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Pressure-induced isostructural phase transition in
a-Ni(OH), nanowires”
Xin Ma(53%), Zhi-Hui Li(ZEEE), Xiao-Ling Jing(|#e), Hong-Kai Gu(BiZZHl),
Hui Tian(FH#%), Qing Dong(¥7), Peng Wang(El%), Ran Liu(X4R),
Bo Liu(X#%), Quan-Jun Li(ZE4:%)", Zhen Yao(%k7Z)*, and Bing-Bing Liu(XJ¥K¥K)
State Key Laboratory of Superhard Materials, College of Physics, Jilin University, Changchun 130012, China

(Received 30 January 2019; revised manuscript received 12 March 2019; published online 8 May 2019)

High pressure structural phase transition of monoclinic paraotwayite type o-Ni(OH), nanowires with a diameter of
15 nm-20 nm and a length of several micrometers were studied by synchrotron x-ray diffraction (XRD) and Raman spectra.
It is found that the o-Ni(OH), nanowires experience an isostructural phase transition associated with the amorphization
of the H-sublattice of hydroxide in the interlayer spaces of the two-dimensional crystal structure at 6.3 GPa-9.3 GPa. We
suggest that the isostructural phase transition can be attributed to the amorphization of the H-sublattice. The bulk moduli
for the low pressure phase and the high pressure phase are 41.2 (4.2) GPa and 94.4 (5.6) GPa, respectively. Both the
pressure-induced isostructural phase transition and the amorphization of the H-sublattice in the a-Ni(OH), nanowires are
reversible upon decompression. Our results show that the foreign anions intercalated between the o-Ni(OH), layers play

important roles in their structural phase transition.

Keywords: nickel hydroxide, high pressure, synchrotron radiation, isostructural phase transition

PACS: 64.70.Nd, 91.60.Gf, 07.35.+k, 61.05.cp

1. Introduction

Because of its distinctive structures and physical proper-
ties, nickel hydroxide has many practical applications in the
fields of physics, chemistry, and engineering. These applica-

tions include batteries, ! photocatalysis,?! electrocatalysis, !

g, 45 s,[07] electrochem-

supercapacitor I electrochromic device
ical sensors,®°! and so on. Two different crystallographic
polymorphs of known nickel hydroxide have been found,
which are represented as a- and B-Ni(OH),.l'"! The B-
phase nickel hydroxide is present in the natural min-
eral theophrastite and is isostructural with the triangular-
symmetric brucite[Mg(OH)], and consists of closely packed
two-dimensional (2D) Ni(OH), principle layer without wa-
ter or any anions between its layers.!'!! The o-phase nickel
hydroxide is composed of hydroxyl-deficient 3-Ni(OH), lay-
ers, parallel to the crystallographic ab plane intercalated by

.19 The inserted water

water molecules and foreign anion
molecules and foreign anions have no fixed position but have
some freedoms to rotate and translate in the ab plane. The
a-phase nickel hydroxide is represented by the general for-
mula Ni(OH),_, (A" )x/n-yH,0, where x = 0.2-0.4, y =
0.6—1, and A = chloride, sulfate, nitrate, carbonate, or other
anions.!"?! Usually, the hydrated water molecules inherent in
the material are omitted from the written formula, and the ma-

terial is represented by @-Ni(OH),.

DOI: 10.1088/1674-1056/28/6/066402

In geophysics and geochemistry, high-pressure studies of
hydrous minerals may provide valuable information about the
understanding of various geophysical phenomena and found
more complex hydrous minerals abundantly in the earth’s
mantle.['3-51 Among these hydrous minerals, highly sym-
metry brucite-type hydroxides [M(OH),, M = Mg, Ca, Ni,
Co, etc.] have been widely investigated as the simplest pro-
totypes under high pressure. Although these compounds
have a layered Cdl, structure in the trigonal space group
P3m110] at the ambient conditions, they exhibit different be-
haviors at high pressure. Pressure-induced reversible amor-
phization of the entire crystal structure of Ca(OH), has been
reported at 12 GPa.!!”-18 Compared with Ca(OH)s, its isomor-
phous Mg(OH), remains stable and does not amorphize up to
34 GPa.l'"1I The anomalies of Raman and infrared spectra
were observed in Co(OH), at 11 GPa, which are attributed
to hydrogen sublattice amorphization.>’! Subsequent neutron
powder diffraction studies of the Co(OH), showed that these
observed anomalies in Raman and infrared spectra are the re-
sult of structural frustration due to H-H repulsion.[*!l In B-
Ni(OH),, no structural phase transition was observed up to
25 GPa.??!

