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The article describes the impact of complexing agent on the phase changing property of Ni(OH), nanostructures
(NSs). Ni(OH), was prepared by facile hydrothermal method and polymorphism have been obtained by
employing two different complexing agent while keeping other parameters constant during synthesis. The a-and
B-Ni(OH)2 NSs phase was formed confirmed by XRD and FTIR. FESEM and TEM images reveals that the 3D-
flower like a-Ni(OH)2 nanostructure and formation randomly oriented nanopetals of p-Ni(OH), NSs. Magnetic

features of both a-and B-Ni(OH)2 phases were studied using SQUID magnetometer. a-and p-Ni(OH)y exhibit
blocking temperature at 6 K and 25 K, correspondingly and irreversible hysteresis behavior below blocking
temperature. a-Ni(OH), shows paramagnetic to superparamagnetic transition whereas p-Ni(OH), shows para-
magnetic to antiferromagnetic transition as temperature varies from 2 to 50 K.

1. Introduction

Multifunctional properties of layered double hydroxide nano-
materials generate much interest due to its potential applications. The
physical and chemical properties of these layered double hydroxide
materials were determined by its structure. Among Layered double hy-
droxides, Ni(OH); find potential applications in Ni-based rechargeable
batteries, electrochemical supercapacitors, as magnetic material, etc.
[1]. Ni(OH) is a isostructural compound which can exist in two poly-
morphism via a- and p phase. Both a- and § phases crystallizes in hex-
agonal structure with stacked layers and usually forms as thin flakes/
platelets [2]. a-Ni(OH)2 (will be referred as ANH) has hexagonal
hydrotalcite-like structure with intercalated anions and water mole-
cules, however -Ni(OH),(will be referred as BNH) crystallizes in hex-
agonal structure without intercalated anions and water molecules [3].
Compared to BNH phase, ANH has disordered stacking layers with large
C-axis size 7.5-32 A [4]. To date, different solution methods has been
employed to synthesis both ANH and BNH nanostructures (NSs). In the
typical synthesis of Ni(OH)2 NSs, no precipitation occurs when simply
the Ni ion precursors are used [5]. To induce the nucleation of Ni(OH),
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complexing agent is necessary. Hence complexing agent playing a sig-
nificant role in construction and phase confirmation of Ni(OH)y NSs.
Control over the phase transformation can be easily obtained by using
different complexing agent and also by varying its concentration. This
would lead us to prepare highly stable Ni(OH), NSs that would not
undergo instant phase transformation. Complexing agents like NHg [6],
urea [7], NaOH [8], ethylenediamine [9], hexamethylenetetramine [10]
has been used to synthesis both ANH and BNH nanostructures. Poly-
morphism also induced by varying the synthesis temperature and by
addition of extra co-ordination agents and its influence on the electro-
chemical properties of Ni(OH), were studied [11]. To the best of our
knowledge no report is available on the complexing agent induced
polymorphism. Extensive amount of work is reported on electro-
chemical properties of Ni(OH), but magnetic features of Ni(OH);, are
rarely reported. The reports are also controversial to each other that
Tiwari et al. [12] reported that BNH exhibits paramagnetic to ferro-
magnetic behavior. Rall et al. [13] reported that BNH show meta-
magnetic behavior and ANH possess paramagnetic to ferromagnetic
transition. In the report published by Liu et al. [14] magnetic property of
ANH was determined as transition from paramagnetic to
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Fig. 1. XRD pattern of ANH and BNH NSs.

antiferromagnetic order. Hence above reports are controversial to each
other, which opens opportunities for further investigations.

In this work we have provoked polymorphism in Ni(OH), by simply
varying complexing agent in reaction with Ni(NOg3)2-6H20O through
facile hydrothermal process and study its magnetic properties.

