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Abstract

We report the synthesis of Sr doped ZnO (Zn;.«<SrO with x=0, 0.01, 0.02, 0.03 and 0.04) by three different methods to
study the dependence of synthesis on the structural and optical properties. The study is a comparison of auto combustion,
citrate gel and co-precipitation method derived oxide samples. A comparative analysis like this enabled us to identify the
right method for doping Sr in the ZnO matrix with minimum additional reflections. Further analysis revealed the formation
of defects in the crystal can act as potential phonon scattering centres for thermoelectric application. Absorption data reveal
that, while auto combustion method led to excellent absorption in the visible light region, only 3% doped ZnO by citrate
gel exhibited the same and was completely absent in the materials derived from traditional co-precipitation technique. Such
absorption between 400 to 700 nm by just a mono doped binary oxide may lead to excellent photocatalytic dye degradation
properties. Also, it was found that Burstein Moss shift and introduction of Sr-3d levels in conduction band can further
enhance the electrical conductivity which again is a way to tune thermoelectric figure of merit. Hence studying such a
simple binary oxide doped with Sr becomes important as it can be a very good multi multifunctional material.
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1. Introduction

The rising interest in wide bandgap semiconductors has led to
immense research in ZnO based materials. ZnO possess a
hexagonal wurtzite structure where the oxygen is surrounded
by 4 zinc atoms at the corners of a tetrahedron or vice versa.
Though it exhibits sp3 hybridization and covalent character,
they are ionic [1]. ZnO has been studied for various
applications such as uv-detectors, solar cell applications,
photocatalysis,  thermoelectric ~ applications,  sensing
applications, biological applications and more [2-7].
Although there have been various reports of metal doped ZnO
[8-14], Al doped ZnO have been widely studied for their
thermoelectric and photocatalytic applications [15-22]. It is a
well-known fact that the physiochemical properties of oxides,
specially ZnO depends on the synthesis route. Extensive study
on the effect of synthesis on the properties of ZnO can be
found elsewhere [23-28]. Since such a dependence of the
synthesis route was observed on the properties of ZnO, it
becomes crucial to understand the influence of synthesis on
the structural and optical properties on the doped system (i.e.,
Sr doped ZnO) as they have been gaining attention is the
recent past. But such a study was not available in the literature
for the Sr doped ZnO.

A higher ionic radii element like Sr2+ (1.18 A) when
substituted with Zn2+ (0.74 A) ions in the ZnO matrix can
lead to lattice defects. These defects have the potential to alter
structural an optical property of the base compound. The
defect enhanced introduction of intermediate energy levels
have been studied previously by Sheetz et al [29]. Such
introduction of fresh defect states has been previously
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reported to exhibit visible light absorption and
photoconductivity [30; 31]. The defects introduced due to the
doping of Sr2+ can lead to visible light enhanced
photocatalytic degradation. Since there are only a limited
literature available for the use of Sr doped ZnO for
photocatalytic studies, this composition would be a promising
material to investigate. At the same time, the introduction of
Sr2+ also has been reported to increase the electrical
conductivity [32]. Electrical conductivity is directly related to
the thermoelectric figure of merit Z7T, i.e. ZT= &’cT/k.+ K,
(where a is Seebeck coefficient, o is electrical conductivity,
k. and x; are the electrical and lattice components of thermal
conductivity) [33]. The improvement in electrical
conductivity and defects created due to the incorporation of
Sr2+ (reduces thermal conductivity by acting as photon
scattering centres) can further lead to tuning of thermoelectric
figure of merit (Z7) thereby making this composition a
potential multifunctional oxide.

The aim of this study is to understand the effect of
synthesis route on the structural and optical properties of Sr
doped ZnO (Zn;,SrO- with x=0 to 0.04) (SZO). The
nanoparticles were synthesised by auto combustion, citrate
gel method and coprecipitation method. The structural
characteristics were studied using the x-ray diffraction
technique and optical characteristics using a uv visible
spectroscopic technique. Such a study also enabled us to
identify the right synthesis route for the preparation of Sr
doped ZnO for potential applications.

