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The formation of stacking faults and phase interstratification disorder in layered nickel(i) hydroxides during
the chemical precipitation synthesis of materials using nickel(i) nitrate and potassium hydroxide solutions
has been investigated in the temperature range of 5 °C to 95 °C and time intervals from 1 hour to 1
week. Stacking faulted materials were identified by broadening of the 00! reflections, while interstratified
materials were identified through the splitting of the 001 into two lines. In contrast to the disorder
concepts presented in previous studies of these materials, this work has shown through vibrational
spectroscopy that both the alpha-phase and beta-phase hydroxides are present in materials described
with stacking fault disorder, while layered hydroxysalts were additionally present in the materials
considered to be interstratified. Standard mixtures of Niz(OH)4(NOsz), and B-Ni(OH), were prepared to
investigate if the intensity of particular vibrational bands could be correlated with the proportion of the
particular phases in mixtures. The intensities of the Cs, nitrate infrared and Raman bands at 990 cm™
and 1315 cm™* were shown to correlate with the amount of layered hydroxynitrate incorporated in the
phase, theoretically providing a method to determine the components in mixed compositions. Since
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Introduction

Electroactive layered nickel hydroxides have applications as the
cathode material of rechargeable batteries,' supercapacitors,”
electrochromic devices,® and electrocatalysts.” Two structures
are commonly described for nickel hydroxide, a well-defined
crystalline beta-phase and a poorly crystalline alpha-phase;
the structure of the latter is not fully understood.*® The beta-
phase of nickel hydroxide, B-Ni(OH),, exists naturally as the
emerald green coloured mineral theophrastite'® and is iso-
structural with Mg(OH), (brucite) and Ca(OH), (portlandite),
and crystallises with the cadmium iodide (CdL,) type
structure.”™ The layered structure consists of a hexagonal
close-packed (hcp) arrangement of the oxide anions with the
nickel(i) cations on the octahedrally coordinated sites and the
hydrogen of the hydroxide on the tetrahedral sites directed
towards the adjacent layer."** Alpha-phase nickel hydroxide, a-
Ni(OH),, is also a layered structure with the same edge-sharing
octahedral layers as B-Ni(OH),.** Due to the relatively weak
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and performance as cathode materials, this work has important implications in several research fields.

interactions between the layers, species can be intercalated
between the layers resulting in an elongation along the c-
direction of the unit cell. This also causes the layers to slip out
of alignment and randomly orient relative to one another which
can result in a structure often described as turbostratic.'®'” The
crystal structures of B-Ni(OH), and «-Ni(OH), are shown in
Fig. 1 (ref. 18 and 19) with ideal layer stacking given to o-
Ni(OH), to highlight the different distances between adjacent
octahedral layers that allow for water and anionic species to
intercalate.

In addition, there are also disordered structures reported for
layered nickel hydroxides including those with stacking faults
and phase interstratification disorder as shown in the diagrams
in Fig. 2. Stacking faults typically result in disorder of the
crystallographic planes in the material. This phenomenon is
encountered in layered metal hydroxides due to strong intra-
layer bonding and relatively weak interactions between them,
typically causing misalignment of the layers in the c-direction.
Beta-phase nickel hydroxides with stacking fault disorder are
sometimes simply described as being ‘badly crystalline’ in the
literature.>"” Interstratified structures have been said to occur
when the beta-phase and alpha-phase layer hydroxide materials
are stacked in the c-direction of the unit cell within a single
crystallite.
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Fig.1 Crystalstructures drawn of (a) B-Ni(OH), and (b) a-Ni(OH), with
ideal layer stacking to highlight the difference between the interlayer
spacing adapted after data of the minerals theophrastite and jamborite
respectively.’®* Nickel(i) cations form coordination octahedra (green)
with the oxygen of the hydroxide groups (blue spheres). B-Ni(OH),
crystallises in the P3m1 space group with dimensions of a, b = 3.11 A
and ¢ = 4.62 A with o, 8 = 90° and y = 120° while ideal a-Ni(OH),
crystallises in the R3m space group with dimensions of a, b = 3.07 A
and ¢ = 23.2 A with &, 8§ = 90° and y = 120°.
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Fig. 2 (a) Diagram of stacking fault disorder in adjacent beta-phase
nickel hydroxide layers (left) including rotation about the c-axis
(centre) and translation in the ab-plane (right).** (b) Diagram of the
phase interstratification that occurs within a single crystal of nickel
hydroxide highlighting regions of beta-phase as well as alpha-phase
nickel hydroxide with intercalating species.*°

