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Abstract This study aims to synthesize NdANiO; perovskite nanoparticles calcined at different
temperatures via coprecipitation method in the presence of sodium hydroxide as a precipitating
agent and polyethylene glycol as a surfactant. The products are characterized by X-ray diffraction
(XRD), Fourier transform infrared (FTIR), and Surface area analyzer (SAA). The phase
composition by XRD indicates that NdNiO; is formed at 900 °C. The crystallite size using Scherrer
equation shows crystallite size of NdNiO; in ranging of 44—72 nm. The FTIR spectra indicates O—
Ni—O vibration led to NdNiOs;, in products calcined at 9oo °C, with the wavenumber of 634 cm™.
The NdNiO; exhibits a BET surface area of 133.79 m2 g and a BJH pore volume of 0.121 cc g+
with the average particle size of 14.10 nm. All results show that the synthesis of NdNiO; via
coprecipitation method is a suitable method to produce fine surfaces and pores with nanosized
particles.

Introduction

Neodymium nickel oxide (NdNiO;) is an oxide compound which has a perovskite-type structure
ABO; (where A = rare-earth cation, B = transition metal cation). This compound has excellent
crystallinity, surface area, and particle size characteristics. NdNiO; exhibits interesting structural
[1], morphological [2], optical [3], electrical [4], magnetic, electronic [5], electrocatalytic [6], and
transport [7] properties. Relating to these properties, the perovskite nanoparticles widely attract
very interesting material due to its many applications especially in the renewable and sustainable
energy point of view. The perovskite materials can be used as CO gas sensor [8], non-enzymatic
glucose sensor [9], SOFC cathode material [10], enzyme mimetics [11], cathode catalyst for a
borohydride fuel cell [12], gate dielectric material [13], supercapacitor electrode [14], and certainly
active layer for a perovskite solar cell [15,16].

Different preparation methods of the perovskite oxides result in different physical or even
chemical properties of materials [17]. A variety of methods are used to obtain nanoparticles with
high homogeneity, purity, and nanosized particles as good as possible. Several methods have been
studied for synthesizing NdNiO; perovskite nanoparticles, such as low-temperature [4], low
temperature molten salt [18], decomposition [5], facile hydrothermal [9], sol-gel [19], pechini
[20], soft post deposition annealing [21], gelatin [22], and citrate [23].
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Many soft chemical routes have been attempted, but there are no studies have been investigated
for synthesizing NdNiO; using coprecipitation method. Hence, an attempt has been investigated
on the synthesis and characterization of NdNiO3 perovskite nanoparticles by this method.
Coprecipitation is the most convenient and common method for synthesizing perovskite
nanoparticles. It was applied by several studies to prepare the nanoparticles, such as LaNiO; [14],
LaFeO;[24], LaCoO; [25], LaMnO, [26], LaAlO4 [27], GAMnO, [28], and NdFeO; [29]. There are
very rare for synthesizing perovskite nanoparticles with rare earth cation of neodymium (Nd).
Coprecipitation exhibits the characteristics: the products are generally obtained as an insoluble
species under supersaturation conditions; nucleation process forms a large number of small
particles; post nucleation process as well as Ostwald ripening and aggregation, dramatically
affects the size, morphology, and properties of the products; and the supersaturation conditions
helps to induce precipitation at the result of a chemical reaction [30]. The advantages of this
method are the high yield, high product purity, the lack of necessity to use organic solvents, easily
reproducible, and low cost [31,32]. However, the properties of the obtained particles, such as size,
shape, and composition are highly dependent on the reaction parameters (temperature, pH, ionic
strength, kind of basic solution, and so on) [33]. In addition, perovskite nanoparticles obtained
by this method are often not stable and hence are stabilized by using surfactant.

Generally, the starting materials for coprecipitation method are inorganic compounds such as
metal nitrates, sulfates, and chlorides, which are blended under continuous stirring with one more
required material than its precursors, a precipitating agent, and one supported material, a
surfactant. Furthermore, coprecipitation is also an easier method than the others to prepare
perovskite oxides because the precipitating agent can control chemical composition more
quantitatively.

In this present work, the study aims to investigate that, for the first time, NdNiO5 perovskite
nanoparticles can be synthesized using coprecipitation method, starting from neodymium and
nickel nitrates precursors. Furthermore, we will call the NdANiO; calcined at different
temperatures, for the subsequent discussion. The characterizations verify the effect of the
calcination temperature parameter on the particle size and surface area characteristics. These are
considered important due to their effects in the crystallite structure which affect their
performance as the functional materials.

