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ABSTRACT

The phases formed by alkaline precipitation of Ni(OH), at different tempera-
tures and different levels of carbonate and nitrate anions have been character-
ized by X-ray diffraction, elemental analysis, FTIR spectroscopy, TG-MS, N,
physisorption and cyclic voltammetry. The dehydration-deanionization of a- to
[-Ni(OH), passes through an interstratified intermediate IS-Ni(OH),, which can
be stabilized at 80 °C in the presence of carbonates. IS-Ni(OH), materials have
been prepared with CO;?/Ni*" ratio ranging from 0.05 to 0.16, resulting in dif-
ferent ratios of interstratified a and  phase layers. IS-Ni(OH),, thermally stable
up to 200 °C, presents a peculiar ink-bottle mesoporosity and surface area higher
than 100 m? g™ The material is promising for electrocatalytic applications on the
basis of the textural properties and a reproducible reduction potential of 0.37 V
versus SCE. The easily reversible reducibility of Ni*" is also shown by the TG-MS
of the thermal dehydroxylation-deanionization to NiO, evidencing transient Ni>*
species formed by reaction with NO, emitted from the decomposition of nitrates.
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Nickel hydroxide has been the forerunner of the nickel
cathodes for rechargeable batteries. The reproducibil-
ity of its Ni*'/Ni** redox cycle has allowed the intro-
duction of some of the earliest industrially viable alka-
line batteries: the Ni—Cd batteries of Jungner in 1899,
now gradually discarded by environmental concern,
and the Ni-Fe batteries of Edison in 1901, still used
in some heavy-duty installations [1]. Today, nickel
hydroxide is an important component of the cathode
for nickel-metal hydride batteries for portable devices
and consumer goods [2—4] and of the electrodes for
several types of Li-ion batteries for electric vehicles [5,
6]. Ni(OH), is also used in water electrolyzers [7-9],
sensing electrocatalysts [10], and oxidation photocata-
lysts [11].

Two main phases of Ni*" hydroxides have been
defined: an anhydrous (3-Ni(OH), phase, correspond-
ing to the mineral theophrastite, with a brucite-like
structure formed by stacked hydrogen-bonded lay-
ers of edge-sharing Ni(OH), octahedra [12], and a
hydrated a-Ni(OH), phase, a swollen brucite struc-
ture with intercalated water and anions that induce a
turbostratic orientational disorder in the stacking of
the layers [13]. Ni(OH), is prepared either by electro-
chemical deposition or by precipitation of Ni** salts in
alkaline, ammonia or urea solutions [14]. a-Ni(OH),
prepared in the presence of anions was early shown
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the anions of the parent salt in the interlayer [14-19].
B-Ni(OH), can be formed by dehydration-deanioni-
zation of a-Ni(OH), aging in solution [14, 20, 21]. The
temperature of the aging treatment has been classi-
cally shown to kinetically favor the a-to-§ transfor-
mation of Ni(OH), [14, 20], albeit the transition also
occurs at room temperature by osmotic exchange with
the surrounding solution [22, 23].

The configuration of anions in the expanded bru-
cite-like structure of a-Ni(OH), has been the object of
extended debate in the literature [24], as it proposes an
interesting charge-compensation conundrum. Several
structural hypotheses have been formulated to explain
the compensation of the anion charge in a brucite-like
structure with divalent cations Ni**(OH),nH,O that,
as such, is itself charge-compensating and does not
present a positive charge able to compensate addi-
tional anions [24-26]. Classically, additional posi-
tive charge could be provided by trivalent cations
replacing a fraction of Ni** in the brucite layer, with
the well-known charge-compensation mechanism of
hydrotalcite-like layered double hydroxides (LDH)
M2, M* (OH)(A,, where the charge of the anion
A compensates the charge of a trivalent cation in the
layer of divalent-centered octahedra. This mechanism
has been observed in the case of the replacement of
a fraction of Ni** by Co®*, Fe*" or Mn*" in a-Ni(OH),
[27-30]. Also Ni®* has been considered as a possible
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trivalent cation but the presence of Ni** has been gen-
erally discarded on the basis of the green color of the
precipitates, typical of Ni** and well different from the
black color of Ni3+-bearing materials [16, 17].

In the absence of an additional cation charge, the
charge of the anions is likely compensated by their
direct connection with the brucite-like layers. Graft-
ing of the anion to the layer, with substitution of a
hydroxy group by the oxygen of the anion, can
result in a charge-neutral layered hydroxysalt. This
configuration has been often proposed for anions in
nickel hydroxides [18, 25, 26, 31] and has been cor-
roborated by DFT modeling of nitrates in a-Ni(OH),
[32]. Sharing oxygen between metal and anions is
encountered in the structure of several hydroxysalts,
like Cu,(OH);NO;, orthorhombic gerhardtite or mono-
clinic rouaite [33, 34], and Zn,(OH),(NOj;), [35]. It is
interesting to observe that basic synthesis conditions
are critical for forming brucite-like structures with
bound anions. In different synthesis conditions, the
higher divalent/OH ratio brings to the formation of
nickel vacancies [19]. At high divalent/OH ratios, the
brucite layer can be disrupted. For instance, Zn(OH)
(NO;).H,O is formed by parallel double chains of
octahedra, each Zn*" being bonded to two hydrox-
yls, two nitrate anions and two water molecules [36].
Niy(OH),(SO,),(H,0), presents criss-crossing chains of
Ni?* octahedra, linked by sulfate anions in an antler-
ite-like material [37]. Ni,CO;(OH), and Co,CO4(OH),
materials, with rosasite or malachite structures, fea-
ture puckered layers of octahedra connected by bridg-
ing carbonates [38—40].