2. Experimental

The nanocrystalline Sr-doped ZnO (SZO) (Zn;«SrxO- with
x=0to 0.04) was synthesised by three different techniques viz.



Shekhar D. Bhame and Rishi Prasad/Journal of Engineering Science and Technology Review 14 (6) (2021) 124 - 131

auto combustion, citrate gel and coprecipitation techniques.
The metal nitrates Sr(NOs), and Zn(NOs),-6H>O along with
the fuel for auto combustion NH,CH,COOH, chelating agent
CsHgO- for citrate gel method and NaOH as precipitating
agent in the coprecipitation method was also used.

2.1. Auto combustion Method (AC)

In this method, stochiometric amount of metal nitrates were
dissolved completely in distilled water. Glycine nitrate was
used as the fuel to ignite the process. Hence glycine nitrate
was then added to the mixture after dissolving completely in
distilled water. This mixture was set on a hot plate whereby
the excess water gets evaporated and forms xerogel that auto
combusts to give the nano powder after 2 hours on the
hotplate. This nano powder was then annealed at 600°C for 6
hours followed by fine grinding and characterization.

2.2. Citrate Gel method (CG)

In a typical method, the stochiometric amount of metal
nitrates were dissolved in distilled water. Appropriate amount
of citric acid was also dissolved in distilled water separately
and was mixed with the initial metal nitrate mixture in a
crystallizing dish. This dish was kept on a hot plate set at
100°C until all the excess water in the crystallizing dish
evaporates and a xerogel formation takes place. Later, the dish
was kept in a hot air oven set at 100°C. The white residue
formed after 12 hours was crushed and annealed at 600°C for
6 hours followed by characterization.

2.3. Co-precipitation Method (CP)

In a co-precipitation method, the stochiometric amount of
metal nitrates were dissolved in distilled water. 5% NaOH
was added dropwise to precipitate out the metal hydroxides
under continues magnetic stirring. The formed precipitates
were washed several times and centrifuged until its pH turned
neutral. The precipitate was then dried in a hot air oven at
100°C for 24 hours followed by annealing at 600°C for 6 hours
followed by fine grinding and characterization.

3. Results and Discussion

3.1. X-Ray Diffraction (XRD)

All the synthesised materials were characterized by room
temperature x-ray diffraction (XRD) method to understand
the structural properties as shown in Figure 1A-C. All the
diffraction results resembled a hexagonal wurtzite like
structure of ZnO that belong to a space group of P63mc in the
Hermann—-Mauguin notation with a space group number of
186 (JCPDS # 36-1451) [34]. On a closer analysis of the
peaks, it was seen that while AC and CG methods exhibited
additional reflections with intensities less than 4%, the
additional reflections from coprecipitation was more than
80% with respect to the most intense (101) peak. The
additional reflections seen in AC and CG was found to be due
to the formation of SrCOs [35/, while the additional reflection
in CP (at 260 at 29.6) was due to SrO formation [36].

The variation of cell parameters was unique for all
the three methods. While the cell parameters were found to be
less than the pristine ZnO for AC derived materials on doping
from 1 to 3% (Figure 2A), it was found to increase with
doping for the CG method from 0 to 4% (Figure 2C). CP
derived samples exhibited variation in a tight range from 1 to
3% and resembled an overall ‘M’ shaped curve (Figure 2E).
However, it has to be noted that the cell parameters
corresponding to 4% doped samples in both the cases (AC and
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CP) lay close to the pristine sample with similar trend seen for
volume as well.
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Fig. 1. A) Room temperature XRD of SZO series by AC, B) Room
temperature XRD of SZO series by CG and C) Room temperature XRD
of SZO series by CP
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According to vegards law, the contraction in cell
parameters ‘a’ and ‘¢’ or volume on doping of a higher ionic
radii element implies a substitutional doping and expansion
of cell parameters implies interstitial doping [45]. Applying
this theory on the results indicates that:

1. Interstitial doping takes place upto 2% in the AC followed
by substitutional doping.

ii. Substitutional doping continues to dominate in CG
throughout the series.

iii. Substitutional doping takes place upto 3% followed by
interstitial doping in the 4% doped sample.

