and rened param-
eters of the SnCo-3, SnFe-3 and SnNi-3 samples are presented in
the ESI (S Table 1).† Broadening of the (110) peak (FWHM) was
observed for the Co- and Ni-doped samples, while the FWHM
decreased for the Fe-doped sample, giving rise to a decrease and
increase in the crystallite size of the corresponding samples,
respectively, in comparison to the pure Sn-2 sample. The
evolution of OV may affect the average size of the crystallite.36

With the aim to maintain the charge balance of the host lattice,
some oxygen vacancies may have evolved due to the replacement
of the lower oxidation state ions such as Co2+, Ni2+ and Fe2+.37

Thus, the slight shrinkage or expansion of the unit cell volume
may have been related to the sizes of the substituted ions and the
coordination effect related to the replacement of the Sn4+ ions by
metal ions.
4.2 XPS analysis

To further understand the ionic states of the doped elements
and to study the observed changes in the near surface chemical
composition of the doped SnO2 samples, we performed XPS
measurements. SnFe-3, SnCo-3 and SnNi-3 consist of well-
recognized Sn 3d core level peaks, O 1s peaks and peaks of
the doped (Fe, Co and Ni) elements. The wide XPS spectra of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of pure and doped SnO2 nanocrystals.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 6
:3

0:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
doped SnO2 samples are shown in Fig. 2a, which conrm the
presence of Co, Fe and Ni with the appearance of Co 2p, Fe 2p
and Ni 2p peaks.

The Sn 3d energy levels and O 1s peaks of the parent and
doped samples are shown in Fig. 2b. The Sn 3d spectra consist
of a doublet located at 495.5 eV and 487.1 eV, which are ascribed
to the BE of Sn 3d3/2 and Sn 3d5/2 respectively, with the peak
separation (spin–orbit splitting) of around 8.4 eV. The obtained
values are ascribed to the presence of Sn4+ ions in SnO2, which
are in accordance with the earlier report.38 The high-resolution
O 1s band was deconvoluted into two peaks located at 530.95 eV
and 531.85 eV (Sn-2), 531.17 eV and 532.67 eV (SnFe-3),
531.03 eV and 532.67 eV (SnCo-3), 530.45 eV and 531.85 eV
(SnNi-3), which may be due to the oxygen present in the lattice
of SnO and hydroxyl group (–OH) oxygen.

It is interesting to note that the intensity of the Sn 3d and O
1s peaks was reduced in the doped SnO2 compared to the
undoped sample. The reduction in the Sn 3d peak intensity can
be ascribed to the substitution of Sn4+ ions with the doped ions.
According to Fig. 2c, it is clear that all the doped ions carried
a +2 charge, and thus we can conclude that two dopant ions may
replace one parent Sn4+ ion. This replacement compensated the
charge neutrality but still there was a shortage of Sn atoms
which resulted in a reduction in the Sn 3d peak intensity.
However, the highest Sn 3d peak reduction was observed for the
SnFe-3 sample, indicating that the replacement of Sn4+ ions by
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fe2+ ions is more in comparison to that of the Co and Ni
dopants. Similarly, the reduction of the O 1s peak intensity in
the doped SnO2 samples can be attributed to the OV created due
to the defects caused by the dopants (Fe, Co, and Ni). Given that
the highest replacement of Sn atoms was obtained for the SnFe-
3 sample, the highest OV was also be seen for this sample
because the O 1s peak intensity was reduced more compared to
the other two doped samples. The deconvolution of the high-
resolution O 1s spectra of all the samples is tabulated in the
ESI (S Table 2)† and the corresponding (OV) quantication of
the doped samples is presented in S Table 3† with respect to the
O 1s spectrum of the parent SnO2. Moreover, it is interesting
that more OV was created in all the doped samples give that
there was a 10 times reduction in the peak intensity value of O
1s in comparison to the pure SnO2. However, the O 1s peak
width was also observed to be increase with the doping of
transition metal ions. This may be due to the difference in
atoms at the surface or the adsorbed oxygen species such as
hydroxyl groups or the oxygen deciency created due to doping.

