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CRYSTAL STRUCTURE OF Nd:.FeOs; OXIDE MATERIAL
AND ITS RIETVELD REFINEMENT ANALYSIS

E. H. SUJIONO'*, M. Y. DAHLAN', A. C. M. SAID", R. A. IMRAN', S. SAMNUR?

TLaboratory of Materials Physics, Department of Physics, Universitas Negeri Makassar, Makassar 90224, Indonesia.
2Department of Mechanical Engineering, Universitas Negeri Makassar, Makassar 90224, Indonesia

The crystal structure of Nd,,FeO; oxide material synthesized by varying calcination temperatures was determined usi%
the X-ray diffraction method. Further analysis by Rietveld refinement using software Rietica showed that all of the samples have
an orthorhombic phase structure. The lattice constants of each a sample with variation of calcination temperature is a =
5.581059 + 0.000736 A, b = 7.758627 £ 0.000947 A, c = 5.448341 + 0.000665 A; a = 5.580203 * 0.000695 A, b = 7.756789 * 0.000908
A, ¢ = 5.447646 £ 0.000626 A; and a = 5.580402 % 0.000704 A, b = 7.758957 + 0.000919 A, ¢ = 5.449350 * 0.000634 A, respectively.
The results of lattice constant were associated with the value of Goodness of Fit (GoF) is 0.9101%, 0.8726%, and 0.9303%,
respectively. That has a strong indication of a qualified matching between the NdFeO; model numbers of COD 2003124 with the
current experimental results. The value of FWHM and the crystal size of Nd;,FeO; samples are 0.22° and 372 nm. The results
showed that the variation of calcination temperature has not a significant change in the crystal size and homogeneity of the
atomic crystal structure. These results are confirmed by simulation of the atomic structure using the Diamond software, the

dominant peak of hkl (121). /

Keywords: X-ray diffraction; FWHM; Nd;.FeOs; Rietveld refinement; Crystal Structure; Morphology.

1. Introduction

NdFeOs comgounds which have a perovskite
structure with th neral formula of RFeOs (R =
Rare-Earth) have investigated its utility in a wide
variety of applications such as in solid oxide fuel
cells [1], gas sensors [2, 3], the photo-catalysis and
catalytic converters [4-6]. NdFeOs has gaperovskite-
type orthorhombic structure [7, 8]. NdFeO3
compounds, there are three main magnetic
interactions: Fe-Fe, Nd-Fe, and Nd-Nd [9]. Such
interaction competes in determining the structure
and properties of attractive magnetic that trigger the
number of applications. One of the applications of
nanopowders NdFeOs is a gas sensor to detect
H2S [10] and C2HsOH [11]. NdFeOs oxide material
has been successfylly synthesized by using various
methods, such a drothermal [12], combustion
[13, 14], sol-gel [15], precipitation method [16] and
sonication assisted precipitation [17]. The solid-
state reaction is the conventional method is most
often used for the synthesis of ceramic compounds
[8, 18], in which the process is relatively cheap and
easy, and the product of this reaction also has a
high purity level and good crystalline compared to
the other methods. Authors have experience in the
fabrication of such an oxide material, e.g,
YBa2Cu3Oy, NdBaCuO (off-stoichiometric), and
NdFexBa2xCusOy, the results have reported
elsewhere [19 - 21].

In this research, we reported our current
results in the development of NdFeO oxide material
as one potential candidate for sensor application.
Further analysis is to determine quantitatively the
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physical characteristics of the material by X-ray
diffraction data using Rietveld. Rietveld is a method
of matching the theoretical curve with the
experimental curve until there is an agreement
between the two curves as a whole [22]. Based on
this analysis, the crystal quality of materials can be
concluded.