Materials and Methods Materials

All of the chemicals were analytical grade. Neodymium nitrate hexahydrate (Nd(NO,);-6H.O) and
nickel nitrate hexahydrate (Ni(NO,).-6 H.O) were purchased from Merck. Polyethylene glycol 400
(PEG 400) and sodium hydroxide (NaOH) were obtained from Sigma-Aldrich. All chemicals were
used as per received without any further purification. Distilled water was used in all experiments.

Synthesis Approach

In this work, NdNiO; perovskite nanoparticles were synthesized using coprecipitation method as
follows. The synthesis was adopted with some modifications to previous study on the synthesis of
NdFeO; nanocrystals [29]. In a typical synthesis, the overall stoichiometry should be in a ratio of
1:1 for Nd:Ni to obtain ABO; perovskite-type structure. First, 0.291 g (1 mmol) Nd(NO;).-6H.O
and 0.438 g (1 mmol) Ni(NO,).-6H.O were each dissolved into 10 mL of distilled water. Both
solutions were mixed together to prepare a precursor solution, followed by the addition of a
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specified amount of PEG 400 as a surfactant. Then, aqueous solution of 1.5 M of NaOH was rapidly
added to a precursor solution drop-wise. Adjusting NaOH as a precipitating agent was monitored
until the solution reaches pH level of 7—8. The reaction was carried out under continuous stirring
at 80 °C maintained constant for 1 h to obtain the final product. The precipitate was then
separated from the final product by centrifugation and washed twice with distilled water and
ethanol several times, and then oven-dried at 100 °C for 2 h. The oven-drying was succeeded by
heat treatment with increasing the temperature at a rate of 10 °C min to different temperatures,
700 °C and 900 °C, and the product was calcined at these temperatures for 4 h to obtain the
NdNiO; perovskite phase.

The flow chart of NdNiO; perovskite nanoparticles synthesis using coprecipitation method was
shown in Figure 1.

Nd(NOs);-6H,0
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Ni(NO,), 6H,0
in distilled water
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Figure 1: Schematic synthesis of NdNiOs perouvskite nanoparticles prepared by co-precipitation
method

Characterization
The crystalline nature of the products was determined by X-ray diffraction (XRD) patterns
recorded using a
PANalytical Empyrean XRD diffractometer, over the range of 20 = 10° to 90° with a step size of
0.026° and a counting time of 22 s per step. The system operated at 30 mA and 40 kV employing
the X-ray wavelength of A =
1.541 A with a monochromated Ka radiation, emitted by Cu. The XRD diffractogram patterns were
analyzed using X’Pert High Score Plus software to identify the composition phase performed using
search and match method by comparing the patterns to those of the standards in the Inorganic
Crystal Structure Database (ICSD) files. The crystallite size was calculated using Debye-Scherrer
method (Equation 1). It is used to estimate the size of very small crystals from the measured width
of their diffraction curves [34].
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Where D is the crystallite size (nm), Kis shape factor which is a typical value of about 0.9 but may
vary depends on the actual shape of the crystallites assumed to be in the sample. The A is the X-
ray wavelength used (Cu/Ka = 0.154 nm), S is the line broadening at half the maximum intensity
(FWHM) after subtracting the instrumental line broadening in radians, and 65 is the Bragg angle
obtained by dividing by 2 the 26 value of the corresponding peak. The Fourier transform infrared
(FTIR) was used to detect the functional groups presenting in the products. The spectra were
recorded on a Nicolet iS50 FTIR spectrometer performed in the wavenumber interval of 4000 to
500 cm™. To record the spectra, the spectrometer supported a feature of Attenuated total
reflectance (ATR) technique which enables samples to be examined directly as synthesized in the
solid or liquid phase without any further preparation. The analysis was carried out by comparing
the spectra for authentic drug samples and conjugated samples, then predict the possible
conjugating sites. The difference of these spectra gave information about corresponding
functional group.