The bond length (L) was seen to be in par with the cell
volume for all the methods (Table 1, 2 and 3). The variation
of lattice cell parameter was not found to be following a
particular trend in the case of AC and CP methods. One of the
reasons for such a behaviour could be assigned to the
disordered doping of Sr in the host matrix [46]. Results show
that c/a ratio increase with doping in CG and CP methods
(Figure 2C, E) across varying concentration of the dopant.
However, a striking dissimilarity was seen in the case of AC
derived samples after 1% doping. The crystallite size was
seen to be less than the pristine sample in all the methods.
Only the 1% doped sample derived by CP showed a minor
deviation from this trend (Figure 2F). The reason for S and ¢
to increase on doping is unconcealed as the ionic radii is
extremely large (1.18 A) than the ions in the host matrix (0.74
A for Zn*") [47] leading to crystal imperfections and
distortions. Apart from the fact that S and ¢ values varied in

similar trend, all the samples exhibited an inverse relationship
of crystallite size with the lattice dislocation and strain. i.e.,
when the crystallite size increased from one doping level to
other, the S and e values decreased and vice versa. This is
because, the particle growth is inhibited by strain in the matrix
leading to reduction in crystallite size as seen in all the
methods [48].

On comparing the lattice dislocation and strain values of
both the methods, it was seen that the samples derived from
AC exhibited high lattice dislocation density and strain than
the CP samples. Such a behaviour can be explained based on
the XRD patterns. It was seen that the CP derived samples
exhibited addition reflections corresponding to impurity
phases while it was absent in the AC derived. It means that
there is a better incorporation of Sr ions in the ZnO lattice for
the AC than CP, hence leading to the dislocation and strain
since the ionic radii is higher than the Zn ions. The formation
of such lattice dislocations and defects can be made use as the
source for phonon scattering on using these materials for
thermoelectric applications.

3.2 UV-Visible Spectroscopy

UV-Visible spectroscopic studies were carried out to study
the optical properties of all the synthesised materials (Figure
3A, 3B and 3C). Interesting observations were made for all
the methods and the variation of absorption characteristics
were evaluated.

Table 1. Various structural parameters associated with SZO synthesised by auto combustion method.

Structural parameters of SZO by auto combustion

x in

7 aQ) | c@) /a V(A% D(mm) | L(A) S €
nl-xerO
0.00 3.2456 | 5.1985 1.601707 47.42405 18.542 1.975071 0.03783 0.036934
0.01 3.2442 | 5.1978 1.602182 47.37677 12.3255 1.974404 0.098916 0.0564
0.02 3.2432 | 5.1955 1.601967 47.32662 12.685 1.973712 0.083507 0.054139
0.03 3.2452 | 5.1982 1.601812 47.40963 10.747 1.974869 0.109131 0.063762
0.04 3.2456 | 5.1985 1.601707 47.42405 11.573 1.975071 0.101998 0.056136
Table 2. Various structural parameters associated with SZO synthesised by citrate gel method.
Structural parameters of SZO by citrate gel
XZIIIIIHSI‘X o |1® @ /a V(A% D@mm) |L(A) S e
0.00 3.2459 5.1987 1.601621 47.43465 17.865 1.97522 0.037438 0.037455
0.01 3.2466 | 5.2026 1.602476 47.49071 11.911 1.97598 0.100101 0.056636
0.02 3.2468 5.2027 1.602409 47.49747 12.006 1.976075 0.09517 0.058581
0.03 3.2467 5.2028 1.602489 47.49546 13.639 1.976045 0.077935 0.050015
0.04 3.2491 5.2068 1.602536 47.60227 11.168 1.977525 0.116634 0.060693
Table 3. Various structural parameters associated with SZO synthesised by coprecipitation method.
\
XZIIIIIHSI‘X o |4@ c(A) /a V(A3 Dmm) | L(A) K P
0.00 3.2455 5.199 1.60191 47.42569 22.893 1.97509 0.021154 0.029992
0.01 3.2512 5.209 1.602178 47.68397 31.959 1.978663 0.01541 0.022784
0.02 3.2502 5.2077 1.602271 47.64274 19.58 1.97809 0.037965 0.034589
0.03 3.2505 5.2085 1.602369 47.65886 22.107 1.978311 0.025798 0.030285
0.04 3.2437 5.1987 1.602707 47.37037 14.607 1.974305 0.108813 0.052234

