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a b s t r a c t

In this study, a facile and low cost free-template hydrothermal precipitation method was used to syn-
thesize mesoporous Ni-Co based bimetallic carbonates (CO3)

2- and/or hydroxides (OH)�micro/nano-
structures with different morphologies (1D, 2D and 3D) based on variant stoichiometric compositions.
The effect of the growth temperature, synthesis time as well as the Ni/Co-precursors ratio on the
physico-chemical properties and faradic electrochemical behavior of these products was investigated.
The as-obtained bi-phase nanohybrids were characterized extensively structurally and morphologically.
The textural analysis results confirmed the presence of mesoporous products with a BET-SSA ~50m2 g�1

(0.52 cm3 g�1 pore volume) for the 3D urchin-like structure and a BET-SSA ~ 47.14m2 g�1 (0.31 cm3 g�1

pore volume) was obtained for the 2D nanoflakes structure.
The electrochemical measurements performed in a 6.0 MKOH aqueous electrolyte depicted excellent

electrochemical performance ascribed to the optimized composition of Ni-Co LDH (or a-Ni(OH)2) with
Co2(OH)3Cl and their unique hierarchical mesoporous nanoflake and urchin-like architectures. In addi-
tion, an exceptionally notable specific capacitances (capacities) of 1700 F g�1 (161mAh.g�1) and
1379 F g�1 (192mAh.g�1) were obtained for both structures at 5mV s�1 scan rate (0.5 A g�1 gravimetric
current density) respectively. These are much better than mono - hydroxides synthesized in same
conditions with 351 F g�1 (90mAh.g�1) for Ni and 216 F g�1 (21.5mAh.g�1) for Co. A good cyclic stability
of ~98% after 2000 charge-discharge cycles at 30 A g�1 was recorded depicting their potential as suitable
materials for energy storage devices.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Electroactive material properties such as size, contact surface
area and crystallinity have a profound effect on the material per-
formance in numerous applications especially those related to
energy storage, catalysis and environment [1e5]. Therefore, more
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environmentally friendly, faster and energy-efficient synthesis
methods for nanoparticle production are currently of interest;
especially for transition metal hydroxide nanoparticles.

In recent years, supercapacitors, a promising energy storage and
conversion device, has received intense attention due to its high
power density, rapid charge/discharge rate and excellent cyclic
stability [6]. They are required to operate at high current densities
and to have a long cycle life for large scale applications. In partic-
ular, electrochemical supercapacitors (ESCs), also known as ultra-
capacitors, are adopted in computer power back-up systems,
hybrid electric vehicles, industrial power plants, military devices,
and memory backup systems. They exhibit higher power density
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and longer lifespan compared to rechargeable lithium-ion batte-
ries, and higher energy density compared to traditional dielectric
capacitors. Typical electroactive materials include carbon-based
materials, transition metal oxides and conducting polymers,
which reversibly store charge via double-layer capacitance and/or
pseudo-capacitance [7]. The development of ESC materials is
necessary to improve the energy density of the device without
sacrificing the high power density and long cycle life.

Thus, developing the transition metal oxides/hydroxides and
carbonate hydroxide nanomaterials, particularly those composed
of Ni- and/or Co-which are less expensive replacements for noble
electroactive metals, have attracted considerable attention, among
researchers in recent years [8e10]. This is because of their earth
abundant nature, low cost, environmentally friendly, multiple
valence state and high theoretical activity among other faradic
materials [11]. NieCo alloys are commonly employed as important
engineering materials due to their unique properties such as high
strength, heat conductivity and electrocatalytic activity [12]. The
development and synthesis of smart nanostructures from such
materials could be an effective approach towards developing high-
performance supercapacitive materials. The controllable synthesis
and structural tuning of these materials with desirable composition
and hierarchical structure (other than NiCo(OH)2 and NiCo2O4) are
also anticipated to have great potential for electrochemical energy
storage. However, there still remains a great challenge to achieving
such novel structures with very little studies reported in literature
[12e18].