NdFeOs crystal structure is described in the

G)yace group Pbnm [23, 24]. Atom is located in

stallographic sites below: Nds+ ion in (4c), Fes+
in (4b) and ion O2 (4c) and (8d). Fes+ ions are
coordinated by six ions Oz that form octahedral
FeOes. The unit cell is composed of octahedral
angle FeOe that in which the tilt angle as a function
of temperature [25]. In this article, Ndi2FeOs
synthesized using a solid-state reaction method
with  variations of calcination temperature.
Characterization of material has been done by X-
ray diffraction (XRD), which includes phase
identification and quantitative analysis using Rietica
software, Scanning Electron Microscope (SEM)
and Energy Dispersive Spectroscopy (EDS),
includes fast EDS mapping.

2.Experimental Procedure

Nd1+xFeOs oxide material has been growrﬁ/
using the solid-state method with a variation of
molar ratio, sintering temperature, and annealing
temperature. The best results with a variety of
sintering and annealing temperature are using a
molar ratio of x = 0.2 [26]. This current research is
reported of synthesis of Ndi2FeOs material using
raw materials d203 99.99% purchased by



E. H. Sujiono, M. Y. Dahlan, A. C. M. Said, R. A. Imran, S. Samnur / Crystal structure of Nd;.,FeO; oxide material 167

Strem Chemicals-USA and Fe203 99.99%
purchased by Sigma-Aldrich-USA with calcined
temperature was varied. Raw materials were mixed
using a solid-state reaction method with the molar
ratio of x = 0.2. The raw material powder Nd203
99.99% and Fe203 99.99% were
weighed according to the stoichiometric
calculations to get an oxide material Ndi2FeOs.
The mixture of Ndi2FeOs that obtained was
grinded for 3 hours and calcined at a temperature
of 700°C for 6 hours, then crushed for 5 hours and
sintering for 6 hours at a temperature of 950°C.
The synthesis process and the heating then
repeated to obtain a better sample homogeneity [8,
27 - 30]. After the samples grinded for 3 hours and
repeat to calcinate with variations in temperature
750°C, 850°C, and 950°C, respectively. The
product of calcination powder and then grinded
back for 5 hours and sintering at a temperature of
950°C for 6 hours following by cooling down the
process untii reached of ambient room
temperature.
Nd12FeOs powder characterized by X-ray
iffraction [Rigaku MiniFlex 1I, 26 = 20° - 65°
&Ku, A = 0.154 nm)] to determine the crystal
structure and quantitatively analyzed by Rietveld
refinement method using software Rietica. The
parameters refined include (1) global parameters:
sample displacement and Polynomial background
of coefficient function (order of 5) and (2) the
parameters phases: the lattice parameters, factor
scale, component Gaussian (U), component
Gamma (Gam0), asymmetry peak, and preferred
orientation. Output parameters used to determine
the results of refinement crystallinity and lattice
parameters of the samples and the illustration of
the atomic structure using the Diamond software.
The analysis of morphology and elemental
of the Ndi2FeOs powder investigated using FEI
Quanta FEG Scanning Electron Microscope (SEM)
and Fast Energy Dispersive Spectroscopy (EDS)
apping with magnification 50,000x and 100,000x
es.

3.Results and Discussion

3.1 ay Diffraction Analysis

RD diffraction patterns of oxide material
Nd+12FeOs powder were synthesized by using the
solid-state reaction method with variations of
calcination temperature at a temperature of 750°C,
850°C, and 950°C, as shown in Figure 1.

Figure 1 shows the peak of Ndi2FeO3, and
the Nd203 phase has been identified based on the
adjustment of the data using software Match!. This
crystallographic curve indicates that the raw
materials of Nd20s and Fe20s have formed a new
NdFeOs phase. The existence of the formation of a
minor Nd203 phase is an indication that the raw
materials are not entirely produced in the
Nd1.2FeOs phase. Imperfection reaction suspected

and its Rietveld refinement analysis

due to the adjustment of calcination temperature,
and the heating time is less than optimal. This,
according to another study, has explained that the
NdFeOs single phase could be formed with a
calcination temperature of 1000°C and sintered at
a temperature of 1200°C. However, the results
obtain defects and also contained cracks [31].
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Fig. 1 - XRD pattern of Nd,,FeOs; as variation of calcination
temperature (¢ = NdFeOs, o = Nd,03).