A better understanding of the role of anions in the
formation of Ni(OH), phases is relevant in the present
context of rising interest for the applications of layered
hydroxysalts as intercalation compounds [24, 41, 42].
The role of interlayer anions has been highlighted in
the elaboration of (Co, Ni)(OH), materials as superca-
pacitors for energy storage [43—46] and is also relevant
for the recovery of nickel in hydrometallurgical treat-
ment of nickel ore [47-49], in the recycling of wastes
from metal plating or batteries [50, 51] or in metallur-
gical precursors of structured NiO [52].

The level of anion incorporation is at the basis of the
formation of IS-Ni(OH),, a material which has early
been defined as a “nickel hydroxide phase which is
neither a nor ” [53]. This material is defined by its
XRD pattern, which is typical of random interstrati-
fication of brucite-like layers. When Ni(OH), layers
are orderly stacked with uniform interlayer spacing,

they form a supercell along the Z-axis, leading to dif-
fraction at specific (d001) values that reflect the total
layer thickness, as it happens for a- or 3-Ni(OH),. In
this case, the XRD pattern reveals distinct “rational”
reflections (00!) following the Bragg equation. In con-
trast, randomly interstratified structures produce non-
periodical “irrational” reflections, influenced by com-
ponent ordering and spacing variations. This effect,
largely studied in the interstratification of clay min-
erals, allows to differentiate randomly interstratified
materials from ordered stackings of layers or simple
crystalline mixtures [54-57]. The XRD pattern of IS-
Ni(OH), exhibits similar interstratification patterns,
corresponding to a brucite structure with 00! reflec-
tions resulting from interference of interacting peaks
of a- and 3-Ni(OH), phases with different layer spac-
ing. IS-Ni(OH), was early observed during the activa-
tion of Co-doped a-Ni(OH),, where partial removal
of the interlayer anions induced the formation of a
random stacking of interstratified a- and $-Ni(OH),
layers [27, 29, 30]. The formation of IS-Ni(OH), was
related to the amount of carbonates in the material in
further studies on Mn-doped Ni(OH),, by assuming
that a-p interstratification occurred when the amount
of hydrated anions was not large enough for the com-
plete swelling of brucite layers observed in a-Ni(OH),
[29, 30]. More recently, Dann and coworkers have sug-
gested that IS-Ni(OH), can be formed by interstratifi-
cation of B-Ni(OH), with nickel hydroxynitrates [25,
26]. This appears perfectly reasonable for basic salts
formed by brucite-like layers with interlayer spacing
near to the 7 A value of a-Ni(OH), [58-60].

Early preparations of IS-Ni(OH), differed from
usual preparations by avoiding the aging step after
alkaline precipitation of a-Ni(OH), at pH 10 [53, 61].
IS-Ni(OH), was also obtained by alkali addition to a
nickel nitrate solution by interrupting the precipitation
when pH 12 was reached [21]. These conditions of syn-
thesis have suggested IS-Ni(OH), to be a metastable
intermediate in the deanionization of a-Ni(OH),. The
phase would be obtained by not allowing sufficient
time for equilibration with the parent solution. The
recent stabilization of IS-Ni(OH), when the deanioni-
zation process is slowed down by lowering the aging
temperature to 5 °C seems to support this interpreta-
tion [26].

Despite the higher specific capacitance and lower
oxidation potential of the a- than the $-Ni(OH), phase,
the 3 phase is generally used in electrodes, due to its
better stability in electrolyte solutions [62, 63]. Search
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for possible exploitation of the potential of the o phase
has led to attempts to stabilize this phase or to develop
mixed a-f3 electrodes [7, 44, 64]. It has recently been
suggested that the presence of carbonates improves
the specific capacity of mixed a-$ Ni(OH), electrodes
prepared by electrochemical deposition [65, 66]. The
higher charge density of carbonates induces a lower
solubility than the corresponding nitrates [67]. This
suggests that carbonates can be strongly retained
in the interlayer space of a-Ni(OH),, hindering the
hydrothermal deanionization of a- to 3-phase and
favoring the stability of an IS-Ni(OH), intermediate.
This has prompted us to study the influence of carbon-
ates on the formation and stability of the IS-Ni(OH),
phase by alkaline precipitation. Modifications in the
precipitation solutions have allowed to modify the
distribution of anions and to define a field of phase
formation. The textural and electrochemical proper-
ties of the prepared IS-Ni(OH), materials have been
characterized and correlated to anion content and
spectroscopic features.