Specifically, layered mono-metal hydroxide like Co(OH)2 and
Ni(OH)2 as well as their combinationwere considered as promising
electroactive materials for ESCs system due to their high theoretical
specific capacitance and well defined electrochemical properties
[19]. Unfortunately, their relatively low conductivity and limited
surface area restricts their further application. Therefore, much
effort has been devoted by some scholars in preparing much better
conducting Ni-Co based hydroxide and oxide nanomaterials with
various morphologies, including nanoparticles, nano-needles,
nanowires, nanosheets and nanoflakes [11]. Besides, the alterna-
tive routes employed to improve the activity of the mono-
hydroxide are rather limited. Therefore, mixed hydroxides are
often used to modulate the electrode properties through syner-
gistic effects arising from the intimate electronic interaction of the
components [20]. It has been shown that the addition of cobalt to
nickel oxide/hydroxide enhances the electrochemical performance
of the electrodes [21] and the main reason for incorporating the
cobalt is to increase the material electrode's conductivity.

Based on the earlier ideas postulated by researchers on
designing and developing electrode materials with reasonable
electrochemical properties, we report the successful synthesis of
bimetallic (Ni-Co) based carbonate (CO3)2- and/or hydroxide
(OH)�micro/nanostructures using a free-template one-step hy-
drothermal method with urea, depicting a simple, efficient and low
cost growth route [22,23]. We also studied the effect of varying the
principal parameters (growth temperature, synthesis time as well
as the Ni/Co-precursors ratio) on the formation of different kind of
electroactive morphologies such as urchin-like, nanofiber or
nanosheet forms corresponding to 1D, 2D and 3D structures
respectively. Consequently, the electrochemical measurements
have been carried out on these new bi-phase nanohybrids to
display the effect of the electroactive materials morphology on the
device performance. Despite the versatile methods reported,
fabrication of the nanostructured materials with desirable
morphology and composition still remains a big challenge and
great interest in the field of material science. Moreover, to the best
of our knowledge, the systematic preparation of mesoporous Ni-Co
carbonate and/or hydroxide multi-phase nanostructures with
varying Ni-Co ratio for electrochemical measurements has not yet
been reported in literature.

2. Experimental procedure

All chemicals, Urea (Merck, purity� 98%), Ni and Co chloride
(Sigma-Aldrich, purity� 99.99%), were of analytical grade andwere
used without further purification. Nickel Foam (NiF) rectangular
sheets was procured from Alantum (Munich, Germany) of areal
density of 420 gm�2 as well as diameter and thickness of 1.6mm
and 0.2mm, respectively.

2.1. Ni-Co carbonate and/or hydroxide based bi-phase
nanocomposites synthesis

0.1M Nickel (II) chloride hexahydrate (NiCl2$6H2O) and 0.1M
Cobalt (II) chloride hexahydrate (CoCl2$6H2O) were dissolved in
deionized water for 10min at room temperature. After that, 0.5M
urea (CH4N2O), which is highly soluble inwater, was added into the
above mixture and ultrasonicated for 30min until a dark pink
transparent solution was obtained which was transferred into a
40mL Teflon-lined hydrothermal autoclave system. The autoclave
was sealed, maintained at two different growth temperatures (120
and 180 �C) during two different times (6 and 18 h) and then
allowed to cool down naturally to room temperature. The obtained
products with distinct colors were filtered and washed several
times with distilled water and ethanol before drying in an oven at
80 �C overnight.

Subsequently, a series of crystalline bi-metallic Ni and Co hy-
droxide nanohybrids were prepared using a simple, low-cost hy-
drothermal synthesis procedure by changing the Co precursor
molarity (i.e. Ni:Co¼ 1:1, 1:2 and 1:3). Nonetheless, the concen-
tration of urea and the growth parameters were kept the same. The
corresponding samples obtained were designated as Ni-Co (x h - y
�C) (where x¼ duration time and y¼ temperature of growth).

2.2. Preparation of working electrode from the active materials

The working electrodes for electrochemical performance eval-
uation of Ni-Co based carbonate and/or hydroxide bi-phase nano-
hybrid material were prepared as follows: firstly, a mixture
containing 80wt.% of Ni-Co based electroactivematerials (Ni-Co bi-
phase hydroxide with different stoichiometry), 10wt.% of carbon
black (CB) and 10wt.% of polyvinylidene difluoride (PVdF) binder
with few drops of 1-methyl 2-pyrrolydone (NMP) solvent was well
mixed in an agate mortar to form a paste. This was spread onto a
1� 1 cm2 area of pre-treated NiF (serving as a current collector)
and dried at 80 �C in an oven for 24 h to ensure complete evapo-
ration of the NMP.

