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B cyuacnomy ceimi o0num iz nepcnexmueHux
HANPAMIG € OMPUMAHHA | BUKOPUCMANHA Gazamo-
Qynxyionanrvnux peuosun. Ni-Al nodsiiino-wa-
posuil 2i0poKcud WUPoKo BUKOPUCMOBYEMBCS K
axkmuena peuwosuna cynepxondencamopie. Ilpu
yvoMy cnoayku Hixenro 3abapeieni i Moxicymo
Oymu euxopucmani ax niemenmu. Bueueni xa-
paxmepucmuxu 3pasxie OiQynxuionarvnux iHou-
eoxapmin-inmepranvosanux Ni—Al (Ni:Al=4:1)
2i0poxcudie, ompumManux CuHme3om npu pPieHo-
saxcrnomy pH ma pH=14. Kpucmaniuna cmpyxmy-
pa 3pasxie eueuena memooom penzenohazoozo
ananizy ma mepmozpasimempii, niemeHmui 6.a-
cmugocmi — mMenmooom 6UMIPIOGAHHS | PO3PAXYHKY
xapaxmepucmux xKonvopy 6 cucmemax CIE Lab i
XYZ, enexmpoximiuni xapakxmepucmuxu — memo-
damu yukaiuHOi 60JIbMaAMNEPOMEMPIi MA 2aNb6aA-
HOCMAamMuuH020 3apsOHO-PO3PAOH020 UUKAYBAHHS
6 cynepxondencamopnomy pexcumi. Ilpoeedeno
NOPIGHANLHUL AHANI3 eNIeKMPOXIMIYHUX XaAPaK-
mepucmux 3pasxie Ni-Al-inoueoxapmin i Ni-Al-
xapbonam ziopoxcudie. Memodamu penmeenodpa-
306020 ananizy ma mepmozpagimempii noxazano,
wo Ni-Al-induzoxapmin 2idpoxcud € nodsiino-ma-
poeum ziopoxcudom 3i cmpyxmyporo o-Ni(OH),
cepeonvoi (cunmes npu pH=13) ma nusvxoi (cun-
me3 npu pienosaxcnomy pH) xpucmaniunocmi.
Hoxaszano, wo cunmesogani Ni-Al-indueoxapmin
IIIIIT maromv xonip na mesici cunb020 ma 201y6020
(mon xonvopy 483—485 um) cepednvoi ceimaomu.
Memoodom zanvearnocmamuunozo 3apaoHo-po3pao-
H020 YUKII08AHHS NOKA3AHO GUCOKY eJLeKMPOXiMin-
ny axmusnicmo Ni-Al-inouzoxapmin nodsiino-wa-
P06020 ziopoxcuody (cunmesosanozo npu pH=14),
WO nepesumye eaeKmpoxiMiuny aKkmueHicms Kap-
Oonam-inmepranvo8amn020 2i0poKcudy: Maxcu-
MATTOHA NUMOMA EMHICMb NPU NOBHOMY PO3PAOI
cxknana 1007 @ /2 ziopoxcudy i 2996 @/2 Ni, npu
po3padi 0o 0 B — 946 @/ 2idpoxcudy. Bnepue onn
Ni-Al-inouzoxapmin IIT euseneno nasguicmo na
PO3paoHii Kpuesil 060x niowadox, Axi éionosioa-
10mo po3pady N2+ ma induzoxapmin-aniony

Knouosi cnosa: Ni—Al noodsiiino-waposui
2i0porcud, niemenm, nUMoOMa EMHICMb, CYneprKon-
dencamop, po3psaona naowaox
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1. Introduction

Nickel compounds are widely used for different purpos-
es. As a 3d element, nickel and its compounds are used as
catalysts. Owing to the formation of stable compounds in
different oxidation states and the ability to transition be-
tween them, nickel compounds (hydroxides and oxides) are
used in electrochemical devices. Additionally, compounds
are colored and are used as pigments.

