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Abstract

Single phase nanocrystalline HoFeO5; powders were successfully synthesized by the sol—gel self-propagation combustion method using glycin
(C,HsNO,) as the chelating reagent at a low combustion temperature. Four different mole ratios of glycin to metal nitrate (G/M) were used to
prepare HoFeO3; powders in the experiment. The XRD patterns indicate monophasic HoFeO3; powders can be formed by further calcination, the
SEM micrographs show that the nano-sized grains with distinguishable boundaries had been obtained. The M—H curves show HoFeO3; powders had
the characteristic of antiferromagnetism at 50 K, while the powders had the characteristic of paramagnetism as the ambient temperature reached
100 K or 300 K. The FC/ZFC magnetic measurement results demonstrate that there was a transition from antiferromagnetism to paramagnetism in

HoFeO; nanopowders as the temperature was increased.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, the orthorhombic perovskite-type RFeO;
(where R stands for rare-earth element) materials have attracted
considerable interest due to their excellent magnetic properties
[1-3]. Those materials have wide applications in various fields,
such as fuel cells [4], catalysts [5], sensors [6] and
environmental monitoring [7]. It is important to develop
techniques to produce RFeO; powders with controlled
composition and size since the ultrafine and ultrapure RFeOj;
powders usually exhibit superior properties, such as large
surface area, higher chemical reactivity [8]. The conventional
solid state reaction method of preparing RFeO; powders is a
tedious process requiring a very high sintering temperature, and
obtaining large-size even agglomerated powders. Wet chemical
methods have been reported widely for preparing ultrafine and
ultrapure RFeO; powders, such as hydrothermal synthesis [9],
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sol-gel method [10] and coprecipitation method [11]. Among
these, sol-gel method is a widely used synthesis technique,
which involves atomic scale mixing and has a high reaction rate
[12]. Furthermore, the sol-gel process is simple and easy to
operate.

The novel sol-gel auto-combustion technique using glycin
as chelating reagent has been used to prepare highly active,
homogeneous and stoichiometric HoFeO3 nanopowders in the
paper. The chelate reagent glycin, which has a strong chelate
ability to metallic cations [13], was expected to lower the
temperature of gel burning and reduce the amount of residual
organic compounds in the as-burnt powders due to its smaller
molecular weight than other chelating reagents, such as citric
acid, polyvinyl alcohol (PVA), stearic acid and hydrazine
compounds [14-16]. Excitedly, the combustion temperature of
gels with glycin is low to 200 °C, and it will be beneficial for
obtaining stoichiometric HoFeO3; nanopowders. In this paper,
we report the low-temperature combustion synthesis of
nanocrystalline HoFeO; powders via a sol-gel method using
glycin. The effects of different mole ratios of glycin to metal
nitrate (G/M) on the phase forming and morphology feature of
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synthesis products were studied. In addition, the magnetic
properties of prepared HoFeO; nanopowders were also
investigated.

2. Experimental

Ho0,03 (99.99% purity), Fe (NO3)3-9H,0 (98.5% purity) and
glycin (C,HsNO,, AR) were used as raw materials to prepare
HoFeO3-Ho,03 was dissolved in nitric acid forming Ho(NO3);
solutions by heating and stirring using a magnetic agitator.
Fe(NO3)3-9H,0O was dissolved in distilled water and mixed
with Ho(NOs); in the stoichiometric ratio of Ho:Fe =1:1.
Glycin was then added as a chelating reagent to the above
solutions, in order to investigate the effect of glycin content on
the powder synthesis, four different G/M values were used to
prepare HoFeO; powders. The mixed solutions were con-
tinuously stirred using a magnetic agitator until sticky gels were
formed. The obtained gels were removed into a big alumina
crucible to process combustion experiments. The gels got burnt
in a self-propagating combustion manner at a presetting
temperature 300 °C in an open furnace, and voluminous porous
powders were formed following along with plenty of brown
fumes escaping from alumina crucible. Finally the as-burnt
powders were calcined at different temperatures for 3 h.