2.3. Materials characterization

The synthesized materials were extensively characterized in
order to mainly study the effect of structure, morphology and
elemental composition on the electrochemical behavior. The
structural characterization of our Ni-Co carbonate and/or hydrox-
ide based products were investigated by powder X-ray diffraction
(XRD) using an XRD D8 ADVANCE-BRUKER AXS diffractometer
equipped with a copper anticathode tube “Cu Ka radiation”
(l¼ 1.5406Å) and a graphite monochromator rear blade, operating
at 40 kV and 40mA with a scanning rate of 0.2�.s�1. The XRD pat-
terns of all specimens were recorded in the [10�e90�] 2q range.

The products' morphology were analyzed using a Field Emission
Scanning Electron Microscopy, FE-SEM technique (JEOL 6700-FEG
microscope) operating at 3 kV equipped with an Energy
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dispersive X-ray spectroscopy (EDX) component which aided the
determination of the chemical composition (quantitative analysis)
in order to control the multi-structures quality, purity and
dimension. For the FE-SEM analysis, the products were fixed
directly on the sample holder by a graphite paste. Prior to all ana-
lyses, the samples were covered by a thin layer of carbon in order to
avoid the charging effect problems.

Raman spectroscopy measurements was carried out at room
temperature with a Horiba Jobin Yvon Lab-RAM Aramis confocal
Raman spectrometer equipped with a cooled CCD camera and an
automated XYZ table, at laser excitation of 532 nm. Using a filter D2,
the laser power energy that reaches the samples is 0.33mW.

Fourier-Transform Infra-red (FTIR) spectra of these Ni-Co car-
bonate and/or hydroxide based nanocomposites were recorded
using a Bruker Vertex 77v spectrometer in the 400 to 4000 cm�1

wave number range with 4 cm�1 resolution and analyzed with an
Opus software.

The thermal stability of the bi-phase nanohybrids were
measured using a Thermo Gravimetric Analysis technique, which
was carried out using TA Instruments Q600 Simultaneous (DSC/TG)
analyzer through which measurements of the weight change in the
material as a function of temperature were observed in 20 sccm N2-
gas flow. The temperaturewas increased from room temperature to
1000 �C with a heating rate of 10 �C.min�1.

The BrunauereEmmetteTeller (BET) specific surface area mea-
surements and the pore size distribution of the as-synthesized Ni-
Co based samples were carried out on a Tristar (Micromeritics,
ASAP 2420) system using N2 as the adsorbent in liquid nitrogen
temperature. The BET SSA and pore sizes were calculated from the
N2 adsorption/desorption isotherms and the Bar-
retteJoynereHalenda (BJH) method respectively. Before measure-
ments, the samples were initially de-gassed over night under
vacuum at room temperature to avoid products transformation and
also to remove impurities and moisture.
2.4. Electrochemical measurements

The electrochemical measurements were carried out using a
Bio-logic “VMP-300 potentiostat” (Knoxville TN 37930, USA),
electrochemical workstation “controlled by an EC-Lab® V10.37
software”, under ambient temperature in a three-electrode cell
setup using 6.0M KOH aqueous electrolyte with a glassy carbon
counter electrode and a Ag/AgCl (3M KCl) reference electrode.

The cyclic voltammetry (CV) tests were carried out in the po-
tential range e 0.2e0.5 V at increasing scan rates ranging from 5 to
100mV s�1. For the chrono-potentiometry (CP) tests, theywere also
carried out for different current density ranging from 1 to 100 A g�1.
Finally, electrochemical impedance spectroscopy (EIS) measure-
ments were conducted in the frequency range 0.01 Hze100 kHz
with an open circuit potential in order to analyze the electro-
chemical characteristics of the electrode materials at various fre-
quencies as well as to determine its internal resistance and charge
transfer resistance.

Additionally, a quantitative evaluation of the electrochemical
performance for the as-synthesized mesoporous nanohybrid was
done using the formula for gravimetric specific capacitance (Cs in
F.g�1) and specific capacity (Qs in mAh.g�1) derived from CV and CP
curves, respectively, according to the following equations [7,24]:

ðfrom CV curveÞ: Cs ¼

Z
I dV

m n DV
(1)

where m is the mass of the loaded active material (in g), n repre-
sents the scan rate (in mV.s�1), DV (Vc e Va) refer to the potential
windowbetween high and low potential limit of the CV curve,
R
IdV

is the integrated area under the curve for the cathodic current of
the CV curve (in mA.V).