Different types of nickel hydroxides posses rather high
electrochemical activity [1]. So, these compounds are wide-
ly used in different electrochemical devices [2, 3]. Nickel
hydroxide along with double nickel hydroxides is used as
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the active material of nickel oxide electrode in alkaline
accumulators [4, 5]. Nickel hydroxide is also used in cath-
odes for lithium batteries [6]. Ni(OH), is used as an active
material of the Faradaic electrode of hybrid supercapa-
citors (SC). Nickel hydroxide is used on its own [7, 8], and
in the form of composite with nanocarbon materials [9].
Due to reversible electrochemical color change, Ni(OH), is
used as an electrochromic material [10]. Nickel hydroxide
and Ni-LDH are used in electrocatalysis [11, 12], namely
for electrochemical oxidation of organic compounds [13],
and sensors [14].

There are two known stable allotropes of nickel hydrox-
ide [15]: B-form (chemical formula Ni(OH),, brucite-like



structure) and a-form (chemical formula 3Ni(OH),2H5O,
hydrotalcite-like structure). However, the paper [16] de-
scribes the formation of nickel hydroxide structures that
are in-between o-Ni(OH), and B-Ni(OH),. The paper [17]
describes the formation of nickel hydroxide with layered
(a+p)-structure.

B-Ni(OH), has high storage and cycling stability. Thus,
it is widely used in alkaline batteries [18] and hybrid super-
capacitors with the alkaline electrolyte [19]. It can be precip-
itated chemically at low supersaturation or electrochemical-
ly in the slit-diaphragm electrolyzer [17]. High-temperature
synthesis [20] and ammine complex decomposition [18] are
also used.

It should be noted that a-Ni(OH), has higher elec-
trochemical activity than B-Ni(OH),. However, a-form is
metastable, and in alkaline media and high temperatures,
it transforms into less active B-form [21, 22] resulting
in loss of capacity. To stabilize a-form, stabilizing ad-
ditives [23] are introduced to nickel hydroxide forming
layered double hydroxides (LDH) [24]. LDH consist of
the host crystal lattice, in which part of host hydroxide
cations (Ni%) are substituted by guest cations such as
AI3* [25]. The excess of positive charge is compensated by
the intercalation of various anions [26]. a-Ni(OH), and
nickel-based LDH can be prepared using chemical precip-
itation [27], homogeneous precipitation [6], electrolysis in
slit-diaphragm electrolyzer [28]. It should be noted that
nickel LDH is one of the most promising hydroxide forms
for use in supercapacitors.

On the other hand, Ni** compounds are colored and can
be used as pigments. Pure Ni(OH), has a light-green color
of rather low intensity and has rather low pigment charac-
teristics. However, the synthesis of Ni-LDH intercalated
with anionic dyes can yield promising pigments with various
colors used in different fields, such as cosmetics for making
nail polish [29].

It should be noted that rather promising would be the
synthesis and study of layered double hydroxides of nickel
that could fit two functional roles and posses high electro-
chemical activity and pigment characteristics.

2. Literature review and problem statement

To evaluate the possibility of synthesizing bi-functional
Ni-LDH that would posses electrochemical activity and in-
tense coloration, it is necessary to analyze what is a layered
double hydroxide.

Layered double hydroxide (LDH) is an a-form of “host”
metal hydroxide with part of ions in the crystal lattice sub-
stituted with the ions of “guest” metal. For instance, the
Ni%* cation is substituted with the AI** cation. This leads
to the formation of an excess positive charge in the crystal
lattice which can be compensated by the inclusion of addi-
tional anions. A general formula for divalent metal-based
LDH is

Met, Me2!" (OH), A", -0.66H,0,

X
m

where Mel=Ca?", Mg?*, Ni%*, Zn?" etc., Me2=Al3", Fe®",
Cr¥', Ti*" etc. A — various-purpose anions. Under normal
conditions, these can be anions of precursor salts. But more
commonly intercalated anions have special functional prop-

erties. For instance, stabilizing [30] or activating [12, 31] an-
ions can be introduced into the LDH structure. A promising
application for LDH is as nano-containers for special anions,
such as drugs [32,33], dyes [29], sensors [34], corrosion
inhibitors [35], etc.

In practical terms, LDH are ionic constructors with
three main components [24]: “host” metal cation, “guest”
metal cation, and intercalated anion. Directed choice of
these components allows for the construction of LDH with
required properties [35].

Thus, to obtain electrochemically active pigment LDH,
it is necessary to use Ni (OH); as the “host” hydroxide.