Thermogravimetry (TG) and differential thermal analysis
(DTA) in the temperature range of 25-700 °C were used to
monitor the decomposition of the precursors using a NETZSCH
STA 449C at a heating rate of 10 °C/min. Phase identification
was checked by powder X-ray diffraction (XRD, D/Max-
2550 V, Rigaku, Japan) using Cu Ka radiation and nickel as the
filter at a scan rate of 12°/min from 10° to 80° (26), and phases
were identified by using Jade5 analysis software. Microstruc-
ture analysis was performed by a scanning electron microscope
(SEM, JSM-6700F). The grain sizes of the powders were
estimated following the Scherrer’s equation. The magnetic
measurements of the samples were performed on a super-
conducting quantum interference device magnetometer (Quan-
tum design, PPMS-9).

3. Results and discussion

The chelating reagent glycin has a moderate flammability
and can be ignited immediately during heat treatment at about
300 °C. It was noted that the thermal decomposition
temperature of gels started at about 200 °C, while the gels
and crucibles had a drastic endothermic procedure before gels
got burnt, the real presetting temperature 300 °C was higher
than the nominal decomposition temperature 200 °C. The
combustion process can be considered as a redox reaction
occurring between the amino-carboxyl groups acting as
reductants and NO;~ ions acting as oxidants. The burning
instantaneously propagated when the gels reached the redox
reaction temperature, and finally formed a large volume of
loose powders with plenty of microscopic pores. The
combustion results show that all of the gel samples prepared
with different G/M values exhibited self-propagating combus-
tion behaviors. Fig. 1 shows the SEM micrograph of as-burnt
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Fig. 1. Scanning electron microscope (SEM) micrograph of the as-burnt
powders prepared with G/M = 0.5.

powders prepared with G/M = 0.5. It was observed that the
porous powders with continuous network were formed. The
puffy structure and plenty of tiny pores were due to the large
amount of escaping gases during combustion [17,18].

The combined TG and DTA curves of the gels derived from
different G/M values are shown in Figs. 2 and 3. For Fig. 2, we
can observe that an overall weight of 66% was reduced during
thermal decomposition. There was a low endothermic peak at
about 79 °C, which was due to the removal of water in the gel.
As the temperature was increased, the water in the gel
evaporated faster, and another biggest endothermic peak was
observed at about 157 °C. The sharp exothermic peak at about
200 °C with a large weight loss of about 45% can be attributed
to the redox reaction occurring between glycin and metal
nitrates. The remaining weight loss occurring in some small
steps corresponded to the slow burning of incombustible
matters in the region of 250-350 °C. Typically, the weak peak
at about 340 °C indicates that the burning of organic residues
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Fig. 2. Combined DTA and TG plots of the gel sample prepared with G/M = 1.
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Fig. 3. Combined DTA and TG plots of the gel sample prepared with G/
M=1.5.

remained happening in the precursors [17-19]. The decom-
position of residual organics became weaker and weaker as the
temperature was increased and the weight loss is extremely low.
The TG and DTA curves of gel prepared with G/M = 1.5 are
shown in Fig. 3. Compare with Fig. 2, the gel had a lower
decomposition temperature 197 °C and higher total weight loss
of 72%, though, both of them had a similar variety tendency of
heat values and weight loss.

The influence of different G/M values on the HoFeO;
powders synthesis is shown in Table 1, the prepared products
with G/M = 0.5 and 1 had the typical color of organics, where
the brown or black color indicates that residual organics
coexisted in the as-burnt powders. The products prepared with
G/M = 1.5 and 2 with the feature of high-density and large-size
show that a relatively drastic redox reaction had occurred
during combustion. The effect of different calcination
temperatures on the powder synthesis is also indicated by
the contrast of product color, the powders calcined at 800 °C or
1000 °C with pure yellow color show that the organics had been
almost burnt out during calcination.

The effects of different G/M values on the powder synthesis
can be indicated exactly from the XRD patterns. Fig. 4 shows
the XRD patterns of the as-burnt powders with different G/M
values, the as-burnt powders with G/M =0.5 or 1 with an

Table 1
Comparison of auto-combustion synthesis products prepared with different G/
M values and calcination temperatures.

