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Byno cunmesoeano nodsiini wmapyeami 2iopoxcu-
0u 3 pisHuUM CnieeioHOWEeHHAM HiKeJII0 MA AJIOMINII0
Yy npucymmnocmi ionie Ag* ma 6e3 cpioaa: Ni:Al —
80:20 %, Ni:Al:Ag — 80:15:5 % ma 75:15:5 %. Ompu-
Mani nopowku 2i0poxcudie HiKeo0 Maau Cmpyx-
mypy nodiony 0o o-modudpixauii Ni(OH), 3 eéeau-
K010 Kinvkicmio depexmis Kpucmaniunoi pewimxu.
Y pesyavmami nposedenux excnepumenmie 3 2ajv-
8aHOCMAMUUN020 3APAOHO-PO3PAOHO20 UUKIYGAH-
Hs 0yJ10 noxazano, wo 000asanns cpiona npu ximiu-
HOMY cunmesi 30iabmye Koediuicnm uKoOpuUCmanus
2idpoxcudy npu weuoxux sapsoax, ane 3MeHUWYE
#1020 npu nosiavhux. Taxosc 0yao zanpononosamno
MOJNCTUBUT MEXAHIZM, WO NOSACHIOE 6NIUE 000ABAH-
M 10Hi6 cpibaa npu cunmesi na po3paoni xapaxme-
pucmuxu nopowxie 2iopoxcudie. Mexanizm noaszae
Y momy, wo oxcud cpiona, AKull € HanieNPoBIOHUKOM,
posnopouwenuil y 2idpoxcudi ma 30ivuye numo-
My eaexmponpogionicmo nopowrxy. 30invuenns
ejleKkmponpogionocmi npu weuoKux 3apsa0ax no3u-
MueHoO 6naueae Ha edexmuenicmv 3apaody OCKiib-
KU nouamxosa (paza mae menwy eaexmponpoeio-
Hicmo, Hidc okuchena popma — NiOOH. Ockinoxu
ni0 uac 3apsdy ude napaneavHo 08a npoyecu —
OCHOBHULL NPouec 3apsa0ICeHH AKMUBHOT Peuosu-
HU Ma noOIMHUNL 6UOLIEHH MOJLEKYNAPHOZO KUCHIO,
eqexmponpogionicme 0yoe epamu supimaiviy poJio
npu 3apaoi enexmpody. Ilpu manivi erexmponpoeio-
HOCMI aKmMueHoi peuosunu ma wWeUOKOMY PeHcumi
3apsady, cmpym 0yode timu 30edinvue Ha nooGIMHUUL
npouyec 6udinenns Kuchio. Y 6unaoxy noeiioHux
3apadie nasenicms 000amKo060i enexmponpoesiono-
Ccmi 3a paxyHox npucymmuocmi oxkcuoy cpiona ne max
CUNILHO 6NAUBAE HA ePeKmuUusHiCMb 3apsdy, OCKLb-
KU 6 Mmaxux ymoeax po3psdy 00Cmamuso 6J1aACHOi
eaexmponpogionocmi eiopoxcudy. Ilpu yvomy nasne-
Hicmb oKcudy cpibaa Gyde 3meHwysamu Kinvkicmo
2idpoxcudy, wo 6 c6010 uepey Oyode 3menwysamu
Koe@iuienm euKopucmanns, AKuil po3pPaxo8yemocs
HA 3a2a1bHY MACY NOPOUKY

Kniouosi cnosa: 2iopoxcud nixemo, aysicnuil axy-
mynsmop, Ni(OH);, wapyeamuii noogitinui 2io-
poxcuo, oxcud cpiona

u =,

|DOI: 10‘15587/1729-4061.2018.133465|

INVESTIGATION OF
Ni-Al HYDROXIDE
WITH SILVER
ADDITION AS AN
ACTIVE SUBSTANCE
OF ALKALINE
BATTERIES

V. Kotok

PhD, Associate Professor

Department of Processes, Apparatus and General
Chemical Technology*

Department of Technologies of Inorganic Substances
and Electrochemical Manufacturing®*

E-mail: valeriykotok@gmail.com

V. Kovalenko

PhD, Associate Professor

Department of Analytical Chemistry and Food
Additives and Cosmetics*

Department of Technologies of Inorganic Substances
and Electrochemical Manufacturing®*

E-mail: vadimchem@gmail.com

S. Vlasov

Doctor of Technical Science, Professor

Department of underground mining

National Mining University

Yavornytskoho ave., 19, Dnipro, Ukraine, 49600
Department of building manufacture**

