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Abstract

In this paper, nanostructured Ni-doped Lake@aterials were prepared via a simple co-
precipitation method involving the hydrolysis of(U8, Fe(lll), and Ni(ll) cations in hot water wit

5% KOH as a precipitating agent. To evaluate tlieces of Ni substitution in these products, their
structural phases, lattice parameters, crystadlitd grain sizes, and magnetic properties were
determined. As the Ni content in the LakNi,O3 (x = 0-0.25) materials increased, the average
crystallite size and lattice parameters decreabBateover, across the range of Ni-substitution
ratios, all magnetic properties correspondinglyngeal: the coercive forcaH() value rose from
42.53 to 173.98 Oe. In contrast, the remanent meagien (M;) and saturation magnetizatiokld)
values decreased from 1.0-x F0to 3.8-x 10 * emug *, and from 0.24-x f0to 0.74-x 104
emug *, respectively. These predictable changes provideumd foundation for the fabrication

and application of magnetic materials based on stamctured Ni-doped LaFgQ@ubstrates.

Keywords. Nanocrystal, Ni-doped LaFgQcrystal structure, magnetic properties, co-piieation

method.

1. Introduction

LaFeQ, a perovskite-type material (general formula ofGBwhere A and B are a rare
earth element andd3transition metal, respectively) with an orthorhambtructure, has attracted
great interest due to its promise for use in adedriechnologies such as solid oxide fuel cells [1],

catalysts [2], chemical sensors [3], magnetic nitef4], and oxygen permeation membranes [5].



For example, a Ni-doped LaFeg@erovskite was used [6] to fabricate the cathod¢ernal for a
solid oxide fuel cell, and displayed (1) good cgialactivity for oxygen reduction at an operating
temperature> 700 °C and (2) thermal expansion properties mattbehose of the electrolyte and
interconnect. To successfully develop nanostrudtiNedoped LaFe@perovskites, it is essential
to thoroughly understand the magnetic propertielsadieQ and LaNiQ, as well as the spin states
of F€"* and N* ions. LaFe@is known as an anti-ferromagnetic insulator até&lNemperature of
740 K, while LaNiQ is a paramagnetic metallic oxide down to lowestgeratures [10]. Féis in
the high spin statef, &), while NP* is in the low spin statef, g'). The metal-to-insulator
transition has been attributed to the disorderaediby the difference in thel&nergy levels of Fe
and Ni in Ni-doped LaFeOmaterials [7]. Ni-doped LaFeQOnaterials have also been investigated
for many purposes, including catalysis [8, 9], &#leal conductivity [10], and oxygen permeability
[11].

Generally, to synthesise nanostructured Ni-dopeBea materials, methods similar to
those used in the preparation of Lag@®@mpounds have been applied, including solid-Jt2¢
electrochemical [13], and sol-gel combustion [1d¢hniques. The solid-state reaction requires
high temperature, while the sol-gel method involeetime-consuming sol-gelation process and
precise control to form single-phase crystals. Mues, the use of organic agents in sol-gel
fabrication may introduce undesirable impuritiesicihcan directly affect the magnetic and
electronic properties of the products [14, 15]. §halthough each approach possesses both
advantages and disadvantages, the optimal selestianrmethod to produce the desired magnetic
and electronic properties remains challenging.

In this work, nanostructured Ni-doped LaFRe@aterials were prepared via a simple co-
precipitation method through the hydrolysis of @as in hot watert(> 90 °C), without the addition
of organic agents. The efficiency of this approaas validated by measuring the structural and

magnetic properties of the synthesized productgpyopriate characterization techniques.

2. Experimental

To synthesise the LaENiO3; perovskitesX = 0, 0.1, 0.15, 0.2, and 0.25), analytical grade
La(NOs)3:6H,0, Fe(NQ)39H,0, Ni(NOs):6H,0O, and KOH (Merck, Germany) were used as
starting materials. The synthesis process wasairulthat described in our previous work [16]. A
solution containing an appropriate ratio of'L,aF€’*, and Ni?* ions was gradually added to hot
water (> 90 °C) and stirred continuously. The migtwas cooled to room temperature (25-30 °C)
and 5% KOH solutions was slowly added until pH 7swatained. The precipitates were
continuously stirred for 30 min, filtered, washedefully with deionised water, and dried in air.



The crystallisation process was monitored via tlogravimetric analysis (TGA) on a
LABSYS evo 1600°C instrument (SETARAM Instrumerati France), by heating the sample in
an aluminium oxide crucible under nitrogen at & @t10 °C min'.

The structure and phase composition of the masewale investigated by X-ray diffraction
(XRD, D8-ADVANCE, Bruker, Inc., Germany) with Cu,Kadiation £ = 1.540 A) using a step
size of 0.02° in range of 20 to 80°. The crystallgizes of LaR&NixOs (Dxgrp, NM) were
determined based on Scherrer’s equation:

o - 0.89

~ BcosB’ @)

wheref is the full-width at half maximum (FWHM), artlis the diffraction angle of the maximum
reflection.
Lattice constantsa( b, ¢) and unit cell volumes\) were calculated using the formulae

presented in Ref. [17]:
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The morphologies of the nanostructured LaReO; materials were determined by
scanning electron microscopy (FE-SEM, Hitachi S@{80apan) and transmission electron
microscopy (TEM, JEOL-1400, Japan).