Another researcher, Niu Xinshu et al., also
succeeds in synthesized NdFeOs with a
temperature of 950°C [9] and Yabin Wang et al.
with a temperature of 1000°C [31]. Their results
were similar to the current research with the
indication of forming the NdFeOs dominant phase
located at 26 = 32.56° associated with hk/ value
(121). The intensity of the dominant phase of hk/
(121) increases if the heating temperature is
increased [32].

Calculating the crystal size can be estimated
by using Debye-Scherer equation as described in
Equation (1)

0.9A
D=

(1)

edicose

Wher is the wavelength of the radiation
Cu Ka (A = 0,154 nm), 6 is the angle Bragg (°), and
B = FWHM at the peak of hkl/ (121) is association
20 of 32.56° [27]. The calculation results of crystal
size and FWHM can be seen in Table 1.

Figure 2 presented the calculation result of
the relative intensities as a variation of calcination
temperature related to the value of FWHM. The
crystal size and homogeneity of surface
morphology is no significant change. The
existence of the atom due to the Nd203 phase will
reduce the diffraction intensity of each sample.
However, the sample with a calcination
temperature of 850°C is shown more dominant at
the peak of hkl (121). In contrast, it can be seen
that the FWHM values for each sample are the
same in order of 0.22°. Therefore, the Ndi2FeOs
oxide material with the dominant peak of hkl 121
and the parameter process, as has explained
above, will be useful for the application as gas
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and its Rietveld refinement analysis
Table 1

Data position (28), intensity, FWHM, and crystal size of the Nd, ,FeO; phase

Samples 26 (°)

Intensity (counts)

FWHM (°) Crystal size (nm)

13063.33
12686.67
13050.00

YK750 32.56
YK850 32.56
YK950 32.56

372.17 £ 0.02
372.22 £ 0.02
372.17 £ 0.02

0.22+0.5
0.22+0.5
0.22+0.5
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Fig. 2 - The comparison of relative peak intensity and FWHM for

the both of phase from three samples Nd,,FeO; with
the variations of calcination temperature.

Nd203 number of COD 2002849 [34], while for a
NdFeOs number of COD 2003124 [23].

Figures 3, 4, and 5 show a plot of the results
of Rietveld refinement data diffraction of three
samples powder Nd1.2FeOs with the angle of 26 of
10-70°. The measurable pattern indicated by the
sign (+), the calculated pattern shown by the red
line, whereas the green line shows the difference
between both of them. Suitability (figures-of-merit)
of refinement shows in Table 2. The three images
formed that the fit between the calculated data and
measured data is quite well. There are no other
peak differences and plot the difference is not
fluctuated significantly, indicating that the Rietveld
refinement acceptable under the required criteria,
which is the GoF <4% and RWP <20% as was
reported Kisi [35]. Other researchers reported
compounds NdFeOs calcined at temperatures of
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Fig. 3 - The plot of the Rietveld refinement results by using Rietica for sample YK750 oxide material Nds .FeOsin the range 26 of 10-70°.

sensors as has reported elsewhere [2,3,10,11] for
the fast detection of ethanol, propylene, NO2, CO,
CsHs, and CeH14. This result is similar, as has
reported [33], FWHM for each peak in the
orthorhombic phase has smaller with increasing
heating temperature.

3.2. Rietveld Refinement Analysis
In this research, models made from the data
COD corresponding to the materials used, for a

750°C to obtain orthorhombic structure (Pnma) by
using the sol-gel route technique, with refinement
parameter Rietveld Rp = 8.6, RWP = 6.1, and
Goodness of Fit (GoF) = 1.6 [36].