ðfrom CP curveÞ: Qs ¼ i Dt
3:6

(2)

where i ¼ I
m and Dt are the current density and discharge time,

respectively.
3. Results and discussion

3.1. Physico-chemical characterization

In order to determine the optimum growth condition for the
best stoichiometric composition and the interesting design of
active materials, a series of experiments were performed at two
different growth temperatures and times with three different
(Ni:Co) precursors ratio (1:1, 1:2 and 1:3). Fig. 1 (a, c and e) shows
the crystallographic identification XRD spectra of obtained prod-
ucts with different bi-structure nanocomposites based of Ni and Co
which were attributed to either hydroxide or carbonate hydroxide
in hydrotalcite or brucite configuration depending to the growth
conditions (see Fig. 2).

The sharp peaks indicates that the as-synthesized Ni-Co based
hydroxide samples illustrate good crystallinity, which can be linked
to the unique hydrothermal reaction environment for crystal
growth, without additional input from possible impurities indi-
cating also the high purity of the products. Thus, with the equi-
molar stoichiometry precursors (Ni:Co¼ 1:1), the main XRD
peaks of the products can be assigned to cobalt carbonate hy-
droxide hydrate (Co(CO3)0.5(OH).0.11H2O -JCPDS no. 48-0083) with
an orthorhombic structure and nickel carbonate hydroxide
(Ni2(CO3) (OH)2- JCPDS no. 35-0501) with monoclinic structure at
120 �C and 180 �C for the 6 h synthesis time. However, with the
120 �C/18 h growth condition, the most present phase is a*- nickel
hydroxide hydrate phase (a*-Ni(OH)2.0.75H2O- JCPDS no. 38-0715)
as compared to cobalt hydroxide chloride phase (Co2(OH)3Cl-
JCPDS no. 01-073-2134) with rhombohedral structure.

With increasing Co molarity, as in the case of Ni:Co¼ 1:2, for
180 �C during 6 h and for 120 �C during 18 h, the diffraction peak
scan be easily indexed to hexagonal NiCo hydrotalcite like- LDH
phase (Ni0.75Co0.25(CO3)0.125(OH)2.0.38H2O- JCPDS No. 40-0216)
and Co based phase (Co2(OH)3Cl). When the heating - time reaches
180 �C - 18 h, we can see that the main peaks of (Co2(OH)3Cl) with
the presence of b-nickel hydroxide phase (b- Ni(OH)2 - JCPDS no.
14-0117) exist in an hexagonal structure.

In the case of Ni:Co¼ 1:3, at 180 �C and for both duration 6 h and
18 h, a mixed phase of dominate nickel carbonate hydrate (Ni(C-
O3)·6H2O- JCPDS No.12-0276) withmonoclinic structure and cobalt
carbonate hydroxide hydrate (Co(CO3)0.5(OH).0.11H2O) have been
formed; whereas for the 120 �C/6 h temperature and synthesis
time, a cobalt hydroxide (Co2(OH)3Cl) product has been formed
with a Ni(CO3)·6H2O phase present.

Consequently, from the XRD spectra analysis, the successful
fabrication of Ni-Co bi-phase nanostructured materials in layered
crystals based on carbonates and/or hydroxides has been demon-
strated depending on the growth temperature and time as well as
the precursor ratio.

Simply put, the growth mechanism involves a hydrolysis-
precipitation process in which urea, (serving as a precipitating
agent), can slowly provide both carbonate and/or hydroxyl anions
to form the Ni or Co brucite and/or hydrotacite LDH. These results
suggest that the growth temperature and synthesis duration play a
key role in the progress of the main reactions in the system which



Fig. 1. XRD (a, c, e) and FTIR (b, d, f) spectra of bi-phase products synthesized using urea based hydrothermal method at different conditions for three different precursor
stoichiometries.
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can be expressed as follows [25]:

H2NCONH2 þ H2O/2NH3 þ CO2 (3)
CO2 þ H2O/CO2�
3 þ 2Hþ (4)

NH3 þ H2O/NHþ
4 þ OH� (5)



Fig. 2. An example of two different structures: Brucite (hydroxide) and Hydrotalcite (hydrated carbonate hydroxide) (top) and Layered Double Hydroxide “LDH” (down) [17,27].
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Generally, mixed transition metal oxides, typically with two
different metal cations, have received an upsurge of interest in
recent years due to their promising roles in many energy-related
applications, such as lithium-ion batteries, supercapacitors,
metaleair batteries and fuel cells [3,24,26].