The magnetic properties of the samples, includihg toercive forceH; remanent
magnetizationM,, saturation magnetizatioMs, and maximum energy producBH)max were

investigated at 300 K via a vibrating sample magmeter (VSM, Microsense EV11, Japan).

3. Resultsand discussion
Structure and mor phology of LaFeO3;

A sample of undoped LaFg@as prepared by the general method and subject@GA,
with the results shown in Fig. 1. The onset ofiahitveight loss £23.33 %) starts slowly near 75
°C, reaches a maximum afl25 °C, and finishes at340 °C. Below 340 °C, the weight loss is due
to the removal of the water of crystallisation atehydration of F&€3-yH,O (y = 1+5) [18]. The
weight loss between 300-550 °€1(1.71 %) may stem from the pyrolysis of LaO(Q#hi,O [19].
Further heating causes a small weight 16s8.8§3%) at~780 °C that is attributed to the release of
CO; from LaO(CGs)2- 1.4H0 or La(COs)3-8H,0 [20-22]. The release of G@nds at~850 °C,
which is higher than that of @ (~550 °C) because the La—g8ond is stronger than that of La—



OH [22-24]. No further weight loss occurs thereaftedicating that there is no change in the phase
of the product formed at temperatures higher tharconsidered range.

Figure 2 shows the XRD pattern of the undoped LaR@@duct after annealing at 850 °C,
corresponding to the decomposition temperaturectgleon the basis of the TGA results. The
diffraction pattern reveals only the presence efdithorhombic LaFefphase (JCPDS file No. 37-
1493). The average crystallite size of the LagFpduct, according to Eq. (1), is ~28.72 nm, while
the lattice parameters and unit cell volume catealaccording to Egs. (2) and (3) aaes 5.573 A,

b =7.849 A,c = 5558 A, andv = 243.121 K (Table 1). This confirms that the crystallisation
temperature of the LaFg@erovskite phase is near 850 °C, as anticipatethéycorresponding

thermal decomposition curve (Fig. 1).
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Fig. 1. TGA curve of the undoped LaFeProduct.
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Fig. 2. XRD pattern of LaFeg@annealed at 850 °C for 1 h.

The SEM and TEM images (Fig. 3) of the sample stimatthe LaFe@perovskite particles
have an average size of ~30-50 nm.
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Structures and morphologies of nanostructured LaFe; «<NixO3 (x = 0.1, 0.15, 0.2, and 0.25)
Based on the TGA and XRD results for the undopef@ely sample, a temperature of 850

°C was chosen for the fabrication of the Laf,0; (x = 0.1, 0.15, 0.2, and 0.25) perovskite
materials. Figure 4 shows the XRD pattern of thEey,@\ip O3 product compared with those of the
NiO and FgOs; components, which were independently prepared russheilar conditions. The

LaFe) sNig20O3 product has the specific peaks of the Lage@horhombic phase (JCPDS file No.
37-1493) with no detectable secondary phase. ThB YRtterns in Fig. 5 reveal no significant

differences between the samples having differerdadying ratios.

All the XRD patterns of LakgNixOs; (x = 0.1, 0.15, 0.2, and 0.25) (Fig. 5) show the
existence of a single-phase orthorhombic perovgRitena space group, No. 62). We can therefore
conclude that the simple co-precipitation methodppropriate for the fabrication of Lak&lixOs

materials withx < 0.25.
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Fig. 4. XRD patterns of LaRgNip 03, NiO, and FgO; annealed at 850 °C for 1 h.
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Remarkably, the XRD peaks tend to broaden and swfard a higher 2 position (right-
shift) due to the substitution of Ni in the LaFg@ittice. Similar phenomena have also been
observed in other studies [25—-27]. The shift ofkge@ward higher 2 values indicates a reduction
of thea, b, ¢, andV values of the LaRgNiO3; samples relative to the pure Lakefample (Table
1). These reductions in the unit cell size may inate for several reasons: (1) Ni(lll) ions are
substituted into the perfect crystalline Lakefth fine crystallite size of the crystalline Labg
facilitates Ni(lll) ion substitution (Fig. 2); (Zhe diameter of the substituted Ni(lll) ion is steal
than that of the Fe(lll) ion [19]; and (3) the segtial increase of substituted-Ni content leads to
lattice defects that raise the internal stressraattain the growth of the crystals. Consequeittitly,
presence of Ni in the LaFgQattice broadens the XRD peaks of the LaRgO; samples and
reduces the crystallite size from 28.72 to 23.59(hable 1).
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Fig. 5. XRD patterns of LaRgNiO3 (x = 0.1, 0.15, 0.2, and 0.25) samples calcined @t’85for 1 h.

Table 1. Lattice parameters and crystallite sizes of LaRgO; samples annealed at 850 °C for 1 h.