The study of disordered nickel(u) hydroxides is often chal-
lenging due to the poorly crystalline nature of these materials,
thus limiting the utility of powder diffraction methods, and the
determination of the phases present in a mixed-phase material
can be difficult. The hypothetical structure and concomitant
conducting properties of the alpha-phase hydroxide, with
formula Ni(OH),_(H,0),(A" ")/, results from the movement of
mobile protons in the partially protonated hydroxide layer
leading to very low levels of weakly coordinated anions (ca. x =
0.1) between the layers® to counteract the charge from the
itinerant protons. Other phases of the form M(OH),_ (A" ),/
that are derived from the parent brucite structure also exist, but
with some of the hydroxides partially substituted for other
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anionic species that coordinate directly to the metal cations.
Layered nickel hydroxynitrates are formed when the hydroxyl
anions are substituted for nitrate and the three different
compositions previously described are Ni,(OH);(NOs) where x =
0.5,>' Ni3(OH),4(NO;), where x = 0.67,% and Ni(OH)(NO;) where
x = 1.0.”® While the structures of the nickel-containing
analogues have not yet been determined, diffraction and
compositional evidence in the literature suggest that these
phases are isostructural with analogous layered metal hydrox-
ynitrates with the same x value. The structures of Cu,(OH);(-
NO;) where x = 0.5,* Znz(OH),(NO3), where x = 0.67,*° and
Zn(OH)(NO3)-H,0 where x = 1.0 (ref. 26) are shown in Fig. 3.
Alpha-phase hydroxides differ from layered hydroxysalt struc-
tures because the anion incorporation and subsequent hydra-
tion are variable and often lower, with these anions not bound
to the cations. While alpha-phases also share similarities with
hydrotalcite-type layered double hydroxide structures, they also
differ from them by containing no trivalent cations.*

Due to the growing interest in the use of nickel oxides and
hydroxides for electrochemical applications, the purity of the
hydroxide phases is important and can affect the performance
of compounds prepared from them, e.g. LiNiO, for use in
lithium-based batteries.”” Therefore, methods to distinguish
between different hydroxide phases and estimate the amount of
an impurity phase are of interest. Since the nickel hydroxide
that is formed by the chemical precipitation method is depen-
dent on the conditions, herein we investigate the nickel
hydroxide phases and disorder formed from hydrated nickel(u)
nitrate and base as a function of synthesis temperature and
time. Material analysis using powder X-ray diffraction methods
shows features in the data that are typically expected of stacking
fault and phase interstratification behaviour with local struc-
ture synchrotron techniques additionally offering no further
information about the structures formed. Analysis performed
using infrared and Raman spectroscopy provided new insight
into the phases present in these materials and show that mixed-
phase samples may be easily mistaken for disorder in the
materials. This emphasises the need to employ extra materials
characterisation methods in addition to diffraction techniques
for layered hydroxides that can successfully identify the pres-
ence of these poorly crystalline phases in a material.

Experimental section
Nickel hydroxide preparations

Nickel hydroxide phases were prepared as powders (ca. 1 g) by
the homogenous precipitation synthesis method' where
aqueous potassium hydroxide (86%, Fischer Chemical) solu-
tions (25 mL, 0.25 M or 0.50 M) were added slowly to aqueous
nickel(n) nitrate (99%, Acros Organics) solutions (25 mL, 0.25
M). The desired synthesis temperatures were reached using
a temperature-controlled refrigerator at 5 °C or an oven for
temperatures at 50 °C and 95 °C. The precipitate that formed
was collected by gravity filtration and was washed with water
(ca. 250 mL) until the filtrate was neutral. The solid green
product was dried at ambient temperature for 48 h.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The crystal structures of the layered hydroxynitrate phases (a) Cux(OH)3(NOs3) (gerhardtite) where x = 0.5, (b) Zn3(OH)4(NOs3), where x =
0.67, and (c) Zn(OH)(NOs)-H,O where x = 1.0. Metal() cations form coordination octahedra (grey) with the oxygen (blue spheres) of the

hydroxide groups or the nitrate groups (nitrogen are purple spheres).

The nickel hydroxynitrate phase Niz(OH),(NO;), was
prepared as a powder (ca. 5 g) by the thermolysis method
described by Biswick et al.?® involving heating nickel(u) nitrate
hexahydrate (ca. 5 g) in an oven at 220 °C for 2 h with stirring
every 15 min. The solid product was cooled, washed with
anhydrous ethanol (ca. 500 mL) then dried at 120 °C for 48 h.

Instrumentation

Powder X-ray diffraction (XRD) patterns were collected using
a Bruker D8 Advance powder diffractometer with mono-
chromatic Cu K,; radiation (A = 1.5406 A). The data were
collected using a quartz standard calibrated Lynxeye detector
over the 5-55° 20 range with a step size of 0.014° 2¢. The
International Centre for Diffraction Data (ICDD) powder
diffraction file (PDF) database was used for phase identification.

Synchrotron X-ray pair distribution function (XPDF) data
were collected on the I115-1 beamline at Diamond Light Source,
Didcot, UK. The powder samples (ca. 1-10 mg) were loaded into
quartz capillaries with a diameter of 1.5 mm (internal radii 0.65
mm). Diffraction data were collected using a wavelength of
0.161669 A that was filtered to 10% flux (12.5% actual) using
aluminium plates at ambient temperature over 300 s. The
scattering data (1.0 = Q =< 30.0 A™") were processed into pair
distribution function data using the GudrunX (2017) software.