Compared to these simple models, the inherent hydra-
tion and the interlayer anions of a-Ni(OH), make its struc-
ture more complicated, which is close to the case of natural
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hydrous minerals in the mantle. However, there is no high-
pressure research report on the complex a-Ni(OH), up to now.
In this paper, we performed Raman and XRD studies to inves-
tigate the structural phase transition of &-Ni(OH), nanowires
under high pressure. An isostructural phase transition associ-
ated with the amorphization of the H-sublattice of hydroxide
in the interlayer spaces of the two-dimensional crystal struc-
ture were observed at 6.3 GPa-9.3 GPa. Our results suggest
that the isostructural phase transition is related to the amor-
phization of the H-sublattice. This study provides a reference
for understanding the behavior of more complex hydrogen-
containing compounds under high pressure.

2. Experimental details

The a-Ni(OH); nanowires were synthesized by NiSO4
and NaOH under hydrothermal conditions in a Teflon-lined
stainless steel autoclave.!?3! The structure of the ot-Ni(OH),
nanowires was characterized by x-ray diffraction (XRD)
(Rigaku D/max-2500 x-ray diffractometer with Cu—Ko radi-
ation, A = 1.5406 A). The morphologies of the samples were
investigated using a transmission electron microscope (TEM,
JEOL JEM-2200FS). Raman spectra were collected using a
LabRAM HR Evolution Raman system with a 473-nm laser
excitation line. High-pressure synchrotron angle-dispersive
XRD measurements were performed at 16-BM-D, beamline
of the High Pressure Collaborative Access Team (HPCAT) at
the Advanced Photon Source (APS), Argonne National Labo-
ratory, with the incident beam wavelength of 0.3066 A. Part of
the XRD experiments was conducted at 4W?2 beamline of Bei-
jing Synchrotron Radiation Facility (BSRF). For all the high-
pressure experiments, @-Ni(OH), nanowires were loaded in a
150-pum hole (sample chamber) of a preindented stainless steel
gasket. Pressure was generated by a symmetric diamond-anvil
cell at room temperature. The experiment pressure was cali-
brated using the ruby fluorescence method. Ar was used as the
pressure-transmitting medium for all high pressure measure-
ments.

3. Results and discussion

The XRD pattern of the synthesized product is shown in
Fig. 1. The diffraction peaks are in good agreement with the
monoclinic phase @-Ni(OH), from the standard card JCPDF
41-1424. The lattice parameters a = 0.798 nm, b = 0.294 nm,
¢ = 1361 nm, and B = 91.1° are obtained. The diffrac-
tion peaks of o-Ni(OH), nanowires are sharp and intense,
indicating their highly crystalline nature. In addition, there
are no diffraction peaks corresponding to other impurities,
which indicates the high quality of the synthesized a-Ni(OH),

nanowires.

Figure 2 shows the transmission electron microscope
(TEM) and the high resolution transmission electron micro-
scope (HRTEM) images of the a-Ni(OH), nanowires. We
can see that the length of the nanowires is up to several mi-
crometers and the diameter is in the range of 15 nm-20 nm
[Figs. 2(a) and 2(b)]. The HRTEM image (Fig. 2(c)) of the
a-Ni(OH), nanowire clearly shows that the interplanar dis-
tances d = 2.04 A, which is consistent with the distance be-
tween the (304) lattice planes. The SAED pattern (Fig. 2(d))
of the nanowire in Fig. 2(c) reveals that the nanowire exhibits
a single-crystal structure.
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Fig. 1. XRD pattern of ¢-Ni(OH), nanowires. The red bars at the bot-

tom represent the diffraction pattern from JCPDS 41-1424 (wavelength:
1.5406 A).

10 nm~—1!

Fig. 2. TEM images [(a) and (b)] and high-resolution TEM (HRTEM) image
(c) of a-Ni(OH); nanowires, and selected area electron diffraction (SAED)
pattern (d) of the single nanowire shown in panel (c).

The selected XRD patterns of ¢-Ni(OH), nanowires un-
der high pressure are shown in Fig. 3. All the peaks of -
Ni(OH); shift to smaller d-spacing with increasing pressure,
indicating the pressure-induced shrinkage of the unit cells. No
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new peaks appear up to the highest pressure of 22 GPa, except
the weakening and broadening of these peaks. This suggests
that the crystal symmetry does not change obviously. For fur-
ther detailed analysis, we extract six major strong diffraction
peaks from Fig. 3 as a function of pressure change, as shown
in Fig. 4(a). From the pressure dependence of the d-spacings,
we can observe that two distinct compression regimes can be
identified, below 6.3 GPa and above 9.3 GPa. The d-spacing
of the selected characteristic peaks decreases with increasing
pressure and undergoes a sharp drop above 6.3 GPa. Above
9.3 GPa, the pressure dependence of the d-spacings starts to
become flatter than that in the pressure below 6.3 GPa.