The “guest” cation should stabilize LDH and ideally
activate the electrochemical properties of LDH. Al%* is
commonly used to stabilize LDH [36, 37]. Aluminum is
electrochemically inert, so it’s low atomic mass is a sig-
nificant advantage. The lower molecular mass of the inert
activator means higher content of the electrochemically
active component. It should be mentioned that Al** not
only stabilizes LDH but also increases the specific capaci-
ty of nickel hydroxide [38, 39]. Introduction of aluminum
cation results in the activation of nickel hydroxide, which
is also observed for B-Ni(OH), [40]. This is likely due to
the increased polarization of oxygen evolution, which is
a side-reaction of the nickel hydroxide charge (electro-
chemical oxidation) process [41]. This allowed for using
Ni-Al LDH not only in supercapacitors [42, 43] but also
in electrocatalysis [44].

Carbonate is commonly intercalated into electrochem-
ically active Ni-Al LDH, and not only stabilizes LDH but
also plays the role of activator [31, 45]. However, carbonate
has two disadvantages for the formation of bi-functional
(pigment and electrochemically active) Ni-Al LDH. Firstly,
it is not electrochemically active and is effectively ballast,
which lowers the specific capacity of LDH. Secondly, the
intercalation of carbonate into LDH does not affect color,
resulting in the formation of light-green compounds without
significant pigment properties.

Various anionic dyes can be used to prepare LDH
based pigments, which allows broadening the color pallet
significantly: Acid Yellow 17 in Zn-Al LDH [46], o-Meth-
yl Red in Mg-Al LDH [47], and o-Methyl Red in Ni-Fe
LDH [48], Mordant Yellow 3 in Zn-Al [49, 50], Acid Yel-
low 3 in Zn-Al LDH [51], bi-anion Acid Green 28 in Zn-Al
LDH [52]. Some authors used LDH to remove dyes from
wastewater, thus forming dye-intercalated LDH. Namely,
it is proposed to use Zn-Al LDH for the removal of Evans
Blue [53], Orange type dyes — with Zn-Al LDH [54]. Var-
ious dyes [54], including Remazol Brilliant Violet [55],
were removed using Ni-Al LDH, blue dyes (including
Maya Blue) [56] — using Zn-Al LDH, Methyl Oran-
ge [57] — using Zn-Al LDH, Amaranth [58] — using Mg-
Al LDH, Acid Yellow 42 [59] — using Mg-Al LDH, Kongo
Red [60] — using Ni-Al LDH, and Indigo carmine [61] —
using Mg-Fe LDH.

The most promising and expensive are blue palette pig-
ment, so a blue water-soluble dye should be used for interca-
lation into Ni-Al LDH. Intercalated organic dye anions have
large molecular mass, which in case of inertness would lead
to a significant drop in electrochemical characteristics of
Ni-Al LDH. Therefore, to prepare blue Ni-Al LDH pigment
with high electrochemical activity, electrochemically active
blue anionic dye should be used. Among all described dyes,
only Indigo carmine fits such requirements, which is used



in analytical chemistry as a redox indicator, and is able to
undergo reversible oxidation and reduction.

Thus, the assumed bi-functional (pigment and electro-
chemically active) material could be Ni-Al-Indigo carmi-
ne LDH. And while color characteristics of such LDH,
synthesized in different ways, have been studied in [62], the
electrochemical properties of indigo carmine intercalated
Ni-Al LDH have not been studied at all, even though the
material is rather promising for use in supercapacitors.

3. The aim and objectives of the study

The aim of the work is to determine if Indigo carmine
intercalated Ni-Al layered double hydroxide can be used as
both active materials of the Faradic supercapacitor electrode
and effective nail polish pigment.

To achieve the aim, the following objectives were for-
mulated:

— to prepare Indigo carmine intercalated Ni-Al layered
double hydroxide samples, using the single-stage chemical
synthesis method under different conditions;

—to conduct an analysis and compare the structural
properties of the prepared LDH samples;

— tostudy the pigment characteristics of the prepared
samples;

—to compare the electrochemical characteristics of In-
digo carmine intercalated Ni-Al LDH and carbonate inter-
calated Ni-Al LDH and evaluate the effectiveness of use in
supercapacitors.