The output of Rietveld refinement analysis
showed that the crystal structure of the material of
Nd12FeOs is orthorhombic with space group is
Pnma, a#b #c, a=p =y = 90° to the respective
lattice parameters are presented in Table 3. This
result is comparable with has reported other
researchers that synthesize NdFeOs using sol-gel
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and its Rietveld refinement analysis
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Fig. 4 - The plot of the results Rietveld refinement by using Rietica for sample YK850 oxide material Nd,FeO;
in the range 26 of 10-70°.
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Fig. 5 - The plot of the results Rietveld refinement by using Rietica for sample YK950 oxide material Nd; ;FeQOj3 in the range 26 of 10-70°.

method citrate obtained NdFeOs phase with
orthorhombic structure (Pnma) with the lattice
parameters is a = 5.578 A, b = 7.758 A, ¢ = 5.448

A [32]. Profile Weighted The goodness of
Table 4 is the weight percentage of each Samples (Rp) Profile (Rwp) Fit (GoF(%))

phase, the highest weight percentage obtained at

the YK950 sample of 99.46%. The increase of YK750 4.57 6.06 0.9101

calcination temperature tends to weight the YK850 4.49 6.06 0.8726

percentage of Ndi2FeOs phase increased and YK950 4.73 6.15 0.9303

decreased of Nd20s phase. This shows that the

ions Nd+3 and Fe+s forms of NdFeOs oxide material
were improving without any impurity with
increasing calcination temperature.

Table 2
Suitability (figures-of-merit) of Rietveld refinementof the
samples
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Table 3
Data output crystallographic Rietveld refinement of NdFeO; oxide material
Samples @(A) b (A) c(A) V (A%)
YK750 5.581059 + 0.000736 7.758627 + 0.000947 5.448341 + 0.000665 235.92
YK850 5.580203 + 0.000695 7.756789 + 0.000908 5.447646 + 0.000626 235.79
YK950 5.580402 + 0.000704 7.758957 + 0.000919 5.449350 + 0.000634 235.94
Table 4

The weight percentage of each phase in the samples using Rietica

Weight Percentage (%)
Samples

NdFeO; Phase Error Nd,O3; Phase Error
YK750 99.07 1.00 0.93 0.10
YK850 99.18 0.96 0.82 0.96
YK950 99.46 0.96 0.54 0.00

The results of structure visualization of
Nd12FeOs unit’'s cell based on lattice parameters
have obtained from Rietveld refinement analysis
described using software DIAMOND, as shown in
Figures 6, 7, and 8, respectively. The orthorhombic
crystal structure with the space group Pnma, in
which grey spheres illustrate cation Nd:3, green
spheres represent cation Fe+3, and the red spheres
are oxygen ions with the Wyckoff of a position of
each ion Nd+3 on (4c), ion Fe+s in (4b) and ion Oz
(4c) and (8d). All lattice parameters a, b, and ¢ are
similar to each sample variation.

@.3. Scanning Electron Microscope (SEM) and
Energy Dispersive Spectroscopy (EDS)
Analysis

SEM was used as a method for analyzing
the surface morphology of the Ndi12FeOs sample
shown in Figures 9 and 10 with magnifications of
50,000x, and 100,000x, it can be seen that all
samples have high homogeneity indicated by the
morphology of the sample forming small uniform
granules. These similar results also reported by
Sujiono et al. [28]. The Nd1.2FeOs sample, which is

Fig. 6 - Visualization atomic structure of NdFe 1,03 phase calcined at temperatures of 750°C to the lattice parameter is a = 5.581059 +
0.000736 A, b = 7.758627 + 0.000947 A and ¢ = 5.448341 + 0.000665 A.
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Fig. 7 - Visualization atomic structure of NdFe; 03 phase calcined at temperatures of 850°C to the lattice parameter is a = 5.580203 +
0.000695 A, b = 7.756789 + 0.000908 A and c = 5.447646 + 0.000626 A.

