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1. Introduction

There is an ever growing interest in the devel-
opment of new nanostructured composite materi-
als for the electrodes for energy storage devices, in 
particular supercapacitors [1–3]. Nickel hydroxide 
is a promising material for chemical current sourc-
es because it has a high theoretical capacity [4], but 
macrocrystalline nickel hydroxide has some draw-
backs [5]. To overcome these drawbacks, small size 
Ni(OH)2 crystallites were deposited on graphene 
[6, 7], foamed graphite [8], foamed nickel [9] and 
other electroconductive substrates, which makes it 
possible to obtain electrode materials with high spe-
cific characteristics (specific capacity, specific pow-
er, and cyclability) due to enhanced ionic transport 
to the surface of active substance from the bulk of 
electrolyte, development of the electrode surface, 
an increased cell conductance, etc. [10]. The forma-
tion of nickel hydroxide crystallites as lamellar par-
ticles with thickness less than 10 nm on the highly 
developed surface (for example, on graphene [11]) 

facilitates electrode processes in the bulk of active 
material. Thus, the synthesis of carbon materials 
combining high specific surface areas and porous 3D 
structure and the use of such material as the supports 
for electrochemically active nanoparticles (in partic-
ular Ni(OH)2) are quite a promising line in the cre-
ation of materials for reversible (Faraday) electrodes.

2. Experimental

2.1. Materials and matrices 

NiCl2*6H2O (99%) or Ni(N3)2, which were ob-
tained by two-stream crystallization from aqueous 
solutions of sodium azide (99.5%) and nickel chlo-
ride, were used as the nickel hydroxide precursors. 
An alkali was represented by NaOH (99%). The cor-
responding salts were dissolved in distilled water.

Two types of porous carbon matrices (PCM) 
were employed: 1) natural oxidized carbon (coal 
mine Shestaki, Russia) was deashed [12], mechan-
ically mixed with an alkali (KOH, 99%) in a ball 
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mill at the alkali/carbon ratio equal to 2/1, and sub-
jected to high-temperature activation [13] to obtain 
the so-called Carbonizat; 2) a hydroquinone/furfu-
ral mixture (1/1) was carbonized with simultaneous 
high-temperature activation of the alkali [14] to ob-
tain the so-called Kemerit.

2.2. Composite materials preparation

A PCM sample was impregnated with an aqueous 
solution of nickel salt with a specified concentration 
and dried to a constant mass. After that, the impreg-
nated PCM was placed in an aqueous solution of al-
kali heated to 80 °C and held at this temperature for 
30 min. The samples were then washed to neutral pH 
and dried in a vacuum drying oven for 8 h. The com-
posites that were synthesized by the indicated proce-
dure from a chloride precursor on Carbonizat matrix 
are denoted as HNi-Hl/Carbonizat (HNi is nickel 
hydroxide; Hl or Az is the chloride or azide precur-
sor, respectively; Carbonizat or Kemerit is the corre-
sponding carbon matrix). The concentration of nick-
el hydroxide in all the samples was (40 +/– 1) wt. %.

2.3. Composite materials characterization

X-ray diffraction analysis of the composites was 
carried out on a DIFRAY-401 X-ray diffractometer 
with iron radiation. Positions of the reflections were 
determined using the PDF database. Sizes of nick-
el hydroxide crystallites were calculated using the 

Scherrer-Selyakov method with approximation of 
reflection profiles by the Cauchy function [15]. The 
morphology and elemental composition were studied 
on a Jeol JSM 6390 scanning electron microscope 
equipped with a jed 2300 attachment for X-ray flu-
orescence analysis. Pore structure of the composites 
and PCM was examined on a Micromeritics ASAP-
2020 instrument using nitrogen adsorption-desorp-
tion at 77 K. Electrode characteristics were mea-
sured on a Parstat 4000 device using an asymmetric 
two-electrode cell (a porous carbon material with 
known electrode characteristics was employed as the 
counter electrode) in a 6 M KOH solution at a poten-
tial window (–1;1) V. Capacity was calculated from 
the area of СV curves according to [16].