4. Materials and method used in the synthesis and study
of Na-Al layered double hydroxide samples

4. 1. Synthesis of LDH samples

Analytical grade reagents were used in the study except
for NaOH (granulated, Chemically pure grade).

Analytical grade Indigo carmine, 5,5-indigodisulfonic
acid disodium salt (C1gHgNoNayOgSy) was used as a dye.

To improve stability, it was proposed to conduct the syn-
thesis of the following samples of layered double hydroxides
with the general formula NizAlA 5, where A — Indigo car-
mine. For a comparative study of electrochemical character-
istics, the sample of Ni-Al LDH with the same formula was
synthesized, with anion changed to carbonate.

Ni-Al LDH samples were synthesized using chemical
precipitation at a constant pH. LDH was precipitated by
feeding three solutions (nickel and aluminum nitrates,
alkali, and indigo carmine; 0.5 L each) at the same rate
into the reaction beaker containing 100 ml of the initial
solution. Two types of synthesis were conducted: at an
equilibrium pH (labeled as Ni4Al-Ind pH=equil) and
at pH=14 (labeled Ni4Al-Ind pH=14). In case of equi-
librium pH synthesis, the stoichiometric amount of each
reagent was used with distilled water as the initial solu-
tion. For synthesis at pH=14, an excess of alkali was used
to sustain pH=14. Initial solution — 0.1 M NaOH. The
synthesis was conducted at 60 °C and continuous stirring.
After solutions were added, the reaction mixture was kept
under the same conditions for an hour to undergo crystalli-
zation [63]. The formed precipitate was then vacuum fil-
tered to remove the mother liquor. The formed hydroxide

is a composite material, similar to polymer composites [64].
In this case, the matrix is formed by the hydroxide itself
with the mother liquor acting as a filler [65]. The compos-
ite has a closed-cell structure. Because of such structure,
the precipitate is difficult to wash off from soluble salts.
This requires the use of a two-stage method: drying
(70 °C, 24 h), grinding, rinsing with distilled water, and
additional drying under the same conditions. Before anal-
ysis, the samples were additionally ground using a mortar
and sifter through a 71 pm mesh.

4. 2. Characterization of LDH samples

The crystal structure of the samples was studied by means
of X-ray diffraction analysis (XRD) using the DRON-3 dif-
fractometer (Russia) (Cu-Ka radiation, scan range 10—90° 20,
scan range 0.1°/s).

Thermal properties, type of crystal lattice, and water
content were determined by means of thermogravimetric
analysis (TG). TG analysis was conducted using the Shi-
madzu DTG-60 thermal analyzer under the air atmosphere
and heating rate of 5 °C/min.

Color characteristics of Indigo carmine intercalated
Ni-Al LDH samples were measured using a spectropho-
tometer. A thin layer of the pigment sample was placed
into a polyethylene ZIP-bag, which was placed onto a
flat solid base. As a result of measurements, chromaticity
(%, y, ) and color (X, Y) coordinates were recorded. Col-
or tone value (predominant wavelength — %) and color
purity (P, %) were determined from the color graph in X,
Y coordinates. Color coordinates were also recalculated
into CIE 1976 L*a*b*. Lightness (L) and color satura-
tion (§) were calculated. The diffuse reflection coefficient
was also measured.

Electrochemical properties of nickel hydroxides were
studied using the following methods:

a) cyclic voltammetry in a special YSE-2 cell using the
Ellins P-8 digital potentiostat (Russia). The working elec-
trode was prepared by pasting a mixture of nickel hydroxide
(81 % wt.), graphite (16 % wt.) and polytetrafluoroethylene
(3% wt.) [66] on the nickel foam current collector [67].
Electrolyte — 6 M KOH. Counter-electrode — nickel mesh,
reference electrode — Ag/AgCI(KCI sat.). The analysis was
conducted in the potential window of 200-700 mV (Ag/AgCl)
at a scan rate of 1 mV/s;

b) galvanostatic charge-discharge cycling in superca-
pacitor regime. The cell, working, counter-electrode, refer-
ence electrode, and electrolyte were the same as for cyclic
voltammetry. Charge-discharge cycling was conducted in a
supercapacitor regime at current densities of 20, 40, 80, and
120 mA/em? (10 cycles at each current density). Discharge
curves were used to calculate the specific capacity Cy, (F/g)
at full discharge (till constant negative potential) and dis-
charge to 0 mV.

