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In the present study, the effect of Fe substitution in nanocrystalline Zn1�xFexO (x = 0, 0.01, 0.03, 0.05 and
0.07) particles synthesized through solution combustion are reported. The detailed structural and
microstructural studies of as-synthesized samples were carried out through X-ray Diffraction (XRD),
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). Further, the optical
and magnetic properties were investigated respectively through Diffuse Reflectance Spectroscopy and
Superconducting Quantum Interference Device (SQUID). The XRD results as well as the Rietveld refine-
ment on XRD data reveals the single phase, polycrystalline nature of the prepared materials and no impu-
rities such as ZnFe2O4, Fe2O3, Fe3O4 were seen, which confirms the substitution of Fe at Zn site. SEM and
TEM studies reveal that, the samples are porous and agglomerated due to the evolution of large amount
of gases during the combustion and also as-formed particles are found to be in nano-range with an par-
ticle size varies from 20 to 25 nm. Optical studies show that, the absorption edge shifts to lower energy/
higher wavelength. Room temperature magnetic (SQUID) studies shows that the undoped ZnO exhibit
diamagnetic property where as Fe doped ZnO exhibit intrinsic room temperature ferromagnetism
(RTFM) with increasing coercivity with Fe concentration and is attributed to the incorporation of Fe into
ZnO host matrix.

� 2017 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights
reserved.
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1. Introduction

Recently, diluted magnetic semiconductors (DMSs), such as Fe
doped ZnO, are receiving more attention as the potential candi-
dates for information storage and processing devices in the field
of spintronics, opto-electronics, magneto-electronics and micro-
electronics industry [1–3] due to their tunable semiconducting
(optical band gap) and magnetic (ferromagnetism) properties at
room temperature. The substitution of transition metals such as
Fe, Co, and Ni in the host ZnO would lead into the change in the
band gap energy. In fact, the tunability of the band gap of ZnO
nanoparticles upon doping Fe, Co, etc. is important for the desired
applications in various opto-electronics devices. In particular, in
the case of Fe-doped, there is a large variability in the optical
behavior and that leads to inconsistent conclusions [4,5]. In addi-
tion, existence of room temperature ferromagnetism (RTFM) is
sensitive to the synthesis methods and synthesis conditions [4–
16]. Till date, there are several methods have been reported to syn-
84

85
thesize the transition metal (Fe) doped ZnO, such as co-
precipitation [5], spray pyrolysis [6], sol-gel [7], and solution com-
bustion [8]. There also controversial reports on the existence of fer-
romagnetism (FM) at room temperature (RT), that it might come
from the presence of magnetic clusters or secondary phases [9]
and few other reports claiming, defects plays a crucial role in the
existence of RTFM in the undoped as well as in the transition metal
doped ZnO [10]. In literature, till date the existence of RTFM in
transition metal doped ZnO has been reported in thin films [6,11]
and nanoparticles [5–8,12,13], whereas some other groups have
reported an absence of RTFM [14,15]. In particular, there are
reports [13,16] which show that, RTFM was observed for the lower
concentration of Fe (<4%) and at higher Fe doping concentrations as
the ferromagnetic property (coercivity) suppressed by the paramag
netic/antiferromagnetic property in Fe doped ZnO nanoparticles.
Hence, the origin of ferromagnetism in ZnO-based DMSs remains
as a very controversial topic and still under debate. In view of this,
in the present study, we have synthesized undoped and Fe doped
ZnO nanoparticles through solution combustion technique using
new fuel, L-Valine for the first time. Further, the effect of Fe substi-
hesized
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http://dx.doi.org/10.1016/j.apt.2017.01.016
mailto:brangadi@gmail.com
http://dx.doi.org/10.1016/j.apt.2017.01.016
http://www.sciencedirect.com/science/journal/09218831
http://www.elsevier.com/locate/apt
http://dx.doi.org/10.1016/j.apt.2017.01.016


86

87

88

89

90

91

92

93

94

95

96
97

9999

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

30 40 50 60 70

Zn1-xFexO

x = 0

x = 0.05

x = 0.03

x = 0.01N
or

m
al

iz
ed

 In
te

ns
ity

 / 
(a

.u
)

2 θ / (o)

x = 0.07

(1
01

)

(0
02

)

(1
00

)

(2
01

)(1
12

)
(2

00
)(1

03
)

(1
10

)

(1
02

)

(a)

0

15000

30000

45000

0

15000

30000

0

15000

30000

0

15000

30000

30 40 50 60 70

0

3000

6000

(2
01

)

(2
00

) (1
12

)

(1
03

)

(1
10

)

(1
02

)(1
01

)

(0
02

)  x = 0.07

In
te

ns
ity

 / 
(a

.u
)

(1
00

)

2θ / (o)

 x = 0.05

 x = 0.03

 x = 0

 x = 0.01

(b)

Fig. 1. (a) The PXRD and (b) Rietveld fitted pattern of as synthesized Zn1�xFexO
(x = 0, 0.01, 0.03, 0.05 and 0.07) samples.
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tution on the structural, optical and magnetic properties are inves-
tigated and discussed in detail.

