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1. Introduction

Various modifications of nickel hydroxide possess high 
electrochemical activity [1], which results in their wide ap-
plication in various electrochemical devices.

Ni(OH)2 and nickel-based double and ternary hydrox-
ides are the main component for the active material of nickel 
oxide electrode in alkaline Ni-Cd, Ni–Fe and Ni–MeH accu-
mulators [2, 3]. Additionally, nickel hydroxide is also used as 
a cathode material in lithium batteries [4].

Nickel hydroxide is used as active material for Faradic 
electrode in asymmetric supercapacitors. Ni(OH)2 is used 
individually [5] (nanosized [6] or ultradispersed [7]), and as 
a composite with nanocarbon materials (graphene oxide [8], 

carbon nanotubes [9]). For thin-layer supercapacitors, a film of 
nickel hydroxide can be formed on a conductive substrate [10].

Because thin film of Ni(OH)2 is practically transparent 
and NiOOH has dark-brown color, nickel hydroxide is used 
as electrochromic material [11, 12].

Nickel hydroxide possesses high electrocatalytic activity 
and is used for oxidation of various organic compounds [13, 14], 
and in sensors [15, 16].

Each use case requires a specific set of nickel hydroxide 
parameters. Directed synthesis of products with desired 
characteristics is the most relevant trend in the modern 
chemical industry. Determining the influence of synthesis 
parameters on the properties of resulting hydroxide is a rel-
evant problem. 
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Гiдроксид нiкелю широко використовується як актив-
на речовина суперконденсаторiв. Найбiльш активними є 
зразки Ni(OH)2 (α+β) шарової структури, синтезованi в 
щiлинному дiафрагмовому електролiзерi (ЩДЕ). Вивчено 
вплив карбонат-анiона на структуру та електрохiмiч-
нi властивостi гiдроксиду нiкелю, шляхом синтезу зраз-
кiв в щiлинному дiафрагмовому електролiзерi з викорис-
танням для роздiлення електродних просторiв дiафрагми 
та катiонообмiнної мембрани. Експериментально показа-
но, що при використаннi дiафрагми в щiлинному дiафраг-
мовому електролiзерi формується фiльтрацiйний потiк 
iз анодного простору (який мiстить луг з домiшкою кар-
бонату) в катодний. Таким чином, зразки, синтезованi 
з дiафрагмою, утворюються в присутностi карбонатiв, 
а зразки, синтезованi з катiонообмiнною мембраною – у 
вiдсутностi карбонатiв. Кристалiчна структура зраз-
кiв вивчена методом рентгенофазового аналiзу, електро-
хiмiчнi характеристики – методами циклiчної вольтам-
перометрiї та гальваностатичного зарядно-розрядного 
циклування в акумуляторному режимi. Проведено порiв-
няльний аналiз характеристик зразкiв, синтезованих в 
присутностi та у вiдсутностi карбонату. Методом рен-
генофазового аналiзу та циклiчної вольтамперометрiї 
доведена ключова роль карбонат-анiону у формуваннi 
монофазної шарової (α+β) модифiкацiї. У вiдсутностi кар-
бонату знижується кристалiчнiсть зразкiв, зменшується 
вмiст α-модифiкацiї, при високих густинах струму (12 и 
15,7 А/дм2) формується бiфазна система, що являє собою 
сумiш β-модифiкацiї та (α+β)-структури. Вивчення елек-
трохiмiчних характеристик показало зниження пито-
мої ємностi на 14,7–31,4 % для зразкiв гiдроксиду нiкелю, 
сформованого у вiдсутностi карбонатiв. Максимальна 
отримана питома ємнiсть зразкiв, синтезованих в щiлин-
ному дiафрагмовому електролiзерi при густинi струму 
10 А/дм2 з дiафрагмою (в присутностi карбонатiв) та 
з мембраною (у вiдсутностi карбонатiв) склали 216,8 и 
185 мА·год/г вiдповiдно. Для збiльшення питомої ємностi 
рекомендовано проводити синтез в щiлинному дiафрагмо-
вому електролiзерi при використаннi дiафрагми, а також 
вводити додаткову кiлькiсть карбонату натрiю в анолiт
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дiафрагмовий електролiзер, карбонат
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2. Literature review and problem statement

Synthesis method and parameters determine character-
istics of nickel hydroxide, namely irregularity of crystal lat-
tice [17], microstructure [18], crystallinity [19, 20]. In turn, 
these parameters affect electrochemical activity.