Infrared (IR) absorption spectra were collected between
4000-250 cm ™" using a PerkinElmer Spectrum 100 FT-IR Spec-
trometer fitted with caesium iodide (CsI) optics. Potassium
bromide (KBr) discs were initially used to record the spectra
following previous literature methods but the KBr medium was
abandoned and replaced with CsI. This was because KBr reacts

Table 1 Summary of the targeted nickel hydroxide materials prepared

with layered hydroxide phases,*** resulting in nitrate bands at
~1380 cm ™" in all of the materials analysed regardless of the
nitrate anion symmetry present.

Raman (R) data were collected between 4000-100 cm ™' using
a Horiba Jobin Yvon HR LabRAM system in the backscatter
configuration with a laser line at 633 nm originating from an
argon ion (Ar") laser filtered to 10% power so as not to heat and
decompose the sample. The laser was focused onto the sample
to a spot size of 1 um.

Thermogravimetric analysis (TGA) measurements were
carried out using a TA instruments SDT Q600 with sample
masses of between 10-20 mg and a reference of alumina (Al,O3).
A temperature ramp method was used with a heating rate of 5 ©
C min~ " and a gas flow of 100 mL min~"'. Nickel hydroxide
samples were heated under nitrogen to form nickel(u) oxide
decomposition products.

Results and discussion
Identification of disordered nickel hydroxide materials

The nickel hydroxide synthesis temperature, chemical ageing
duration and reagent concentrations were based on preliminary
studies (Tables S1 and S27). Initially, five temperature intervals
(5 °C, 25 °C, 50 °C, 75 °C and 95 °C) and six chemical ageing
durations (1 h,6 h,1d, 2 d, 4 d, 1 w) were investigated. Powder
X-ray diffraction analysis of these thirty materials indicated
crystalline beta-phases were typically formed at both higher
temperatures and longer ageing times, while poorly crystalline
materials were formed at lower temperatures and shorter
ageing durations. Several mixed phase materials were also

Material assigned Description Synthesis conditions **:0H ratio
i B-Ni(OH), Beta-phase nickel hydroxide 95°C, 1w 1:1
ii Bsr-Ni(OH), Stacking faulted nickel hydroxide 50 °C,2d 1:1
iii B1s-Ni(OH), Interstratified nickel hydroxide 5°C,1w 1:1
iv B-Ni(OH), Beta-phase nickel hydroxide 95°C, 1w 1:2
v Bse-Ni(OH), Stacking faulted nickel hydroxide 50 °C, 2 d 1:2
Vi B1s-Ni(OH), Interstratified nickel hydroxide 5°C, 1w 1:2

This journal is © The Royal Society of Chemistry 2023
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formed at intermediate temperatures and ageing durations.
Therefore, the conditions selected were based on the prelimi-
nary experiments summarised in Table S1 in order to ensure
that the required material was reproducibly isolated. It was also
found that changing the ratio of nickel(n) cations to hydroxide
anions in solution so that the base would be in excess no longer
had a significant effect on the disorder formation. At botha1:3
and 1:4 ratio, only one type of disordered nickel hydroxide
material was formed regardless of the temperature and ageing
duration conditions used.

Six nickel hydroxide materials were targeted (Table 1) using
three sets of temperature and ageing duration, each prepared
using two potassium hydroxide solution concentrations to give
a1:1 and 1:2 ratio. Three distinct material types were identi-
fied through the powder X-ray diffraction analysis shown in
Fig. 4a. The first material type formed at 95 °C over 1 week had
narrow reflections that matched with the crystalline beta-phase
of nickel hydroxide (B-Ni(OH),) as theophrastite (ICDD PDF 14-
117).
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Fig. 4 Powder X-ray diffraction patterns collected with (a) Cu K,; (A =
1.5406 A) and (b) synchrotron (A = 0.161669 A) radiation of the i-vi
nickel hydroxide materials. The hkl assignments given are of nickel
hydroxide (ICDD PDF 14-117).
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The second type that formed at 50 °C over 2 days had the
same reflections as B-Ni(OH), but with anisotropic peak widths
where the 001, 101 and 201 are broader than the 100 which
indicates beta-phase nickel hydroxide with stacking fault
disorder (Bsz-Ni(OH),). The origin of this disorder is much more
complex than might initially be expected from the descrip-
tion.*>*" First Barnard®* and then Tessier*® described two
structural dislocations which could lead to this unusual
broadening of powder X-ray diffraction patterns. These dislo-
cations are referred to as ‘growth faults’ and ‘deformation
faults’ which typically occur because of rapid or low-
temperature crystal growth. Broadening of the 00!/ reflections
is commonly observed in the powder X-ray diffraction pattern of
layered hydroxide materials since this group of reflections
relates to disorder in the c-direction.**** Additionally, 7kO
broadening is also observed if the crystallites are small and
there is good agreement between the size of the crystals with the
broadening of both 00/ and /k0 reflections, determined through
the Debye-Scherrer formula and direct domain size determi-
nation by electron microscopy.** However, abnormal broad-
ening can also be observed for the 10/ and 20! (where [ is not
zero) which cannot be explained by particle size arguments
alone.