G/M values Calcination temperature Final products
of raw products

0.5:1 No calcination Puffy brown powders

1:1 No calcination Puffy brown powders

1:1 Keeping 800 °C for 3 h Puffy yellow powders

1:1 Keeping 1000 °C for 3 h Puffy yellow powders

1.5:1 No calcination Brown high-density powders
2:1 No calcination Black high-density powders
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Fig. 4. XRD patterns of the as-burnt powders prepared with different G/M
values.

amorphous structure instead of crystalline HoFeO; structure
suggests the powders had not been crystallized during
combustion processing. Comparatively, the XRD patterns with
G/M value = 1 or 1.5 show the HoFeOj; phase had been formed
partially during the combustion processing. Therefore, we can
conclude that the higher G/M values were in favor of the
crystallization of HoFeO; powders, while the combustion
reaction of high G/M values was so drastic that some other
impure phases may coexist in the prepared powders during
combustion [16—18,20]. Fig. 5 shows the XRD patterns of as-
burnt powders calcined at 800 °C and 1000 °C, it s clearly seen
that the monophasic HoFeO5; powders calcined at 800 °C and
1000 °C had been formed.

The average crystallite sizes of synthesized powders were
calculated using the X-ray broadening of the (1 1 2) diffraction
peak by the well-known Scherrer equation [17,21,22].

~0.89%
~ Bcosd

where D is crystallite size in nm, A is the radiation wave length
(0.15405 nm for Cu Ka), B is the corrected full width at half
maximum and 6 is the diffraction angle. According to the XRD
results of powders calcined at 800 °C and 1000 °C in Fig. 5, it
can be calculated that the crystallite sizes of HoFeO5; samples
calcined at 800 °C and 1000 °C were 36.6 nm and 38.2 nm,
respectively. As expected, the crystallite size increased slightly
as the calcination temperature was increased.
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Fig. 5. XRD patterns of the powders prepared with G/M = 1:1 and calcined at
different temperatures.
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Fig. 6. SEM micrograph of as-burnt powders prepared with G/M = 1: (a)
1000, (b) 40,000x.

Figs. 6-8 show the SEM figures of powders without
calcination, calcined at 800 °C and 1000 °C, respectively. It
was clearly seen that the powders without calcination had
network-like structure, which was just like honeycomb. The
powders calcined at 800 °C and 1000 °C appeared to be round
grains with distinguishable boundaries. From Figs. 7(b) and
8(b), it can be observed that the grain sizes were about in the
region of 100-300 nm. In the XRD discussing part, we have
known the crystallite size was about 36 nm, it indicates the
grains may contain 3-8 crystallites. It is an interesting
phenomenon that the powders calcined at a high temperature
had smaller sizes and more distinguishable boundaries than
those calcined at a low temperature. It may include the below
three reasons: (1) the calcination temperature at 800 °C or
1000 °C in the experiment would not lead to an extensive grain
agglomeration since the sintering temperature of HoFeOj
powders is higher than 1300 °C. (2) Single grain usually
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Fig. 7. SEM micrograph of powders prepared with G/M =1 and calcined at
800 °C: (a) 5000, (b) 50,000x.
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Fig. 8. SEM micrograph of powders prepared with G/M =1 and calcined at
1000 °C: (a) 5000x (b) 50,000x.

contained a few crystallites, and those crystallites in single
grain were not the most closed-packed. As the calcination
temperature was increased, the activity of crystallites in single
grain became stronger; the bulk was reduced as a result of the
more closed-packed crystallites. Therefore, the single grain
presented smaller sizes at high temperatures. (3) Some
incombustible matters in the HoFeO; grains which did not
get away from powders during calcination made the HoFeOj;
grains present bigger sizes. A higher temperature can minimize
the content of residual incombustible matters [16,18], and make
the grains present smaller sizes and more distinguishable
boundaries.