2. Experimental section

All chemicals Nickel (II) nitrate hexahydrate (Ni(NOgs)2-6H50-
99.99%), Urea (99%) and Ammonia solution 25% (NH3) used in the
synthesis were commercially purchased from Aldrich and used without
further purification

2.1. Synthesis of a-and $-Ni (OH) 2 NSs

Both ANH and BNH were synthesized through hydrothermal process.
First, 0.1 M of Ni(NO3),-6H20 was liquified in 30 ml of deionized (DI)
water and stirred (IKA 3,581,000 Ceramic Stirring Hot Plate) in for 15
mins. To the above 0.3 M ratio of urea was added and the mixture was
stirred for 30 mins. The solution was poured in to 50 ml teflon lined
stainless steel autoclave (Techinstro, India) and reserved at 150C for 12
hrs. Pale green a-Ni(OH); (ANH) precipitate was obtained after 12 hrs
reaction. The precipitates were filtered and consequently washed with
DI water and pure ethanol to remove the impurities. The precipitates
were dried at 80°C in hot air oven (Remi, India) for 4 hrs. To prepare $-Ni
(OH), (BNH) nanostructures, complexing agent NHj3 solution was
replaced instead of urea but other parameters such precursor and its
concentration, complexing agent concentration, synthesis temperature
and other hydrothermal processing parameters were kept same.

2.2. Characterization

Phase structure of the prepared nanostructures was examined by X-
ray Diffraction (XRD) using a Shimadzu-6000 XRD working at 40/30
kV/mA own Cu-Ku radiation (1.5406 f\) at 0.02/s scanning speed over
4-80° angular region. A Shimadzu Prestige-21 Fourier-transform
infrared (FTIR)-spectrometer was employed over 400-4000 cm ! range
to record vibrational profiles. A Field Emission Scanning Electron
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Fig. 2. FTIR spectra of (a) ANH and (b) BNH NSs.

Microscope (FESEM) -SUPRA 55 (Germany) and Philips CM200 Trans-
mission Electron Microscope (TEM), were used for morphological/
Selected Area Electron Diffraction (SAED) analysis. Magnetic properties
of the nanoparticles were studied using Ever Cool Superconducting
Quantum Interference Device (SQUID) magnetometer as role of both
temperature (2-300 K) and applied magnetic field (M-H Curve —5T to 5
T) for different temperatures such as 2K, 5K, 10 K, 20 K, 30 K and 50 K.

3. Results and discussion
3.1. Structural property

Polymorphism was identified from structural property analyzed by
X-ray diffraction. The phase modification is observed due to the differ-
ence in alkaline medium. Difference in alkaline medium was induced by
two different complexing agents such as ammonia and urea. Ammonia
as complexing agent, induced BNH phase and urea as complexing agent
induces ANH phase. Fig. 1 displays the XRD profiles of both ANH and
BNH NSs. From the XRD plots the Ni(OH),, BNH phase has well oriented
intense crystalline peaks with hexagonal structure can be indexed to 26
= 19.25] 33.06, 38.53, 39.09, 52.09, 59.05, 62.72, 69.34,70.47,73.12
corresponds to the planes (001), (100),(101), (002), (102), (110),
(111), (200), (103), (112) respectively with lattice parameter a =
3.02 10\, c=465A [13]. a- Ni(OH), exhibits low intense asymmetry
peaks at 20 = 9.62, 19.52, 34.64, 61.10 indexed to the planes (003),
(006) (101) and (110) respectively. This asymmetry peaks due to



B. Gokul et al.

Journal of Magnetism and Magnetic Materials 539 (2021) 168364

"W e

& —> (102)
~— (101)

Fig. 3. FESEM images of (a) ANH and (b) BNH NSs, TEM images of (c¢) ANH and (d) BNH NSs, SAED pattern of (e) ANH and (f) BNH NSs.

intercalated anions(OCN, C032’, OH™) groups and water molecules
between layered structures [15] leading to large lattice parameter a =
3.11 A, ¢ = 27.7 A [13]. The broad diffraction peaks suggested the
nanocrystalline peaks of Ni(OH),, the mean crystallite size was esti-
mated from Scherrer formula and noticed to be 6 and 14 nm for ANH and
BNH respectively. From the XRD pattern it is apparent that both phases
are polycrystalline nature and no other peaks that corresponds to im-
purity was detected.