3. Results and Discussion

3.1. Data of the SEM and XRD characterization 

As follows from typical micrographs of the com-
posites (Fig. 1a), nickel hydroxide covers quite uni-
formly the carbon matrix surface. At a x10000 mag-
nification (Fig. 1b) one can see that the hydroxide 
has a developed pore structure, which should facili-
tate the penetration of electrolyte into the bulk of the 
composite. The XRF data (Fig. 1с) indicate a high 
purity of the produced composites (the total content 
of impurities does not exceed 1 wt.%), although 
Carbonizat matrix was obtained from inexpensive 
natural feedstock. 

Fig. 1. Surface of the HNi-Hl/Kemerit sample at a x1000 magnification (a); a section of the surface at a x10 000 magnifi-
cation (b); X-ray fluorescence spectrum of the HNi-Az/Carbonizat sample (c); diffraction patterns of the HNi-Hl/Kemer-
it and HNi-Hl/Carbonizat samples (d).
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Diffraction patterns of the composites synthe-
sized on different matrices (Carbonizat or Kemerit) 
are shown in Fig. 1d. Anisometricity of nickel hy-
droxide reflections points to the lamellar structure 
of the crystallites. Positions of the reflections cor-
respond to the PDF 140117 standard for β-Ni(OH)2 

[17]. Crystallite sizes calculated from the broaden-
ing of main reflections are listed in Table 1. It is seen 
that the thickness of nickel hydroxide nanocrystal-
lites is 3–5 nm; so, these materials are promising 
for the use as the electrodes in high-power chemical 
sources of electric energy. The ratio of length (along 
the 100 face) to thickness (along the 001 face) of 
nickel hydroxide crystallites characterizes the de-
gree of lamellation. This ratio is greater for the crys-
tallites that formed on the surface of Kemerit matrix 
as compared to those on Carbonizat matrix. A possi-
ble reason is the difference in specific surface areas 
of the matrices. The difference is more pronounced 
for the hydroxide obtained from the “chloride” 
precursor.

Table 1
Parameters of nickel hydroxide crystallites in NC

Specimen D001, nm D100, nm D100/D001

HNi-Hl/Carbonizat 4.7 22.0 4.7
HNi-Az/Carbonizat 4.1 25.0 6.1
HNi-Hl/Kemerit 3.2 24.0 7.5
HNi-Az/Kemerit 4.5 30.0 6.7

3.2. Parameters of the porous structure

Figure 2 shows the nitrogen adsorption-desorp-
tion isotherms for the matrices and corresponding 
composites. The data were normalized to PCM mass 
in a sample to exclude the effect of sample weighting 
due to addition of a denser Ni(OH)2. 

The hysteresis loops for Carbonizat and Kemer-
it matrices have different shapes, which are related 
to different shapes of the matrix pores. Composites 
derive the loop shape from their matrices. A loop for 

Carbonizat matrix is of type B, and that for Kemerit 
matrix is of type C according to the De Boer clas-
sification [18]. Thus, the Carbonizat matrix and its 
composites have predominantly the slit-like pores, 
while the Kemerit matrix and its composites have 
mostly the wedge-like pores with open ends. The 
adsorption isotherms for Carbonizat matrix belong 
to type I of the IUPAC classification, which indi-
cates a developed microporosity, whereas those for 
Kemerit matrix belong to type IV indicating a devel-
oped mesoporosity. The pore structure parameters of 
the composites are listed in Table 2.