2. Experimental

Nanocrystalline Zn1�xFexO (x = 0, 0.01, 0.03, 0.05 and 0.07)
particles were synthesized through solution combustion technique
using Zinc Nitrate Hexa-hydrate (Zn (NO3)2�6H2O) as an oxidizer,
Ferrous Nitrate nonahydrate (Fe (NO3)3�9H2O) as dopant and
L-Valine (C5H11NO2) as a fuel for the first time. All the chemicals
were AR grade (SD fine Chemicals, India) and were used directly
without purification. The stoichiometric balanced equation used
is as follows;

27ð1� xÞ Zn ðNO3Þ2 � 6H2Oþ 2x Fe ðNO3Þ3 � 9H2O

þ ð10þ 8xÞC5H11NO2 þ 27
2

x
� �

O2 ! 27Zn1�xCoxO

þ 5ð10þ 8xÞCO2 " þ 64þ 35x
2

� �
N2 " þð217þ 125xÞ H2O " ð1Þ

Stoichiometric amounts of precursors were taken based on the
condition that the sum of the valances of O/F ratio to be unity,
using total oxidizing and reducing valences of the precursors.
These stoichiometric amounts of precursors were dissolved in dou-
ble distilled water and stirred thoroughly until to get transparent,
homogeneous solution called redox mixture. The redox mixture
was dried in muffle furnace at 100 �C to remove water content.
So obtained sticky solution (water free) was then placed in the
pre-heated muffle furnace at 400 �C. Within about 5 min, the solu-
tion (gel) ignites, fires with flame and finally left with voluminous
foamy product (ash). The final foamy product was collected and
ground using agate make pestle and mortar.

As-synthesized samples were characterized for phase purity
and crystallinity using X-ray Diffractometer (D8 ADVANCE, Bruker)
with wavelength 1.5418 Å. The detailed micro-structural and
structural studies were carried out through Field Emission-
Scanning Electron Microscopy (FESEM), SUPRA 55 FESEM/EDX (M/
s Carl Zeiss, Germany) and High Resolution Transmission Electron
Microscopy (HR-TEM) using LIBRA 200 TEM (M/s Carl Zeiss, Ger-
many). Optical properties were investigated through room temper-
ature diffused reflectance spectra recorded in the 200–1600 nm
wavelength range using a DRS Spectroscopy Model: JASCO V 670,
Japan. The room temperature magnetic properties were investi-
gated through Superconducting Quantum Interference Device
(SQUID) magnetometer.

3. Results and discussion

3.1. Structural studies using XRD

XRD patterns of as synthesized Zn1�xFexO (x = 0, 0.01, 0.03, 0.05
& 0.07) samples are depicted in Fig. 1(a). From the XRD patterns, all
the crystalline peaks are indexed to the JCPDS card no. 36-1451,
belongs to hexagonal wurtzite ZnO phase with space group
P63mc, evidenced that, single phase, polycrystalline nature of pure
and Fe doped ZnO samples are obtained at as-synthesis form with-
out need of post annealing steps. It is due to the high exothermicity
of the fuel-oxidizer which leads to the formation of single phase,
polycrystalline samples. Furthermore to trace presence of impuri-
ties, Rietveld refinement has been carried out using FullProf soft-
ware and the Rietveld fitted patterns are depicted in Fig. 1(b)
and the refined lattice parameters and unit cell volume are tabu-
lated in Table 1. From Fig. 1(b), clear observation shows that, no
traces of impurities such as ZnFe2O4, Fe2O3, Fe3O4 and cluster of
metallic Fe are seen. It confirms that, ‘Fe’ ions are substituted at
‘Zn’ site without any secondary phase formation. A negligible peak
Please cite this article in press as: N. Srinatha et al., Effect of Fe doping on th
nanocrystalline ZnO particles, Advanced Powder Technology (2017), http://dx.
shift has been observed increasing Fe doping could be due to the
small doping concentration of Fe (<7%) and also the relative differ-
ence in the ionic radii of Fe2+ (0.63 Å) and Zn2+ (0.60 Å), in tetrahe-
dral coordination is small and considerably negligible, which is
evidenced from the negligible variation in the lattice parameters
and unit cell volume. However the negligible shift could be due
to the micro-strain induced during the combustion synthesis due
to the exothermicity of the fuel used.
e structural, optical and magnetic properties of combustion synthesized
doi.org/10.1016/j.apt.2017.01.016
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Table 1
Summary of crystallite size, lattice parameters and energy band gap of Zn1�xFexO for different Fe concentrations.