Materials and methods

Samples were prepared by dropwise addition of 1 M
nickel nitrate solution into basic solutions of NaOH or
Na,COj; at room temperature. Dropwise addition of
NaOH solution allowed to keep constant pH 10+0.1,
near the conditions of minimal solubility of Ni(OH),
[68]. The precipitates were aged in their mother solu-
tion at 25 or 80 °C, filtered, washed with deionized
water and dried at room temperature or 80 °C under
air flow. The composition of the samples was indicated
as Ni(OH),(NOs;),(CO;), wH,O, where y and z were
evaluated by elemental analysis, w from the TG mass
loss at 200 °C, and x was calculated from the molar
ratios OH/Ni =2—-(NO,/Ni +2*CO5/Ni), on the basis of
the electroneutrality of the material. In the text, sam-
ples were named with a shorthand of their content of
nitrate, carbonate and free water. For instance, sam-
ple N02-C14-W28 presents a composition Ni(OH), »,
(NO3).02(€CO3)(.140.28 H,O. Synthesis conditions are
reported in supplementary Table S1.

The amounts of carbonates and nitrates in the
samples were measured using a Thermo-Fisher
CHNS FLASH 2000 analyzer. A few milligrams of
samples were brought at 1800 °C with a “FLASH”
dynamic combustion. The elementary gases
released by the decomposition were analyzed in
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a gas-chromatograph with a TCD detector. The mass
loss of samples in thermal treatment was evaluated
by thermal gravimetry (TG, DTG) on a Netzsch STA
409 PC LUXX® apparatus in air flow with a heating
rate of 10 °C min~'. Analytical data are reported in
supplementary Table 52 and TG-DTG traces in Fig-
ures 51-S3. MS-coupled TG was carried out using
a Seiko SS5C/5200 thermal analyzer on about 20 mg
of material. The powder was loaded into an open
Pt crucible and heated under He stream at a heat-
ing rate of 10 °C min"!. The thermal analyzer was
equipped with a quadrupole mass spectrometer
(ESS, GeneSys Quadstar 422) to analyze gases that
evolved during heating. The measured masses, iden-
tified on the basis of the ratio m/z (mass-to-charge
ratio), were m/z =18 (H,0), m/z =30 (NO), m/z =44
(CO,). The gas analyses were performed in multiple
ion detection mode (MID), allowing the qualitative
determination of the evolved masses versus time
or temperature. Possible contaminant cations were
evaluated by energy-dispersive X-ray analysis (EDX)
on a QUANTA 200F apparatus with Oxford Instru-
ments X-Max N SDD detector: Sodium was detected
in amounts smaller than atomic ratio Na/Ni 0.001.

X-ray powder diffraction (XRD) patterns were
recorded on a Bruker AXS D8 Advance diffractome-
ter with 0-0 Bragg-Brentano setting using Ni-filtered
monochromatic CuKa radiation. Mering analysis of
the XRD patterns of interstratified materials is detailed
in the supplementary information. FTIR spectra were
recorded using a Bruker Vector 22 equipped with a
diamond ATR accessory (Bruker Platinum) and a
DTGS detector. Textural properties were assessed
by N, sorption at - 196 °C using a Tristar instrument
(Micromeritics, Norcross, GA, USA) with improved
secondary void. Samples were previously outgassed
at 130 °C until stable 10 Pa pressure. The surface area
was determined by the BET method, the pore volume
by the aS method, and the pore size distribution by a
DEFT kernel [69]. Electrochemical tests were performed
in a three-compartment, three-electrode batch cell
using a potentiostat/galvanostat autolab (PGSTAT204,
Metrohm, NOVA software). A saturated calomel elec-
trode (SCE) and a Pt wire were used as a reference
electrode and counter electrode, respectively. Cyclic
voltammetry scans were recorded in NaOH 0.1 M
between — 0.4 and 0.8 V versus SCE at a scan rate of
5mV s™\. Nearly 1 mg of sample powder was drop-
casted from ethanol suspension on both sides of 1 cm?
Ni plates.
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Results and discussion

The XRD patterns of samples prepared by precipita-
tion in NaOH solutions at different aging and dry-
ing temperatures are reported in Fig. 1. Sample
N14-C15-W126 (Fig. 1a), aged and dried at room tem-
perature, presents the expanded brucite pattern of
a-Ni(OH),, with 2 3.01 A and ¢ 8.19 A [13, 70, 71]. A
broad peak centered at 39°20 (2.92 A) is also observed,
probably related to the superposition of turbostrating-
tailed 101 and 102 reflections of a-Ni(OH),. [72]. N25-
C14-W55 (Fig. 1b), the same sample dried at 80 °C
instead of room temperature, presents a similar pat-
tern except a peak shift reducing c to 7.37 A, a value
corresponding to the partially dehydrated phase that
has been defined as a'-Ni(OH), by Rajamathi et al.
[61]. The shrinkage of c corresponds to the narrowing
of the interlayer space induced by the loss of water
upon drying from the ratio H,O/Ni 1.26 to 0.55.
Further dehydration to H,O/Ni<0.5, as observed in
sample N19-C05-W21 (Fig. 1c), leads to the XRD pat-
tern of an a/p-interstratified IS-Ni(OH),. Such a pat-
tern is characterized by the presence of two peaks at
15.39 and 22.51°20 angles. The corresponding d-spac-
ing values (respectively, 5.79 and 3.95 A) differ from
the expected interlayer distances in 3-Ni(OH),, with
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102 B110
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002/001 102 c
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a 002 a 110
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Figure 1 XRD patterns of samples precipitated in NaOH solu-
tion: a-Ni(OH), N14-C15-W126 (a) and N25-C14-W55 (b), IS-
Ni(OH), N19-C05-W21 (c) and B-Ni(OH), N02-C03-W06 (d).