Synthesis method primarily is determined by the type 
of Ni(OH)2 [21]. Two polymorphs of nickel hydroxides 
are known: β-hydroxide (chemical formula Ni(OH)2, bru-
cite-like structure) and α-hydroxide (chemical formula 
3Ni(OH)2·2H2O, hydrotalcite-like structure). However, the 
paper [22] describes the formation of nickel hydroxide struc-
ture that is in-between α-Ni(OH)2 and β-Ni(OH)2.

α-Ni(OH)2 has higher electrochemical activity than 
β-Ni(OH)2. However, it has low stability, especially in con-
centrated alkali and at elevated temperatures. Under these 
conditions, the metastable α-form transforms into β-form 
with low activity [23]. In turn, this results in lower capacity. 
To stabilize α-form, stabilizing additives are introduced to 
nickel hydroxide [24, 25], forming layered double hydroxides 
(LDH) [26, 27]. LDH consist of the host crystal lattice, in 
which part of host hydroxide cations (Ni2) are substituted 
by guest cations such as Al3+ [28] or V4+ [29]. The excess of 
positive charge is compensated by intercalation of various 
anions [30]. Anions can be those of precursor metal salts (ni-
trate [31]) or those formed during synthesis (cyanate [32]), or 
intestinally introduced (carbonates [33, 34]). α-Ni(OH)2, and 
nickel-based LDH can be prepared using chemical precipita-
tion [34], homogeneous precipitation [35], electrolysis in the 
slit-diaphragm electrolyzer [36]. 

β-Ni(OH)2 has significantly higher stability during stor-
age and cycling. As a result, this form is widely used in alkaline 
batteries [37] and hybrid supercapacitors [38]. β-Ni(OH)2 
can be precipitated chemically at low supersaturation, 
electrochemically in the slit-diaphragm electrolyzer [39].  
High-temperature synthesis [40] and ammine complex de-
composition [37] are also used.

Mixed (α/β) Ni(OH)2 structure combines advantages 
of both nickel hydroxide forms [41, 42]. The paper [43] de-
scribes the synthesis of highly active nickel hydroxide with 
layered (α+β) structure. Hydroxide was synthesized in the 
slit-diaphragm electrolyzer (SDE). The sample has demon-
strated a high electrochemical activity that exceeds that of 
β-Ni(OH)2 and α-Ni(OH)2. Electrochemical characteristics 
of (α+β) Ni(OH)2 are also improved because of higher oxy-
gen polarization during charge [44] and insignificant aging 
[45]. High activity of such layered (α+β) nickel hydroxide 
makes electrochemical SDE synthesis promising for indus-
trial implementation. 

It should be noted, that nickel hydroxide synthesized in the 
SDE has a matrix structure that is similar to organic [46] and in-
organic [47] composite materials. As described in the paper [39],  
the matrix is formed by nickel hydroxide with the mother liquor 
being the filler. When particles pass along the SDE slit, their 
aging is induced by the field of Joule heat, that has resulted 
from electric current passing between anode and cathode. Such 
a combination of growth with partial crystallization results in 
the formation of a unique (α+β) layered structure. Formation 
and stabilization of such structure are heavy influenced by an-
ions. The influence of anions on the properties of LDH is stud-
ied rather well [30]. Namely, the paper [32] describes the posi-
tive influence of nitrate ion on the electrochemical properties of 
Ni-Al LDH. While in the paper [33] it is noted that carbonate 
ions possess greater stabilizing properties. All these studies 