The third material type formed at 5 °C over 1 week also had
the broadened reflections of B-Ni(OH), but with an apparent
splitting of the 001 reflection, identified previously as charac-
teristic of interstratification disorder (Bs-Ni(OH),).2%*” Struc-
tures with interstratified phases are described for clay minerals
where there is a mix of two or more types of layers, e.g. dio-
ctahedral and trioctahedral clays that are stacked in the c-
direction of the unit cell, producing a wide range of mixed-layer
clay phases, e.g. kaolinite-smectite and talc-smectite.*>*” These
interstratified phases produce powder X-ray diffraction patterns
which are composites of the two types of layer, but often with
much broadening in the observed reflections since long-range
order in the c-direction is lost. Interstratification of the nickel
hydroxides has been suggested to occur in the same way as
clays, consisting of layers of both the beta-phase and the alpha-
phase with interlayer species intermixed.***° In contrast to other
interstratified phases that are typically formed of two crystalline
phases, the turbostratic alpha-phase of nickel hydroxide often
has no long-range ordering to the structure. Therefore the
diffraction patterns generated by interstratified nickel hydrox-
ides are different to a simple mixture of the two independent
crystalline phases and the reflections relating to the c-direction
can be shifted, broadened or absent.*” For example, in the
powder X-ray diffraction patterns collected by Kamath®**® both
the expected first reflection of the ordered alpha-phase (~7-10
A) and beta-phase (~4.6 A) are missing.

Fig. 4b shows high-resolution powder X-ray diffraction data
collected for these materials using a synchrotron radiation
source and the reflections observed for the B-Ni(OH), and Bgsg-
Ni(OH), materials match beta-phase nickel hydroxide but with
differences in the crystallinity. The diffraction patterns of the
Bis-Ni(OH), materials have broad and split 001 reflections with
the maxima observed being different, with Fig. 4b(iii) having d-
spacing values at ~6.12 A and ~3.90 A while in Fig. 4b(vi) at

This journal is © The Royal Society of Chemistry 2023
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~5.45 A and ~4.16 A. These values are also different from the
interlayer d-spacing values expected in B-Ni(OH), which is 4.60
A and o-Ni(OH), which is approximately between 7-10 A.** This
suggests these values are not derived from the interlayer
distances of the parent phases similar to those usually observed
in interstratified clay materials, implying the disorder in layered
hydroxides is different. Since clays form in the earth over long
periods through weathering, the layer arrangement can be more
ordered with larger domains in the c-direction of a phase,
making it possible to see reflections characteristic of the
stacking sequences of the individual phases. In contrast, these
nickel hydroxide formation experiments were carried out over
short periods and crystals that formed rapidly are likely to be
significantly smaller and have a less ordered structure.

Synchrotron X-ray pair distribution function (XPDF) analysis

The X-ray pair distribution function D(r) data in Fig. 5a were
obtained from the collected synchrotron diffraction data to
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Fig.5 X-ray pair distribution function data collected with synchrotron

radiation (1 = 0.161669 A) of the i-vi nickel hydroxide materials. (a) A

comparison of the observed atomic pair distances to the interlayer and

intralayer distances expected of beta-phase nickel hydroxide and (b)
an overlay comparison of the individual material types.
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Table 2 Atomic pair distances observed by X-ray pair distribution
function analysis of the i-vi nickel hydroxide materials that are
assigned to the intralayer and interlayer distances present in literature
crystallographic data of B-Ni(OH), as theophrastite'®

Atomic pair assignment XPDF atom pair distance (A)

Intralayer atom pair Distance () i ii iii v v vi
Ni-O 2.13 2.04 2.06 2.06 2.06 2.06 2.06
Ni-Ni/O-O 3.11 3.12 3.10 3.10 3.12 3.10 3.10
Ni-O 3.77 3.76 3.76 3.76 3.76 3.76 3.76
Ni-O 4.88 4.86 4.88 4.86 4.88 4.88 4.86
Ni-Ni/O-O 5.39 5.48 5.44 5.42 5.50 5.44 5.44
Ni-Ni/O-O 6.22 6.22 6.24 6.24 6.24 6.22 6.22
0-0 6.88 6.58 6.62 6.58 6.62 6.62 6.62
Ni-Ni/O-O 8.24 8.26 8.26 8.24 8.26 8.26 8.26
Ni-Ni/O-O 9.34 9.48 9.46 9.48 9.50 9.48 9.50
Interlayer atom pair Distance (4) i i i v v v
Ni-O 3.90 4.00 4.06 — 4.04 4.06 —
Ni-Ni/O-O 4.62 4.62 — — 4.60 — —
Ni-O 5.88 5.92 5.96 — 592 — —
0-0 7.15 716 718 7.22 7.14 7.18 7.20
Ni-Ni/O-O 7.75 7.80 7.80 7.84 7.82 7.84 7.82
0-0 8.40 8.60 8.58 — 8.62 8.62 —