Zn1�xFexO Dsh/(nm) Lattice parameters V (Å3) (Eg) (eV)

a = b/(Å) c/(Å)

x = 0 17.5 3.2510 (1) 5.2060 (1) 47.64 3.25
x = 0.01 17.8 3.2507 (1) 5.2058 (1) 47.63 3.23
x = 0.03 17.9 3.2507 (1) 5.2060 (1) 47.64 3.20
x = 0.05 18.0 3.2508 (1) 5.2061 (1) 47.64 3.13
x = 0.07 18.1 3.2509 (1) 5.2063 (1) 47.65 3.06

1 For interpretation of color in Fig. 4, the reader is referred to the web version of
this article.
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The Crystallite size is calculated using Scherer’s formula (2).

D ¼ kk
b cos h

ð2Þ

where b is the observed FWHM, h is the Bragg angle, k is the
Scherer’s constant, k is the wavelength of the X-rays used, D is
the crystallite size.

The estimated average crystallite sizes are tabulated in Table 1.
From the estimated average crystallite sizes, negligible significant
variation (increase) in the size of crystallites is observed with Fe
concentration may be due to the relative Fe concentration is small
in ZnO. It could be attributed to the exothermicity of the redox
mixture of fuel-oxidizer precursor and the number of moles of
gases evolved during the combustion reaction. That is, the crystal-
lite size of the combustion synthesized material is strongly depen-
dent on the exothermicity of the combustion reaction. In this case
the inclusion of Fe precursor along with the Zn precursor would
have enhanced the exothermicity of the redox mixture compared
to the undoped redox mixture, hence large amount of gases are lib-
erated during the combustion process. As a result, with increase of
Fe concentration, the significant increase of crystallite size is
observed. It also confirms the substitution of Fe at Zn site without
leading to the formation of impurity phases. From the XRD results
concludes that, the Fe doping has not produced significant change
in the structural parameters tabulated (Table 1), could be due to
the low concentration of Fe doping (<7%) and the negligible differ-
ence between the ionic size of Fe2+ and Zn2+ ions.

3.2. Microstructural studies by SEM - EDS and TEM

The surface morphology, composition and micro-structural
studies were carried out using Scanning Electron Microscopy
(SEM), Energy Dispersive X-ray Spectroscopy (EDS) and Transmis-
sion Electron Microscopy (TEM), respectively. The SEM micro-
graphs of undoped and 5% Fe doped ZnO samples are depicted in
Fig. 2. It is seen that, the samples are agglomerated with porous
nature. These pores and voids are created due to the evolution of
large amount of gases which escapes from the material during
the combustion process. Clear observation shows that, the particles
appear to be spherical within the agglomeration limit. Fig. 2(c)
depicts the EDS spectra of 5% Fe doped ZnO sample, which clearly
shows the presence of Fe content in ZnO matrix.

TEM micrographs of Fe doped ZnO samples with different Fe
content are depicted in Fig. 3. From Fig. 3(a)–(c), left micrographs,
the HR-TEM images exhibit clear distinct diffraction rings indicates
the high crystalline nature of the material, which is further evi-
denced from the Inverse Fast Fourier Transformation (IFFT) image
obtained from the HRTEM image (top-right image of Fig. 3(a)–(c)),
from which the d-spacing was estimated. The estimated d-spacing
is found to be �0.260 nm corresponding to (002) plane. This indi-
cates that large numbers of the crystals/particles are oriented
along (002) plane. Further, the down-right image of Fig. 3(a)–(c)
and Fig. 3(d) shows the TEM image of Fe doped ZnO samples with
different Fe contents (1%, 3%, 5% and 7%), respectively. From which,
it is seen that, the particles are agglomerated and the estimated
Please cite this article in press as: N. Srinatha et al., Effect of Fe doping on th
nanocrystalline ZnO particles, Advanced Powder Technology (2017), http://dx.
average size of the particles found to be 20–25 nm, which are in
agreement with the XRD results.

