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Abstract

Perovskite-type lanthanum nickel oxide (lanthanum nickelate, LgNi@noparticles

with high photocatalytic activity were synthesized via a mechanochemical route. A
high-energy planetary ball mill was employed for mechanochemical preparation of an
activated precursor of LaNi¥ia a solid-state reaction of LaCNiCl2, and NaOH. The
mechanochemical treatment was performed for 1 h at a revolution speed of the milling
pot of 600 rpm. In comparison to an un-milled precursor, a simple mixture of Lg(OH)
Ni(OH)2, and NaCl, the activated precursor demonstrated that the mechanochemical
treatment contributes to the formation of Lahli& low temperatures. This effect, in
turn, leads to reduction of the optical band gap, i.e., enhancement of the visible light
photocatalytic activity. Standard characterization techniques confirmed that crystalline
round LaNiQ nanoparticles with a median diameter of 46 nm, a surface area f@3 m
and an optical band gap of 1.09 eV were obtained after calcination of the

mechanochemically treated precursor at 873 K for 1 h. The visible-light-driven



photocatalytic activity was evaluated based on the photodegradation of methyl orange in
an aqueous solution. The LaNi©atalyst nanoparticles efficiently decomposed methyl
orangeunder visible light irradiation; more than 99% of methyl orange was removed
from the solution in 2 h, indicating that the LaNi®@anoparticles possess good

photocatalytic properties.

Keywords: LaNiOs nanoparticlesPerovskite; Mechanochemicatkaction; High-energy
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1. Introduction

Lanthanum nickel oxide (lanthanum nickelate, Laf)li@vith a perovskite-type
structure has attracted considerable attention in multiple fields. For example,sliaNiO
a promising candidate as an electrode constituent material due to excellent electrical
properties [1-3]. Additionally, LaNi®and its derived materials have been used as
catalysts because they show high catalytic activity in several chemical reactions, such as
the evolution of hydrogen gas from organic compounds [4-8]. Particularly, the
visible-light-driven photocatalytic activity of LaNi#Ohas lately received particular
attention in the degradation of organic compounds [9-11] and hydrogen production
[12,13].

LaNiOs has been synthesized using various techniques, such as sol-gel [5,10,12,13],
combustion [1,6,8,9,14-17], hydrothermal [7,18], microwave heating [19], spray
pyrolysis [4], reverse microemulsion [11], polymerization [20], and molten salt [21].
These methods often require relatively long reaction times and/or high reaction

temperatures. In contrast, mechanochemically assisted synthesis methods that use



high-energy milling to prepare a precursor effectively reduce the reaction time and
temperature in the synthesis of perovskite-type oxides [22-27]. To the best of our
knowledge, mechanochemical synthesis of LaiNi@s not been published to date.

This study investigated the mechanochemical effects of the precursor preparation on
the formation and properties of LaNiOnanoparticles. The visible-light-driven
photocatalytic activity of the obtained LaNiOnanoparticles was subsequently

examined.

2. Experimental
2.1. Preparation of precursor and LabliO

Chemicals of analytical grade were purchased from Wako Pure Chemical Industries
and used as received without further purification. A high-energy planetary ball mill
(Pulverisette 6, Fritsch) was employed to prepare a precursor of kaNi@owder
mixture consisting of 5 mmol of La&€VH20, 5 mmol of NiC}-6H20, and 25 mmol of
NaOH was placed in a zirconia pot of 45%cmner volume together with 18 zirconia
balls of 10 mm diameter. The ball-to-powder mass ratio was 14:1, and the atmosphere in
the pot was air. The revolution speed of the pot was 600 rpm, and the milling time was 1
h. The mechanochemical treatment of the starting materials produced a gray paste as the

precursor, according to the following solid-state reaction.

LaCls-7H20 + NiCh-6H20 + 5NaOH — La(OH)+ Ni(OH)2 + 5NaCl + 13HO (1)

The resulting paste was removed from the pot and dried overnight at 383 K in air. The
obtained precursor powder was hereafter denoted as the MC precursor. The MC

precursor was calcined in an electric furnace for 1 h in air, which formed kaNiO



according to the following solid phase reaction.