The absorption spectrum revealed that, all the materials
exhibited near band edge emission close to 360 nm which is
a typical for ZnO based materials and the absorption edge
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shifts to lower wavelength as the concentration of dopant
increases. Unlike some of the previous reports wherein a red
shift in absorption edge on Sr doping was seen resulting in
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absorption in the visible region [49], our results indicate a
blue shift. While we observed excellent absorption in the
visible light region within 400 to700 nm in addition to the
typical UV absorption for the AC method, no reference to
intense absorption after 400 nm for Sr doped ZnO was
available. This behaviour can be attributed to the “charge
transfer between ZnO valence or conduction band and the Sr
2p ion 5s level” [49]. We observed intense absorption in the
visible light in the case of AC method and 3% doped sample
in CG method. However, CP showed no absorption in the
visible light range. It is indeed interesting to see that 3%
doped sample in AC and CG methods are showing the highest
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visible light activity. The absorption in the visible range was
found to be within 700 nm. A number of reasons could be
assigned to explain such an absorbance pattern. Firstly, since
Sr is a high ionic radii element (1.18 A), on doping it in the
ZnO matrix with relatively lower ionic radii (0.74A) can lead
to structural defects as seen from the XRD studies. Such
defects can lead to intermediate bands between the valence
and conduction bands leading to visible light abortion [49;
50]. Such an absorption in the visible light range could make
this material, especially the SZO synthesised by AC an apt
photocatalyst for dye degradation applications.
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Fig. 2. Variation of lattice cell parameters, crystallite size, dislocation density and strain with respect to dopant concertation in AC method (A,B), CG

method (C,D) and CP method (E,F)
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Tau’c plot method was followed to derive the band gap of
all the materials. The Tau’c method is defined by the equation
S:
ahv = (hv — Eg)™ 5)

Where a (absorption coefficient) = 2.3034/¢, 4 and ¢ is
the absorbance and thickness of cuvette, / is planks constant,
v is the photon frequency, Eg is the optical bandgap and n=
Y, 2, 3/2 and 3 for direct allowed, indirect allowed, direct
forbidden and indirect forbidden transitions respectively.

Extrapolating leaner portion of (4/v)? on the x-axis in a
plot of (4hv)? vs hv gives the optical bandgap P!. Tau’c plot
for all the samples derived from various methods are shown
in the figure 4A-C.
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Fig. 4a). Tau’c plot of SZO series by AC, b) Tau’c plot of SZO series
by CG and ¢) Tau’c plot of SZO series by CP

On comparing the Figure 4A-C it was seen that, even the
pristine samples exhibited varying bandgap as a
consequence of the synthesis technique followed. On
looking at the variation of bandgap only for pristine ZnO
across all the methods, CG method derived ZnO exhibit the
least bandgap of 3.05 eV. This result gives an insight into
the engineering of bandgap solely by tuning the synthesis
without any dopant. For the doped samples, while the
bandgap decreased in the case of AC method on doping
(Figure 4A), it increased for the CG method (Figure 4B) and
remained almost in the same range for CP (Figure 4C) with
a sharp deviation for only 3% doped sample. Since the
crystallite size distribution was almost in the same range for
AC and CG methods (Table 1), a number of reasons such as:
defect states in between the valence band maximum and
conduction band minimum, strain and lattice distortions
induced due to doping might have led to such a variation in
bandgap [52]. However, the increase in bandgap as seen for
the case of CG derived samples can be attributed to the
Burstein Moss (BM) effect [53]. Calculations suggest that,
increase in the BM shift is a consequence of increase in
electron density as understood from the theory [54].