observe the local structure bonding environments present in
the materials. The atomic pair distances observed are assigned
in Table 2 to the expected atom pair distances extracted from
the crystal structure of beta-phase nickel hydroxide (Fig. S17).
The intralayer values represent the distances between the atom
pairs within a single nickel hydroxide layer formed by the metal-
hydroxide octahedra. These distances are present in both the
beta-phase and alpha-phases of nickel hydroxide and would be
expected to be observed in all the materials. Interlayer distances
will also be apparent due to the atom pairs across adjacent
nickel hydroxide octahedral layers. These distances will only be
present in the beta-phase but not the alpha-phase and changes
or absences of these distances will indicate differences in the
short-range layer stacking.

The datasets in Fig. 5b are a direct overlay of the same B-
Ni(OH),, Bsr-Ni(OH), and Bis-Ni(OH), material types with both
intralayer and interlayer distances in all of the materials
assigned. These data show there is not a significant difference
in the atomic pair distances present, with only the Bge-Ni(OH),
materials having different relative peak intensities which are
more intense in Fig. 5b(ii) and (v). While all of the intralayer
distances up to 10 A are accounted for across all materials,
several interlayer distances present in the B-Ni(OH), materials
are absent in the disordered PBsp-Ni(OH), and PBs-Ni(OH),
examples. This suggests that the broadening observed in the
diffraction data is due only to the long-range layer stacking
disorder occurring along the c-direction of the unit cell. There is
no change to the local short-range structure between these
materials, indicating that regardless of the disorder, individual
layers of octahedra are formed in all the materials studied.
Therefore, it is not possible to establish any differences in the
structures of these materials through these datasets and alter-
native methods are required.
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Spectroscopic analysis of disordered nickel hydroxide
materials

Spectroscopic analysis affords information on the bonding
present in the different nickel hydroxide materials and impor-
tantly reveals the incorporation of nitrate anions from the
nickel(n) salt reagent used in most of the samples analysed.
Differences are observed in the infrared spectra in Fig. 6a and
Raman spectra in Fig. 6b of the B-Ni(OH),, Bsg-Ni(OH), and Bis-
Ni(OH), material types. Crystalline B-Ni(OH), materials have
a highly ordered structure with no nitrate anions detected as
observed in Fig. 6a(i) and b(i). The infrared spectrum in
Fig. 6a(iv) shows no nitrate anions are detected but the Raman
spectrum in Fig. 6b(iv) suggests a small amount to be present
from a phase impurity. Differently, intense bands of nitrate are
present in the disordered Bgz-Ni(OH), and Bs-Ni(OH), types.
The assignment of these bands listed in Table 3 allows for two
nitrate anion symmetries to be identified which indicates there
are different layered hydroxide structures present.

The nitrate in the Bg-Ni(OH), materials is present in a Djp,
symmetry which has four vibrational modes that are A’y, A",
and 2E’ (v, to v4) with v, being infrared inactive and v, being
Raman inactive.**** This anion symmetry is established in
these materials by the infrared inactive nitrate symmetric
stretch at ~1000 cm™* which is absent in the infrared spectra
but present in the Raman spectra. Moreover, the infrared
spectra also have bands of water present including the broad
O-H stretch at ~3500 cm™* and the O-H bend at ~1650 cm ™.

D,,/C,, Nitrate Bands
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Therefore, it can be predicted that the nitrate anions are
hydrated with trigonal geometry and are incorporated between
the layers similar to the anions present in layered double
hydroxide structures. This suggests that the alpha-phase
hydroxide is present and implies that materials described as
Bsr-Ni(OH), by powder diffraction are instead a mixture, or
possibly an interstratification, between the beta-phase and
alpha-phase nickel hydroxides.

The Bse-Ni(OH), types also have an intense Raman O-H
stretch at ~3600 cm ™" in addition to the band at ~3580 em™"
present in the B-Ni(OH), materials. This has previously been
identified as a unique feature of layer stacking faulted beta-
phase nickel hydroxide.*® The intensity of the band was
shown to increase as the layer stacking in the c-direction
became more disordered and was only observed to coexist with
the parent beta-phase nickel hydroxide. In the case where both
layered hydroxide phases are present, it can be expected that the
differences in the crystallinity between the beta-phase and
alpha-phase of nickel hydroxide would result in non-ideal layer
stacking similar to what is described as simple layer
disordering.