d001 4.60 A, and a-Ni(OH),, with a pair of distances:
d001, which ranges from approximately 7-10 A,
and d002, at half the d001 value. The two character-
istic IS-Ni(OH), peaks correspond, respectively, to
001/001 and 002/001 mixed reflections, according to
the nomenclature of interstratified clays, which lists
first the parent phase with the smallest d, and sepa-
rate them by a slash [56, 73]. The Mering analysis of
the position of the peaks, in the hypothesis of random
stacking of a and {3 layers, indicates the interstrati-
fication of 53% -Ni(OH), with an a-Ni(OH), phase
with ¢=7.10 A. The pattern of Fig. 1c also presents a
weak peak at 19.36°20 (4.58 A), corresponding to a
slow amount of poorly ordered {3 phase.

Increasing the temperature of the aging treatment
has been classically shown to favor the a-to-{3 trans-
formation of Ni(OH), [14, 20]. Samples aged in their
parent solution at 80 °C were expected to feature the
B-Ni(OH), structure. Indeed, aging in the parent solu-
tion at 80 °C (sample N02-C03-WO06, Fig. 1d) resulted
in a nearly complete dehydration, the loss of almost all
anions and the formation of a phase with -Ni(OH),
diffraction pattern, a =3.03 A, c=457 A, and a light
residual turbostratic broadening of reflections with
I+0 (Fig. 1d).

All samples prepared in NaOH solution presented
both nitrate and carbonate anions. The nitrates are the
counterions of the nickel precursor while the presence
of carbonate results from the absorption of ambient
CO, by the alkaline solution during the preparation.

The XRD patterns of samples prepared by precipi-
tation in Na,COj solution at different aging and dry-
ing temperatures are reported in Fig. 2. The sample
NO00-C40-W129, aged and dried at room temperature
(Fig. 2a), presents a diffraction pattern characteristic
of layered material with similarities to the a-Ni(OH),
phase. A broad peak around 8.7°20 would suggest a
c parameter of 10.1 A, attributed to a swollen mate-
rial with two water molecules-thick interlayer [74].
A disordered occupation of the interlayer space
could account for the lack of the expected 002 peak at
17.5°20. Remarkably, the 002 peak is well visible for
a-Ni(OH), samples with a lower amount of carbonates
(see Fig. 1a and b). The position of the 100 and 110
peaks indicates an a parameter of 2.98 A. Nitrates are
present in trace amounts.

Drying at 80 °C brings to the extraction of nearly
one-third of carbonate and water (sample NO2-
C21-W78, Fig. 2b). The 001 peak is shifted to 13.1°20,
corresponding to c=6.75 A, a value showing partial
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Figure 2 XRD patterns of samples precipitated in Na,CO; solu-
tion: a-Ni(OH), N00-C40-W129 (a) and N02-C21-W78 (b), IS-
Ni(OH), N02-C16-W37 (¢).

dehydration of a-Ni(OH),. Aging the samples at
80 °C in their parent solution induces further dehy-
dration to brucite-like layers but not their ordered
stacking in the expected f phase. The 001/001 and
002/001 reflections at 16.85 and 21.05°20 (respec-
tively, 5.26 and 4.33 A) of N02-C16-W37 (Fig. 2c) cor-
respond to the splitting of the 001 peak of 3-Ni(OH),
induced by interstratification with a-Ni(OH), into
IS-Ni(OH),. The Mering analysis of the XRD pat-
tern, as detailed in the supplementary information,
corresponds to a random interstratification of 72%
[-Ni(OH), with an a-Ni(OH), phase with c=6.85 A.
The hkO reflections of the diffraction pattern allow
to measure an g parameter of the brucite layers of
3.02A.

The effect of the use of Na,COj, in the synthesis can
be rationalized by considering the phases obtained
at 25 and 80 °C as a function of their content of car-
bonate and interlayer water, as represented in Fig. 3.
Samples aged at 25 °C (full symbols) present a- or
IS-Ni(OH), phases according to their content of car-
bonate: a-Ni(OH), is present at ratio CO,*/Ni higher
than 0.15. and IS-Ni(OH), for a ratio lower than 0.06.
Drying at 80 °C (blue arrows) induces simultaneous
losses of water and anions and, for the less carbon-
ate-rich samples, an a- to IS transformation.

Aging treatment in the parent solution at 80 °C,
highlighted by red arrows in Fig. 3, induces the for-
mation of different phases (void symbols) accord-
ing to the carbonate content of the material. Sys-
tems with CO;2/Ni<0.15 are nearly completely
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Figure 3 Phases observed as a function of carbonate and free
water content: a-Ni(OH), (green squares), IS-Ni(OH), (blue tri-
angles) and p-Ni(OH), (red circles). Full symbols: samples aged
at 25 °C; void symbols: samples aged at 80 °C. Blue arrows indi-
cate the effects of drying at 80 °C. Red arrows connect samples
aged at 25 and 80 °C.

dehydrated and form 3-Ni(OH), independently from
the phase, a- or IS-Ni(OH),, formed at 25 °C. Systems
with CO5%7/Ni > 0.20, that form a-Ni(OH), at 25 °C,
form IS-Ni(OH), at 80 °C. The high carbonate content
is at the origin of the stability of the interstratified
material at 80 °C. It can be recalled that the reten-
tion of anions was proposed as the mechanism for
the formation of IS-Ni(OH),. Delmas and coworkers
suggested that a partial deanionization of a-Ni(OH),
was at the origin of local variations of the interlayer
space, leading to the random stacking of differently
swollen brucite layers [27-30].