Moreover, the successful preparation of the nanostructures
based of Ni-Co carbonate and/or hydroxide is further elucidated by
FTIR analysis as shown in Fig. 1 (b, d, e) which reveals some infor-
mation about the composition and precisely the nature of the
chemical bonding. Principally, the incorporation of carbonate
(CO3

2�) and (OH)�ions (free or bounded from water molecules) is
evident in all FTIR spectra at different positions and with different
amount depending on the growth conditions. The interlayer CO3

2�

anions may result from the hydrolysis of urea during the synthesis
process, as reported above, which aids in dispersing the material
precursors.

The narrow common vibration band centered in the range
[3740e3750 cm�1] and [3510e3550 cm�1] are assigned to the
characteristic peaks of the stretching vibration of hydroxyl groups
from hydrogen-bonded to H2O. While the broad band between
3325 and 3380 cm�1 and the band at 3650 cm�1 are attributed,
respectively, to the stretching mode of adsorbed and/or interlayer
water molecules and of -OH groups of the brucite-like structure
found with Ni-Co LDH (Ni:Co¼ 1:2) [28]. Some peaks around
1624 cm�1 accompanied the produced Ni-Co hydrotalcite are
assigned to the bending mode of structural inter-lamellar physi-
cally adsorbed water molecules [15]. The presence of the peaks in
the range [1420e1510 cm�1] and [1365 - 1380 cm�1] is observed
which are attributed to intercalated CO3

2� anions (C]O groups) and
n3(CO3) vibration band of carbonate anions in D3h planar symmetry,
respectively. The n2(CO3) and n4(CO3) vibration band are also
strongly present around 820 and 690 cm�1, respectively. While, the
band around 750 cm�1 can be ascribed to the n4(CO3) bending
mode generally obtained with Co2CO3(OH)2 or to the O-H bending
mode of carboxyl groups as reported in references [29,30]. The two
weak bands centered around 950 (n2) and 1040 (n1) can be
attributed to the characteristics of carbonate ions which are present
with structure with more Co and more Ni, respectively. Other
absorption bands below 1000 cm�1 are associated with metal ox-
ide/hydroxide (MeO/M�OH) stretching and bending vibration
modes respectively [31]. Additionally, the absorption band which
appears at 420, 480 and 520 cm�1 in the low wave number region
can be assigned to the banding Ni-OH/Co-OH and stretching Ni-O/
Co-O vibrations [15]. Thus, the FTIR results confirm the production
of Ni-Co carbonate hydroxide based nanostructured materials
which are in agreement with XRD results.

The Raman vibrational response measured at room temperature
as illustrated in Fig. 3 in the range of 100e1400 cm�1. Only a limited
number of Raman studies have been reported until now on the
interlayer carbonate or hydroxide anion in hydrotalcite crystals. In
this study, the feature peaks corresponding to the Ni-Co carbonate
and/or hydroxide based nanocomposite products are in accordance
with those reported in other related studies [14,32,33].

Fig. 3 shows the Raman spectra of the bi-phase nanostructured
hybrid material with different phase ratio where basically three
dominant Raman peaks appear in the 340 -380 cm�1 range,
430e450 cm�1 range and 520e540 cm�1 range which are assigned
to the E-type vibration of the Ni-OH lattice, Ni-O stretching (n NiO)
and Co-O symmetric stretching vibrational modes respectively.
Furthermore, as reported by Palmer et al. [34], the bands with lower
wave number below 250 cm�1 are attributed to the M�O bonds,
lattice vibrations and hydrogen bonds. The strong band situated in
the 140-170 cm�1 range may be attributed to OeNieO bending
modes.Whereas, the samples with dominant Co carbonate phase
display an intense Raman band at around 1089 cm�1 which is
assigned to the n1 symmetric stretching mode of carbonate groups,
hydrogen bonded to the cationic surface of the brucite-like layers
and to the hydroxyl deformation mode for 1046 cm�1. Lower in-
tensity Raman band at around 1380 cm�1can be attributed to the
anti symmetric stretching vibrations.