The high-resolution spectra of the dopants clearly show the
presence of Fe 2p, Co 2p and Ni 2p, appearing at 711.52 eV,
780.66 eV and 856.53 eV, respectively, which are represented by
the BE of 2p3/2, as shown in Fig. 2c. The deconvolution of the
plots showed that all the dopants have one peak corresponding
to the Fe2+, Co2+, and Ni2+ ions together with satellite peaks in
SnCo-3 and SnNi-3. This indicates that the SnO2 structure was
RSC Adv., 2022, 12, 26712–26726 | 26715
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Fig. 2 (a) Wide XPS spectra of pure and doped SnO2 samples. (b) High-
resolution XPS spectra of pure and doped SnO2 samples corresponding
to Sn 3d and O 1s orbitals. (c) High-resolution XPS spectra of doped
SnO2 samples corresponding to the Fe 2p, Co 2p and Ni 2p orbitals.
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perturbed by the dopants by forming FeO, CoO and NiO struc-
tures, as shown in Fig. 2c, leading to a change in the properties
of the parent SnO2. These values are in good well agreement
26716 | RSC Adv., 2022, 12, 26712–26726
with the previously reported work.39–41 All the XPS results ob-
tained are consistent with the XRD studies.

4.3 TEM and HR-TEM analysis

The microstructure and morphology of the pure and doped
SnO2 samples were studied through TEM, high-resolution TEM
(HR-TEM) and SAED patterns. Fig. 3 (top lane) shows the TEM
images of all the samples, in which spherical-shaped nano-
particles can be seen. The particle size was found to be in the
range of 4–6 nm. Agglomeration of the particles was observed,
which resulted in a variation in the particle size. The HR-TEM
images in Fig. 3 (middle lane) clearly indicate the lattice
fringes without any deformation in each sample, indicating the
high purity of the nanocrystals. The calculated interplanar
spacing of the neighboring lattice planes corresponds to the
(110) plane of rutile SnO2, which are shown in the gures
together with other planes (not shown), which are consistent
with the XRD patterns (S Fig. 2a).† The inset in Fig. 4 (middle
lane) shows the FFT patterns of the samples, further suggesting
the crystalline nature and quality of the prepared samples. Fig. 3
(bottom lane) shows the SAED patterns of the samples, which
indicate clear and distinct rings belonging to different planes of
rutile SnO2 structures. The planes pertaining to different rings
were identied by assessing the d-spacing value using the
Image-J soware, which are consistent with that from XRD,
again in agreement with the HR-TEM images and lattice fringes
obtained earlier.

4.4 Raman analysis

Raman spectroscopy was performed to determine the crystal
structure, defects and disorder induced in the crystal because of
the incorporation of the dopant in the host lattice. Fig. 4 (top)
shows the micro-Raman spectra of all the samples and Fig. 4
(bottom) represents the corresponding plots of the individual
samples together with the peak tting using the Gaussian
function taken at 300 K in the range of 0–800 cm�1. The optical
exciton of the tetragonal rutile-type SnO2 crystal structure
corresponds to the D4h point group. The irreducible represen-
tation of the D4h point group is A1g + A2g + A2u + B1g + B2g + 2B1u +
Eg + 3Eu. Among them, the SnO2 crystal structure has four
Raman-active modes (A1g, B1g, B2g and Eg), two IR-active vibra-
tions (A2u, Eu) and two silent vibrations (A2g and B1u).42 The four
active modes of single-crystal SnO2 are generally located at 130
(B1g), 475 (Eg), 631 (A1g) and 774 (B2g) cm

�1,42,43 among which
the A1g and Eg modes have a much higher intensity in
comparison to B1g and B2g. The A1g, B1g and B2g vibrations
belong to the expansion and contraction oscillation mode of the
Sn–O bonds, while Eg corresponds to the vibrational motion of
the oxygen atoms in the oxygen plane.44 The A1g, B1g and B2g

modes oscillate perpendicular to the c-axis, whereas the Eg

mode oscillates parallel to the c-axis. The Raman-active modes
are due to the interior phonons, and thus are named the volume
modes.45 The IR-active and silent vibrations are observed at 295
(EuTO), 354 (EuTO), 503 (AuTO), 680 (AuLO) and 197 (Bu(1)), 415
(A1g), 535 (Bu(2)), and 567 (Bu(3))cm