The IS-Ni(OH), samples present different val-
ues of the split of the 001/001 and 002/001 peaks
formed by interstratification of the 001 reflection
of 3-Ni(OH), with the 001 and 002 reflections of
a'-Ni(OH),. The peak split changes between sam-
ples prepared in Na,CO; or NaOH solutions. The
split value was 1.03 +0.09 and 1.78 +0.08 A for,
respectively, carbonate-rich and carbonate-poor IS-
Ni(OH),. The presence of a 3-Ni(OH), impurity in
the carbonate-poor samples (Fig. 1c) likely increases
the a/( ratio in the interstratification and accounts
for the wider split of peaks [55, 56].

The evolution of the interaction of the anions with
their environment in the dehydration-deanionization
process can be investigated by FTIR spectroscopy.
Figure 4 shows the FTIR spectra of N02-C03-WO06,
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Figure 4 FTIR spectra of f-Ni(OH), N02-C03-W06 (a), IS-Ni(OH), N02-C16-W37 (b), a-Ni(OH), N25-C14-W55 (c) in the O-H
stretching (A), anion bending (B) and structural vibration (C) regions. Traces are shifted for sake of clarity.

a 3-Ni(OH), sample retaining traces of anions and
water (curve a), N02-C16-W37, a carbonate-rich IS-
Ni(OH), sample (curve b), and N25-C14-W55, an
a-Ni(OH), sample prepared in NaOH solution, con-
taining both nitrate and carbonate anions (curve c).

In the O-H stretching region, the curve a of Fig. 4A
presents the typical peaks of 3-Ni(OH), at 3635 and
3580 cm™! [71], whereas the a-Ni(OH), spectrum
(curve c) presents a broad signal of hydrogen-bonded
OH in the region 2600-3640 cm™!, corresponding to
the interaction of hydroxyls with anions and interlayer
water [75]. The spectrum of IS-Ni(OH), (curve b) pre-
sents the same broad signal accompanied by a peak
at 3630 cm™, indicating the simultaneous presence of
bonded and free structural hydroxyls.

In all spectra, vibrations of anions in several con-
figurations are visible in the region of bending vibra-
tions (Fig. 4B). Isolated CO,* and NO;" anions present
trigonal molecular symmetry Dy, that is lowered to
C,, point group by any asymmetric interaction of the
anion with the surroundings [76, 77]. In D}, symme-
try, the v, vibration mode (symmetric C-O or N-O
stretching) is IR-inactive and is activated in C,, sym-
metry in the region 950-1050 cm™. The lowering of
molecular symmetry also induces a splitting of the v,
antisymmetric stretching vibration near 1300 cm™. An
O-H bending band of water at 1650 cm™ is visible in
all spectra.

The spectrum of a-Ni(OH), N25-C14-W55 (curve
c), containing more nitrate than carbonate, presents
a v, band at 990 cm™ and splitted v, bands at 1302
and 1490 cm™, corresponding to C,, nitrates in strong
interaction with the layers [4, 32]. A broad complex

band between 1340 and 1420 cm™ includes carbonate
and Dg;, nitrate components. The presence of a v; band
at 1042 cm™! indicates that also carbonates are in C,,
symmetry.

The spectrum of the carbonate-rich IS-Ni(OH),
N02-C16-W37 (curve b) presents a broad v; carbon-
ate band at 1365 cm™ with a shoulder at 1420 cm™},
in a typical hydrotalcite-like configuration [78]. The
limited splitting of the v; band to C,, symmetry has
been generally attributed to interaction with layer
hydroxyls or interlayer water [79, 80]. Wegrzyn et al.
have observed by in situ DRIFT that the v; splitting
increases with partial dehydration of the hydrotalcite,
suggesting that the interlayer water favor a symmet-
ric environment for the carbonate anion and possibly
masks more direct interactions with the layer [81]. In
our sample, the presence of a weak band at 1042 cm™!
confirms the IR activation of the v; band and the shift
of carbonate away from the Dy, symmetry [76]. The
v, bending band at 830 cm™ is due to the presence of
minor nitrates.

The spectrum of the 3-Ni(OH), sample NO2-
C03-WO06 (curve a) presents the bands of residual
anions, mainly at low C,, symmetry, suggest-
ing that only the most tightly bound anions have
been left after dehydration. Peak pairs at 966-993
and 1288-1302 cm™ correspond to split symmet-
ric and antisymmetric stretching. A broad band at
1505 cm™! corresponds to a splitted vj stretch. The
wider vj splitting in (3- than in a-Ni(OH), is sug-
gestive of multiple interactions of the nitrate anions
[76]. In a similar way, the axis of nitrate anions in the
hydrotalcites is at a wider angle with the brucite-like
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layer axis, also due to crowding of the monovalent
anions in the interlayer, and the direct interaction
with the layers justifies a large split of the v; band
[82]. Retained anions account for a limited residual
turbostratic disorder in the 3-Ni(OH), sample. The
superposition of nitrate and carbonate bands is also
significant in the region 1350-1420 cm™, and the
presence of Dy, nitrates cannot be excluded.