The surface area and pore volume were analyzed by Quantachrome’s Quadrasorb EVO surface area
analyzer (SAA) and performed by Quantachrome QuadraWin software with nitrogen sorption
isotherm technique. The samples were firstly degassed at 300 °C for 3 h before the measurement to
eliminate the physically adsorbed water and other impurities. Nitrogen gas, as adsorbate, was
performed on a SSA at a bath temperature of 77 K (the same temperature as the liquid nitrogen).
The Brunauer-Emmett-Teller (BET) method was used to measure the specific surface area of each
sample [35], while the pore size distribution was measured by Barrett-Joyner-Halenda (BJH)
method [36].

Results & Discussion
Synthesis
In this work, the route of reactions used coprecipitation method to synthesize NdNiO; perovskite
nanoparticles. Distilled water was used as the solvent in order to avoid the production of
impurities in the final product. Addition of PEG 400, as a surfactant, when mixing the neodymium
and nickel nitrate solutions is to reduce the size as well as improve the dispersibility. As reported
by Damisih et al. [37], the particle size analysis exhibits decreasing of particle diameter as the
addition of PEG surfactant. Their work confirmed that the addition of PEG 400 surfactant
strongly affects particle size and morphology of nanoparticles obtained. The reaction is followed
by continuous stirring to keep homogeneity in the system. Furthermore, adjusting NaOH as a
precipitating agent to a precursor solution has proven to initiate the precipitation. Several
phenomena occur in that process, i.e. adsorption on particle surfaces and trapping occlusion of
foreign substances during rapid crystal growth. The process occurring in the synthesis of NdNiO4
perovskite nanoparticles could be described with the following stoichiometric chemical equations.
Nd(NOj); + Ni(NOs), + 5 NaOH [J Nd(OH); + Ni(OH). + 5 NaNO, (1)
2 Nd(OH); + 2 Ni(OH). 1 Nd.O; + 2 NiO + 5 H,O (heating stage 1) (2)
Nd.O; + 2 NiO + Y2 O, [ 2 NdNiOs (heating stage 2) (3)
The final product of the reactions (Reaction 1) was separated using a fluid-solid separation
operation by the centrifugation method. Centrifugation was very effective in increasing
sedimentation rates, especially when the particles were very small (<10 mm), the liquid was very
viscous, and the differences in density between particles and liquids were very small [38]. The
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first precipitates formed were a mixture of Nd(OH); and Ni(OH).. Washing process to these
precipitates with water and ethanol was to remove the unreacted molecules and get the products
free from sodium and nitrates species as well as an excess of surfactant.

At the first heating stage, drying process, the hydroxide compounds were changed to the oxide
compounds, Nd.O5 and NiO, with a temperature 1 = 100 °C (Reaction 2). The metal hydroxides
decomposed to the oxides and transformed to the perovskites at high calcination temperature.
The products were then ground into a powder which still contain some associated water and it
was removed by heating stage 2. The heating was then ignited by calcination at different
temperatures, 700 °C and 900 °C (Reaction 3). At this stage, Ni2* underwent oxidation to Ni3* by
oxygen as the temperature increases to be constant. The calcination process was done to remove
volatile compounds and form nanosized crystalline phase. The results of that process were
NdNiO; perovskite nanoparticles.

X-ray Diffractometer

Figure 2 showed the XRD pattern of materials obtained along synthesis calcined at different
temperatures. The intensity of the peaks changed with calcinations temperature. The as-synthesis
products calcined at 900 °C (P900) indicated the formation of a crystalline phase of NdNiO,
nanoparticles, ABO; perovskite-type. Otherwise, peaks corresponding to additional oxides phases
attributed to very intense peaks such as Nd.Os, NiO, Nd.NiO, were also found at that temperature.
In the case of the synthesis product calcined at 700 °C (P700), the hydroxide and oxide phases
were clearly formed, i.e. Nd(OH);, Ni(OH),, Nd.O;, NiO, and Nd.NiO,. At the heating stage 1
(Reaction 2), the metal hydroxides were predicted not completely decomposed to the oxides and
may be transformed to the perovskites at very high calcination temperature. It may be caused by
the short duration of heating stage 1 which is only for 1 h. At the temperatures lower than 900 °C,
there are no NdNiO; nanoparticles formed. Therefore, XRD analysis confirmed that P9oo was
much better than P700 due to its result that produces perovskite and no hydroxide compounds.