Nitrate anions in a D3, symmetry are present in the Pis-
Ni(OH), materials but there are also additional bands of the C,,
symmetry of nitrate observed. This nitrate symmetry is observed
in layered metal hydroxynitrate structures where one N-O bond
is in a different environment from the other two because the
nitrate anions are covalently coordinated to the nickel(m)

D,,/C,, Nitrate Bands
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(a) Infrared spectra and (b) Raman spectra of the i—vi nickel hydroxide materials. The vertical lines indicate nitrate bands, with the D3y,

symmetry (blue lines) indicating loosely held nitrate between the layers in alpha-phase layered hydroxides as well as the cation coordinated C,,

symmetry (red lines) associated with layered hydroxynitrates.
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Table 3 Assignment of the infrared and Raman bands present in the spectra collected of i—vi nickel hydroxide material types compared to

literature spectroscopic data values*-4°

Infrared band assignment Ref. value i ii iii iv v vi
Hydroxide stretch »(O-H) 3570-3650 3638 3641 3647 3627 3643 3645
Hydroxide bend 5(0-H) 510-553 542 531 532 532 529 533
Lattice modes 6(Ni-0) 350-475 450 455 437 418 456 465
Hydroxide bend Y(O-H) 340-354 345 345 348 345 344 349
Water stretch »(O-H) ~3570-3650 — — ~3500 — ~3500 ~3500
Water bend 6(0-H) 1600-1650 — — 1650 — 1647 1651
Dy, nitrate stretch (E') 1,s(NO;) 1350 — 1364 1378 — 1363 1368
Dj, nitrate bend (A”,) v(NO;) 830 — 831 838 — 834 833
C,y nitrate stretch (B,) v5(NO,) 1400-1500 — — 1514 — — 1500
C,y nitrate stretch (A;) v,5(NO) 1290 — — 1301 — — 1303
C,y nitrate stretch (A;) v4(NO) 1000 — — 995 — — 994
C,y nitrate bend (B,) 6(NO3) 715 — — 715 — — 712
Raman band assignment Ref. value i ii iii iv v vi
Hydroxide stretch »(O-H) 3580- 3580 3601, 3659, 3580 3600, 3662,
3600 3584 3580 3580 3583
Hydroxide bend v(O-H) 306-319 315 315 315 314 311 313
Lattice modes o(Ni- 445-450 450 453 455 449 448 455
0)
Ds), nitrate stretch v5(NO3) 1050 — 1052 1050 1047 1049 1052
(A")
C,, nitrate stretch 15(NO,) 1400- — — 1498 — — 1503
(B,) 1500
C,, nitrate stretch ,5(NO) 1290 — — 1294 — — 1293
(A1)
C,y nitrate stretch v4(NO) 1000 — — 988 — — 989
(A1)
C,y nitrate bend (B,) 6(NO3) 715 — — 714 — — 718

cations through the oxygen atoms (Fig. S21).** This behaviour
can be identified through the six vibrational modes of the C,,
symmetry that arise due to the splitting of the two doubly
degenerate (E') modes of D3, symmetry and are all infrared and
Raman active.”*"** Not all six bands expected for C,, nitrate are
observed, however, the symmetric N-O stretch that is infrared
inactive for the Dj}, symmetry is observed in both the infrared
and Raman spectra at ~1000 cm ™. The change in the infrared
activity of this band between the alpha-phase hydroxide and
hydroxynitrate phases allows for a diagnostic method of deter-
mining if hydroxynitrate phases are present in mixed-phase
materials.

The position of the symmetric N-O stretching band can also
be used to identify the nickel hydroxynitrate phase present by
comparison to spectroscopic data collected on the individual
nickel hydroxynitrate phases (Fig. S31). Three nickel hydrox-
ynitrate phases were targeted by different synthesis methods,
namely Ni,(OH);(NO;) (where x = 0.5) by Petrov precipitation,*®
Ni3(OH),(NO;), (where x = 0.67) by nickel(u) nitrate thermol-
ysis*® and Ni(OH)(NO;)-H,O (where x = 1.0) by mechano-
chemical methods.*” The band positions in Fig. 6b(iii) and (vi)
correlate to those of Niz(OH)4(NO3), (Where x = 0.67) that are
observed at 984 cm™ " in the infrared and 974 cm™' in the
Raman data. This was the phase determined because the values
of Ni(OH)(NO;)-H,O (where x = 1.0) are higher at ~1050 cm ™"

This journal is © The Royal Society of Chemistry 2023

while Ni,(OH);(NO;) (where x = 0.5) could not be prepared and
instead a mixed-phase product was formed. The presence of
nitrate in a C,, symmetry determined in the B;s-Ni(OH), mate-
rials suggests phase interstratification disorder is not a simple
mixture or an interstratification between only the beta-phase
and alpha-phase hydroxides as previously reported by
Kamath®® because there are multiple disordered phases present.
While the nitrate in C,, symmetry could be observed due to any
remaining nickel(u) nitrate starting reagent, it is not detected as
an impurity phase by powder diffraction analysis. The Raman
band position of the nitrate symmetric N-O stretch is also
observed to be higher in the nickel(n) nitrate reagent at
1057 cm ™' (Fig. S47) than any of the layered hydroxide phases.
In addition, if the interstratification was solely between alpha-
phase and beta-phase nickel hydroxides, the nitrate would
only be present as loosely coordinated anions between the
layers with Dj;, symmetry and the covalently bonded nitrate
anions in C,, symmetry would not be observed. This suggests
that the materials described with interstratification disorder
can be considered an extension of the Bge-Ni(OH), materials
that have both the alpha-phase and beta-phase hydroxides, but
with the nickel hydroxynitrate phase Niz(OH),(NO;) addition-
ally present.