3.2. FTIR analysis

FTIR spectra (Fig. 2(a and b)) gives the information about the
functional groups present in the prepared ANH and BNH NSs. Fig. 2(a)
shows vibrations at 3404 cm’l, 2856 cm’l, 2179 cm’l, 1622 cm’l,
1382 cm™!, 1120 em™, 1066 cm ™. The broad band at 3404 cm™" is
owed to H-O-H bond stretching of HyO in ANH NSs. Peak detected at
1622 cm ™! belongs to the bending vibrations of the water molecules
[15]. A small peak at 2856 cm ™! corresponds to symmetric vibrations of
- CHy — group of urea. Small sharp peak at 2179 em™? belongs to N-
bonded -NCO [16]. The absorption bands at 1066 cm ! are accredited
to vibrational mode of C-N. Absorption band located at 1382 cm™*
attributed to interlayer nitrate anion. Band at 640 cm ™! correspond to
Ni-O-H bending vibrations of ANH NSs [17].

Vibrations at 3637 cm ™}, 3452 cm ™}, 1630 cm ™!, 1385 cm ™!, 1004
cm’l, 532 cm’l, 466 cm ! observed for BNH nanostructures (Fi g. 2(b)).
Fine and shrill peak at 3637 cm lis V. stretching vibration. The band
at 3452 em ™! is hydroxyl groups stretching vibration. 1630 cm ™" is the
bending vibration of H,O. Weak absorption band at 1004 cm ™! belongs
to CO3%~ jons. Band observed at 532 cm™! correspond to hydroxyl
groups which particularly appears for BNH NSs [18].

Comparing FTIR Spectra of both ANH and BNH, it is clearly observed
that ANH have intercalated ions and also composed different stretching
and bending vibrations in the finger print region. Few vibrations peaks
are similar may due to same precursor and solvent used to obtain ANH
and BNH NSs.

3.3. Surface morphology

Morphological features of prepared hydroxides were recorded using
FESEM analysis. FESEM images of ANH reveals (Fig. 3(a)) 3D-flower like
structure whose diameter is 3 pm. 3D-flower like structure is assembly of
nanopetals of thickness 20-30 nm and wide 2 pm. After 6 hrs of reaction
time, these nanopetals connect with each other through centre to form
3D flower like ANH. Urea acts a critical role in developing of 3D flower
like architecture. FESEM images of BNH (Fig. 3(b)) show only the
presence of nanopetals joined with each other in random manner. There
is no formation of 3D flower like architecture even after the 6 hrs re-
action time. TEM images (Fig. 3(c and d) produce substantial evidence
for the FESEM images, where Fig. 3(c) TEM image of ANH shows the 3D
flower like architecture. TEM image of BNH nanostructures Fig. 3(d)
shows the two or more nanopetals joined in irregular manner and
distributed through interconnection with each other. Due to high alka-
line medium, BNH structure rapidly minimizes the surface energy than
ANH. No characteristic electron diffraction pattern has been observed
from the SAED Pattern (Fig. 3(e)) of ANH. This might be due to the
asymmetric band and due to presence of intercalated ions in ANH. SAED
pattern of BNH (Fig. 3(f)) nanostructures show characteristic diffraction
peaks due to high crystalline nature and are good agreement with X-ray
diffraction pattern of BNH.

3.4. Magnetic property

Temperature dependence on magnetization curve of ANH and BNH
NSs were measured in the range of 2-400 K in both ZFC and FC(100 Oe)
conditions. Both ZFC and FC curve of ANH (Fig. 4(a)) show a steady raise
below the bifurcation temperature of 20 K. ANH shows paramagnetic
behavior above the bifurcation temperature. Both ZFC and FC curve
show maximum at 6 K which is said to be blocking temperature (T).
Below blocking temperature field cooling magnetization get saturated
due to the freezing process of ferromagnetic moments [1]. In case of
BNH (Fig. 4(b)), ZFC show a maximum at 25 K, which is near to the bulk
value Neel temperature of BNH. Distinct from ANH, only there is rapid
increase in FC magnetization curve below blocking temperature (25 K).
Observing temperature dependent magnetization curve, it is clear that
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Fig. 4. Temperature dependence curve on magnetization of (a) ANH and (b)
BNH NSs under FC (1000e) and ZFC (Inset- temperature dependence curve on
magnetization for full temperature scale 2-400 K).

