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Abstract. The present study reports the structure and optical properties of Sr-doped NdFeO3 nanoparticles
synthesized by the simple co-precipitation method without the introduction of surfactants. Structural phase
formation of the crystal exhibited orthorhombic planes of all samples (Nd1-xSrxFeO3; x = 0.1, 0.2, and 0.3).
The average crystal size and unit cell volume are increasing with a dopant (DXRD = 28 ± 3–35±3 nm;
V = 236.52–238.07 Å3). The obtained Sr-doped NdFeO3 nanoparticles have higher absorption in the visible
region (k = 400–800 nm) than in the UV range (k = 200–400 nm) and the band gap value
(Eg = 0.87–1.06 eV) is much lower than similar rare-earth perovskite series such as NdFe1-xCoxO3,
Y1-xSmxFeO3, HoFe1-xNixO3, LaFe1-xTixO3, and Y1-xGdxFe1-xCoyO3 synthesized by different methods.
The excellent optical properties of Sr-doped NdFeO3 nanomaterials give them great potential for applications
related to optics.
Keywords. nanoparticles; Nd-orthoferrite; Sr-doping; optical properties.

1. Introduction
The partial substitution of other metal cations into the
position of R or Fe in the RFeO3 perovskite lattice can
lead to the mixed oxidation state of the cations,
resulting in structural deformations, thus altering the
properties of the RFeO3 base materials.1–5 This opens
up many applications of those kinds of materials in
modern technology such as photocatalysts, gas sensors, optical materials, magnetic materials and electrode materials, etc.6–10 One of the typical orthoferrites
is NdFeO3. Neodymium orthoferrite has been used in
As(V) adsorption and its structure, magnetic and
electrical properties have also been studied.11–14 In the
report of Sajad Mir et al.,15 NdFe1-xNixO3 (x = 0 and
0.3) perovskite structures were synthesized by ceramic
method. UV-Visible spectroscopy data showed that
optical energy band gap decreases with Ni substitution
from 4.3 eV to 4.0 eV for the sample with 30% Nidoping. However, the characteristic structure and
properties of RFeO3 orthoferrite perovskites depend
not only on the content of the doping element, but also
*For correspondence

on the nature of the doping metal, the particle morphology and size, the crystal size, and the synthesis
method.1,7–9
Orthoferrite neodymium (o-NdFeO3) is usually
synthesized by such methods as hydrothermal,12 solgel or combustion,11,16,17 solid-phase reaction,14,15
mechanical grinding,18 co-precipitation method using
octanoic acid,13 ultrasonic synthesis with the addition
of octanoic acid.19 In general, wet chemical synthesis
is dominant for the preparation of RFeO3 nanomaterials owing to the low annealing temperature required.
However, organic polymers need to be added to the
system to control the gelation process and thus, many
factors affecting the formation of single perovskite
phase should be examined, such as metal cations/
polymer ratios, gelation temperature, pH, stirring time,
etc.
In previous studies,20–25 the features of the formation of nanopowders of RFeO3 orthoferrites (R = Pr,
Ho, Nd, La, Y) were described, including those doped
with cations (for example, Ni, Mn) by a simple coprecipitation method by hydrolysis of cations in boiling water (t° [ 95 °C), followed by the addition of
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appropriate precipitants in the absence of surfactants.
According to the literature data, NdFeO3 in the form of
nanoparticles doped with strontium (Nd1-xSrxFeO3),
has not been synthesized by the aforementioned coprecipitation method.
In this study, a simple co-precipitation method was
applied to synthesize the narrow band gap Sr-doped
NdFeO3 nanoparticles.
2. Materials and methods
Nd(NO3)36H2O (99.8% purity, Merck), Fe(NO3)39H2O (99.6% purity, Sigma-Aldrich), Sr(NO3)2
(99.7% purity, Sigma-Aldrich), and K2CO3 (99.7%
purity, Sigma-Aldrich), were employed as the starting
materials without any further puriﬁcation.
Sr-doped NdFeO3 nanoparticles were prepared via
the process shown in Figure 1. A mixture of
Nd(NO3)36H2O, Sr(NO3)2, and Fe(NO3)39H2O salts
with the stoichiometric ratio of Nd3?:Sr2?:Fe3? =
(1-x ):x:1 (x = 0.1, 0.2, and 0.3) was dissolved in
distilled water. 50 mL of this solution was added to
450 mL of boiling water (t° [ 95 °C) while stirring
with a magnetic stirrer. After the addition of salts, the
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system was kept boiling for 10 min, then cooled to
room temperature (25–30 °C). An aqueous solution of
the precipitant K2CO3 5% was added dropwise to the
resulting solution with stirring in an amount necessary
for the complete precipitation of Nd3?, Sr2? and Fe3?
cations (checking with phenolphthalein paper). The
formed precipitates were stirred for 60 min and settled
for 15 min. After separation on a vacuum ﬁlter, the
precipitates were washed with deionized water to
pH & 7, dried at room temperature to constant
weight, and ground. A yellow-brown powder was
obtained as the precursor for Nd1-xSrxFeO3.
Powder X-ray diffraction analysis (PXRD) of the
obtained Nd1-xSrxFeO3 samples was carried out using
a D8-ADVANCE X-ray diffractometer (Germany)
(CuKa radiation, k = 0.154184 nm, angle range of
2h = 10–80°, a scan rate of 0.02 °/s). The crystalline
phase content of the samples was determined thanks to
the X’pert High Score Plus 2.2b software. The average
crystal size (DXRD, nm) of the Nd1-xSrxFeO3 samples
was calculated by the Scherrer formula.13
DXRD ¼