3.3. UV–visible spectroscopy

Further to investigate the effect of Fe substitution on the optical
band gap energy, the optical diffuse reflectance spectra were
recorded using UV–Visible diffuse reflectance spectroscopy and
are depicted in Fig. 4(a). It is observed from Fig. 4(a) that, the
absorption edge of Zn1�xFexO nanoparticles is shifted towards
lower energy/higher wavelength (red1 shifted) with increasing ‘Fe’
content as compared to the band gap of bulk ZnO (3.37 eV).

The optical band gap of Zn1�xFexO (x = 0, 0.01, 0.03, 0.05 & 0.07)
samples are estimated using the diffused reflectance data (Fig. 4
(a)). The acquired diffuse reflectance spectrum can be converted
to Schuster-Kubelka-Munk function using the formula (3) [17];

FðR1Þ ¼ ð1� R1Þ2
2R1

¼ k
s

ð3Þ

where ‘k’ is the absorption co-efficient, ‘s’ is the scattering co-
efficient and ‘R1’ is the Reflectance.

The vertical axis (R1) of Fig. 4(a) is converted to quantity F(R1),
which is proportional to the absorption coefficient. Hence, the ‘a’ in
the Tauc equation can be replaced with F(R1). Therefore, for direct
allowed transition, the Tauc’s relation becomes;

ðhmFðR1ÞÞ2 ¼ Aðhm� EgÞ ð4Þ
The plot of (hmF(R1))2 along y-axis vs hm along x-axis are

depicted in Fig 4(b)–(f). The Eg values are determined by extrapo-
lating the linear region of the (hmF(R1))2 vs hm, that is, the hm value
of x-axis at (F(R)hm)2 = 0 gives the band gap (Eg) and are tabulated
in Table 1. It is noteworthy that, the Eg value of the ZnO is 3.25 eV,
whereas those of Zn1�xFexO (x = 0.01. 0.03, 0.05 & 0.07) are 3.23,
3.20, 3.13 and 3.06 eV, respectively. Therefore, the estimated Eg
of Zn1�xFexO decreases with increase in the Fe concentration. Sim-
ilar behavior has been reported by Saleh et al. [6] and this red shift
of band gap was explained on the basis of a variation of the lattice
parameters due to the effect of doping. In our results, we have not
seen much variation of lattice parameters since the concentration
of Fe doping is relatively small (<7%). Few reports [18,19] also
shows the similar trend that the red shift or decrease in band
gap to the formation of new molecular orbitals of TM (Mn, Cr)
and to the transition between partially forbidden valence band to
conduction band. Whereas, Kumar et al. [20] attributed to the
incorporation of Co into ZnO due to the sp - d exchange interaction
between the localized d electrons of the Co ions. Therefore in the
present case, we observed that, the increase of particle size with
Fe doping due to the substitution of larger ionic size of Fe 2+ ions
at Zn2+ site as a result the band gap energy decreases. This red shift
confirms the substitution of Fe2+ ions at Zn2+ site without forma-
tion of impurities in the host matrix. When Fe2+ ions enter lattice
e structural, optical and magnetic properties of combustion synthesized
doi.org/10.1016/j.apt.2017.01.016
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Fig. 2. SEM micrograph of (a) undoped and (b) 5% Fe doped ZnO samples, respectively. (c) EDS spectra of 5% Fe doped ZnO sample.

Fig. 3. TEM micrographs of (a) 1%, (b) 3%, (c) 5% and (d) 7% Fe doped ZnO samples.
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sites previously occupied by Zn2+ ions, they provide additional
bands/sub-bands just below the conduction band. These sub-
bands merge with conduction band forming continuous band lead-
ing to the reduction of band gap. Also, this red shift of band gap is
attributed to the sp – d exchange interactions between the local-
ized d orbit electrons of Fe2+ and the band electrons of the ZnO
[20].