This could be beneficial for thermoelectric applications as
electron density and electronic conductivity are directly
related. On comparing the AC and CG methods to CP method,
the variation in crystallite size is not in a single range like in
the case of AC and CG. A common trend that was observed
in AC method is the reduction of bandgap with the addition
of Sr. Such a variation might be due to the p-d spin exchange
interactions and introduction of defect states near the
conduction band as well explained in the references [45; 55;
56]. It has been proven theoretically that Zn-3d and O-2p
contributes to the higher valence band; Zn-4s and O-2p
contributes to the lower conduction band in ZnO. On Sr
doping, additional Sr-3d levels are introduced in the
conduction band P7. Such an introduction of additional level
can lead to higher mobility of carriers. Such a feature would
enable ZnO to be tuned as a thermoelectric application as
carrier mobility and electrical conductivity is directly
proportional (o=nei where o, n, e and p is the electrical
conductivity, carrier concentration, charge of electron and
carrier mobility respectively) [58]. For a matter of evidence,
reference [32] has reported improvement in electrical
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conductivity on doping Sr in ZnO. While it becomes difficult
to understand the bandgap variations in the CP method as any
appreciable change was seen only for the 3% doped sample,
excellent correlation between the bandgap and crystallite size
was seen in the CG method (Figure 5B). Such a correlation
arises as a result of the quantum confinement effect defined
by the equation 6:

he h? (1 1 1.8¢?
ENP =_=EBulk+_ + = 6
gap A gap 8r2 \mg; = my, ATTE ey ( )
where E),, EjF,, h, ¢, A, 1, m;, my, g, and &, are energy

bandgap of nanomaterial, bulk material, planks constant,
velocity of light, wavelength of light used, radius of the
particles, effective mass of electron and hole, dielectric
constant of material and that of free space respectively [59].
Hence an inverse relation between the bandgap and particle
size can be seen from the equation above which is also
reflected in our results (Figure 5B). The change in bandgap
and crystallite size however was found to be varying in a
similar manner for the AC derived samples (Figure 5A). Such
variations are well explained in reference [60] and the
narrowing of bandgap is because of the many body
interactions [61]. Such totally opposite relations seen in AC
and CG methods are purely because of the influence of
synthesis route on the structural and optical properties of the
material under study.
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dopant concentration synthesised by AC method and B. Variation of
bandgap and crystallite size with variation in dopant concentration
synthesised by CG method.
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4. Conclusions

Sr doped ZnO (Zn,;.SrO with x=0, 0.01, 0.02, 0.03 and 0.04)
was synthesised by three different methods viz. auto
combustion, citrate gel and coprecipitation methods. XRD
revealed that auto combustion and citrate gel methods led to
additional reflections less than 4% while coprecipitation
derived samples exhibited impurity reflections with intensity
more than 80%. Hence auto combustion and citrate gel
methods have been identified as best suited methods for the
synthesis of Sr doped ZnO. One of the primary differences
between all these methods is the introduction of thermal
treatment at the time of nucleation. Since the characteristics
of the synthesised materials depends on the growth
environment, as per our observation, presence of temperature
more than 80°C is essential at the time of nucleation for better
incorporation of Sr in the ZnO matrix. The incorporation of
such a high ionic radii element like Sr also leads to high strain
in the crystal and dislocation density leading to number of
defects. In addition to the absorption in UV region, auto

combustion method derived samples exhibited promising
visible light absorption. Such absorption in the visible region
makes auto combustion derived SZO a potential candidate for
photocatalytic dye degradation. At the same time, SZO might
also be a potential thermoelectric candidate as the defects
induced in the crystal lattice can lead to phonon scattering
thereby reducing the thermal conductivity while the addition
of Sr-3d levels to conduction band would be helpful in
increasing the carrier mobility and electrical conductivity
leading to better ZT.
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