both ANH and BNH have different magnetic behaviors. There is a large
difference in the bifurcation temperature (20 K) and blocking temper-
ature (6 K) for ANH, whereas there is no considerable difference is
observed for BNH nanostructures. In order to study the magnetic
ordering of Ni(OH), NSs precisely the derivative of the product of sus-
ceptibility and temperature was plotted. The plot of d(y¥T)/dT vs T are
shown in the Fig. 5(a and b) for ANH and BNH NSs respectively. As
observed, the positive maximum at the low temperatures represents the
blocking temperature of the magnetic nanoparticles and the negative
minimum observed at higher temperature is due to FM ordering of the
nanoparticles. In the Fig. 5(a), a sharp peak is observed at positive
maximum at 4.5 K gives the exact blocking temperature of the ANH but
the broad distribution of the negative minimum is anomalous behavior
of the nanoparticles. Hence, derivative graph (Fig. 5(a)), clearly
demonstrate the absence of the ferromagnetic ordering at lower tem-
perature in ANH. For BNH (Fig. 5(b)) both positive maximum and
negative minimum peaks are clearly observed. Positive maximum peak
at 24.5 K demonstrates the exact blocking temperature of the BNH phase
and negative minimum observed at higher temperature about 25.6 K is
FM ordering of Ni2* spins of the BNH. Hence the derivative peaks of
ANH show the absence of ferromagnetic ordering and BNH show FM
ordering at lower temperature.

Magnetic hysteresis was recorded for different temperatures such as
2K, 5K, 10K, 20 K, 30 K and 50 K. It is apparent that magnetic hys-
teresis curves of ANH (Fig. 6(a)) and BNH (Fig. 6(b)) show distinct
behavior in the measured temperature range. Although both ANH and
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Fig. 5. d(¥T)/dT vs T plots of (a) ANH and (b) BNH NSs.

BNH show irreversible behavior below the blocking temperature, ANH
curve shows a ferromagnetic saturation behavior for temperatures 2
K-30 K. Above 30 K, hysteresis shows paramagnetic features. Saturation
behavior of nanoparticles without any coercive field is a usual behavior
of superparamagnetic nanoparticles. S.D. Tiwari et al. [12] reported the
transition from para-to-ferro-magnetic and superparamagnetic blocking
at low temperatures in these Ni(OH); NSs. It is been said that super-
paramagnetic particle may get easily saturated at lower fields. Similar
behavior is also observed for ANH (Fig. 6(a)). BNH NSs show linear
increase in M value with H showing irreversible features at low tem-
perature. This would be due to antiferromagnetic order of BNH [19].
The irreversible mechanism in antiferromagnetic material can be
attributed to the relaxation of disordered magnetic moments on the
surface [20]. The coercivity and hysteresis is seen for the temperatures
2, 5,10 and 20 K and hysteresis completely vanishes at 30 K, hence the
ferromagnetic order exists up to 25.6 K as evidenced from the Fig. 6(b)
of BNH NSs and coincide with M—T curves. Large coercivity of about 1
KOe is observed for 2 K and lower of about 390 Oe is observed for 20 K.
Hence ANH show paramagnetic to superparamagnetic transition and
BNH show paramagnetic to antiferromagnetic transition in dependence
with temperature. The magnetic transition of the two phases were
attributed to their large variation in the c-axis (ANH - 27.7 ;\; BNH-c =
4.65 A) parameter which is function of various intercalated molecules
influencing the exchange interaction between Ni?" ions.
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(Inset shows hysteresis curve BNH NSs at high field).

4. Conclusion

Significance of complexing agent in the phase transformation of
layered hydroxide nanostructures has been studied. Two different pha-
ses such as, a-and p-Ni(OH), nanostructures are synthesized by simply
varying the complexing agent via hydrothermal route. This phase
transformation is caused by the difference created in the alkaline me-
dium due to the addition of complexing agent. Magnetic features of
a-and B-Ni(OH),; NSs compounds are different, which can be attributed
to their difference in the c-axis of hexagonal crystal structure.

5. Data availability statement
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