5. Characterization results of bi-functional Ni-Al layered
double hydroxide

XRD analysis results.

XRD analysis results reveal that both samples have a
crystal lattice that of a-Ni(OH)s,. It should be noted that the
Ni4Al-Ind pH=equil sample (Fig. 1, b), synthesized at an
equilibrium pH, has a significantly lower crystallinity.
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Fig. 1. XRD patterns of LDH
samples: a — Ni4Al-Ind pH=14,
b — NidAl-Ind pH=equil

Results of thermogravimetric
analysis

The TG curve of the Ni4Al-
Ind pH=14 sample (Fig.2,a) has
two mass loss steps: the first step
of 10.85 % and the second step of
23.21 %. The first step corresponds
to the endothermic peak on the DTA
curve (215°C), and the second —
sharp exothermic peak (400 °C).

The TG curve of the Ni4Al-
Ind pH=equil sample (Fig.2, b)
shows a similar picture, except,
the temperature of the first peak
(167 °C) is shifted towards lower
temperatures and the temperature
of the second peak (465°C) — to-
wards higher temperatures.

Results of color characterization.

Color characteristics of Ni-Al-
Indigo carmine LDH are listed in
Table 1. It should be noted that
both pigments have color border-
ing between blue and light blue
(483—-485 nm), and low color puri-
ty. Both pigments are characterized
by average lightness and low color
saturation. It should be noted that
the Ni4Al-Ind pH=equil sample,
synthesized at an equilibrium pH,
has a darker color (lower lightness)
and higher color saturation.

Results of electrochemical char-
acterization

The cyclic curves of Indigo
carmine intercalated samples are
shown in Fig. 3.

Table 1
Color characteristics of Ni-Al LDH samples
Diffuse reflectance coefficient, % Color tone | Color purity
Sample
1 2 Average A, nm P, %
Ni4Al-Ind pH=14 15.47 | 15.37 15.42 483 4
Ni4Al-Ind pH=equil 9.12 9.14 9.13 486 5
CIE Lab Saturation
Sample
a B L (Lightness) S
Ni4Al-Ind pH=14 -2.81 | -9.51 50.33 9.92
Ni4Al-IndpH=cquil ~3.31 | ~10.80 40.35 11.30
TGA DTA
% uy
100,000 -{ 1000.00
——— DTG-80 oAt NidAl indigo pH 14 2018-11-12 14-20 tad DTA 401.52C
——— DTG-80 chrwit N indigo pH 14 2018-11-12 14-39 tad TGA 987 97UV
DTG-80 cuHmit NidAl indigo pH 14 2018-11-12 14-39.tad Temp :
90.0001
Start 34.91C
End 501.57C
-{ 500,00
Weight Loss -35.835%
80.0001
70,0001 1980
132.49C
-215.30uV 400.42C
85.94% \
700,00 20000 30000 30000 50000
Temp [C]
a
TGA DTA
% uy
1000001 - -{ 1000.00
31.83C 446.03C T
501.50C 985.98uV
Weight Loss -38.689%
90.000
176.03C
90.41%
381.17C 5000
86.34%
80.000
——— DTG-60 cunwi NidAl indigo pH paBHoeecHoe 2018-11-12 12-19.tad DTA
——— DITG-60 cHAWA N4l incigo pH paroBecHoe 2018-11-12 12-19.tad TGA
DTG-80 cunwi Ni4Al indigo pH paBHoBecHde 2018-11-12 12-19.tad Temp
70.000
H 000
123.37C
-167.07uvV 464.99C
62.57%
60.000- L 1 L 1 L
100.00 200.00 300.00 30000 500,00
Temp [C]
b

Fig. 2. TG-DTA curves of LDH samples: a — Ni4Al-Ind pH=14,
b — NidAl-Ind pH=equil; cuHui — blue; paBHoBecHoe — equilibrium