La(OH)s + Ni(OH)z + (1/4)Q — LaNiOs + (5/2)H0 )

The calcination temperature was varied between 773 K and 973 K, and the heating rate
was fixed at 10 K/min. The resultant black powder was washed three times with
deionized water to remove NaCl and dried at 383 K to obtain the final product.

In order to confirm the mechanochemical effects on precursor formation, a simple
powder mixture of La(OH) Ni(OH)2 and NaCl as the precursor was prepared by
coprecipitation as follows: 6 mmol of LacTH20, 6 mmol of NiCt-6H20, and 30
mmol of NaOH were dissolved in 70 mL of deionized water, and the precipitate of
La(OH) and Ni(OH} was formed in the solution. The water was evaporated at 383 K,
and a light green powder consisting of La(@HNi(OH). and NaCl was obtained. The
un-milled precursor powder thus prepared was denoted as the UM precursor. The UM
precursor was also calcined at temperatures between 873 K and 1073 K for 1 h in air.

After removing NaCl by washing with deionized water, the final product was obtained.

2.2. Characterization

The Fourier transform infrared (FT-IR) spectra of the MC and UM precursors were
recorded on a spectrophotometer (IRAffinity-1, Shimadzu). The thermogravimetric and
differential thermal analysis (TG-DTA) curves of the precursors were measured from
ambient to 1050 K (heating rate: 10 K/min) in an air flow rate of 100 mL/min with a
thermal analyzer (DTG-60, Shimadzu) to investigate the reaction behavior of precursors
during calcination. The powder X-ray diffraction (XRD) patterns of precursors and final

products were obtained on an X-ray diffractometer (RINT-1500, Rigaku) using CuK



radiation at 40 kV and 80 mA. The average crystallite sizes of LaMi@Ghe final
products were determined using Scherrer's equation. &hend c-axes lattice
parameters& and c, respectively) were also calculated, assuming that the obtained
LaNiOs had a hexagonal structure. The diffuse reflectance UV-visible spectra of final
products were measured by a spectrophotometer with an integrating sphere (UV-2600,
Shimadzu) to determine the optical band gap by drawing the Tauc plot.

The morphology of the LaNgnhanoparticles derived from the mechanochemically
treated precursor calcined at 873 K was imaged by field emission scanning electron
microscopy (FESEM; JSM-6700F, JEOL) operated at an accelerating voltage of 15 kV.
The chemical composition was determined by energy-dispersive X-ray spectroscopy
(EDS; JED-2300F, JEOL) attached to the FE-SEM. The particle size distribution
(number basis) was measured with a dynamic light scattering particle size analyzer
(Zetasizer Nano ZS, Malvern). The specific surface area was determined by the
Brunauer—-Emmett—Teller (BET) method based on nitrogen gas adsorption using an
automatic surface area analyzer (Betasorb Model 4200, Beta Scientific).

The visible-light-driven photocatalytic activity of the LaNi@anoparticles was
evaluated through the decomposition of methyl orange (denoted as MO hereafter) in
water [9,10]. Twenty milligrams of the catalyst powder was added to 10 mL of 10 mg/L
MO solution. The resulting suspension was subjected to visible-light irradiation at room
temperature with magnetic stirring. A 250 W halogen lamp was used as the light source.
The distance from the halogen bulb to the suspension was fixed to 150 mm, and a cutoff
filter that removed UV rays of wavelengths shorter than 410 nm was placed between the
lamp and the suspension. At specific time intervals, the absorbance of the filtered

supernatant was measured at 464 nm using a spectrophotometer (Ubest V-530, JASCO)



to determine the removal of MO defined by

Removal [%] = [1-C/Co)]*x100 (3)

where Co and C are the concentrations of MO in the solution before and after
visible-light irradiation, respectively. The removal of MO in the dark, i.e., the

adsorption of MO onto the LaNghanopatrticles, was also measured as a control.