E-mail: ocmy@ukr.net

*Ukrainian State University of Chemical Technology
Gagarina ave., 8, Dnipro, Ukraine, 49005

**Federal State Educational Institution of Higher
Education "Vyatka State University"

Moskovskaya str., 36, Kirov,

Russian Federation, 610000

1. Introduction

The market of secondary chemical power sources (CPS)
is growing every year. Thus, the growth of production volume
of CPS from 2006 to 2016 is on average 8 % each year [1].
Alkaline secondary batteries are one of three most produced
CPS types in the world. In 2016, their total output amounted
to 3 billion dollars USA (Ni-Cd and Ni-MH), with their total
capacity being slightly less than 3 GW-h. These data indicated
that alkaline CPS are in demand, which means that research
aimed at their improvement is of relevance.

Secondary alkaline CPS have a number of advantages
that secure their usage in modern technology. The main
advantages of alkaline CPS are: long cycle life, wider range
of working temperatures, operation at very low temperatures
(up to =50 °C) [2]. Also, secondary alkaline power sources
can be discharged at high currents, have a long shelf life,
do not require special conditions for storage and transpor-
tation. The combination of the aforementioned advantages
forms a basis for application of alkaline CPS in transport,
aviation, space industry. Also, these power sources are not
flammable, do not contain volatile components, which makes




them such CPS that are not subject to regulation by fire and
aviation safety authorities.

For all alkaline CPS systems Ni—Cd, Ni-MH, Ni—Fe,
Ni—Zn and Ni-H,, the common component is a positive elec-
trode, the main component of which is nickel (IT) hydroxide
[3]. This compound defines the characteristics of the battery.
It is also used in electrodes of asymmetric supercapacitors
(SC) [4]. However, requirements to Ni(OH), for application
in SC electrodes are fundamentally different [5, 6]. This
creates a demand for the development of fundamentally dif-
ferent synthesis and treatment methods of materials based
on nickel hydroxide.

In addition to being used in CPS, Ni(OH),, as a com-
ponent of nickel oxide, has a wide range of application,
which includes: electrochromic films on transparent [7, 8]
and reflective [9] substrates, wastewater treatment from
organic compounds and synthesis of new organic compounds
[10, 11]. It also finds application in devices for water decom-
position [12, 13], in sensors [14, 15], as an element in fuel cells
[16, 17], and as a component of anti-corrosion coatings [18].

The listed applications of active materials based on
Ni(OH), require the development of approaches for direct-
ed synthesis. The principle of this approach is a conscious
choice of synthesis method and conditions and also initial
compounds to obtain the optimal properties for the target
application.

It should be said that a complex approach regarding the
choice of synthesis method and conditions depending on the
target application of the material is yet to be developed. That
latter is true for the synthesis of compounds for chemical
power sources. The research on the influence of synthesis
conditions on the resulting properties of compounds, and
also new synthesis methods would allow accumulating ex-
perimental data for the development of a complex approach
to the synthesis of active materials. In particular, the devel-
opment of new synthesis methods would allow preparing
new materials with higher specific characteristics.

2. Literature review and problem statement

One of the most important characteristics of active ma-
terial effectiveness is utilization coefficient. This character-
istic shows to what extent the active material works in the
CPS electrode. The utilization coefficient is calculated as the
ratio of the discharge capacity to the theoretical capacity of
the material. For nickel hydroxide in commercial CPS, the
average utilization coefficient reaches 70-90 % [2, 3, 19].
The theoretic capacity of nickel hydroxide for one electron
transfer reaction is 289 mA-h/g (1):

Ni(OH),+18->NiOOH+H", 1)

Thus, the capacities achieved upon discharge of the pos-
itive electrode of the commercial battery reach 260 mA-h/g.

It is known that part of nickel atoms in the charged state
can be in the +4 oxidation state. Thus, the maximum theoret-
ical capacity, assuming the transition of all atoms from Ni%*
to Ni** can be twice as high, i. e. 578 mA-h/g. Achievement
of such specific capacity is impossible because the oxidized
form should be NiO,. However, the latter was no isolated in
pure form, indicating its thermodynamic instability. Never-
theless, this calculation illustrated that maximum possible

capacities are yet to be achieved and there is potential for
their further improvement through the synthesis of more
active forms of nickel hydroxide.