�1, respectively. These
additional modes besides the volume modes are due to the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 HRTEM data of pure and doped SnO2: (top lane) TEM images, (middle lane) HRTEM images with insets showing the FFT images and
(bottom lane) SAED patterns.
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surface phonons, and thus are termed surface phonon modes.46

The feature at around 535 and 567 cm�1 is associated with the
in-plane oxygen vacancies.47,48 Moreover, the surface properties
of the nanocrystalline SnO2 are not only dependent on the
crystallite size and distribution of the particles but also on the
OV and disorder, which may result in the appearance of new
modes in the Raman spectrum.49

It can be observed that the most intense Raman band, i.e.,
A1g, together with the other peaks (B1g and B2g) shied towards
a lower wavenumber in the doped samples, where the shi in
the peak orientation, intensity and FWHM is greater for the
SnCO-3 sample. The A1g Raman mode is the highest mode of
SnO2, which is associated with the vibration of the lattice
oxygen atoms surrounding the Sn ions. Thus, the shi in this
peak is peculiar to the change in O ions, and hence can be used
as a measure of the existence of OV. The FWHM of this peak in
all the doped samples was found to be higher in comparison to
that of the parent SnO2 sample, giving an indication of the
increase in OV in the doped samples. Thus, it is expected that
© 2022 The Author(s). Published by the Royal Society of Chemistry
the magnetic moment would be enhanced in the doped
samples. The intensity and position of the peaks at 535 (Bu(2))
and 567 cm�1 (Bu(3)) also changed in the doped samples,
indicating a large change in OV. Hence, all the results obtained
clearly indicate that the dopants (Fe, Co and Ni) were nely
incorporated in the host matrix.
4.5 FT-IR analysis

FT-IR spectroscopy was performed for the pure and doped
SnO2 samples to examine the functional groups present in all
the obtained product, as depicted in Fig. 5. All the spectra
show the peaks in the range of 3300–3400 cm�1 (broad), 1625–
1630 cm�1 and 1408 cm�1, corresponding to the O–H
stretching and bending vibrations, which are ascribed to the
adsorption of H2O molecules on the surface of SnO2.50 The
broad peaks observed in the region of 670–550 cm�1 of the
spectra for all the samples are attributed to the Sn–O–Sn
stretching51 and Sn–O asymmetric stretching vibrations.52

However, in the present case, the value of the Sn–O–Sn
RSC Adv., 2022, 12, 26712–26726 | 26717
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Fig. 4 Raman spectra of pure and doped SnO2 nanocrystals in the top figure and the detailed fits are shown below for all the corresponding
samples.
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stretching adsorption bands was found to be red-shied for all
the doped and undoped samples (i.e., stretching adsorption
band is at 664 cm�1 for pure Sn-2 sample and at 655, 663 and
637 cm�1 for SnFe-3, SnCo-3 and SnNi-3, respectively). The
26718 | RSC Adv., 2022, 12, 26712–26726
change in the peak position of the SnO2 absorption bands
suggests that the Sn–O–Sn network is perturbed with the
presence of Co, Fe and Ni ions in its environment. Moreover,
the shi in the peak position is much less, which may be due
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FT-IR spectra of pure and doped SnO2 nanocrystals.
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to the bond length differences that occur when the dopant
ions replace the Sn ions. Therefore, the FT-IR results clearly
conrm the incorporation of Co, Fe, and Ni ions in the SnO2

host matrix, as observed in the XRD, XPS and Raman
measurements.
4.6 UV-vis spectroscopy analysis