were conducted for LDH, crystal lattice of which requires the 
presence of intercalated ions in order to compensate for the 
excess of positive charge. At the same time, the crystal lattice 
of promising (α+β) Ni(OH)2 has no excess of positive charge, 
making the presence of anions unnecessary. It is possible, that 
this is why the influence of anions other than hydroxyl is almost 
not studied. However, intercalation of additional anions can oc-
cur due to their inclusion into the primal particle. Upon crystal-
lization, the included anions can stabilize metastable α-phase. 
At the same time, different anions can impose different degrees 
of stabilization on α-phase. Influence of different anions on the 
formation and characteristics of (α+β) Ni(OH)2 has not been 
studied. At the same time, the presence of data on the influence 
of anions will allow improving the characteristics of the layered 
(α+β) Ni(OH)2 structure.

The feature of (α+β) Ni(OH)2 synthesis in the SDE lies in 
that the cathodic chamber is fed with a nickel sulfate solution 
with the precipitant (hydroxyl-ions) formed due to electrolysis. 
Thus, only sulfate ions are present in the cathodic chamber. 
However, the anodic chamber of the SDE is fed with NaOH, 
which can contain up to 5 % Na2CO3 if not specifically treated. 
Because the diaphragm is used, the pressure difference between 
the anodic and cathodic chamber can lead to the transfer of 
carbonate ions from the anolyte to the catholyte as a result of 
diffusion and filtration. It can be concluded that both sulfate 
and carbonate can play a role in the formation of (α+β) layered 
Ni(OH)2 structure. The influence of carbonate ion on the for-
mation and characteristics of (α+β) Ni(OH)2 can be evaluated 
if its transfer from the anolyte to the catholyte is prevented. 
In this case, it is most convenient to employ a cation-exchange 
membrane in Na-form for the separation of SDE chambers. 

3. The aim and objectives of the study

The aim of the work is to study the influence of carbonate 
cation on the formation and properties of nickel hydroxide 
synthesized in the slit-diaphragm electrolyzer with the dia-
phragm and with the cation-exchange membrane.

To achieve the set aim, the following objectives were set:
– to prepare nickel hydroxide samples in the slit dia-

phragm electrolyzer with the diaphragm and with the cat-
ion-exchange membrane under different current densities;

– to conduct the comparative analysis of structural prop-
erties with evaluation of carbonate ion influence;

– to conduct the comparative analysis of electrochemical 
characteristics of the samples in order to evaluate the role of 
carbonate ion.

4. Materials and methods for the preparation and analysis 
of nickel hydroxide samples

4. 1. Synthesis of nickel hydroxide samples
Analytical grade reagents were used in the study, with the 

exception of NaOH.
Synthesis method [36, 39] is based on electrolysis in the 

flowthrough slit-diaphragm electrolyzer (SDE). The cathodic 
chamber was fed with nickel sulfate solution (concentration 
Ni2+ 12.7 g/L), anodic chamber – NaOH solution (concen-
tration 50 g/L), at a feed rate of 0.2 L/h, using the peristaltic 
pump. Cathode – titanium, to prevent precipitation of hydrox-
ide onto the electrode surface, anode – insoluble nickel. The 
synthesis was conducted at current densities of 8, 10, 12 and 
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15.7 A/dm2  [36, 39].  For  studying  the  influence  of  carbonate 
ion, the anolyte was prepared from partially carbonized alkali 
(5 year  storage  period).  Carbonate  content  was  determined 
by titration with 0.1N HCl solution in the presence of phenol-
phthalein and methyl orange.

Current  flow  through  the  cathode  results  in  hydrogen 
evolution and formation of hydroxyl ions, which reacted with 
nickel  cations  forming  a  nickel  hydroxide.  Formed  hydroxide 
particles flow across the cathode in the electrolyzer slit and are 
subjected  to  Joule  heat.  The  precipitate  is  removed  from  the 
electrolyzer along with the catholyte flow. Hydroxide was im-
mediately vacuum filtered and dried at 90 °С overnight. It was 
then ground, sifted through 71 µm mesh, washed from soluble 
salts and dried again.