Thus, the published papers show examples of nickel
hydroxide coprecipitation in the form of layered double
hydroxide (LDH) with aluminum [20], zinc [21], cobalt
[22], chromium and manganese [23], titanium [24]. When
such LDH are used as active materials of CPS, the latter
demonstrate high specific characteristics. In addition, the
Ni-Fe LDH has proven to be an effective catalyst for water
decomposition [25, 26]. However, these compounds had not
found wide application on an industrial scale possibly be-
cause of the variability of their characteristics. Nevertheless,
the attempts to increase specific characteristic of such com-
pounds through the formation of triple layered hydroxides
are continued [27, 28]:

Niy,Me; Mey,A, (OH) -nH,0, 2)

where X1, Y1, Y2, L, Z, n — indices which can be fractional
values; Me?, Me3 — metal cations; A — acid anions.

Improvement of specific characteristics is likely re-
lated to the increased proton diffusion coefficient in the
crystal lattice of nickel hydroxide. It should be noted that
the stage of proton diffusion through the crystal lattice
is limiting [29]. On the other hand, during the discharge
of NiOOH, which is a semiconductor with good electric
conductivity, it transforms to dielectric Ni(OH)y. Thus,
the introduction of conductive additives on the microlevel
can increase discharge time and, as a result, the utilization
coefficient.

In the present work, it is proposed to introduce silver
in the form of Ag,O, which is a p-type semiconductor by
coprecipitating it with Ni-Al layered double hydroxide. It is
also assumed that silver oxide would contribute to capacity
because of involvement in the electrochemical reaction in
the way as this occurs on the positive electrode of zinc-silver
secondary batteries with an alkaline electrolyte:

Ag0+H,0+282Ag+20H". 3)

Thus, a positive effect of silver additive on the electrode
characteristics is expected.

It should be noted that literature research did not yield
any references regarding the effect of silver added on the
synthesis stage of active materials for the positive electrode
of alkaline CPS. Based on this, synthesis and research of
active materials with silver additive can be an interesting
scientific problem.

3. The aim and objectives of the study

The aim of the study was to prepare and test new mate-
rial for alkaline secondary batteries based on Ni-Al layered
double hydroxide with the addition of Ag,O.

In order to achieve the set aim, the following objectives
were formulated:

—to synthesize double hydroxides of Ni-Al with and
without silver additive;

— to evaluate the influence of silver additive on the struc-
ture of prepared samples and specific characteristics of the
electrode.



4. Materials and methods used for the study of LDH
powders based on nickel and aluminum with and without
silver additive

Materials used in the research.

All nickel hydroxide powders were prepared according to
the procedure described below.

A 1M solution of metal salts (nickel, aluminum, silver)
was fed into a solution of 2M sodium hydroxide containing
the necessary amount of Na,COs at 35 °C, at a feed rate of
2 drops per second. The ratio of metal cations was varied
depending on the target composition of the powder. It was
assumed that the resulting powders would correspond to
the following formulas Nij.x Alx(OH)»(COs3)x 2-0.66H,0 or
NijxyAlx (OH)o(CO3)x 2-Agy0-0.66H,0 [30].

The precipitated powders were washed off from alkali to
pH=7-8, vacuum filtered, and dried at 45-55 °C, ground
and sifted through a 71 um mesh. The sifted powder was
then soaked in distilled water for a day, vacuum filtered and
dried again. The operation was conducted in order to remove
soluble salts.

As a result, three LDH powders with molar ratios of
cations in the initial solution: Ni:Al — 80:20 %, Ni:Al:Ag —
80:15:5 %, Ni:Al:Ag — 75:20:5 % were prepared. For simplic-
ity, all sample labels are summarized in Table 1.

Table 1
Sample labels
Sampl Ni:Al - Ni:Al:Ag — Ni:Al:Ag —
ampre 80:20 % 80:15:5 % 75: 20:5 %
Label N80:A20 N80:A15: S5 N75:A20:S5

Structural analysis of prepared double hydroxide pow-
ders with and without silver additive

XRD patterns of the samples were recorded on the
DRON-3 diffractometer (Russia), with monochromated Co-
Ko radiation.

Foaluation of electrochemical characteristics of nickel
hydroxide powders.

For the recording of potentiodynamic curves, a mesh
electrode with the pasted active mass on it and a cell, shown
in Fig. 1 were used [5].

The composition of the active mass is listed in Table 2 [3].