Fig. 8 - Visualization atomic structure of NdFe; 03 phase calcined at temperatures of 950°C to the lattice parameter is a = 5.580402 +
0.000704 A, b = 7.758957 + 0.000919 A and ¢ = 5.449350 + 0.000634 A.
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Fig. 9 - Morphology of sample Nd,FeO; as a variation of calcination temperature YK750: a) Magnification 50,000x; b) Magnification

100,000x.

Fig. 10 - Morphology of sample Nd,,FeOs as a variation of calcination temperature YK950: a) Magnification 50,000x; b) Magnification

100,000x.

calcined at 750°C, has a grain size 25.63 nm
(Figures 9a) and the Nd1.2FeOs sample, which is
calcined at 950°C has a grain size ranging from
14.16 nm — 22.93 nm (Figures 10b). The difference
in grain size between the two samples is due to the
calcination temperature. On the other terms of this
powder has a high porosity so that it becomes one
of the advantages to improve its characteristics as
a gas sensor [3].

Furthermore, the EDS, it has confirmed
that consistently form Nd, Fe, O with an average
stoichiometric ratio of 1.2: 1: 3 which contained Nd
(53.90 wt%), Fe (26.49 wt%), O (15.09 wt%), C
(4.52 wt%), and Nd (49.81 wt%), Fe (23.23 wt%),
O (16.80 wt%), C (10.16 wt%) respectively as
shown in Table 5.

Elemental maps of the Nd12FeOs samples
surface area are shown in Figures 11 and 12,
respectively. Figures 11a and 12a contain a
secondary electron (SE) image of the Ndi2FeOs
samples as well as the corresponding maps of the

Table 5
The elemental composition of element Nd ;FeO3 phase using
EDS
Norm. C [wt%]

Element vy 750 YK950

Nd 53.90 49.81

Fe 26.49 23.23

0} 15.09 21.35

C 4.52 12.92

distribution of chemical elements on the scanned
surface. The elemental mapping of the Nd12FeOs
samples shows that the surface area was rich with
neodymium (in neodymium-rich area, see Nd-MAB
map), iron (in iron-rich area, see Fe-K map), and
oxygen (see O-K map), respectively. The presence
of carbon in EDS results is origin from carbon
adhesive tape. There are no impurities seen, and it
can be confirmed that the results of the XRD and
SEM-EDS analyzes were consistent with the
dominant peak of hkl 121 [10,11].
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Fig. 11 — Analysis fast mapping EDS of sample Nd,FeOjs: a) SE Image, b) EDS mapping of carbon, c) neodymium, d) iron, e) oxygen,

and f) EDS mapping for all elements combined as a variation of calcination temperature YK750.

Fig. 12 - Analysis fast mapping EDS of sample Ndi.FeOs: a) SE Image, b) EDS mappmg of carbon c) neodym|um d) iron, e) oxygen,

and f) EDS mapping for all elements combined as a variation of calcination temperature YK950.
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4.Conclusion

Nd12FeOs oxide material has successfully
synthesized as a basis of the material gas sensor.
The results of X-ray diffraction analysis showed
NdFeOs and Nd20s phase, in which the crystal
structure of the phase Nd12FeOQOsis orthorhombic to
the space group Pnma. NdFeOs phase lattice
constant for each sample is YK750 a = 5.581059 +
0.000736 A, b = 7.758627 + 0.000947 A, c
5.448341 + 0.000665 A; YK850 a = 5.580203
0.000695 A, b = 7.756789 + 0.000908 A, c
5.447646 + 0.000626 A; and YK950 a = 5.580402
+ 0.000704 A, b = 7.758957 + 0.000919 A, ¢ =
5.449350 + 0.000634 A, respectively related to the
GoF values <1% and the estimated size of the
crystals is 372 nm. In the analysis of surface area
data and elemental compositions confirmed that
Nd1.2FeOs samples have homogeneous
morphology and grain sizes that tend to be
uniform.
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