The voltammogram of the Ni4Al-IndpH=14 sample
(Fig. 3, a) shows a poorly defined charge peak on the first
cycle. Starting from cycle two, only one charge and dis-
charge peak are observed. It should be noted that the charge
peak of cycles 3-5 is wide. The charge peak is stabilized
at 615-618 mV (specific current 2.84 A/g), discharge —
385-395 mV, with a specific current of 1.73 A/g. The char-
acteristics of both curves are similar. The voltammogram of
the Ni4Al-IndpH=equil sample (Fig. 3, b) shows a poorly
defined charge peak on the first cycle. The second and third
cycles also have one charge and discharge peak. However,
the charge peak of Ni4Al-IndpH=equil is narrower and
more defined. The charge peak is stabilized at 623-626 mV
(specific current 2.54 A/g), discharge — at 420-425mV
with the specific current of 1.72 A /g.

During charge-discharge cycling, a new occurrence
was discovered — the presence of two potential plateaux for
indigo carmine intercalated Ni-Al LDH samples (Fig. 4).
The first plateau is situated at +305—(+205) mV, the sec-
ond — =510—(=720) mV.

Ni4Al-Ind pH=14 —Cycle 1
5 —Cycle 2
o0 3 —Cycle 3
< —Cycle 4
% 1 —Cycle 5
-1
-3
200 300 400 500 600 700 800
E, mV
a
Ni4Al-Ind pH=equil —Cycle 1
5 —
4 Cycle 2
3 Cycle 3
2
1
0
200 300 400 500 600 700 800
E. mV
b

Fig. 3. Cyclic voltammograms of LDH samples
a — Ni4Al-Ind pH=14, b — Ni4Al-Ind pH=equil
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Fig. 4. Discharge curve of the Ni4Al-Ind pH=14 sample

Fig. 5 shows the specific capacities of synthesized Ni-Al
LDH intercalated with indigo carmine and carbonate.

It was found that the samples synthesized at pH=14
(Ni4Al-Ind pH=14 and Ni4Al-CO3 pH=14) have higher
specific capacities than those synthesized at an equilibrium
pH (Ni4Al-Ind pH=equil and Ni4Al-CO3 pH=equil). It
was also found that indigo carmine intercalated samples

(Ni4Al-IndpH=14 and Ni4Al-IndpH=equil) have higher
specific capacities than those intercalated with carbonate
(Ni4Al-CO3 pH=14 and Ni4Al-CO3 pH=equil).
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Fig. 5. Specific capacities of carbonate and indigo carmine
intercalated Ni-AL LDH: a — full discharge; b — discharge 0 V

This tendency is characteristic for all current densities,
except for a low current density of 10 mA /cm? at discharge
to 0V, where the specific capacities of both samples are
comparable.

6. Discussion of the results of characterization of
Ni-Al layered double hydroxides

Crystal structure. The results of XRD analysis (Fig. 1)
revealed that both indigo carmine intercalated Ni-Al sam-
ples have a crystal lattice that of a-Ni(OH); with some
amount of X-ray amorphous phase. A separate Al-containing
phase is not observed. It can be concluded that both samples
are layered double hydroxides. Larger half-width at half-
height of the Ni4Al-Ind pH=14 sample indicated higher
crystallinity. At the same time, the Ni4Al-Ind pH=equil
sample, at lower, equilibrium pH, has very low crystallinity.
The results of the thermogravimetric analysis support this
conclusion. The TG and DTA curves of both Ni4Al-Ind
pH=equil and Ni4Al-Ind pH=14 are characteristic of that
of a-form. The TG curve has two mass loss steps which
correspond to the loss of structural water (first step) and
breakdown of hydroxide into oxide (second step). The first
step corresponds to a poorly defined endothermic peak. For
carbonate LDH or LTH [45], the second mass loss peak
should coincide with the endothermic peak, which should be
more intense than the first endothermic peak. At the same
time, for both indigo carmine intercalated samples, there is a
strong exothermic peak on the DTA curve, instead of the ex-
pected endodermic peak corresponding to the breakdown of
the hydroxide structure. This peak is most likely due to the
combustion of organic indigo carmine. The first endothermic
peak characterizes the stability of a-Ni(OH),, and the sec-
ond — thermal stability of indigo carmine in the hydroxide
crystal lattice. So it can be concluded that the synthesis at
an equilibrium pH leads to the formation of LDH with a less
stable structure, in comparison to LDH prepared at pH=14
(temperatures of the first endothermic peak are 167 °C and
215 °C, respectively). For indigo carmine, the situation is



reversed — synthesis at an equilibrium pH has a stronger
stabilized effect on the intercalated organic anion (tempera-
tures of the second exothermic peak are 465 °C and 402 °C,
respectively). Considering that lower stability indicates
higher electrochemical activity, it should be concluded that
increasing synthesis pH lowers the activity of the hydroxide
component of LDH while increasing the electrochemical
activity of intercalated indigo carmine.