3. Resultsand discussion
3.1. Mechanochemical effects on formation of LaiNiO

Figs. 1 and 2 show the FT-IR spectra and TG-DTA curves of the MC and UM
precursors, respectively. The precursors had typical IR absorption bands at
approximately 3450 and 1640 cinattributed to the O-H stretching and bending
vibrations, respectively. The broad peak at approximately 63dwas assigned to the
M-O (M = La and Ni) bond vibration [28,29]. The weak bands at approximately 1500
and 1390 cmt were attributed to carboxylate and carbonate species, respectively,
originating from CQin air [30]. In the FT-IR spectra there was no noticeable difference
between the precursors. In contrast, as seen in Fig. 2, the TG-DTA curves of the
precursors differed from each other. In particular, the thermal reaction behaviors
between 500 K and 650 K and between 850 K and 950 K were noticeably different,
likely due to the thermal dehydration of La(QHnd Ni(OH} and the formation of
LaNiOs, respectively. The latter result suggests that the MC precursor can provide
LaNiOs at relatively low temperatures compared with the UM.

Fig. 3 shows the XRD patterns of precursors and final products calcined at different

temperatures. The MC and UM precursors mainly consisted of La(QIPDS



36-1481), Ni(OH) (JCPDS 74-2075), and NaCl (JCPDS 05-0628), indicating that the
mechanochemical reaction of LaCNiClz, and NaOH in Eg. (1) occurred in the
preparation of MC precursor. However, the MC precursor contained relatively
low-crystalline reactive components compared with the UM. The products after
calcination of the precursors at a low temperature were determined to have minor
phases of lanthanum carbonate compounds such ass0&C@CPDS 49-0981) and
La2O2C0Os (JCPDS 84-1963). Based on the FT-IR analysis results, the precursors could
contain amorphous lanthanum carbonate compounds, although their distinct peaks were
not observed in the XRD data. The XRD analysis also confirmed that kgBEPDS
33-0711) can be formed by calcination of the MC and UM precursors at temperatures
higher than 873 K and 973 K, respectively. This was in agreement with the TG-DTA
results. Particularly, in the MC precursor, the reactants of relatively low crystallinity
such as La(OH)and Ni(OH} could be microscopically homogeneously mixed during
high-energy milling. This might lead to the activation of reactants, resulting in the
formation of LaNiQ at relatively low temperatures. However, the products contained a
small amount of NiO (JCPDS 47-1049), suggesting that amorphous lanthanum
compounds (e.g., La(Ok)LaO3) were also present. Furthermore, a reaction between
lanthanum carbonate compounds and nickel species may occur during calcination to
form LaNiQs. A better understanding of the activation and reaction mechanisms requires

more precise investigation, which will be addressed in our future publications.

3.2. Characterization of LaN#O
Table 1 lists the properties of final products. We found that calcination at lower

temperatures led to a reduction of the average crystallite size and band gap and to an



increase of the lattice parameters, implying that the optical band gap of 4aNiO
depended strongly on the crystallinity and crystal structure. This was often observed in
some alloys and semiconductors [31,32]. Accordingly, the mechanochemical treatment
in the preparation of precursor can contribute to the formation of LaiCow
temperatures, which may result in reduction of the band gap, i.e., enhancement of the
visible light photocatalytic activity. However, when the calcination temperature was 973
K, the MC precursor yielded a product with a smaller band gap compared with the UM,
although there were no noticeable differences in the crystallite size and lattice
parameters. This finding suggests that there is a mechanochemical effect on the band
gap in addition to the reduction of LaNi@®rmation temperature previously mentioned.
Further studies on the mechanism are in progress and will be reported elsewhere.
Further analysis was performed on the product with the lowest band gap. Fig. 4
depicts a typical SEM image of this sample, confirming that it consisted of round
nanoparticles with a diameter of approximately 30—70 nm. Fig. 5 shows the particle size
distribution. The median diameter was found to be 46 nm. The BET specific surface
area analysis indicated that this sample had a relatively large surface area .23 m
Assuming that all of the particles were spherical and the density was 7 2[t&:h9],
the average particle diameter was calculated to be 36 nm from the specific surface area,
which was close to the median diameter but larger than the average crystallite size (9.4
nm). This finding implies that the LaN#anoparticles were polycrystalline. As shown
in Fig. 6, the EDS analysis confirmed that this sample contained 57.5 mass% La, 21.9
mass% Ni, 20.4 mass% O, and 0.2 mass% Zr, which suggested that the chemical
formula was LaNi9Os.1 and that the contamination due to the wear of the pot and balls

was small.