kk
b cos h

ð1Þ

Nd(NO3 )3·6H2O

Fe(NO3 )3·9H2O

50 mL distilled water

Sr(NO3 )2

450 mL hot water
Cool down to room temperature
K2CO3 5%
Precipitate
Filter, wash, dry and grind
Dry powder
Anneal at 850 °C for 1 h
Sr-doped NdFeO3
Figure 1. Flow chart for the synthesis of Sr-doped NdFeO3 nanoparticles by co-precipitation method.
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Figure 2. PXRD patterns of Nd0.8Sr0.2FeO3 sample annealed at 850 °C for 1 h.

Table 1. Characteristics of Nd0.8Sr0.2FeO3 sample annealed at 700, 850, and 950 °C for 1 h.
t°
2h(112) (°)
Height (cts)
Crystal phase (%)
Amorphous
phase (%)
FWHM (°)
d-spacing (Å)
D (nm)

700 °C

850 °C

950 °C

32.5193
464.55
79.5
20.5

32.5372
997.95
92.7
7.3

32.4987
1064.75
88.9
11.1

0.2708
2.75204
30 ± 2

0.2352
2.74986
35 ± 4

0.1687
2.75388
47 ± 3

where b is the full-width at half maximum (FWHM,
rad), and h is the diffraction angle of the maximum
reﬂection; k is the shape factor (for the orthorhombic
structure, k = 0.9).
The lattice constants (a, b, c) and unit cell volume
(V) were calculated using the formulae presented in
Ref19:
1
h2 k 2 l 2
¼
þ þ
d 2 a2 b2 c2

ð2Þ

V ¼abc

ð3Þ

The quantitative and qualitative composition of the
samples was determined by energy-dispersive X-ray
spectroscopy (EDX-analysis) using an FE-SEM
S-4800 scanning electron microscope (Japan). The

quantitative elemental composition was determined as
the average of the values obtained at three different
points in each sample.
The morphology and particle size of the obtained
Nd1-xSrxFeO3 samples were determined by transmission electron microscopy (TEM) using a ‘‘Jeol’’ JEM1400 microscope (Japan) and scanning electron microscopy (FESEM S-4800, Japan). The average particle
size of the sample was measured using the IMAJEJ
software.
The UV-Vis absorption spectra of the Nd1-xSrx
FeO3 (x = 0.1, 0.2, and 0.3) powders were studied on
a UV-Visible spectrophotometer (UV-Vis, U3300,
Japan). The optical energy gap (Eg, eV) of the samples
was calculated by using the well-known Tauc
equation.8,22
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Figure 3. PXRD patterns of Nd1-xSrxFeO3 (x = 0.1, 0.2 and 0.3) samples annealed at 850 °C for 1 h.

Table 2. Structural characteristics of Nd1-xSrxFeO3 nanocrystals annealed at 850 °C for 1h.
Unit cell parameters
Samples
Nd0.9Sr0.1FeO3
Nd0.8Sr0.2FeO3
Nd0.7Sr0.3FeO3

Ahv ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
aðhv  Eg Þ

2h(112) (°)

D, (nm)

FWHM (°)

a (Å)

b (Å)

c (Å)

V (Å3)

32.5159
32.5372
32.5802

28 ± 3
34 ± 4
35 ± 3

0.2753
0.2352
0.2253

5.462
5.465
5.478

5.573
5.576
5.581

7.770
7.781
7.787

236.52
237.11
238.07

ð4Þ

where A is the optical absorption coefﬁcient, hm is the
photon energy, Eg is the direct band gap and a is a
constant. The extrapolation of the linear portions of
the curves toward absorption equal to zero (y = 0)
gives Eg for direct transitions.
3. Results and Discussion
The precursor for Nd0.8Sr0.2FeO3 nanoparticles was
annealed at 700, 850, and 950 °C for 1 h and studied
by PXRD, and the results are shown in Figure 2. The
obtained peaks match well with the standard peaks of
orthorhombic NdFeO3, Pnma (62) space group
(JCPDS: 074-1473), with the (h k l) Miller indices as
shown in Figure 2.12,13 No impurity peaks of Fe2O3,