The volume of nickel hydroxide introduced into 
the composite is 0.16 cm3/g at its density of 4.15 
g/cm3, which is equal to the density of macrocrystal-
line Ni(OH)2. Data of Table 2 show that the volume 
of hydroxide introduced into Kemerit matrix is sev-
eral times smaller than the total decrease in the ma-
trix pore volume. This may be caused by blocking 
the pores with nickel hydroxide crystallites, which 
makes a part of the pores inaccessible to nitrogen as 
was noted in our work [19]. In the composites with 
Carbonizat matrix, this effect is less pronounced and 
is observed only when the hydroxide content is be-
low 10 wt.%. It seems reasonable to attribute this 
observation to the difference in pore shapes because 
the wedge-like pores (having a narrow neck) are 
blocked more readily than the slit-like ones. There-
with, blocking of small pores occurs mainly on Car-
bonizat matrix, which shows up as an increase in the 
average pore size of the composite with respect to 
the matrix. On the contrary, blocking of larger pores 
occurs mainly on Kemerit matrix, which leads to a 
decrease in the average pore size.

For the samples synthesized from azide pre-
cursors, the blocking effect is more pronounced as 
compared to the composites obtained from chloride 
precursors. This may be related to the crystallite siz-
es of respective hydroxides (Table 1). Crystallites of 
the “azide” nickel hydroxide have somewhat greater 
dimensions along the developed face, which allows 
a stronger blocking of the pores.  

Table 2
Pore structure parameters of composites and matrices. Data are normalized to PCM mass in a sample.

Specimen Pore Volume (BJH), 
cm3/g

Micropore 
Volume, cm3/g

Surface Area (BET), 
m2/g

Average Pore Size, 
nm

Carbonizat 0.43 0.31 1113 2.7
HNi-Hl/Carbonizat 0.33 0.28 850 2.9
HNi-Az/Carbonizat 0.34 0.16 670 3.0

Kemerit 3.94 0.13 3064 5.3
HNi-Hl/Kemerit 1.91 0.07 2267 4.7
HNi-Az/Kemerit 1.30 0.10 1352 4.1
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3.3. Investigation of the electronic properties

The CV curves obtained at a scanning rate of 10 
to 80 mV/s (Fig. 3, а-b) for the composite samples 
synthesized on Carbonizat and Kemerit matrices are 
characterized by the presence of a current peak in the 
region of minus 0.55 to plus 0.45 V. Thus, shape of 
the curve deviates from the rectangular one, which 
is typical of the EDL formation. This is a manifesta-
tion of the Red-Ox processes characterizing the Ni 
(II) ↔ Ni(III) transition. 

The curves of capacity versus scanning rate (Fig. 
4) showed different behavior for the samples syn-
thesized on different matrices. A likely reason is the 
accessibility of the active substance to electrolyte 
solution. Capacity of the samples obtained on Ke-
merit matrix depends mostly on the scanning rate. 
This may be caused by a stronger blocking of the 
pores, which hinders the transport of electrolyte ions 
to the active substance. When the scanning rate was 
increased from 10 to 80 mV/s, a decrease in capac-
ity was 50.1% for the HNi-Hl/Kemerit sample and 
56.5 % for HNi-Az/Kemerit. The samples synthe-
sized on Carbonizat matrix showed a more stable 

Fig. 3. CV curves for the HNi-Hl/Kemerit (а) and HNi-Hl/Carbonizat (b) samples.

behavior at different scanning rates, especially the 
HNi-Hl/Carbonizat sample whose capacity de-
creased only by 22.1%.

A maximum capacity for the systems under con-
sideration (346 F/g) was obtained on the HNi-Hl/
Kemerit sample, which makes it a promising materi-
al for supercapacitor electrodes that are synthesized 
with the matrices made from available and inexpen-
sive raw materials.

Fig. 4. Curves of capacity versus scanning rate.

Fig. 2. Nitrogen adsorption-desorption isotherms for: (a) Carbonizat matrix and its composites; (b) Kemerit matrix and its 
composites.
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4. Conclusions

The Ni(OH)2/C composites synthesized with two 
types of matrices and two different precursors of 
the hydroxide have been studied. The lamellation of 
nickel hydroxide crystallites was shown to depend 
on the type of carbon matrix (Carbonizat or Kemer-
it). Nickel hydroxide covers the PCM surface with a 
porous “film” but blocks a part of the pores, thus hin-
dering the access of electrolyte to the bulk of active 
substance. Nevertheless, capacity of the synthesized 
materials is as high as 346 F/g. This makes promis-
ing the further studies aimed to obtain composites 
with a greater filling with Ni(OH)2 crystallites and 
without pore blocking; capacity of such composites 
should exceed the implemented values.