Fig. 7 shows the evaluation of the visible-light-induced photocatalytic properties of
the LaNiQ sample. In the dark, approximately 20% of MO was removed from the
solution by adsorption immediately after the sample was immersed in the solution, and
the amount of removed MO then slightly increased as time elapsed. When the
suspension was placed under visible light, in the initial stages (less than 15 min) the
concentration of MO was almost the same as that in the dark because the photocatalytic
decomposition of MO was relatively small compared to the adsorption. However, the
rate of photocatalytic decomposition exceeded that of adsorption after 30 min, and MO
was rapidly decomposed. Ultimately, 99.5% of MO was removed in 2 h, indicating
good photocatalytic activity compared to photocatalysts prepared by conventional

methods [9,10].

4. Conclusions

A crystalline perovskite-type LaN#nanopowder with a relatively large specific
surface area was readily synthesized via the high-energy ball milling of the starting
materials followed by the calcination of the resulting activated precursor. The resultant
LaNiOs catalyst exhibited good visible-light-driven photocatalytic activity. The
mechanochemical treatment of the precursor reduces the temperature required for
LaNiOs formation, which leads to enhancement of the visible light photocatalytic
activity. Furthermore, this mechanochemically assisted method can provide sLaNiO
with high photocatalytic activity in a short period of time (i.e., 1 h of milling and 1 h of
calcination) compared to conventional methods. The photocatalytic performance may be

further enhanced by the optimization of the milling and calcination conditions.
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Table and Figure captions

Table 1 Properties of final products derived from MC and UM precursors

Fig. 1. FT-IR spectra of (&) MC and (b) UM precursors.

Fig. 2. TG-DTA curves of (a) MC and (b) UM precursors.

Fig. 3. XRD patterns of final products after calcination of (a) MC and (b) UM
precursors at different temperatures.

Fig. 4. Typical SEM image of final product derived from MC precursor after calcination
at 873 K.

Fig. 5. Particle size distribution of final product derived from MC precursor after
calcination at 873 K.

Fig. 6. EDS spectrum of final product derived from MC precursor after calcination at
873 K.

Fig. 7. Removal of MO (a) in the dark and (b) under visible light irradiation using final

product derived from MC precursor after calcination at 873 K.
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Table 1 Properties of final products derived from MC and UM precursors

Calcination  Average

) Lattice parameters
Precursors temperature crystallite P Band gap

[K] size[nm]  a[A] c[A] [eV]
MC 873 9.4 5.498 6.623 1.09
MC 973 12.1 5.484 6.603 1.14
UM 973 12.7 5.475 6.598 2.78

UM 1073 22.3 5.463 6.570 3.16
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Fig. 1. FT-IR spectra of (a) MC and (b) UM precursors.

700 50

95

85

TG

DTA

1 | 1 | 1 | 1 | 1 | 1 | 1 |
300 400 500 600 700 800 900 1000

Temperature [K]
Fig. 2. TG-DTA curves of (a) MC and (b) UM precursors.

o
N

S o o o
N N (o))
DTA [uV/mg]

o
N

[y

o
0

o o
B ()}
DTA [uV/mg]



T T T T T T T T T T T
(@) MC precursor
A\
[ ]
o7 Calcined at 773 K
¢ 4o menE %a T . y
S
S,
2 v Calcined at 873 K
c v Y o M v M v v
A La(OH)3
m LaCO;0H
¢ La,0,CO; v
O Ni(OH), Calcined at 973 K
o NiO
® NaCl
v LaNiO;
v
1 1 1 1 1 1

10 20 30 40 50 60 70 80
26[deg]

UM precursor

Calcined at 873 K
OA

A

A

Intensity [a.u.]

A La(OH); v

m LaCO;0H
O Ni(OH),
o Nio
eNaCl
v LaNiO,

10 20 30 40 50 60 70 80

20[deq]

Fig. 3. XRD patterns of final products after calcination of (a) MC and (b) UM precursors at

different temperatures.



Fig. 4. Typical SEM image of final product derived from MC precursor after calcination at
873 K.
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Fig. 5. Particle size distribution of final product derived from MC precursor after

calcination at 873 K.



Fig. 6. EDS spectrum of final product derived from MC precursor after calcination at 873

K.
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Fig. 7. Removal of MO (a) in the dark and (b) under visible light irradiation using final

product derived from MC precursor after calcination at 873 K.