To examine the inuence of the dopants on the absorbance and
optical bandgap of the parent nanocrystals, UV-visible absor-
bance spectra were measured for all the samples and the plots
are given in Fig. 6a. The spectra show that in all the doped
samples, the absorption peak position moved towards a higher
wavelength or lower energies. It can also be noted that the Co-
doped sample exhibited an additional peak between 385 and
475 nm, which can be related to the d–d electronic transition of
Co2+ caused by crystal-eld splitting in the six-coordination
system (octahedral or pseudo-octahedral) and attributed to the
4T1g–

4T1g(P) transition. Similar results have also been reported in
ref. 53, where they noticed an equivalent peak in TiO2
Fig. 6 (a) UV-visible spectra of pure and doped SnO2 nanoparticles and

© 2022 The Author(s). Published by the Royal Society of Chemistry
nanoparticles doped with Co. The bandgap (Eg) of all the samples
was determined using the Tauc plot, as showed in Fig. 6b. It was
observed that the bandgap of SnFe-3, SnCo-3 and SnNi-3
decreased in comparison to SnO2. The reduction (red shi) in
the bandgap of all the doped samples can be ascribed to the sp–
d exchange interactions existing among the band (valence/
conduction bands) electrons and the conned d electrons of
the dopant ions (Co2+, Ni2+, and Fe2+) replacing the Sn4+ ions.54–56

Thus, the dopant played a key role in forming an impurity band
in between the pure valence band and conduction band. Simi-
larly, in ref. 57, a decrease in the bandgap of SnO2 doped with
Fe3+ was reported due to the charge-transfer transition between
the d-electrons of Fe3+ and conduction or valence band of SnO2.
Similar work was also reported in ref. 58 and 59, where it was
observed that the shi in the bandgap was due to the incorpo-
ration of cobalt and other transitionmetal ions. Hence, it is clear
that the incorporation of dopant ions in the SnO2 crystal lattice is
conrmed by the lowering of the bandgap.

4.7 PL spectroscopy analysis

PL spectroscopy was performed for all the samples at the
excitation wavelength of 325 nm. PL is the most signicant
technique to determine the presence of impurities, excitons,
surface defects, energy bands, etc. Fig. 7 shows the PL spectra
and deconvoluted PL plots of the pure and doped SnO2

measured at room temperature. A broad feature was observed
between 350 and 500 nm, which is attributed to the in-plane
oxygen vacancies based on rst principles calculations.60

When the broad peak was deconvoluted, it was seen to be
composed of many peaks, where the peak at around 396 nm
belongs to the electronic transition from the conduction band
edge to the valence band edge, which can be due to the
recombination of unbound excitons, i.e., electrons existing in
the Sn 4p conduction band with their holes persisting in the O
2p valence band. The other emission band at around 420–
480 nm corresponds to the blue emission, which may have
arisen due to the generation of two-fold charged OV Vþþ

O :61 It
was observed from the spectra that Co, Ni, and Fe doping
quenched the luminescence, due to which there was reduction
(b) corresponding Tauc plots of the samples.
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Fig. 7 PL spectra of pure and doped SnO2 nanoparticles.
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in PL intensity. It was reported that Co ions act as lumines-
cence quenchers for metal oxides such as TiO2 and ZnO,
forming a large number of non-radiative recombination
26720 | RSC Adv., 2022, 12, 26712–26726
centres.62 Hence, here it can be inferred that Co, Ni, and Fe
doping in the SnO2 nanocrystals increased the non-radiative
recombination process.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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4.8 Magnetic studies