In addition, analysis was also done by comparing the as-
obtained spectra to the RRuff database with characteristic Raman
peaks of CoCO3 seen to be present at wave numbers of 190, 200,
300, 725 and 1090 cm�1 (RRUFF ID:R140338); NiCO3$6H2O at 450,
510, 610, 810, 950 and 1090 cm�1 (RRUFF ID:R061050) and Ni2C-
O3(OH)2$H2O at 210, 380, 440, 510, 680 and 1090 cm�1 (RRUFF



Fig. 3. Raman spectra of some obtained Ni - Co based bi-hydroxide nanocomposites synthesized at different conditions with Ni:Co¼ 1:1 (left) and 1:3 (right).
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ID:R060384). For the hydrotalcite and brucite phase generally, they
were situated at 450, 550, 690, 980, 1050 and 1100 cm�1 (RRUFF
ID:R050457/R060527) and at 270, 440, 600, 710, 810 and
1090 cm�1 (RRUFF ID:R040077), respectively. Thus, it is conclusive
to state that a structural change is seen by detailed Raman spectra
analysis of the materials.

The investigation of the thermal decomposition behavior in air
of some the Ni-Co based bi-phase nanostructured hybrid material
using TG and DTG analyses is shown in Fig. 4. An average net weight
loss of between 29 and 33wt.% in the temperature interval of
Fig. 4. TGA e DTG analysis results of some obtained Ni-Co based carbonate and/or hydroxide
(c) 1:2.
90e850 �C. The observed percentage weight losses indicate ther-
mal decomposition of Ni and/or Co carbonate hydroxide. Four
distinct regions of weight loss were observed in the TGA curves
between 200 and 800 �C and the sample remains stable afterwards,
depending on the nanocomposite component phases present. The
corresponding weight loss of 3e6wt.% of the samples with LDH
structures (Fig. 4b and c) around 91 �C was attributed to the elim-
ination of water in the products.

Meanwhile, the corresponding 10wt.% loss between 215 and
250 �C was attributed to the decomposition of carbonate anion
s synthesized at different growth conditions with Ni:Co precursors ratios: (a, b) 1:1 and
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molecules containing the products and physically adsorbed or
intercalated water evaporation. The weight loss of 4wt.% above
800e835 �C is due to the decomposition of the residues.

In general, the thermal stability behavior of all the synthesized
samples had a similar profile over the entire temperature range
with an initial drop from 180 �C (corresponding to partial dehy-
droxylation). A strong decomposition peaks (DTG plot) around
380 �C and 450 �C is linked to respective Ni-Co oxides which is in
agreement with several investigations previously reported on Ni or
Co based carbonate and hydroxide [18,35,36]. Thus, a relatively low
calcinations temperature of 400 �C is suitable and sufficient to
transform the hydroxides into their corresponding mixed metal
oxides as reported in several investigations [37e39].

Remarkably, the decomposition temperature of the Ni-Co based
LDH nanostructured hybrid materials (470 �C in Fig. 4b and c) with
nanosheets and nanoneedles morphology was higher than that of
the Ni-Co mixed carbonate hydroxide with nanorods morphology
(370 �C in Fig. 4a) owing to a better thermal stability. The thermal
resistance of the as-synthesized nanohybrids was due to the
structural composition with more carbonate affected by thermal
changes as compared to those with more hydroxides which are
generally converted to oxides beyond 400 �C (as seen from the
structural characterization results discussed above).

3.2. Morphological characterization

The results from the morphological analysis of the obtained bi-
phase nanostructured hybrid materials is revealed using FESEM
technique as depicted in Fig. 5 for different hydrothermal growth
conditions. The as-synthesized products consist of numerous
nanorod-like subunits point in gradually outward like needles,
resulting in an urchin-like morphology (for the Ni:Co¼ 1:1).

In the case of the 6 h/180 �C and 18 h/120 �C synthesis time/
temperature, the Ni-Co carbonate hydroxide with a Ni-rich phase,
displays some nanoneedles which tend to attach to each other and
form large sharp bundles inside the three dimensional (3D) uni-
form micro-flowers in the form of microspheres with an average
diameter of 13 mm. For the nanorods obtained with 6 h/120 �C, they
have small diameter of about 50 nm, and the length is close to the
radius of the hierarchical microparticles.