3.4. Magnetic properties by SQUID magnetometer

Room temperature magnetic properties were investigated
through Superconducting Quantum Interference Device (SQUID)
magnetometer. Fig. 5 shows the M-H loops for Zn1�xFexO
(x = 0.01, 0.05 & 0.07) samples at room temperature after subtract-
ing the paramagnetic component from it. The undoped ZnO sample
show noticeable opening of M-H loop could be due to the presence
of oxygen vacancies or some other defects being introduced during
combustion synthesis, which is evidenced form our earlier reports
[12]. However, the slope of the M-H curve is found to be negative
Please cite this article in press as: N. Srinatha et al., Effect of Fe doping on th
nanocrystalline ZnO particles, Advanced Powder Technology (2017), http://dx.
indicating the diamagnetic nature (left-top inset) of undoped ZnO.
Further, with the incorporation of magnetic Fe in ZnO host, a clear
hysteresis with noticeable coercivity was observed (bottom-down
inset). With increase of Fe concentration, the area of the loop
increases i.e. the remnant magnetization and coercivity increases.
Clear hysteresis loops with the coercivity 7.0, 7.25, 8.2 and
8.8 mT were observed for 1%, 3%, 5% and 7% Fe doped ZnO samples,
respectively. Their corresponding remnant magnetizations are
0.263 � 10�3, 0.286 � 10�3, 2.203 � 10�3 and 9.815 � 10�3 emu/g
and the saturation magnetizations are 0.0028, 0.0033, 0.026 and
0.093 emu/g, respectively. The noticeable coercivity of Fe doped
ZnO samples is attributed to the existence of ferromagnetism
(FM) at room temperature (RT) which arises due to the substitution
of ferromagnetic Fe into ZnO host lattice. Also it is seen that, the
remnant and saturation magnetization increases with Fe concen-
tration. Till today, the origin of RTFM in such DMS materials is
not known clearly and still under debate. However, the origin of
ferromagnetic property can be attributed to the following; (i) the
exchange interaction between the free delocalized carriers (hole
e structural, optical and magnetic properties of combustion synthesized
doi.org/10.1016/j.apt.2017.01.016
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or electron from the valence band) and the localized d spins on the
Fe ions; (ii) The presence of small magnetic dipoles present at the
surface of the nanoparticles, which interact with their nearest
neighbours inside the crystals. Hence their interchange energy in
these magnetic dipoles making other neighbouring dipoles to ori-
ent in that direction. As a result of which the sum of number of
magnetic dipoles orienting along the unidirectional increases, as
a result the ferromagnetism induces at room temperature; and
the other possibility is (iii) the presence of defects induced by
the incorporation of Fe into ZnO host matrix can also be the origin
of the FM behavior [21–23]. The origin of observed RTFM in our Fe
doped ZnO samples is attributed to any of the possibilities dis-
cussed above. But, from the XRD results, within the detection limit,
no impurity phases are observed in ZnO samples doped with Fe,
confirms the substitution of Fe2+ ions at Zn2+ site, forming single
phase. Hence the role of impurities in the origin of ferromagnetism
can be ruled out. Therefore the observed ferromagnetism in Fe
doped ZnO is due to the substitution of Fe and is independent on
Please cite this article in press as: N. Srinatha et al., Effect of Fe doping on th
nanocrystalline ZnO particles, Advanced Powder Technology (2017), http://dx.
the secondary phase of ZnFe2O4, Fe2O3, Fe3O4 and the cluster of
metallic Fe.
4. Conclusions

For the first time L-Valine has been used as a fuel to synthesize
nanocrystalline Zn1�xFexO (x = 0, 0.01, 0.03, 0.05 & 0.07) particles
through solution combustion technique. X-ray diffraction studies
show the polycrystalline, wurtzite phase nanoparticles are formed
at as-synthesized form without need of post heat treatment. No
impurities of Fe oxide such as ZnFe2O4, Fe2O3, Fe3O4 were seen,
which confirms that Fe is substituted at Zn site. SEM and TEM stud-
ies shows that as-synthesized samples are agglomerated, highly
porous in nature and the average size of the nanoparticles is in
the range of 20–30 nm. Further, the effect of Fe doping on the opti-
cal and magnetic properties were investigated. It was found that,
the optical band gap energy decreases with Fe concentration due
e structural, optical and magnetic properties of combustion synthesized
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Fig. 5. Room temperature M-H plots for Zn1�xFexO (x = 0.01, 0.03, 0.05 & 0.07)
samples. Top-left inset is the M-H plot for x = 0.00 shows the diamagnetic behavior
of the sample and bottom-right inset shows enlarged part hysteresis loops.
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to the increase of particle size. This red shift/decrease of band gap
energy was observed due to the substitution of Fe2+ ions at Zn2+

site, the formation of molecular orbitals/sub bands between the
conduction band and valence band takes place and also due to
the sp – d exchange interactions of localized Fe2+ electrons and
valence band electrons of ZnO. Room temperature magnetic stud-
ies shows that the undoped ZnO samples exhibit diamagnetic
property where as Fe doped ZnO samples exhibit RTFM with
increasing coercivity with Fe concentration.
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