The obtained «-Ni(OH), nanowires normalized lattice
parameters as a function of pressure (Fig. 4(b)) also shows an
abnormality in the same pressure range. The pressure depen-
dence of the lattice constants is consistent with the observed
variation of d-spacings as a function of pressure. Based on
the intercalation chemistry, the presence of foreign ions can
increase the thickness of the interlayer space in layered mate-
rials. When we apply external pressure to the layered system,
the interlayer distance (c axis) reduces significantly more than
the intralayer one (a and b axes). This is in accordance with the
high pressure behaviors of two-dimensional crystals.>*! Dis-
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continuous changes in a, b, and c axes in the pressure range of
6.3 GPa-9.3 GPa are observed, indicating a structural phase
transition occurs. However, there is no obvious crystal sym-
metry change can be observed from our XRD results. Thus,
these results suggest that this phase transition is possibly an
isostructural phase transition.
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Fig. 3. X-ray diffraction patterns of a-Ni(OH), nanowires collected at
different pressures.
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Fig. 4. Structure information of o-Ni(OH), nanowires at high pressure. Pressure dependences of the d-spacings (a), normalized lattice
constants (b), and unit-cell volume (c) of o-Ni(OH), nanowires. The red and blue lines represent the fitting of the low pressure phase and the
high pressure phase through the Birch-Murnaghan equation of state, respectively.

As shown in Fig. 4(c), the bulk modulus By of the low
pressure phase and high pressure phase are estimated to be
41.2 (4.2) GPa and 94.4 (5.6) GPa, respectively, by fitting the
unit-cell volume data with the third-order Birch—-Murnaghan

equation of state:

P_@ v 77/3_ v -5/3
o2 Vo Vo

066402-3



Chin. Phys. B Vol. 28, No. 6 (2019) 066402

where P is the pressure, V is the volume at pressure, Vj is
the zero-pressure volume, and 36 is the derivative of the bulk
modulus with respect to pressure (we assumed B, = 4). The
bulk modulus (By = 41.2 (4.2) GPa)) of the low pressure phase
is much smaller than that of the 3-Ni(OH), (By = 88 GPa,
Bj = 4.7),151 which indicates that a-Ni(OH), is more com-
pressible in the initial stage than $-Ni(OH),. For comparison,
the bulk moduli of some hydroxides are shown in Table 1.

Table 1. Comparison of bulk moduli of M(OH), compounds

Material By/GPa B, References
a-Ni(OH), phase I41.2 (4.2) 4.0 (fixed) present work
phase 11 94.4 (5.6)
B-Ni(OH), 88.0 4.7 [22]
Mg(OH); 543 £1.5 4.7 +£0.2 [38]
B-Co(OH), 73.3 £9.5 4.0(Fixed) [28]
Ca(OH); 37.84+1.8 52+0.7 [16]

The bulk modulus of the low pressure phase of «-
Ni(OH); is slightly larger than that of Ca(OH), but smaller
than those of the other hydroxides. The bulk modulus of
the high pressure phase of a-Ni(OH); is close to that of 3-
Ni(OH); but is much higher than that of the low pressure
phase. This indicates that the structure becomes denser and
less compressible after the phase transition. In addition, ob-
vious volume collapse is observed during the phase transi-

tion (6.3 GPa—9.3 GPa). The observed discontinuous changes
of lattice parameters and volume collapse without symme-
try change are both the features of the second-order isostruc-
tural transformation.[?6-281 Therefore, the structural change
observed in the a-Ni(OH), nanowires can be attributed to an
isostructural phase transition.

To further verify the structure phase transition of -
Ni(OH); nanowires, we also conducted in situ high-pressure
The
lattice vibrational modes in Raman spectra of a-Ni(OH);

Raman spectra measurements, as shown in Fig. 5.

nanowires at ambient conditions are observed at 450, 487, and
964 cm~!.12%:30] The two peaks at 987 cm ™! and 1081 cm ! in
the Raman spectra can be attributed to the SO, * vibration.*]
These SO4~2 intercalated between the o-Ni(OH), layers are
foreign anions, which are derived from the reactant NiSO4
The internal O-H stretching
modes from lattice OH and intersheet H,O are visible from
3520 cm~! to 3650 cm~!.1?! From Figs. 5(b) and 5(c), we can
see the pressure dependence of the Raman shifts of o-Ni(OH),

during the synthesis process.

clearly. As the pressure increases, Raman peaks of lattice
modes and SOX2 exhibit blue shifts (Fig. 5(b)). The character-
istic peaks of the lattice modes gradually weaken and disap-
pear above 9.2 GPa, such as those at 450, 487, and 964 cm L,
The vibrational modes of the SOZ2 always exist until the high-
est pressure in this experiment.
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Fig. 5. (a) Raman spectra of o-Ni(OH), nanowires at high pressure. (b) Pressure dependence of the Raman shift of the lattice modes and SOZ2
vibration. (c) Pressure dependence of the Raman shift of stretch O-H modes.