The magnetic hysteresis loops of the pure and doped SnO2

samples were measured at 5 K and 300 K, as presented in
Fig. 8. It was clearly observed that the pure SnO2 showed
diamagnetism at both 5 K and 300 K, exhibiting a positive
slope at the lower applied magnetic elds and a negative slope
at a higher eld of 5 K, whereas a negative slope at 300 K
throughout the measured elds range. The diamagnetism in
SnO2 is mainly due to the Sn ions existing in the +4 oxidation
state (Sn4+), exhibiting a valence electronic conguration of
[Kr] 5s2 4d10, which clearly shows that there is no unpaired
electrons due to the existence of paramagnetism or ferro-
magnetism. However, when SnO2 was doped with Fe, Co and
Ni, there was a clear change from diamagnetic behaviour to
FM or PM behaviour at both 5 K and 300 K. The doped
samples showed a positive slope at both 5 K and 300 K with
a sharp increment in magnetisation at 5 K and a linear
increment at 300 K. The results clearly show a good hysteresis
loop with saturation magnetization at 5 K and lack of
magnetic saturation at 300 K. The sharp increment in the
magnetisation at 5 K with an increase in the applied eld in
the doped SnO2 may be due to the FM nature of the dopants.
All the dopants, i.e., Fe, Co and Ni, are well-known FM
elements due to the presence of unpaired electrons (domain
ordering) in their valence shell, i.e., Fe2+ (d6), Co2+ (d7) and
Ni2+ (d8), as conrmed by the XPS analysis. The sharp rise in
Fig. 8 M–H curves of pure and doped SnO2 samples measured at (a) 5
showing the hysteresis behavior.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the magnetisation up to the saturation point is due to the
weakly coupled or uncoupled Fe2+, Co2+ and Ni2+ ions, sug-
gesting the low-temperature magnetic ordering. Moreover, at
low temperature (5 K, Fig. 9a), the thermal uctuation of the
domain (spin ordering) will be less, which allows the greater
alignment of the spins in the ordered state with the applied
eld. The expanded version of the M–H loops at 5 K under low
eld (shown in Fig. 9c) shows that the coercivity of all the
doped samples is almost the same at approximately 15 Oe,
while the remanence of the SnFe-3, SnCo-3 and SnNi-3
samples is 0.014, 0.001 and 7.0 � 10�4 emu per g, respec-
tively, which can be attributed to the weak FM or PM. In the
case of the doped SnO2 samples at 300 K (Fig. 9b), the M–H
loops are linear, with a linear increment in the magnetisation
value with the applied eld without any occurrence of
magnetic saturation, suggesting PM or very weak FM behav-
iour. However, it is important to note that the M–H loops
indicate very weak FM behavior at lower elds with almost
zero coercivity and negligible remanence, as shown in Fig. 9d.
Moreover, the very weak FM or PM at around 300 K can be
attributed to the increase in the thermal uctuation, resulting
in the disturbance of domain ordering compared to FM
behaviour at low temperature (5 K). Among the dopants, it can
be seen that the magnetic moment of the Fe-doped sample is
highest at 300 K and 5 K, which may be due to the greater
amount of oxygen vacancies created in the sample, as inferred
from the Raman spectra, as well as good alignment of the
K and (b) 300 K. (c) and (d) magnified view of (a) and (b), respectively,
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Fig. 9 BMP-fittedM–H curves for SnFe-3, SnCo-3, SnNi-3 and SnO2 at (a) 5 K and (b) 300 K. Left axis represents the data related to the undoped
sample (Sn-2), whereas the data on the right-axis belongs to the doped samples.
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domains (spins) with the applied eld given that there are less
electrons in the valence shell (2 unpaired electrons), which
will avoid repulsion for the correct alignment. However, in the
case of SnCo-3 and SnNi-3, there are more electrons in their
valence shell, which will interfere in the proper alignment of
the domains with respect to the applied eld due to repulsion.

For amore in-depth understanding of themagnetic nature of
the samples, the doped and undoped SnO2 samples were tted
with the bound magnetic polaron (BMP) model. The BMP
model suggests that an electron gets trapped inside the vacant
oxygen site or vacancy site and tries to interact with the applied
eld as well as neighbouring doped metal ions, constituting the
BMP. BMP does not specify any electron, instead it is a combi-
nation of electrons and the surrounding strain eld. Usually,
a conned electron occupies an orbital that can overlap the
d orbital of the doped metal ions. To study the FM nature, the
BMP model was used given that its equation species both PM
and FM natures. According to this model, the total magnet-
isation of the system is a combined effect of coordinated spins
(i.e., overlapping of BMPs) and secluded spins. The corelated
spin-induced magnetisation species FM and the magnet-
isation originating from the isolated spins species PM. Thus,
the total magnetisation can be presented asMtotal¼MFM +MPM,
whereMPM can be given as cmH, cm is the PM susceptibility,H is
the applied magnetic eld andMFM can be given asM0L(x).M0 is
the total spontaneous magnetic moment of the system, which is
given by Nms, wherems corresponds to the denite spontaneous
magnetic moment of all the BMP and N is the number of BMPs/
volume. L(x) belongs to the Langevin function, which is given by
[coth(x) � 1/x] where x ¼ Hmeff/KBT, wheremeff is the productive
spontaneous magnetic moment of all the BMP. Hence, Mtotal ¼
M0L(x) + cmH.