Such unique hierarchical micro/nanostructured bimetallic car-
bonate and/or hydroxide could inherit the advantages from the
nanoscale building blocks, while the secondary architecture, typi-
cally in micrometer or sub-micrometer dimensions, would bring
additional benefits, such as an improved stability, a uniform
porosity and a resistance to aggregation. Moreover, these mor-
phologies show good crystallinity and thermal stability proved by
their XRD andTGA results earlier discussed.

Likewise, increasing the Co content by two and three folds led to
a morphological change of the final products. The final product
changed from flower-to hierarchical sheet-like structures consist-
ing of uniform quasi-rectangular nanosheets with a Co-rich phase
(see Fig. 5d and e).

The quasi-rectangular nanosheets had an average width and
thickness of about 300 nm and 12.5 nm, respectively with pointed
plate-like structures for the 1:2 and 1:3 Ni/Co molar ratios.

These morphological results also confirm clearly that the urea
plays a crucial role in the formation of the bi-phase structure.

Such porous and hollow 3D structures would greatly benefit the
electrode performance in electrochemical applications by offering a
high specific surface area, short ionic/electronic diffusion length
and efficient channels for mass transport. Thus, aiding in the design
of advanced electrode architectures with remarkable chemical
composition will be beneficial to boost the supercapacitors device
performance.
3.3. Textural characterization

The textural property of the as-synthesized bi-phase nano-
structured material was also studied for the 2D and 3D architec-
tures using BET technique. The N2 adsorptionedesorption
isotherms (see Fig. 6a and c) can be described as a combination
of type I and type IV isotherms. Typically, type IV isotherms were
observed for most synthesized samples with an apparent hysteresis
loop indicating the presence of a mesopores with a fewmicropores
and macropores. A distinct H3 hysteresis loop was observed in the
P/P0 region of 0.60e0.95, demonstrating further that mesopores
are present in both samples and the nanoneedles tend to accu-
mulate to form soft holes. The hysteresis loops in the isotherms
linked to the samples with 6he180 �C and 18h-120 �C synthesis
time-temperatures, suggest the presence of mesopores [2e50 nm],
as further shown in their BarretteJoynereHalenda (BJH) pore size
distribution curves (Fig. 6def). The mesopores mainly originate
from the aggregation in sharp bundles of primary nanoparticles
within the nanoneedles-like subunits, while the some of the large
mesopores and macropores might be linked to the void spaces
between the nanorod and micro-flowers subunits.

Table 1 summarizes the physico-chemical characteristics of the
obtained bi-phase nanostructured hybrid materials as Ni/Co
quantitative ratio, pore volume and size, their specific surface area.
It is worth noting that the BET specific surface area increases
generally as the synthesis temperature and synthesis time in-
creases. The relatively high BET values were attributed to the
micro-urchin-like morphology observed from FESEM micrographs
with important pore volume and size, corresponding to the void
spaces between nanoneedles and nanorods component nano-
composites, which will facilitate ion diffusion at the electrode-
electrolyte interface during electrochemical device testing.

Specifically, the growth condition significantly increases the
amount of mesopores, although much more macropores with size
over 100 nm are equally produced. It is well known that mesopores,
found in these two cases (1:1 and 1:2), play critical roles in the
electrochemical process, due to their capability of facilitating mass
ion diffusion and transport and ensure a high electroactive surface
area.

Hence, the different porous textures of the three sets of samples
with different precursor ratio are likely to depict varying electro-
chemical performance in this regard. From the BET SSA, the NiCo-
hydrotalcite materials with a Ni/Co ratio of 1:3 showed the
lowest specific surface area which was obvious from the particle
aggregation seen in the FESEM images.

3.4. Electrochemical measurement

For potential application in the energy storage field, electro-
chemical (EC) measurements were carried out using a three elec-
trode cell set-up with 6MKOH aqueous electrolyte. The
electrochemical capacitive performance of nanohybrid based
supercapacitors relies not only on the exploitation of high-capacity
active materials but also on the rational design of superior elec-
trode architectures. In particular, hierarchical structures, which
have uniform assemblies of nanoscale primary building blocks,
such as nanoneedles, nanorods, nanoplates and nanosheets, have
drawn special interest over the last couple of years due to their
exceptional properties and remarkable potential in many fields [2].
Herein, a novel supercapacitor electrode comprising 1D/2D/3D hi-
erarchical Ni-Co based bi-phase nanohybrids (Ni and/or Co based
carbonate and/or hydroxide as LDH configuration [40]) with rela-
tively high specific surface area and mesoporous distribution will
be successfully studied in order to identify their EC properties for
energy storage devices.