Nd2O3, or SrO can be observed, indicating the successful substitution of strontium in the NdFeO3 crystal
lattice. The crystallinity (I, cts) of Nd0.8Sr0.2FeO3
crystal phase increased with the annealing temperature, but the Nd0.8Sr0.2FeO3 crystal phase content
reached the maximum for the sample annealed at
850 °C (crystal phase = 92.7 %) (Table 1). When the
annealing temperature increased, the FWHM value
decreased and thus the crystal size (DXRD, nm) calculated by formula (1) increased (Table 1), and DXRD
rose signiﬁcantly when the annealing temperature
went from 850 °C to 950 °C (DXRD/850 °C =
35 ± 4 nm; DXRD/950 °C = 47 ± 3 nm).
From the PXRD results of Nd0.8Sr0.2FeO3 samples
(Table 1), the precursor for Nd0.9Sr0.1FeO3 and
Nd0.7Sr0.3FeO3 nanoparticles annealed at 850 °C for
1 h were chosen for further study. The PXRD patterns
of powders of nominal composition Nd1-xSrxFeO3
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Figure 4. EDX (A), SEM (B), and TEM (C) images of Nd0.78Sr0.17FeO3.49 nanoparticles.

Figure 5. Particle size distribution diagram of Nd0.78Sr0.17FeO3.39 powders annealed at 850 °C for 1 h.

(x = 0.1, 0.2, and 0.3) after annealing at 850 °C for
1 h are shown in Figure 3. The observed peaks match
with the standard peaks of NdFeO3 orthorhombic
phase, proving that all three samples Nd0.9Sr0.1FeO3,
Nd0.8Sr0.2FeO3, and Nd0.7Sr0.3FeO3 contain singlephase perovskite with orthorhombic structure, Pnma
(62) space group. This is good evidence for the successful substitution at the position of Nd3? cation by
Sr2? cations. When the Sr2? doping level in the
NdFeO3 crystal lattice increases, the 2h position of the
(112) peak was right-shifted (toward a higher 2h
value) and the FWHM value decreased, meaning the
increase in crystal size and unit-cell volume (Table 2).
This increment in the crystal size (DXRD, nm) and unit
cell volume (V, Å3) can be originated from the larger
ionic radius of Sr2? (r = 0.112 nm) compared to that
of Nd3? (r = 0.094 nm).26 Similar results were also
reported previously for Ba-doped RFeO3 (R = La, Y)
nanopowders.3,5 Table 2 shows that the DXRD of Srdoped NdFeO3 varies from 29 to 36 nm, and V from
236.52 to 238.07 Å3.
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Figure 6. Room-temperature optical absorbance spectra of the Nd0.8Sr0.2FeO3 annealed at different temperatures (A) and
of the Nd1-xSrxFeO3 (x = 0.1, 0.2, and 0.3) annealed at 850 °C (B).

The EDX results of Nd0.8Sr0.2FeO3 at three different
positions only show peaks of the elements Nd, Sr, Fe
and O (Figure 4A) (no impurity elements were
observed). The atomic percentages of Nd, Sr, Fe and O
in the sample were 14.34%, 3.13%, 18.38% and
64.15%, respectively; corresponding to the empirical
formula of Nd0.78Sr0.17FeO3.49.
As such, the actual content of Nd, Sr, and Fe cations
determined in this way (based on atomic percentage)
was in agreement with the nominal composition of the
samples. However, the atomic percentage of oxygen in
the Nd0.8Sr0.2FeO3 sample was much higher than in
the proposed chemical formula. This fact again proves
that the doping of the NdFeO3 lattice with Sr2? was
successful. Accordingly, to balance the local charge
caused by the substitution of trivalent neodymium
with divalent strontium, some Fe3? cations were oxidized into Fe4? (Fe3? ? Fe4? ? e) and, thus, the
oxygen content in the Nd0.8Sr0.2FeO3 structure
increased.8,23–25 In addition, the adsorption of oxygen
on the surface of orthoferrite was also the reason for an
increase in the percentage of oxygen atoms in the
Nd0.8Sr0.2FeO3 sample.27
The morphology and particle size of Nd0.78Sr0.17FeO3.49 powder annealed at 850 °C for 1 h are
shown in the SEM (A) and TEM (B) images (Figure 4). The obtained particles have a slightly angular
spherical shape with the size mostly in the range of
20–55 nm (Figure 5). The average particle size
calculated by IMAJEJ software was 38.7 ± 3 nm.
This result is rather close to the crystal size from the
Scherrer equation (DXRD = 34.83 nm) (Table 2).
The substitution of Sr2? in the NdFeO3 crystal lattice affected not only the structure but also the optical
properties of the material (Figures 6, 7). The UV-Vis