All potentiodynamic curves were recorded in the potential
window 200 — 700 mV vs NHE, scan rate 1 mV/s, number of cy-
cles — 5. Ag/AgCl (KCl sat.) was used as a reference electrode.

Utilization coefficient was calculated from the results of
charge-discharge cycling, which was conducted in the cell
shown in Fig. 4 [3].

The composition of the active mass was the same as listed
in Table 2, [3]. The counter electrode of greater capacity was
used a counter-electrode and Ag/AgCl (KCl sat.) was used as
a reference electrode. The capillary that was connecting the
reference electrode with the cell was a thin tube with a nylon
fiber soaked in the electrolyte solution — 4.5 M KOH solution.

The capacity of the working electrode was calculated
from the mass of active material pasted on the electrode,
assuming one electron reaction:

Am_ o

Q=" *)

where Am,,. — mass increase after pasting, g ® — content of
Ni(OH), in the active mass; o. — coefficient for calculating the

mass of Ni(OH), from the formulas Nij_x Alx(OH)2(CO3)x 2%
XOGGHZO or N11,X,YAlx(OH)2(CO3)X/2Agzo066H20
through the nickel content (was calculated for each powder
separately).
K — electrochemical equivalent of hydroxide, assuming
one electrode reaction for the charge of Ni(OH)s, 3.46 g/a-h.
Charge current in the cell was equal to:

Ic:Qt‘k’ (5)

where & — coefficient, which was equal to 0.1 for 18-hour
charge, and 1.8 for 1-hour (fast) charge.

Discharge current was calculated from the following
formula:

I, :%’ (6)

where T; — discharge time, 5 hours.

Discharge characteristics were recorded onto a person-
al computer using the high resistance (20 MOmh) multi-
meter UNI-T UT-70B (China). Discharge characteristics
are represented as a dependency of the potential on the uti-
lization coefficient (K,). The X-axis values were calculated
as time divided by the theoretic discharge time, which was
5 hours. Discharge was conducted in a five-hour regime
(Tp=5 hours).

5. 1. Structural analysis of Ni—Al double hydroxide
powders with and without silver

The XRD patterns of all samples are shown in Fig 1.

Analysis of the obtained XRD patterns allows us to say
that all powders have similar in structure: low intensity and
definition of peaks, high level of the signal between peaks.
It should also be noted that the first peak for all samples
lies at 12—14° 20, which indicates that all samples have the
same polymorphic form. The position of the first peak also
corresponds to a-form.

L, cps I, cps

10007 % 1000 £
= e

8001 Z 8001 Z
o~ ~

600 600{\"

2.7 Ni(OH),
2.7 Ni(OH),
2.3 Ni(OH),

400 400

2.3 Ni(OH),
1.51 Ni(OH)

1.51 Ni(OH),

200

o 20 0 20
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90

a b
Loeps
6007 T
e
5001 Z
~
400{Mr~

300

2.7 Ni(OH),
23 Ni(OH),

1.51 Ni(OH),

200

100

20

0
10 20 30 40 50 60 70 80 90
c

Fig. 1. XRD patterns of nickel hydroxide samples:
a— N80:A20; b — N80:A15:S5; ¢ — N75:A20:S5

Poor definition of the first peak can indicate the pres-
ence of crystals with different sizes in the (001) plane. In



addition, no peaks corresponding to silver or silver com-
pounds are observed, which is supposedly because of low
silver content.

5. 2. Experimental results of evaluating electrochemi-
cal characteristics of prepared powders

In order to evaluate electrochemical characteristics of
Ni-Al hydroxide with and without silver additive, cyclic
voltamperograms (Fig. 2) were recorded. It should be
mentioned that the characteristics are similar in shape
and peak positions. Thus, the oxidation (charge) poten-
tial lies in the range of +600 to +610 mV. Reduction
peak potentials of all powders lie in the range from +430
to +460 mV vs NHE [31, 32]. It can be observed that
there is a notable difference in the position of reduction
peak potentials. Also, only two peaks are observed for
all samples — one for oxidation and one reduction, with
the oxidation peak current being higher than that of the
reduction peak. This also means a larger surface under
the curve, meaning higher capacity of this process. This
is because of process irreversibility and oxygen evolution
during charge. Both reasons lead to an increase of the to-
tal current of the curve (Fig. 2), which leads to an increase
of the anodic peak. Pure oxygen evolution can be observed
at a potential above 650 mV, and is expressed as a rising
curve. Stationary process parameters are achieved closer
to the end of cycling, because closer to the fourth-fifth
cycle peak positions and values become closer to those of
the previous cycle.