_ Lattice constants, A .
LaFe xNixOs 20121y ° D, nm Vv, A
a b Cc

x=0 32.1900 28.72 5.573 7.849 5.558 243.121
x=0.1 32.1886 26.02 5.544 7.86b 5.560 242.467
x=0.15 32.1979 27.51 5.544 7.845 5.584 242.863
x=0.2 32.2107 28.99 5.531 7.879 5.564 242 .472
x=0.25 32.3066 23.59 5.546 7.830 5.531 240.185

TEM images of the LakeNip O3 and LaFe7Nig 2503 samples (Fig. 6), however, do not

show significant changes in patrticle size or stegpthe concentration of Ni changes. The Ni-doped



LaFeQ particles are relatively uniform in shape (sphaji@and size (30-50 nm), as in the case of
the undoped LaFeQ
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Fig. 6. TEM images of nanostructured LakHiy O3 and LaFg;d\ig .:0; materials
annealed at 850 °C for 1 h.

Magnetic properties of nanostructured LaFe; «NixO3 (x = 0, 0.1, 0.15, 0.2, and 0.25)

Magnetic measurements at room temperature for #fte LNi,O3; (x = 0, 0.1, 0.15, 0.2, and
0.25) samples indicate that the substitution ofri\the LaFeQ@ crystal lattice affects not only the
structural characteristics but also the magnetapgrties of the products (Table 2 and Fig. 7).
While the LaFe® nanomaterial, with a coercive foré& of 42.53 Oe, can be considered a soft
magnetic material, the LaEdNi O3 products become hard magnetic materials with mighe(>
150 Oe). The substitution of Ni into the LaFd@Xtice causes an increase in the magneto-crystall
anisotropy, and thereforél. for the LaFesNixO3; materials increases. For LakNiyO3; with x =
0.1-0.25,H; increases ax in range of 0.1 to 0.2, whereas,xat 0.25,H. declines. This can be
explained by the effect of the crystallite size ldg Nanoscale particledD(< 100 nm) can be
considered as single-domain particles. Thidp,depends on the particle size according to the
following formula [28]:

He=9- =5 (4)
whereg and h are constants, anD is the particle diameter. Clearli. will increase with the
particle size. Indeed, whenis increased from 0.1 to 0.2, the crystallite siges from 26.02 to
28.99 nm andH. also increases from 168.14 to 173.98 Oe. Howefogrthe LaFe79Nig2:03
sample, the crystallite size is reduced to 23.59amdH. drops to 160.76 Oe.



Substitution by Ni reduces the remanent magnetimd¥l, and saturation magnetizatidu;
of the samples (Table 2). The declinévfat higher values ofis also related to the decrease in the
crystallite size. The smaller the particle, theé&rits surface area-to-volume ratio. This leaddh&
existence of non-magnetized surface areas and esdheM; value. Similar phenomena were also
reported for several other series ({lar)(FexNix)Os3 [29], PrFexNiyOs, and GdFegNi O3 [27,
30]). Therefore, changes in the doping elements thed@d concentrations can alter the magnetic
properties of perovskite-type nanomaterials, a phenon which may be applied in tuning the

properties of magnetic materials for various agtians.

Table 1. Magnetic properties of LafgNi,O; hanomaterials calcined at 850 °C for 1 h.

Sample Hc, Oe M, emug™ " Ms, emug” *
LaFeQ 42.53 1.0-x 102 0.24-x 16
LaFe) gNig.103 168.14 4.0-x 10* 15.7-x 10 *
LaFe gNig 1603 168.87 5.7-x 10% 21.1-x 10 *
LaFe, gNig :03 173.98 5.2-x 10% 20.2-x 10 *
LaFe 7Nig.2d03 160.76 3.8-x 10* 0.74-x 104
emu/z 1T e - : 2 i G.ODE-02
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Fig. 7. Field dependence of the magnetization of the LgiigO; nanomaterials annealed at 850 °C for 1 h.

4. Conclusions

LaFe xNixO3; (x = 0, 0.1, 0.15, 0.2, and 0.25) perovskite-type emals were successfully
prepared via a simple co-precipitation method withthe use of organic agents. Single-phase
LaFe xNixO3 products formed after annealing at 850 °C forHal grain sizes in the range of 30 to
50 nm and unit cell volumes in the range of 24@48 A’. As the Ni content in the LaEgNiOs
products increased from 0 to 0.25, thevalue increased, whereas tiieandM;s values decreased.

These predictable changes serve as a good found&drothe fabrication and application of
8



magnetic materials based on nanostructured Ni-dop€@Q substrates. As a result, the original
LaFeQ nanomaterial, which had a lavt (42.53 Oe), smaM; (0.01 emeg” ), and highMs (0.24
emug %), is suitable for instruments operating at highgnetic field. In contrast, the Ni-doped
LaFeQ materials, with higiH. (>>100 Oe) and lows (0.74 x 10' — 21.1 x 1d emug™ %), can be
used to produce permanent magnets and magnetg tape
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