Broad bands in curve c of Fig. 4C at 470 and
630 cm™! are in good agreement with the lattice modes
of a-Ni(OH), [14], whereas the intense bands at 430
and 510 cm™ of curve a correspond to the structural
vibrations of the brucite-like 3-Ni(OH), [83]. In the
same region, the IS-Ni(OH), spectrum of curve b pre-
sents broad bands at 430, 520, and 650 cm™}, suggest-
ing the presence of both a- and 3-Ni(OH), features.

The FTIR data support the hypothesis of several
configurations of the anions in the samples. A large
fraction of nitrates is stretched in an asymmetric con-
figuration, as required by the compensation of the
positive charge of the layers [82]. The wide splitting
of the v; mode (190-215 cm™!) is compatible with a
direct bonding of the anion with the Ni*" cations [76].
In this case, the substitution of a hydroxy group by the
anion would ensure the electroneutrality of the mate-
rial. It would be tempting to attribute the cation-anion
bonding to incomplete hydrolysis of nickel-bearing
synthesis precursors, as suggested by the modelization
of equilibria between species in the synthesis solution
[20]. The carbonate anions present instead a hydrotal-
cite-like type of symmetry, with a limited v splitting
of about 50 cm™ [78]. The similitude with hydrotalcite
is suggestive of multiple interactions of the divalent
anion with both layer and interlayer water [79, 80].
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Thermal decomposition of nickel hydroxides can
provide some information on the reactivity of different
anions. Thermal gravimetry (TG) with mass analysis
of the emitted gases (TG-MS) allows us to monitor
the temperature of release of different degradation
products. Figure 5 shows the TG and DTG (differ-
ential thermal gravimetry) curves of two IS-Ni(OH),
and two a-Ni(OH), samples with different carbonate
and nitrate contents. The samples had been previ-
ously dried at 80 °C and re-exposed at ambient air.
The patterns of mass loss correspond to what is usu-
ally observed for other hydroxides, like hydrotalcite
LDH, with a first mass loss around 100 °C, attributed
to the desorption of interlayer water, and a main peak
between 250 and 300 °C, corresponding to dehydroxy-
lation and deanionization [84-86]. Complete TG and
DTG data are provided in the supplementary mate-
rial (Table S2 and Figures S1-S3). The mass loss in the
first dehydration peak was in the range of 12-21%
for a-Ni(OH),, 3-8% for IS-Ni(OH), and up to 1% for
[B-Ni(OH), samples. Further mass loss at temperature
values higher than 200 °C was in the same 21-25%
range for a-Ni(OH), and IS-Ni(OH), samples and
was 20% for the 3-Ni(OH), samples, near to the value
19.4% expected for the dehydroxylation of Ni(OH),
to NiO. It can be observed that, in the case of nitrate-
richest samples (curves b and c), the mass loss beyond
200 °C includes the main DTG peak around 250-300 °C
and a minor peak between 350 and 450 °C.

Mass spectroscopy (MS) of the evolved decom-
position products allows to identify the molecules
that evolved in each decomposition step. In this way,
the TG and DTG curves of Fig. 5 can be interpreted
through the mass spectra of evolved gases as shown in

Figure 5 TG (a) and DTG 100
(b) traces of samples IS- o5 |
Ni(OH), N02-C14-W28 (a) -
and N19-C05-W21 (b), and
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and NOO-C40-W 129 (d). gj il
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Fig. 6. Monitored masses were mass 18, corresponding
to water development by dehydration or condensa-
tive dehydroxylation, mass 44, corresponding to CO,
released by carbonate decomposition, and mass 30,
corresponding to NO, issued by the decomposition
of NO, released by the nitrate decomposition [87].
Mass 46, corresponding to NO,, was also monitored
but only traces were observed in parallel with the NO*
evolution, as expected by the pattern of ionization in
MS conditions [85].

The first peak of mass loss corresponds to the des-
orption of interlayer water, as expected. However, a
limited amount of CO, is released below 200 °C. Early
development of CO, has been often observed in Ni-
LDH and is sometimes attributed to desorption from
the external surface without further characterization of
the adsorption site [75, 79, 86]. It could be interesting
to correlate this small emission of CO, to the mecha-
nism postulated by Kanezaki for the decarbonatation
of LDH, similar to the desorption of CO, from car-
bonated aqueous solution, with the formation of two
hydroxyls per emitted CO, [88, 89]. This reaction path-
way, initially suggested to be active beyond 200 °C,
has been calculated to be possible also at a lower tem-
perature, albeit less thermodynamically favored than
direct emission of the hydration water [90].