The BMP model was used to t the M–H curves, as pre-
sented in Fig. 9, and the BMP equation was tted in the rst
quadrant of the hysteresis curve by taking M0, meff and cm as
26722 | RSC Adv., 2022, 12, 26712–26726
the variable parameters. It was clearly observed that the BMP
model is exactly ts the M–H curves at 5 K for all the samples
and the obtained variable parameters were tabulated in
Table 1. At 5 K and 300 K, it was observed that the suscepti-
bility of the undoped samples was negative, whereas that for
the doped SnO2 samples was positive, which clearly suggests
of diamagnetism and PM or FM, respectively. At 300 K, all the
tted curves are linear with respect to the doped samples,
which claries the PM behavior in the doped samples.
However, at a lower temperature, it seems that the number of
BMPs is more, which governs the correlated spins, thus
enhancing the magnetisation (FM) at low temperature
compared to that at room temperature. Moreover, the satura-
tion magnetisation obtained at 5 K was quite large at an
applied eld 9 T compared to that at 300 K, which did not
reach saturation, and the increment in magnetisation was also
small. The sharp increment and slightly higher values of
saturation magnetisation at 5 K can be ascribed to the increase
in the concentration of BMPs, which enhances the FM in the
doped samples. Among the doped samples, SnFe-3 had the
highest FM component at 5 K, which can be due to its greater
number of BMPs. Moreover, the enhancement in magnet-
isation also depends on various factors such as the magnetic
moment of the dopant, dopant concentration, and calcination
conditions. However, the magnetisation of the doped SnO2

samples at 5 K cannot be purely FM, i.e., a mixture of PM and
FM behavior, because the maximum saturation magnetisation
obtained is 4 emu per g, which is signicantly low to be FM.
However, due to the contribution of the BMPs, sharp rise in
magnetisation and uncoupled metal ions, a combination of
PM and FM behaviours was observed.

Further details pertaining to the behavior of the magneti-
zation phases with a decrease in temperature were analyzed
using M vs. T measurements, which were taken in the eld-
cooled (FC) and zero eld-cooled (ZFC) modes under a static
© 2022 The Author(s). Published by the Royal Society of Chemistry
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magnetic eld of 500 Oe. The FC–ZFC plots for all the samples
overlapped, as shown in Fig. 10. Further, the magnetization
values were observed to increase steadily with a decrease in
temperature, followed by an abrupt increase at temperature
below 100 K. It should be noted that in the case of pure SnO2

sample, negative magnetization was seen, which crossed to
a positive value at a temperature around 25 K. This is because of
the diamagnetic nature of the sample, where at lower temper-
atures, some of the spins get aligned due to the thermal uc-
tuation of the domains, thereby resulting in a positive
magnetisation value. The Curie–Weiss (C–W) law was used to t
the M–T curves for all the samples and it was clearly observed
that each doped-SnO2 sample was well-tted from 300 K to 5 K,
in contrast to the undoped SnO2 sample. This clearly suggests
that SnO2 is diamagnetic and the doped samples are para-
magnetic in nature.