Two  series  of  nickel  hydroxide  samples  were  prepared  for 
comparative  study  (Table 1).  The  first  series  of  samples  was 
prepared with low-permeability diaphragm Dioramic, separat-
ing the cathodic and anodic chambers. The second series was 
prepared  with  cation-exchange  membrane  Nafion  in  Na-form 
as the separator. 

Table 1

Nickel hydroxide sample labeling

Current density, A/dm2 SDE separator

Diaphragm Membrane

8 S0.2-8 S0.2-8М

10 S0.2-10 S0.2-10М

12 S0.2-12 S0.2-12М

15.7 S0.2-15.7 S0.2-15.7М

4. 2. Study on characteristics of nickel hydroxide 
samples

Crystal structure of the samples was studied by means of 
X-ray diffraction analysis (XRD) using the DRON-3 diffrac-
tometer (Russia) (Co-Kα radiation, scan range 10–90° 2θ, scan 
rate 0.1°/s).

Electrochemical properties of nickel hydroxide were stud-
ied by means of:

а)  cyclic  voltammetry  in  a  special  YSE-2  cell  using  the 
digital  potentiostat  Ellins  Р-8  (Russia).  The  working  elec-
trode  was  prepared  by  pasting  a  mixture  of  nickel  hydroxide 

(81 %  wt.),  graphite  (16 %  wt.)  and  polytetrafluoroethylene 
(PTFE) (3 % wt.) [50] onto the nickel foam current collector 
[49]. Electrolyte – 6М КОН. Counter-electrode – nickel mesh, 
reference  electrode  –  Ag/AgCl  (KCl  sat.).  The  electrode  was 
cycled between 200–700 mV (vs Ag/AgCl (KCl sat.)) at a scan 
rate of 1 mV/s;

b) galvanostatic charge-discharge cycling in the accumula-
tor mode. The study was conducted using a custom-made accu-
mulator model. The working electrode was made by pasting a 
mixture of nickel hydroxide (81 % wt.), graphite (16 % wt.) and 
PTFE  (3 % wt.)  [50]  on  a  special  current  collector  (Ni  mesh 
welded  onto  Ni  foil).  Electrolyte  –  6М КОН.  Counter-elec-
trode  –  cadmium  (CdO+graphite+oil,  pasted  onto  a  special 
current collector). Cadmium electrode was specifically charged 
after  preparation.  The  capacity  of  the  counter-electrode  was 
2 times higher than that of the working electrode, thus the ca-
pacity of the accumulator model is determined by the capacity 
of  the nickel-oxide electrode. Reference electrode – Ag/AgCl 
(KCl  sat.).  Charge  –  18 hours  with  20 %  overcharge  (accu-
mulator  was  charged  by  120 %  of  the  theoretical  capacity  of 
nickel hydroxide mass on the electrode, accounting for oxygen 
evolution). The discharge was conducted at the 0.2C rate (dis-
charge current was 0.2 of the theoretic capacity of the working 
electrode)  to  0 V.  Charge  and  discharge  were  conducted  on 
the  custom-built  stand,  current  density  and  potential  were 
measured using the digital multimeter UT-70 (China). Specific 
capacity was calculated based the set current, discharge time 
and mass of hydroxide on the electrode. 

5. Results of the study on the influence of carbonate ions 
on characteristics of nickel hydroxide samples

5. 1. Influence of carbonate ions on sample structure
Results  of  XRD  analysis  have  revealed  that  the  samples 

synthesized  with  the  diaphragm  (Fig. 1, a, c, e, g)  are  (α+β) 
Ni(OH)2  with  medium  crystallinity,  which  is  in  agreement 
with the literature [43]. Higher curren densities result in higher 
crystallinity.  Similar  dependency  is  observed  for  the  samples 
synthesized with the membrane (i. e. without carbonate  ions) 
(Fig. 1, b, d, f, h). However, the peaks corresponding to (peak at 
2Θ=13°) are lower, indicating the lower content of the α-phase.