e Nd(OH),
+ Ni(OH).
o Ndl()i ~
0 NiO

v Nd,NiO,
A NdNiO,

(6]
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Figure 2: XRD pattern of the materials obtained along synthesis calcined at (a) 700 °C and
(b) 900 °C The ABO; perovskite-type structure was detected only at 9oo °C. The perovskite
structure of NdNiO5 in P9oo was confirmed peaks by intense reflections in 20 equal to 33.40°,
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37.30°, 55.38°, and 75.84° with a high degree of crystallinity. Additional analysis of the XRD
patterns estimated that the average crystallite size of NdNiO; at these four peaks was ranging
between 44—72 nm using Debye-Scherrer formula (Equation 1). The obtained NdNiO, formed in
the orthorhombic structure with the lattice constant a = 5.377 &, b = 5.394 A, and ¢ = 7.612 A
which are very close, in good agreement, to the previous report for the NdNiO; materials
[39,40,41]. The variation of crystallite size of the NdNiO; perovskite nanoparticles in P9oo was
summarized in Table 1. The lattice interplanar spacing of the crystal was also showed using Bragg’s
law [42].

Table 1: Various parameters of NdNiO; perovskite nanoparticles correspond to P9oo’s XRD
pattern

Peak position FWHM Interplanar spacing Crystallite size
20 [°] B 1° d-spacing [nm] Dxgp [nm]
33.40 0.19 0.27 44.29
37.30 0.12 0.24 67.16
55.38 0.12 0.17 71.86
75.84 0.19 0.13 53.77

The interesting one of this work is the presence of intermediate phases, Nd.NiO, structure, in both
P700 and P9oo. As-synthesis of LaNiO; perovskites reported by Yang et al. [43], the perovskite
phase could be regenerated from metal or oxides. In this study, the result reported that NdNiO,
phase was regenerated from Nd.NiO, intermediate phase and NiO oxide phase in air atmosphere.
It occurred during the calcination process, because Nd.NiO, and NiO were detected before the
formation of perovskite structure at 900 °C. The Nd.NiO, may be formed as intermediate, since
Nd.NiO, phases were also detected both at P700 and P9oo. The formation of perovskite phases
from intermediate phases can be described in the chemical equations as follows.

Nd.O; + NiO O  Nd.NiO, (4)

Nd.NiO, + NiO + 20, O 2NdNiO, (5)
The elimination of reactions above corresponded to Reaction 3. The presence of Nd.NiO, and NiO
led to the formation of NdNiO; perovskite structure. The process involved the metal-to-metal
transition in these phases. As the temperature rose and kept at calcination temperature, the
oxidation state in Nd,NiO, was changed from Ni2* to the Ni3* in NdNiO; under air atmosphere.

Fourier transform infrared spectrometer

FTIR was carried out to the samples before and after calcination. It was in order to able to compare
successful or not removing unwanted functional group from impurities. Also, the broad band of
Ni—O stretching vibration and O—Ni— O bending vibration were wanted to detect. The functional
groups in nitrate ion as precursors, N=0, as well as in PEG 400 as a surfactant, such as O—H, C—
H, and C-0, should disappear after calcination. The empty of these functional group indicated
the purity of product. The PEG structure was shown in Figure 3.
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Figure 3: Chemical structure of polyethylene glycol

The FTIR spectra of the PEG 400 and product before as well as after calcination were shown in
Figure 4. The PEG spectra showed the absorption peaks at 3432 cm™, 2866 cm™, 1092 cm™, and
1066 cm™ were assigned for O—H broad stretching (alcohol), C—H stretching (alkane), C—O
stretching (aliphatic ether), and C—O stretching (primary alcohol) vibrations, respectively. As
increasing calcination temperature, the O—H stretching vibrations was gradually got lost and not
detected for P9oo spectra, as well as on C—H stretching and C—O stretching vibrations.

(d)

()

(b)

Transmittance (%)
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4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’™)

Figure 4: FTIR spectra of (a) PEG 400, (b) product before calcination, (c) P700, and (d) P9oo
Metal oxides such as Ni—O, provide absorption peak below 800 cm™ due to the inter-atomic
vibrations. The broad absorption in the range of 600—700 cm is attributed to Ni—O stretching
vibration mode [44]. Furthermore, the absorption peak at about 634 cm™ can be assumed to the
M-0, O-M-0, and M—O-M (M = Ni, Co) vibrations [45]. The FTIR spectra showed that the Ni—
O stretching vibrations were detected in product before and after calcination. In the product
before calcination, the Ni—O stretching was led to Ni(OH). formed in its precipitate. The assume
was also supported by O—H stretching detected at that phase. Moreover, a small amount of
Ni(OH), was detected in
P700, proved by weak O—H stretching besides of O—Ni—O vibrations in Nd,NiO, compounds. On
the other hand, the O—Ni—O vibration in P9oo was led to NdNiO; perovskite nanoparticles. All
these assigning proved the formation of NANiO; which is in accordance with the XRD
characterization.