The main peak around 270 °C corresponds to the
release of water from dehydroxylation and the emis-
sion of the decomposition products of anions. In all

temperature /°C

samples, the release of CO, is always connected with
the development of water, in strict parallel with what
is systematically observed in the case of hydrotalcites
[85, 86]. No products of the decomposition of carbon-
ates are observed after the condensation of the hydrox-
ides, with the corresponding formation of NiO, also
due to the instability of nickel carbonate above 300 °C
[91].

The measurement of NOY, from the decomposi-
tion of nitrates, does not follow the same pattern,
being always shifted to a higher temperature than the
development of CO,". The retention of nitrates at a
higher temperature than carbonates has already been
observed in the thermal decomposition of a-Ni(OH),
[92, 93], nickel hydroxynitrates [94] and Ni-bearing
hydrotalcites [81, 86, 95]. Indeed, a significant frac-
tion of NO"—often nearly half- is released at higher
temperature than the release of water, hence after the
dehydroxylation has been completed [96]. It has to
be assumed that such NO" release corresponds to the
degradation of nitrates retained in the nickel oxides
formed by Ni(OH), dehydroxylation.

The presence of Ni** sites could represent a valid
explanation for a higher temperature of retention of
anions. The behavior of samples with similar amount
of nitrates and carbonates, like a-Ni/OH), N25-
C14-W55 (Fig. 6A) is especially interesting. In the
presence of high amount of nitrates also a fraction
of carbonates is retained at a higher temperature,
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being released at 300 °C, after the main peak of CO,
desorption at 230 °C. It appears that Ni*" species,
induced by the decomposition products of nitrates,
are able to more strongly retain all kinds of anions.
The formation of Ni®" sites in NiO by the action of
NO, has been early assessed by surface FTIR stud-
ies [97]. Chmielarz et al. connected the retention
of nitrate anions to possible strong adsorption on
Ni*" sites formed by oxidation of Ni** by the NO,/
O, atmosphere formed in the initial nitrate decom-
position [95]. Brockner et al. monitored the thermal
decomposition of Ni(NO;), 6H,O by quasi-isother-
mal thermal gravimetry in an inert atmosphere [98].
They interpreted the final steps of mass loss as the
formation of “Ni,O5;” at 250 °C, followed by the
reduction of “Ni,O,;” to NiO at 400 °C after evacua-
tion of the oxidizing atmosphere. Due to this insta-
bility, the Ni**-bearing phase could not be detected
by ex situ XRD. Fingerle et al. studied the behav-
ior of “Ni,O; » which they defined as an ill-defined
oxygen-rich NiO, phase, by XPS of thin layers of
photo-oxidized NiO [99]. They confirmed the ther-
mal instability of Ni,O, formed at room temperature,
the amount of “Ni,O;” being halved at 200 °C and
ten times reduced at 400 °C. They also observed a
hydration-dehydration equilibrium of Ni,O; with
Ni(OH), and NiOOH. It appears that the transient
formation of Ni®* intermediates by-products of
nitrate decomposition can be a plausible explana-
tion for the high-temperature retention of anions and
represent a general trend in the thermal decomposi-
tion of nitrate-bearing Ni materials.

The nature of IS-Ni(OH), upon thermal treatment
can be studied by XRD of samples calcined at differ-
ent temperatures under air flow, as reported in Fig. 7
for sample N02-C14-W28. The material retained the
IS-Ni(OH), pattern when calcined at 210 °C in air
flow. The interstratification splitting of the 100 peak of
[B-Ni(OH), decreases from 1.06 to 0.79 A, and a Mering
analysis suggests a decrease of the contribution of the
water- and anion-rich a-Ni(OH), component from 33
to 23%. When calcined at 210 °C, the IS-Ni(OH), pat-
tern presents also a weak 200 peak of NiO at 43.4°20.
After calcination at 230 °C, NiO is the only phase pre-
sent, with very broad peaks. The peaks of NiO become
narrower with calcination at higher temperatures and
a Scherrer estimate of the crystallite size gives 3.4, 10.2
and 20.6 nm for samples calcined at, respectively, 230,
400, and 600 °C. NiO was always the only oxide phase
observed, suggesting that more oxidized materials

@ Springer

J Mater Sci (2025) 60:5019-5034

counts

10 20 30 40 50 60 70 80
deg 26

Figure 7 XRD pattern of IS-Ni(OH), sample N02-C14-W28
calcined at different temperatures.

could be unstable in the calcination conditions —or not
XRD detectable- throughout the field of temperature.

Mesoporosity could represent an important asset
in the control of the accessibility of electrolytes to the
surface of electrode materials or in their application
as superconductors [100-103]. Textural information
on our materials was collected by nitrogen sorption at
77 K, measured on samples outgassed at 130 °C. Iso-
therms and pore size distribution from the desorption
branch of the isotherms are reported in Fig. 8. Surface
area and pore volume data are reported in Table 1.

a-Ni(OH), samples (Fig. 8A) feature type II iso-
therms, typical of macroporous adsorbents according
to the IUPAC classification [104]. This suggests that
the loss of interlayer water led to close packing of the
brucite-like layers and only the outer surface of the
nanocrystals was accessible. It is worth observing that
much larger surface areas can be obtained by drying
methods that prevent meniscus collapse and aggrega-
tion of the nanocrystals [5, 105, 106].