 

 

 

 

a b c d

Fig. 1. XRD patterns of nickel hydroxide samples: a – S0.2-8, b – S0.2-8M; c – S0.2-10; d – S0.2-10M; e – S0.2-12;  
f – S0.2-12M; g – S0.2-15.7; h – S0.2-15.7M 

e f g h
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5. 1. Influence of carbonate ions on electrochemical 
characteristics of samples

Results of cyclic voltammetry for the samples synthesized 
with the membrane (without carbonate) are shown in Fig. 2. 
Cyclic curves of the samples S0.2-8М and S0.2-10M show a 
pronounced first charge peak, with one charge and one dis-
charge peak on the subsequent cycles. At the same time, the 
samples S0.2-12М and S0.2-15.7M show no pronounced first 
peak, and two charge peaks on the cycles 2–5. Fluctuation 
of current density indicates the occurrence of side-reactions. 

Fig. 3 shows the specific capacities of all synthesized 
samples.

It can be observed that specific capacity of the samples 
synthesized with the diaphragm (with carbonate) and with 
the membrane (no carbonate), depends on synthesis current 
density and shows maximum at 12 A/dm2. At the same time, 
it is worth noting, that for all synthesis current densities, 
the samples synthesized in the presence of carbonates (with 
the diaphragm) have higher capacities than those without 
carbonate (with membrane).

6. Discussion of study results on the influence of carbonate 
ions on characteristics on nickel hydroxide samples

Before synthesis, the concentration of carbonate ions in 
the anolyte was determined. The concentration of sodium 
carbonate was 2.8 g/l. Filtration flow was determined using 
a U-shaped water manometer. The pressure difference be-
tween the anodic and cathodic chambers was 10 cm of water 
(98.7 Pa). With pressure being lower in the cathodic cham-
ber. Consequently, the filtering flow was directed from the 
anodic chamber to the cathodic chamber. Thus, it was con-
firmed that synthesis in the SDE with the membrane occurs 

in the presence of carbonate ions. The 
main mechanism of hydroxide forma-
tion – chemical precipitation upon the 
reaction of nickel cation with hydroxyls 
formed at the cathode. The carbonate 
ions leaked from the anolyte into the 
catholyte can take part in the formation 
of nickel hydroxide.

Influence on the crystal structure 
of nickel hydroxide samples. Results of 
XRD analysis (Fig. 1) have revealed 
that the samples synthesized in the 
presence of carbonate ions (when the 
diaphragm is used) are constituted by 
the layered (α+β) structure that con-
tains both forms with the correspond-
ing peaks appearing on XRD-patterns. 
During synthesis in the absence of car-
bonate (when the membrane is used), 
crystal structure changes. XRD-pat-
terns of the samples S0.2-8M and 
S0.2-10M show lower crystallinity in 
comparison to the samples S0.2-8 and 
S0.2-10, synthesized in the presence 
of carbonate. For the samples synthe-
sized at higher current densities (sam-
ples S0.2-12M and S0.2-15.7M), rapid 
decrease in crystallinity was observed, 
along with the disappearance of peaks 
corresponding to the α-form. This in-
dicates that in the absence of carbon-
ate ions, the α-form is formed in lesser 
quantities. It is possible, that at higher 
current densities (12 and 15.7 A/dm2), a 
bi-phase system is formed. It is possible, 
that carbonate ions intercalated into 
the primal particle become formation 
centers of metastable α-form and stabi-
lize it. Sulfate anions seem to also play 
this role, but their structure-forming 
and stabilizing capability appears to be 
lower than that of carbonates.

Influence on electrochemical char-
acteristics of nickel hydroxide samples. 