These findings suggest that the previous concepts of stack-
ing faulted and interstratified disorder in nickel hydroxide
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(a) Infrared absorption spectra as Csl disks and (b) Raman spectra collected for the standard mixtures formed between B-Ni(OH), and the

layered hydroxynitrate Niz(OH)4(NO3), at 0, 1, 5, 10, 25, 50 and 100 wt% intervals.

materials are more complex than the simple structural disorder
concepts they are named after. The broadening of the beta-
phase nickel hydroxide reflections typically attributed to stack-
ing faults is instead likely a result of an interstratification of the
beta-phase and alpha-phases hydroxides. Similarly, materials
with split beta-phase nickel hydroxide 001 reflections attributed
to the phase interstratified disorder are also instead multi-
phase with both beta-phase and alpha-phase nickel hydrox-
ides as well as nickel hydroxynitrate phases present. It is
proposed that these are more plausible as interstratification of
multiple phases with the beta-phase and alpha-phase hydrox-
ides intergrown. This is in contrast to a simple mixture of the
phases which would have reflections corresponding to the
individual phases that would indicate regions of ordered
layering in the c-direction of the unit cell.

Nickel hydroxynitrate identification in mixed-phase materials

The ability to identify impurity phases is crucial from a practical
application standpoint for developing phase-pure materials
with predictable electroactive properties. The detection of
layered hydroxynitrate phases in these materials is exceedingly
difficult by powder X-ray diffraction analysis which is unsuitable
as the sole characterisation method for these materials.
Features in the infrared and Raman spectroscopy datasets,
particularly the different bonding and vibrational band posi-
tions of the nitrate anions, offer conclusive identities of the
layered hydroxide and hydroxynitrate phases present. However,

796 | J Mater. Chem. A, 2023, 11, 789-799

this ability is limited only to a few polyatomic anions that
display the differences in symmetry required such as nitrates
and carbonates. This makes it difficult to identify phases where
for example nickel(u) halide starting reagents are used. To
examine whether small amounts of a nickel hydroxynitrate
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Fig. 8 Calibration plots showing the linear relationship between the
background-corrected intensity observed of the Cs, nitrate infrared
band at 980 cm ™! and 1320 cm ™ as well as Raman band at 970 cm™*
1310 cm™! with the weight percentage (wt%) proportion of nickel
hydroxynitrate present.
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Table 4 Determined amounts of nickel hydroxynitrate present in the i—vi nickel hydroxide materials

Nickel Assignment by W1t% of nickel Wt% of nickel TGA Additional TGA

hydroxide  powder Phase(s) identified by infrared hydroxynitrate hydroxynitrate weight  weight loss from B-

material X-ray diffraction and Raman spectroscopy (infrared data) (Raman data) loss (%) Ni(OH),

i B-Ni(OH), B-Ni(OH), 0.6 (£6.1) <0.1 (£1.5) 20.2 +0.8

i Bsp-Ni(OH), B-Ni(OH), and o-Ni(OH), 5.0 (+£6.4) 0.9 (40.5) 21.6 +2.2

iii Bs-Ni(OH), B-Ni(OH),, o-Ni(OH),, and 33.1 (£32.4) 58.4 (+£26.1) 31.7 +12.3
Ni;(OH),(NO3),

iv B-Ni(OH), B-Ni(OH), 6.3 (£2.0) <0.1 (+3.7) 20.3 +0.9

v Bsp-Ni(OH), B-Ni(OH), and o-Ni(OH), 11.4 (£19.4) 2.4 (40.5) 26.5 +7.1

vi Bs-Ni(OH), B-Ni(OH),, o-Ni(OH),, and 35.0 (£36.6) 37.1 (+15.3) 29.2 +9.8

Ni3(OH),(NO3),

phase could be detected and quantified by spectroscopic anal-
ysis in disordered materials, standard mixtures were prepared
of B-Ni(OH), and Niz(OH)4(NO3), at different proportions.
These phases were selected as they were identified in the
disordered materials and were used to form mixtures at five
intervals between 1 and 50 wt% with the two pure phases
forming 0 and 100 wt%. Powder X-ray diffraction data were also
collected on these standard mixture samples (Fig. S51) and the
intensities of the individual phase reflections were found to also
increase as the wt% increased. However, as the diffraction
patterns of the disordered phases do not have the specific
reflections of the phases identified (Fig. 4), a similar analysis
approach could not be performed.