Both IS- and 3-Ni(OH), samples feature a type IV(a)
mesoporous isotherm but the shapes of their hysteresis
loops differ. IS-Ni(OH), samples (Fig. 8B) present an
H2 hysteresis loop, typical of bottle-neck mesopores
with narrow pore mouths. Sample NO6C16W48 fea-
tures an H2(b) hysteresis, corresponding to a distribu-
tion of pore mouth size from 5 to 10 nm. Electrodepos-
ited mixtures of a- and (3-Ni(OH), were shown to
present isotherms of the same type, attributed to
the porosity of assembled nanosheets [3]. Sample
NO02C16W37 (curve d in Fig. 5B), with smaller pores,
presents a sudden cavitation at p/p” 0.47, typical of
H2(a) hysteresis and cavities with pore mouth smaller
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than 5 nm [107]. B-Ni(OH), samples (Fig. 8C) present
larger pores with a type IV(a) isotherm and H1 hys-
teresis, typical of an open mesopore network, related
to intergranular porosity. Literature 3-Ni(OH), sam-
ples present lower surface area and apparently similar
isotherms [100]. However, they differ from our results
by the absence of an inflection point at high relative

pressure and should possibly be considered as type II
isotherms [104].

Applications of IS-Ni(OH), as electrode material
require an evaluation of its electrochemical potential.
Cyclic voltammetry curves of carbonate-bearing N02-
C14-W28 are shown in Fig. 9. The anodic oxidation of
Ni** to Ni*" starts at 0.37 V and presents two maxima
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Figure 9 Cyclic voltammetry curves of drop-casted IS-Ni(OH),
N02-C14-W28 in NaOH 0.1 M with scanning rate 5 mV s.7.
Scans 2 (red) and 3 (blue).

at 0.40 and 0.47 V before the oxygen evolution reaction
(OER). The cathodic reduction of the y-NiOOH formed
presents a maximum at 0.32 V and is completed only at
negative potential. This pattern was well reproducible
in successive cycles.

It seems appropriate to correlate the two anodic peaks
in the charge run to the oxidation of a-Ni(OH), and
-Ni(OH),, usually observed, respectively, near 0.35 V
and 0.45 V [102, 108-110]. The presence of two signals
in the oxidation of a-Ni(OH), has been often observed.
The second peak has been sometimes attributed to the
oxidation of 3-Ni(OH), formed by in situ dehydration
of a-Ni(OH), [111, 112]. In these cases, the two-peak
pattern evolved to one-peak in successive cycles, as the
a-component was not restored in the cathodic reoxida-
tion step. This is not observed in the case of IS-Ni(OH),,
when the repeatability of the two-signal pattern of Fig. 9
suggests that the presence of the two components can
be a stable feature of IS-Ni(OH),. It is also interesting
to consider the possible role of the anions in the elec-
trochemical behavior, taking into account the onset of
oxidation at 0.3 eV on Ni,CO;(OH), supercapacitor
material, featuring carbonate-bridged puckered layers
of nickel hydroxide [113], as well as the dependence of
the capacitance of a-Ni(OH), on the nature of the inter-
layer anion [114].

Conclusions
Monitoring the precipitation of Ni(OH), phases
from alkaline conditions has confirmed that inter-

stratified IS-Ni(OH), is an intermediate in the
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dehydration-deanionization process of a- to 3-Ni(OH),.
The critical step in the a-to-f3 transformation is the aging
of the precipitate in the parent solution. During the ini-
tial precipitation of nickel hydroxide, high supersatu-
ration induces the retention of anions in a metastable
a-Ni(OH), phase. Temperature and alkalinity of the
aging process control the shift from hydrated anion-rich
metastable materials toward more ordered dehydrated
[-Ni(OH),. Throughout the process, the non-uniform
removal of anions is at the origin of the interstratifica-
tion of brucite-like layers with different interlayer spac-
ing, giving rise to the IS-Ni(OH), phase. IS-Ni(OH),
can be formed in the presence of either nitrate or car-
bonate anions but the nature of the anion affects the
evolution of the parent material. Carbonate anions,
more tightly bound to the brucite layers, stabilize IS-
Ni(OH), materials when aged at a temperature as high
as 80 °C, conditions in which nitrate-rich materials are
fully dehydrated and deanionised to 3-Ni(OH),. FTIR
spectroscopy indicates that IS-Ni(OH), shares structural
elements of both interstratified a and {3 layers. They pre-
sent surface areas higher than 100 m? g™ and peculiar
adsorption patterns, indicating that the interstratifica-
tion induces the formation of ink-bottle mesopores.

IS-Ni(OH), materials are thermally stable up to nearly
200 °C, the temperature at which they are deanionized
and dehydroxylated to nanocrystalline NiO. The TG-MS
monitoring of the thermal activation evidences the for-
mation of intermediate Ni*" species by the reaction
with NO, emitted by the degradation of nitrates. The
general phenomenon is a witness of the effectiveness
of Ni**-hydroxides as redox materials. The cyclic vol-
tammetry pattern of IS-Ni(OH), shows features of both
a- and (3-Ni(OH),, with an initial reduction potential of
0.37 V. Given the good thermal stability and the high
accessibility to incoming ions and molecules, carbonate-
stabilized mesoporous IS-Ni(OH), emerge as promising
materials for electrocatalytic applications.
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