The orthoferrite HoFeO; crystallizes in a distorted
perovskite structure with an orthorhombic unit cell. Ho and
iron atoms belong to different groups of transition elements (4f
and 3d, respectively) with different magnetic moment values.
The magnetic moments of iron and Ho atoms as well as the
interactions between them are the source of magnetic properties
of HoFeOs [23]. Fig. 9(a) shows the hysteresis loop of HoFeOj;
samples at 50 K. The magnetization versus magnetic field (M-
H) curve displayed hysteretic loop, the shape of the loop was
just the characteristic of antiferromagnetism, the saturation
magnetization (M) reached 5.14 emu/g and an exchange bias
field of 590 Oe in the negative direction was obtained. The high
M is believed that the exchange coupling effect arises because
of the presence of an antiferromagnetic layer at the surfaces of
the HoFeO5; nanopowders [15]. Moreover, in nanopowders,
uncompensated surface or grain boundaries ordering of the
spins are known to create interfacial exchange energy with the
core particles [24]. It can be observed that the hysteresis loop is
shifted slightly along the field axis, loop is highly asymme-
trical. Such a shift is an indication for the exchange interaction
between different magnetic sublattices. One reasonable
explanation is the coupling exchange interaction between Fe
sublattices and Ho sublattices [13].

Fig. 9(b) shows the hysteresis loop at 100 K. Different from
the magnetic properties at 50 K, the magnetization versus
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Fig. 9. Magnetization versus magnetic field hysteresis loops for HoFeO;
samples prepared with G/M =1 at different temperatures: (a) 50 K, (b)
100 K and 300 K.

magnetic field (M-H) curve displayed linear loop, the shape
of the loop displayed typical characteristic of paramagnet-
ism, and the magnetization still had an identical tendency to
increase even at a field of 2000 Oe. The rapid decreasing of
material antiferromagnetism at 100k was attributed to the
thermal fluctuations that changed the main antiferromagnetic
ordering of the spins. In HoFeO; nanoparticles, it is believed
that the magnetic moments of the distorted FeOg octahedra
are the main source of the magnetic properties due to the
strong exchange interaction between Fe sublattices [23], and
the spontaneous magnetization became weak even disap-
peared as the ambient temperature was increased. Fig. 9(b)
shows the other hysteresis loop at 300 K, similar with the
magnetic properties at 100 K, the magnetization versus
magnetic field (M—H) curve also displayed linear loop, the
different point is that the HoFeO3 nanoparticles at 300 K had
lower magnetic susceptibility than that of 100 K. When
ambient temperature exceeds Curie temperature, the relation
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0 50 100

T T T T T T

T
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Fig. 10. Temperature dependence of the magnetization after ZFC and FC for
HoFeOj3 samples prepared with G/M =1 and calcined at 1000 °C.

between magnetic susceptibility and temperature obeys
Curie—Weiss law [8,25].

. C
T T—Tc

X

where x is magnetic susceptibility, C is Curie constant, 7T is
ambient temperature, 7. is Curie temperature. According to the
law, it can be known that magnetic susceptibility will decrease
as the ambient temperature was increased.

The magnetization as a function of temperature under zero-
field-cooled (ZFC) and field-cooled (FC) modes at an applied
field of 100 Oe is shown in Fig. 10. The shape of M-T curve
indicates that the magnetization of HoFeO; can be described as
the magnetization sum of two terms. One term (mainly) is due
to the antiferromagnetism of distorted FeOg octahedra [23], and
the other term is attributable to the paramagnetism of Ho
sublattices. The magnetic measurement results show that there
was a transition from antiferromagnetism to paramagnetism in
HoFeOj3; nanopowders as the temperature was increased. When
the ambient temperature was low, the antiferromagnetism
contribution was dominant as it is believed that the magnetic
moments of the distorted FeOg octahedra are the main source of
magnetic properties [23]. As the ambient temperature was
increased, the antiferromagnetism decreased rapidly, and the
paramagnetism contribution of Ho ions became dominant.

4. Conclusions

Monophasic and nano-sized HoFeO3 powders were synthe-
sized successfully by using glycin-assisted sol—gel combustion
method at a low combustion temperature. The results suggest
the G/M values of precursors had a significant influence on the
phase forming and morphology feature of synthesis products.
High G/M values were in favor of crystallization of HoFeOj3
powders, while the amorphous structure had not been
eliminated completely. The HoFeO; nanopowders had the
feature of antiferromagnetism when the ambient temperature
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was 50 K. As the temperature was increased, the linear loop
displayed the characteristic of paramagnetism. The FC/ZFC
magnetic measurement results demonstrate that there was a
transition from antiferromagnetism to paramagnetism in
HoFeO3; nanopowders as the temperature was increased.
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