Fig. 7a and b show the infrared and Raman spectra respec-
tively of the standard mixture samples prepared where the band
intensity of the C,, symmetry nitrate increased with
increased wt%. Calibration plots were prepared from the data-
sets using the intensities of the infrared and Raman band which
were background corrected using an average intensity between
1150-1200 cm ™, a region where there are no vibrational modes
expected for the hydroxide or hydroxynitrate phases. Fig. 8
shows regression analysis gave a good fit of the calibration
plots, indicating linear correlations between the amount of C,,
nitrate present and the peak intensities of the infrared bands at
980 and 1320 cm ™' as well as the Raman bands at 970 cm ™" and
1310 ecm*. These plots were used to estimate the amount of
Ni3(OH),(NO3), present in the i-vi nickel hydroxide materials
and the results are listed in Table 4.

Through this analysis, it was determined that the B-Ni(OH),
and PBsp-Ni(OH), type materials contained small quantities of
the layered hydroxynitrate phase, varying somewhat by tech-
nique at ~10 wt% by infrared but only ~5 wt% by Raman. In
contrast, considerable amounts of layered hydroxynitrate were
present in the Bs-Ni(OH), type materials, determined to be in
the approximate ranges of 30 to 35 wt% by infrared and 35 to
60 wt% by Raman. The variation between the values obtained by
infrared and Raman as well as the observed errors on each value
result from several sources, including inhomogeneity of the
samples, variations in instrument resolution and band width,
and significant differences in background intensity leading to
more difficult background subtraction. Comparing the two, the
Raman datasets have lower backgrounds and more narrow

This journal is © The Royal Society of Chemistry 2023

bands and these data are likely to be more reliable. There is also
a difference in the samples analysed, where the standard
mixtures were physical mixtures of crystallites of the individual
phases whereas the disordered materials are proposed to be an
interstratification of the nickel hydroxide phases. Despite this,
however, the analysis shows that the interstratified phases have
significant amounts of the impurity hydroxynitrate present.

The phases identified in the six nickel hydroxide materials
are supported by the total weight losses listed in Table 4
determined by TG analysis and additional weight losses in the
profile (Fig. S6t). The difference in the values obtained to the
19.4% theoretical weight loss of beta-phase nickel hydroxide are
also listed and are within 1% for the B-Ni(OH), type materials.
The weight loss values are slightly higher for the Bsz-Ni(OH),
materials which would be expected from the hydrated nitrate
anions present in alpha-phase nickel hydroxide (Fig. S77). If
these materials were solely only stacking faulted beta-phase
nickel hydroxide, the weight loss value should match the ex-
pected value for B-Ni(OH),. The Bs-Ni(OH), type materials have
significantly higher weight losses than the B-Ni(OH), and Bgg-
Ni(OH), types, being approximately at the midpoint between
the values of B-Ni(OH), at 19.4% and Niz(OH)4(NO3), at 39.1%.
Furthermore, there is a weight loss visible between 250 and
400 °C that is characteristic of the Niz(OH),(NO3), phase
(Fig. S71) as well as the low temperature loss indicative of
coordinated water in the alpha phase. This is consistent with
the wt% of the hydroxynitrate phases determined by Raman
spectroscopy, but because there are three phases identified and
significant overlap between alpha phase and hydroxynitrate
phase weight losses, quantification of the individual phases is
not possible.

This analysis further highlights the complexity of studying
poorly crystalline nickel hydroxides and emphasises that
assigning layered hydroxide phases based on the diffraction
patterns alone is not sufficient. Spectroscopic techniques
together with thermogravimetric analysis can be used, not only
to identify the different phases in the poorly crystalline and
disordered nickel hydroxide materials but to approximate their
relative proportions. This was possible due to nitrate anions
being present from the nickel(n) nitrate starting reagents used
during synthesis that were incorporated with different symme-
tries into the layered structures. The approach described here
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would be universally applicable to all layered metal hydroxide
materials, including layered hydroxysalts and layered double
hydroxide where polyatomic anions are present.**"°

Conclusions

Beta-phase nickel hydroxide materials with stacking fault and
phase interstratification disorder can be targeted through the
careful control of time and temperature during chemical
precipitation synthesis. X-ray diffraction techniques including
synchrotron X-ray pair distribution function analyses were
unable to distinguish between different materials, and instead,
only indicated long-range disorder with no change to the short-
range intralayer and interlayer atomic pair distances. Charac-
terisation using infrared and Raman spectroscopy identified
different nitrate anion geometries present in the disordered
materials, with the D3}, symmetry species present in the stack-
ing faulted materials and both D3}, and C,, symmetries present
in the phase interstratified materials. This indicates the mate-
rials considered to be disordered are multi-phase materials with
the indication that alpha-phase nickel hydroxide and nickel
hydroxynitrate phases are formed. The amount of nickel
hydroxynitrate in the interstratified B;s-Ni(OH), materials was
also estimated using standard mixtures prepared between (-
Ni(OH), and Ni3(OH),(NO3),, being present at approximately 30
to 60 wt%. This was not detectable by powder X-ray diffraction
methods meaning it is insufficient to characterise layered
hydroxide materials by these methods alone.
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