From Figs. 5(a) and 5(c), we can observe the vibrational
modes of the hydroxyl group in different chemical environ-
ments (approx. 3200 cm~'-3700 cm~!). Upon increasing

pressure, the Raman peak (~ 3532 cm™') of hydroxyl group

shows redshift while all other modes exhibit blueshift. The de-
crease in frequency and broadening of the OH stretching bands
of a-Ni(OH), with compression. Above 7.8 GPa, the vibra-

tional modes of the hydroxyl group disappear. These results
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are consistent with those of brucite-type hydroxides.[!7-28:31-32]
The brucite structure is characterized by an O—H bond ar-
ranged along the ¢ axis and surrounded by three cation-oxygen
octahedrons in the adjacent layers. Each H atom interacts with
three H atoms attached to the neighboring layer. The essence
of the strong interaction among H-H and H-O atoms between
the neighboring layers of the brucite-type hydroxides at high
pressure is still in debate. Most of the recognition is that the
broadening and disappear of the OH-stretch modes under high
pressure is attributed to the disorder of the O—H bonds, which
only involves the disorder of the H-sublattice.[!7-19-22-3%]

By combining the high pressure XRD and Raman results,
we can see that the H sublattice of a-Ni(OH), becomes dis-
ordered at ~ 7.8 GPa with an isostructural phase transition in
the frame structure of &-Ni(OH),. This result is similar to that
of the high pressure study of Co(OH), by Nguyen et al.l3!]
Under high pressure, the structure of the brucite-type hydrox-
ides initially compresses primarily along the ¢ axis while the
cation—oxygen layers remain relatively uncompressed.[?3-36]
The similar results of &-Ni(OH), nanowires lead us to think
that it may be similar to the internal structural changes of hy-
droxide under high pressure. The main interlayer interaction
of a-Ni(OH); occurs between H-O and H-H of adjacent lay-
ers. The change in these interactions under high pressure can
be reflected by the OH-stretching modes of a-Ni(OH), in Ra-
man spectra. The Raman peaks of hydroxyl group at 3550,
3567, and 3635 cm~! nearly disappear above ~ 7.8 GPa, in-
dicating the pressure-induced amorphization of H sublattice.
Obviously, pressure promotes the interaction between the H
and O atoms in the adjacent layer leading to the gradual dis-
ordering of the H sublattice in a-Ni(OH),.37) It is known that
XRD is insensitive to the hydrogen position in the crystal lat-
tice. Therefore, the XRD data does not show amorphization
characteristics of the H sublattice under high pressure. How-
ever, the abrupt slope changes of the lattice parameters varying
with pressure are observed at ~ 9 GPa from our XRD results,
which indicates @-Ni(OH), undergoes an isostructural phase

(38401 This is consistent with the pressure range that

transition.
observed the amorphization of H sublattice in our Raman re-
sults. Based on these results, we suggest that the isostruc-
tural phase transition can be attributed to the disorder of the H
sublattice. In addition, all the Raman peaks recover when the
pressure is released, which shows that the isostructural phase
transition and the amorphization of the H sublattice are re-

versible.

4. Conclusion

In summary, a-Ni(OH), nanowires with an average di-
ameter of 15 nm-20 nm and a length of several microm-
eters were synthesized by hydrothermal method. We in-
vestigated the high pressure structural phase transition of
the a-Ni(OH), nanowires by synchrotron XRD and Raman
spectra.  An isostructural phase transition takes place at
~ 6.3 GPa—9.3 GPa. Meanwhile, the disorder of the interlay-
ered H-sublattice is observed. Bulk moduli for the low pres-
sure phase and high pressure phase are 41.2 (4.2) GPa and
94.4 (5.6) GPa, respectively. We suggest that the pressure-
induced isostructural phase transition in &-Ni(OH); nanowires
can be attributed to the disorder of the H-sublattice. Both the
isostructural phase transition and the amorphization of the H-
sublattice in a-Ni(OH), nanowires are reversible under high
pressure. Our results show that the foreign anions intercalated
between the o-Ni(OH), layers play important roles in their

structural phase transition.
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