absorption spectra of the Sr-doped NdFeO3 nanoparticles showed strong absorption in the ultraviolet
(* 250–400 nm) and visible light regions
(* 400–800 nm) (Figure 6). In the UV region, the
inﬂuence of annealing temperature (on Nd0.8Sr0.2FeO3
nanoparticles) and of the Sr2? doping content (on
Nd1-xSrxFeO3 nanoparticles) was negligible. However, in the visible range, both the annealing temperature and Sr2? content affected the optical properties
of the materials. Indeed, for Nd0.8Sr0.2FeO3 nanoparticles, the absorbance decreased and the bandgap value
increased when the annealing temperature rose (Figures 6A and 7D, B, E). With the elevation of annealing
temperature, particle size also increased (Table 1),
resulting in the reduction of surface area and thus, the
bandgap increased.28,29 The bandgap value of Nd0.8Sr0.2FeO3 nanoparticles varies from 0.88 to 0.94 eV.
In contrast, when the content of Sr2? cation in the
crystal lattice of NdFeO3 increased, the optical
absorption and band gap decreased (Figures 6B and
7A, B, C) due to the electron transition from the
valence orbital 2p of oxygen to the conduction band 3d
of iron.29,30 Indeed, according to the EDX results,
when the Sr2? content in the NdFeO3 lattice increased,
the oxygen percentage also increase, leading to the
increment of the electron transition from the oxygen
2p orbital to the iron 3d orbital.
Most interestingly, the Sr-doped NdFeO3
nanoparticles in this work have higher absorption in
the visible range than in the UV region (Figure 6),
while for other rare-earth nano perovskites such as
NdFe1-xCoxO3,
Y1-xSmxFeO3,
NdFe1-xNixO3,
HoFe1-xNixO3, LaFe1-xTixO3, and Y1-xGdxFe1-xCoyO3, the absorption in the UV region is mainly
much higher than in the visible region.7,8,15,30–32
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Figure 7. Tauc plot of (Ahv)2 as a function of photon energy for Nd1-xSrxFeO3 (x = 0.1, 0.2, and 0.3) nanoparticles.

Table 3. The optical band gap of Nd1-xSrxFeO3 nanoparticles at 300 K in this work and from
the published literature for comparison.
Samples
Nd1-xSrxFeO3 (x = 0.1–0.3)
NdFeO332
LaFe1-xTixO3 (x = 0.0–0.8)7
HoFe1-xNixO3 (x = 0.0–0.5)8
NdFe1-xNixO3 (x = 0.0, 0.3)15
Y1-xGdxFe1-yCoyO3 (x, y = 0.0–0.2)30
Y1-xSmxFeO3 (x = 0.0–0.15)31
NdFe1-xCoxO3 (x = 0.0–0.3)32

Eg, (eV)

Synthesis method

0.87–1.06
2.06 eV
2.05–2.61
3.39–3.17
4.0–4.3
2.42–2.24
2.11–2.16
2.06–1.46

Co-precipitation
Co-precipitation
Co-precipitation
Solid state reaction
Ceramic method
Solid state reaction
Sol-gel citrate
Co-precipitation
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Besides, the band gap values (Eg, eV) of Sr-doped
NdFeO3 nanoparticles are also so noticeably lower
than those of similar rare-earth perovskites reported
previously (Table 3).
With a high absorption in the visible range and low
band gap value, the obtained Sr-doped NdFeO3
nanoparticles can be used as a photocatalyst in the
visible region for the decomposition of toxic organic
waste and reduce environmental pollution.
4. Conclusions
Sr-doped NdFeO3 nanoparticles have been successfully
prepared by the simple co-precipitation method via the
hydrolysis of Nd3?, Sr2?, and Fe3? cations in boiling
water (t° C 95 °C) with K2CO3 5% as a precipitant.
Structural characterization showed that the structure
had a single-phase of orthorhombic NdFeO3 with space
group Pnma (62). The crystal size of the Nd0.8Sr0.2FeO3
sample increased with the annealing temperature
(DXRD = 30 ± 2–48 ± 3 nm). When x increased from
0.1 to 0.3, crystal size and unit cell volume of
Nd1-xSrxFeO3 samples also increased (DXRD = 28 ±
3–35 ± 3 nm; V = 236.52–238.07 Å3). The doping
of Sr2? resulted in the deformation of the crystal
structure of the base material NdFeO3, causing changes in the optical properties. The obtained Sr-doped
NdFeO3 nanopowders have low band gap (Eg =
0.87–1.06 eV) and high absorption in the visible
region (k = 400–800 nm), showing great potential for
application as photocatalyst for the decomposition of
toxic organic waste.
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