Color characteristics of samples. Visually, both samples
of indigo carmine intercalated Ni-Al LDH have a light-blue
color. Measurement of color characteristics in CIELab and
XYZ systems confirms visual observation. The color tone
of both samples is the same 483 nm and 485 nm. The pre-
pared samples have an average lightness: Ni4Al-Ind pH=
=equil L=40.35 %, Ni4Al-Ind pH=14 [=50.33 %. The blue
color of the Ni4Al-Ind pH=equil sample is easily explained
by the blue color of indigo carmine and light-green of
hydroxide. However, during synthesis at pH=14 m, it is
important to consider that indigo carmine is an acid-base
indicator, with transition pH of 11.6-14. And just after
pH=13 indigo carmine turns yellow. However, synthesis at
pH=14 produces compounds of blue color. It is possible that
the pH near the precipitation zone doesn’t exceed 13, and
the dye is absorbed in its blue form. Precipitation at the pH
near the color transition results in higher lightness for the
Ni4Al-Ind pH=14 sample. In general, it can be said that
both samples of indigo carmine intercalated Ni-Al LDH can
be used as blue pigments.

Electrochemical characteristics of nickel hydroxide sam-
ples. Cyclic voltammetry of Ni-Al indigo carmine layered hy-
droxides, prepared at different pH (Fig. 3), revealed that they
have fundamentally the same electrochemical behavior. Cyclic
voltammograms of both samples have a poorly defined charge
peak on the first cycle, which is characteristic of a-Ni(OH),
and LDH. However, for the sample synthesized at pH=14
(Ni4Al-Ind pH=14), two peaks are observed on the first
cycle, with the first peak situated at 565 mV, which is rather
small, with a current density of 1.05 A/g. On the second and
subsequent cycles, only one peak at 625-630 mV is observed.
The discharge curves reveal gradual working through the
material and shift of the peak potential towards negative
values (from 430 mV on the first charge cycle to 405-410 mV
on the fifth cycle). Reversibility (potential difference be-
tween the charge and discharge peak) is about 210-230 mV,
which exceeds the reversibility values of a-Ni(OH)y [45]
(120—-150 mV). This can be explained by the intercalation of
electrochemically active, but rather large anion, which leads
to higher polarization of both charge and discharge process.
Specific discharge current is stabilized at 1.7-1.72 A /g for
both samples, which indicates high electrochemical activity.

The following was found during galvanostatic charge-dis-
charge cycling. The discharge curve (Fig. 4 shows the dis-
charge curve as an example) shows two discharge plateaus.
For the Ni4Al-Ind pH=14 sample, the first plateau is real-
ized in the +300—(+180) mV range, with the discharge dura-
tion of 1050 s, the second plateau — in the —680—(—850) mV
range, with the discharge duration of 480s. It should be
noted that in the analyzed literature, no mention of two
discharge plateaus for Ni-Al LDH has been found. The
presence of two discharge plateaus indicated the occurrence
of two discharge processes. This means either two-stage
discharge of the electrochemically active component or the
presence of two electrochemically active components. Some
sources mention that as part of Ni-Al LDH, Ni?" can be cy-

cled on only up to Ni®*, but also up to Ni**. Thus, Ni** can
partake in a 2-electron reaction. However, the potential of
the first plateau strictly coincides with the discharge of Ni%*
into Ni2*. The potential of Ni**+1e'—Ni?" should be signifi-
cantly more positive. Thus, the second discharge plateau
does not correspond to the two-electrode discharge of the
nickel cation. However, the LDH structure contains the
second electrochemically active component — intercalated
indigo carmine. So it is reasonable to assume that the second
plateaus corresponds to the discharge of the oxidized form
of indigo carmine. However, the exact nature of this plateau
requires additional study.