Surface Area analyzer

To further conceive the nature and geometry of the pores, BET adsorption—desorption isotherm
and BJH pore size desorption were conducted in this discussion. The surface area was determined
by BET method while pore volume was by BJH method, as presented in Figure 5. The presence of
the narrow hysteresis loop was due to the pore nature of the material [46]. The adsorption curves
showed multilayer formation for all of the materials as observed in Figures 5a and 5c. The
multilayer formation represented stronger interaction compared to both adsorbate and adsorbent
surfaces. The BJH pore volume distribution was mainly valid in the range of mesopores—
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micropores diameter. It was rather broad with pore volume of about ~1.6 nm (Figures 5b and 5d).
As increasing calcination temperatures, the increase in pore radius indicated swelling of the
particles.
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Figure 5: BET surface area sorption isotherm and BJH pore size desorption curve for P700 (a,
b) and P9oo (c, d) The sample calcined at 9oo °C presented surface area which is greater than
that calcined at 700 °C. The analysis suggested that NdNiO; perovskite nanoparticles in P9oo
have the highest BET specific surface area at 133.79 m2 g, with a BJH pore volume of 0.121 cc g-
1. A slight decrease in a surface area (130.10 m2 g*) was observed with a pore volume of 0.152 cc
g for P700. The data indicated that there is no tendency to form agglomerates as well as the
NdNiO; nanoparticles have smooth surfaces and pores with relatively good width. The detail
surface area and pore volume values from the SAA for the materials based on the N. sorption
isotherm technique were evaluated in Table
2,

Table 2: Surface properties of P700 and P9oo from surface area analysis

Sample Surface area Pore volume Pore radius
SBET [m2 g-1] VBJH [cc g-1] Rem [A]
P700 130.10 0.15 16.25

P900 133.79 0.12 16.27
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In this present work, the value of specific surface area of NdNiO; perovskite nanoparticles via
coprecipitation method was a novelty fine particles, also when compared with the typical high
temperature NdNiO; perovskites as well as different synthesis method, i.e. 2—7 m2 g-* via pechini
method [20]. The other works with different methods to synthesize NdNiO; have not presented
surface area values. As reported by this work, the synthesis of NdNiO; via coprecipitation method
provided a high surface area. The surface area could be attributed to this method be able to
produce a perovskite with nanosized particles.

The particle size derived from the BET analysis could be calculated using the equation Dggr =
6/(pS), proposed by Garvie [47]. For comparison, Table 3 reported crystallite size obtained from
XRD analysis using Equation 1 and particle size values from BET analysis.

Table 3: Crystallite and particle sizes of P700 and P9oo

Crystallite size Particle size

Sample

P DXRD [nm] DBET [nm]
P700 24.49 6.11
P900 63.01 14.10

As evident from table, the result showed similar trend. That is consistent as the temperature in
the calcination process was increased, average particle size was significantly getting much larger.

Conclusion

We have conducted a work to synthesize NdNiO; nanoparticles with an orthorhombic perovskite
structure via coprecipitation method with sodium hydroxide as a precipitating agent and
polyethylene glycol as a surfactant. The perovskite products are obtained by calcining at 9oo °C
for 4 h. The crystallite size of NdNiO; measured by XRD using Scherrer equation shows the
nanosized particles in ranging of 44—72 nm. The FTIR analysis indicates O—Ni—O vibration led to
NdNiO; perovskite nanoparticles, in products calcined at 9oo °C, with the wavenumber of 634
cm™. The particle parameters of NdNiO; nanoparticles are calculated by BET method with a
surface area of 133.79 m2 g as well as by BJH method with a pore volume of 0.121 cc g*. The
results show that the synthesis of NdNiO; via coprecipitation method is a suitable method to
produce fine surfaces and pores with nanosized particles. However, this method forms several
unwanted phases.
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