1

c
¼ T � q

C

where q is the Curie–Weiss temperature, T is the temperature
and C is the Curie constant. The tted variables are presented in
Table 1. All the doped samples showed negative Curie–Weiss
temperatures. A small negative value of q shows existence of
antiferromagnetism at a lower temperature. It is quite
surprising that the M–T measurement curves of the doped
samples show the co-existence of AFM and PM throughout the
temperature range, but theM–Hmeasurement showed weak FM
or PM at a lower eld at 5 K. The absence of FM behavior in the
M–T, FC curve may be because of the lack of free carriers, but at
low temperature, the weak FM may be because of the presence
of some OV, which are the main sources of FM in DMS
oxides.63–68 Moreover, among the doped samples, SnCo-3 did
not follow the C–W t completely, which can be ascribed to the
AFM interactions, leading to a reduction in the magnetization,
as conrmed from the large negative value of q. SnFe-3 and
SnNi-3 also showed AFM interactions, which was conrmed
from the negative values of q. This AFM interactions can be
explained based on the BMP model, in which OV plays a major
role in the coupling of the metal ions. However, in the present
work, OV may not be sufficient to introduce any type of inter-
actions between magnetic ions (doped elemental ions) or very
weak interactions exist, giving rise to a weak FM and AFM. Even
though in-plane OV is present in parent and doped SnO2 (as
observed from Raman and PL spectra), it seems that it is
insufficient to induce FM ordering. In addition, another possi-
bility is that the concentration of Co, Fe and Ni was barely 3%,
which may be greater than the solubility limit,15,69 and thus the
ions are isolated without creating any interaction. Although
there was a clear enhancement in the magnetic moment in the
doped samples, the exact mechanism is still unclear. However,
we can summarize here that SnFe-3, SnCo-3 and SnNi-3 show
a combination of PM and FM behavior at 5 K and PM alone at
300 K, as conrmed from the BMP ts. Again, the linear
behavior of the M–H curve at 300 K suggests AFM besides PM
and FM with respect to theM–T results, which was conrmed by
the C–W t.
RSC Adv., 2022, 12, 26712–26726 | 26723
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Fig. 10 M–T curves of pure and doped SnO2 samples measured under a constant magnetic field of 500 Oe.
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5 Conclusion

The inuence of Co, Fe and Ni dopants on the structural, optical
and magnetic properties of SnO2 nanoparticles synthesized via
a simple sol–gel method was studied. The XRD, Raman and TEM
study indicated the formation of SnO2 without any secondary
phases and conrmed the tetragonal rutile structure with P42/mnm
space group. The clear lattice fringes seen in the high-resolution
TEM images indicated the high crystallinity of the nanocrystals.
The FWHM of the most intense Raman band, i.e., A1g, in all the
doped samples, SnCo-3, SnFe-3 and SnNi-3, was found to be
greater in comparison to that of the undoped SnO2 sample, giving
indicating an increase in OV in all the doped compounds. The XPS
analysis revealed the incorporation of divalent dopants (Fe2+, Co2+

and Ni2+) in the SnO2 host matrix together with the creation of OV.
The UV-visible spectra indicate the lowering (redshi) of the
bandgap in the doped samples, which is ascribed to the sp–
d exchange interactions between the localized d electrons and the
band electrons of the dopant ions (Co2+, Ni2+, and Fe2+), indicating
the replacement of the Sn4+ ions by the dopant ions. The two
emission peaks at around 395 nm are attributed to the electronic
transition between the conduction band edge and valence band
and the other at around 420–480 nm corresponds to the blue
emission, which may have arisen due to the generation of two-fold
charged OV Vþþ

O ; as also noted from the photoluminescence
spectra. The non-radiative recombination process increased due to
Co, Ni and Fe doping in the SnO2 nanocrystals, as inferred from
the PL study. The magnetic studies revealed the diamagnetic
26724 | RSC Adv., 2022, 12, 26712–26726
nature of pure SnO2 at room temperature and 5 K, whereas the
coexistence of ferromagnetic and paramagnetic behavior in the
doped SnO2 nanoparticles was observed, and the results were
convincingly explained using the bound polaron model theory.
Hence, the doped samples are a mix of FM and PM at 5 K and PM
alone at 300 K. Thus, these materials have potential application in
gas sensing, photocatalysis, and spin electronics.
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