A typical discharge curve of Ni-Al hydroxide with sil-
ver additive is shown in Fig. 3, a (sample N80:A15:S5). Tt
can be seen that the average discharge potential is about
+490 mV, there is also only one discharge plateau, which
indicates a single-phase sample. Fig. 3, b shows the depen-
dency of the utilization coefficient on the number of the
charge-discharge cycle.

Fig. 2 shows the utilization coefficient that is higher than 1
(i. e. more than 100 %), however, this does not contradict the
logic. As previously mentioned, the utilization coefficient was
calculated as the quantity of electricity obtained from dis-
charge, divided by its theoretical value. Theoretical capacity
was calculated assuming one electron reaction, but because
part of nickel atoms can react with the release of 2 electrons,
this value becomes reasonable. It should also be considered
that the electrodes were charged to 180 % of the theoretical
capacity (assuming one electron electrochemical reaction).
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Fig. 3. Electrochemical characteristics of synthesized
powders: a — discharge curve for powder N80:A15:S5
(18-hour charge, 5-hour discharge ); b — dependency of the
utilization coefficient on the number of the charge-discharge
cycle for sample N80:A20 (18-hour charge, 5-hour discharge)

For each hydroxide sample, 2 dependencies of the utiliza-
tion coefficient on the number of the charge-discharge cycle
were obtained: slow (18 hours) and fast (1 hour) charge. An
averaged value was also calculated, which did not include
utilization coefficients of the first two charge-discharge
cycles. This is because during the first two cycles the active
material is still formed, resulting in lower utilization coeffi-
cient than during the main operation — Fig. 3, b. Averaged
values of the utilization coefficient obtained for different
charge regimes are shown in Fig. 4.
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Fig. 2. Cyclic voltamperograms of nickel hydroxide samples: a — N80:A20; b — N80:A15:S5; ¢ — N75:A20:S5



From the presented histogram, it can be concluded that
in case of slow charges, the addition of silver has a negative
impact —Ni-Al hydroxide without silver shows higher capac-
ities. However, for the fast charge, the capacities of powders
with silver are higher.
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Fig. 4. Average utilization coefficients of nickel hydroxide
powder obtained for fast and slow charges

It is notable that the higher utilization coefficient for the
fast charge is demonstrated by the powder with higher nickel
content — sample N80:A15:S5, with K, of 0.83. For the slow
charge regime, the higher utilization coefficient is observed
for the sample without silver additive (N80:A20), with the
utilization coefficient of 1.42.

6. Discussion of results of structural and electrochemical
activity studies

Hydroxides based on nickel and aluminum with and
without silver additive have been chemically prepared. In
all cases, the powders can be characterized as o-like LDH.

In addition, for hydroxides synthesized with the addition of
silver, no silver in the form of Ag,O, AgO or Ag was observed
on the XRD patterns, which is likely related to its low con-
tent in the hydroxide.

In addition, no additional peaks were observed, but only
those that correspond to oxidation or reduction of nickel
hydroxide. This and the absence of additional plateaus on
the discharge curve indicate that powders consist of a single
phase. Low content of silver has no noticeable effect on XRD
patterns or cyclic voltamperograms.

Nevertheless the effect of silver on charge effectiveness
was observed. For samples containing silver, the utilization
coefficient was higher in case of charging at high currents
K,=0.83 (N80:A15:S5). This supports the previous as-
sumption that silver compounds formed during precipita-
tion would act as a conductive additive. In case of the fast
regime, they can also improve charge efficiency, especially
at the initial stages when electrical conductivity of the
hydroxide is low.

However, the highest utilization coefficient for slow dis-
charges was observed for the sample without silver K,=1.42.
This is likely because the presence of silver results in the
lower relative content of nickel in the powders.

7. Conclusions

1. Nickel-aluminum layered double hydroxide powders
with silver additive and different metal cation ratios have
been prepared: Ni:Al:Ag — 80:15:5% and 75:20:5%. For
comparison, Ni-Al LDH powder without silver was also
prepared, with the cation ratio: Ni:Al 80:20 %. All powders
were composed of a single phase, corresponding to a-form.

2. The samples prepared in the presence of silver have
demonstrated better utilization coefficient when cycled at
fast one-hour charging regimes K,=0.8—0.83. The sample
synthesized without silver showed better characteristics at a
slow discharge rate K,=1.42.
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