Using the results of galvanostatic charge-discharge cy-
cling, specific capacities were calculated for indigo carmine
intercalated Ni-Al LDH at discharge to 0V (Fig. 5, b) and
full discharge (Fig. 5, a). Comparative analysis reveals the
difference in the effect of carbonate and indigo carmine.
Carbonate intercalated LDH had notably higher capacities
when the synthesis was conducted at an equilibrium pH,
while for indigo carmine samples, synthesis at an equilib-
rium pH results into LDH with a lower specific capacity.
The maximum specific capacity is observed for indigo
carmine intercalated LDH synthesized at pH=14. This is
likely related to the different influence of carbonate and
indigo carmine on the stabilization of the LDH structure.
Comparative analysis of the most active Ni4Al-IndpH=14
and Ni4Al-CO3 pH=equil samples, discharged to 0V,
shows that in indigo carmine intercalated LDH only Ni
participates in the electrochemical reaction and carbonate
in carbonate intercalated LDH is electrochemically inert.
At alow current density (10 mA /cm?), the specific capacities
of the Ni4Al-IndpH=14 and Ni4Al-CO3 pH=equil samples
are comparable — 1,007 F/g and 1,040 F/g. However, with
increasing current density, the specific capacity of indigo
carmine intercalated LDH exceeds that of carbonate inter-
calated. Thus, it can be concluded that indigo carmine has
a greater activating effect on Ni-Al LDH than carbonate. It
should also be mentioned that these values were calculated
per 1g of compounds, while the Ni content in indigo carmine
and carbonate intercalated samples differs (33.6 % and
45.1 %, respectively). When converting the values to Ni, we
get 2,997 F/g (Ni-Al-indigo carmine LDH) and 2,306 F/g
(Ni-Al-carbonate LDH). These data prove a higher electro-
chemical activity of nickel in Ni-Al-indigo carmine LDH.
At full discharge (Fig. 5, a), even at a low current density
(10 mA /em?), the specific capacity of the Ni4Al-Ind pH=14
sample significantly exceeds that of Ni4Al-CO3 pH=equil
(946 F/h and 485 F/g, respectively). These data further sup-
port the involvement of indigo carmine in the electrochemi-
cal process, contributing to effective capacity.

In general, it should be mentioned that indigo carmine
intercalated Ni-Al LDH possesses high electrochemical
activity and good pigment properties. That said, the applica-
bility of these results is limited due to the synthesis of Ni-Al
LDH was only conducted at two pH values. To further im-
prove characteristics, optimization of the LDH composition
and synthesis method should be conducted.

7. Conclusions

1. Preparation of previously not synthesized indigo car-
mine intercalated NizAl layered double hydroxide was con-
ducted at an equilibrium pH and pH=14.



2. Using XRD and thermogravimetry analysis methods,
it was found that Ni-Al-indigo carmine hydroxide is a lay-
ered double hydroxide with the structure of a-Ni(OH),. The
sample synthesized at pH=14 has average crystallinity, while
the crystallinity of the sample synthesized at an equilibrium
pH is low.

3. High pigment properties of the synthesized samples
were discovered. The sample had a light-blue color (color
tone 483—485 nm) with the lightness of 40—50 % and aver-
age color purity.

4. Comparative analysis of the electrochemical charac-
teristics of indigo carmine and carbonate intercalated Ni-
Al LDH samples was conducted using cyclic voltammetry
and galvanostatic charge-discharge cycling. The high

electrochemical activity of Ni—Al-indigo carmine LDH
was found. For indigo carmine intercalated LDH, a pre-
viously not described phenomenon was observed during
charge-cycling — the presence of two discharge plateaus,
the first in the +300—(+180) mV range, corresponding
to the discharge of nickel cations, the second — in the
—680—(—850) mV range, likely corresponding to the cy-
cling of indigo carmines. It was found that the specific
capacity of indigo carmine intercalated Ni-Al LDH ex-
ceeds that of carbonate intercalated. In the case of indigo
carmine intercalate hydroxide, synthesis at pH=14 results
in the highest activity. The highest specific capacity at
full discharge was 1,007 F/g hydroxide and 2996 F/h Ni,
at discharge to 0 V —946 F/g.
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