Cyclic voltammogram of the samples synthesized in the ab-
sence of carbonates (with use of membrane) (Fig. 2) showed 
the following. At a low current density (8 and 10 A/dm2), 
the electrochemical behavior of the samples doesn’t have 
any characteristic differences. However, for the samples pre-
pared at a current density of 12 and 15.7 A/dm2 (S0.2-12M 
and S0.2-15.7M), no first charge peak is observed on cyclic 
voltammograms (which is characteristic of the β-form). It is 

 
 
 

 
 

Fig.	2.	Cyclic	voltammograms	of	Ni(OH)2	samples:	a	–	S0.2-8M,	b –	S0.2-10M;	c 
–	S0.2-12M;	d –	S0.2-15.7M

a b

c d

 
Fig.	3.	Specific	capacity	of	different	nickel	hydroxide	samples,	mA·h/g
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worth highlighting, that later cycles showed two charge peaks 
that correspond to the β-form and α-form. Thus, the absence 
of carbonate ions leads to the formation of the bi-phase sys-
tem composed of β-Ni(OH)2 and (α+β)-Ni(OH)2, which is in 
agreement with XRD results. Consequently, results of cyclic 
voltammetry for the samples synthesized with the diaphragm 
are similar to those of the monophase layered (α+β) structure 
of nickel hydroxide described in the literature [43]. So, cyclic 
voltammetry reveals the key role of carbonates in the forma-
tion of a unique monophase layered (α+β) Ni(OH)2 structure.

Charge-discharge cycling in the accumulator regime re-
vealed that the character of specific capacity dependency on 
synthesis current density is the same for synthesis with the 
diaphragm (in the presence of carbonate) and with the mem-
brane (in the absence of carbonate). The dependency shows the 
extreme character, with the maximum capacity obtained for 
the samples synthesized at 10 A/dm2 (S0.2-10 and S0.2-10M).  
However, regardless of synthesis current density, the samples 
synthesized in the absence of carbonates (with the membrane) 
show lower specific capacity than the samples synthesized in 
the presence of carbonates (with the diaphragm). Decrease 
of capacity in the series “S0.2-8M – S0.2-10M – S0.2-12M – 
S0.2-15.7M” is 31.4 %, 14.7 %, 17.8 % and 21.2 % respectively. 
This indicates lower electrochemical activity of the samples 
synthesized in the absence of carbonates.

It worth to note, that the study allows recommending the 
use of a diaphragm for industrial-scale synthesis in the SDE. 
It also recommended using technical-grade alkali, which is 
known to contain carbonate, as the anolyte to reduce costs. 
However, carbonate content and the presence of other anions 
should be controlled. The specific capacity of nickel hydrox-
ide can also be improved by the additional introduction of 
sodium carbonate into the anolyte, however, this aspect 
requires additional studies.

7. Conclusions

1. Synthesis of nickel hydroxide in the slit-diaphragm 
electrolyzer was conducted with the use of the diaphragm 
and the cation-exchange membrane. The presence of the 
filtering anolyte flow (containing carbonate ions) into the 
cathodic chamber was experimentally confirmed for syn-
thesis with the diaphragm. This confirms that the samples 
synthesized with the diaphragm are formed in the presence 
of carbonate ions, while the samples synthesized with the 
membrane – in the absence of carbonates.

2. By means of XRD analysis and cyclic voltammetry, 
the key role of carbonate anions in the formation of mono-
phase layered (α+β) form has been revealed. The absence 
of carbonate results in a lower content of the α-from, and at 
high current densities (12 and 15.7 A/dm2) a bi-phase sys-
tem, composed of a mixture of the β-from and (α+β)-struc-
ture is formed.

3. Comparative analysis of electrochemical characteris-
tics of Ni(OH)2, samples synthesized in the SDE in the pres-
ence (with the diaphragm) and absence (with the membrane) 
of carbonates has been conducted. It was discovered that the 
formation of the hydroxide in the SDE without carbonates 
leads to the reduction of specific capacity by 14.7–31.4 %. 
The highest specific capacity was obtained for the samples 
synthesized in the SDE at i=10 A/dm2 with the diaphragm 
(in the presence of carbonates) and with the membrane (in 
the absence of carbonates), and are 216.8 and 185 mA·h/g 
respectively. To increase specific capacity, it is recommend-
ed to conduct a synthesis in the SDE with the use of the 
diaphragm and technical-grade alkali while controlling the 
content of carbonates and admixture of other anions. It is 
noted that the introduction of additional quantities of sodi-
um carbonate into the anolyte can be promising.
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