Acknowledgements

The work was supported by the Ministry of Edu-
cation and Science of the Russian Federation project 
2014/64, and using equipment center for collective 
use of Kemerovo Scientific Center SB RAS.

References

[1].	 L. Cao, F. Xu, Y.Y. Liang, H.L. Li, Adv. Mater. 
16 (2004) 1853–1857. 

[2].	 D.D. Zhao, W.J. Zhou, H.L. Li, Chem. Mater. 19 
(2007) 3882–3891.

[3].	 A. Burke, J. Power Sources 91 (2000) 37–50.
[4].	 Mustafa Aghazadeh, Mehdi Ghaemi, Behrouz 

Sabour, Somayeh Dalvand, J. Solid State 
Electrochem. 18 (2014) 1569–1584.

[5].	 G. Wang, L. Zhang, J. Zhang, Chem. Soc. Rev. 
41 (2012) 797–828.

[6].	 J.L. Zhang, H.D. Liu, L.H. Huang, S.Z. Tan, 
W.J. Mai, X. Cai, J. Solid State Electrochem. 19 
(2015) 229–239.

[7].	 Duanguang Yang, Fan Wang, Jing Yan, Yong 
Gao, Huaming Li, J. Nanopart. Res. 15 (2013) 
1762–1775. 

[8].	 Junyi Ji, Li Li Zhang, Hengxing Ji, Yang Li, Xin 
Zhao, Xin Bai, Xiaobin Fan, Fengbao Zhang, and 
Rodney S. Ruoff, ACS Nano. 7 (2013) 6237–
6243.

[9].	 Guang-Wu Yang, Cai-Ling Xu and Hu-Lin Li, 
Chem. Commun. 48 (2008) 6537–6539.

[10].	 Wen-Jia Zhou, Mao-Wen Xu, Dan-Dan Zhao, 
Cai-Ling Xu, Hu-Lin Li, Microporous and 
Mesoporous Materials 117 (2009) 55–60.

[11].	 H.L. Wang, J.T. Robinson, G. Diankov, H.J. Dai, 
J. Am. Chem. Soc. 132 (2010) 3270–3271.

[12].	 Ye.M. Tayts, I.A. Andreyeva. Methods for 
analysis and testing of coal. Nedra, Moscow 
1983, р. 300.

[13].	 T.S. Manina, N.I. Fedorova, S.A. Semenova, 
Z.R. Ismagilov. Coke and Chemistry 55 (2012) 
429–431.

[14].	 Ch.N. Barnakov, A.P. Kozlov, S.K. Seit-Ablaeva, 
V.B. Fenelonov, S.V. Cherepanova, Z.R. 
Ismagilov, V.N. Parmon. Petroleum Chemistry 
44 (2004) 403–406.

[15].	 B.K. Vaynshteyna, Modern Crystallography. 
Science. Moscow, Vol. 1, 1979, р 384.

[16].	 S. Chen, J. Zhu, X. Wu, Q. Han, X. Wang, ACS 
Nano 4 (2010) 2822–2830.

[17].	 U.M. Patil, K.V. Gurav, V.J. Fulari, C.D. 
Lokhande, Oh Shim Joo, J. Power Sources 188 
(2009) 338–342.

[18].	 A.S. Vyacheslavov, E.A. Pomerantseva, 
Measurement of surface area and porosity by 
capillary condensation of nitrogen, Moscow, 
2006, p 55.

[19].	 Yu.A. Zakharova, Z.R. Ismagilova, V.M. 
Pugachev, A.N. Voropai, R.P. Kolmykov, V.G. 
Dodonov, T.S. Manina, Ch.N. Barnakov, A.V. 
Samarov, Inorg. Mater. 4 (2015) 405–411.