Fig. 5. FESEM micrographs of obtained micro-nanostructures based of Ni-Co bi-phase nanocomposites at different growth conditions and with different Ni:Co precursors ratio:
(a.a’): 1:1/6h-120 �C, (b.b’): 1:1/18h-120 �C, (c.c’): 1:1/6h-180 �C); (d.d’): 1:2/6h-180 �C, (e): 1:3/6h-120 �C, (f): 18h-180 �C, EDX (g) 18h-120 �C (1:1) and (h) 6h-180 �C (1:2).
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Cyclic voltammetry (CV) is considered as an important method
in supercapacitor to evaluate the potential possibility, the EC
behavior and the specific capacitance of electroactive materials
used for capacitive deionization.

Fig. 7 shows the CV voltammogram curves of the bi-phase
nanohybrid products synthesized at different hydrothermal con-
ditions as electroactive material based electrode at various scan
rates ranging from 5mV s�1 to 100mV s�1.

Notably, a couple of a well-defined intense redox peaks were
observed in large window potential generally from �0.2 - 0.5 V (vs.
Ag/AgCl) in all the scan rates range, indicating that the EC capaci-
tance of these electrodes mainly results from faradaic redox
behavior, which is remarkably different from the closely ideal
rectangular CV shape for an electric double-layer capacitor (EDLC)
[6]. Generally, two to three pairs of broad and poorly defined redox
peaks are related to MeO/MeOeOH, where M refers in our case to
Ni or Co [26]. The peak broadening is possibly due to the fact that
multiple phases exist and may display broadened redox features.

These obtained strong peaks can be probably attributed to the
OH� associated redox reactions given in the following equations
depending to bi-phase nanohybrids composition [18,24,41]:

NiðOHÞ2 þ ðOHÞ�4NiOOH þ H2Oþ e� (6)



Fig. 6. N2 adsorptionedesorption isotherms (a-c) and their corresponding pore size distributions (d-f) of the synthesized Ni-Co bi-hydroxide phase nanocomposites.

Table 1
Physico-chemical properties of best products formed at various Ni/Co molar ratio.

Co/Ni molar ratio in
the reactants

Crystal phase BET specific surface area (m2 g�1) BJH pore volume (cm3 g�1)a Pore width (nm)b

1:1 6 h/120 �C Co(CO3)0.5(OH).0.11H2O
Ni2(CO3) (OH)2

9.45 0.03 10.46

18h-120 �C a*-Ni(OH)2.0.75H2O
Co2(OH)3Cl

50.59 0.52 33.91

6h-180 �C Ni2(CO3) (OH)2
Co(CO3)0.5(OH).0.11H2O

85.56 0.35 15.05

1:2 18h-120 �C Ni0.75Co0.25(CO3)0.125(OH)2.0.38H2O
Co2(OH)3Cl

6.14 0.03 30.47

6h-180 �C e 47.14 0.31 24.47
1:3 6h-180 �C Co(CO3)0.5(OH).0.11H2O

Ni(CO3)$6H2O
9.10 0.04 19.98

18h-180 �C e 11.61 0.02 10.97

a BJH Adsorption cumulative volume of pores between 1.7 nm and 300 nm diameter.
b BJH Adsorption average pore width.
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CoðOHÞ2 þ ðOHÞ�4CoOOH þ H2Oþ e� (7)

CoOOH þ ðOHÞ�4CoO2 þ H2Oþ e� (8)

NixCoð3�xÞðOHÞ6 þ 3ðOHÞ�4xNiOOH þ ð3� xÞCoOOH þ 2H2O

þ 3e�

(9)

Co2ðOHÞ3 þ ðClÞ�42ðCoO2Þ þ Cl� þ 4Hþ þ e� (10)

The oxidation peak close to the upper voltage limit corresponds
to the dominant Ni-based phasewhile the peak at lower potential is
for the Co based phase as reported by X. Sun et al. [42] due to the
fact that the redox potential of Co(OH)2 to CoOOH transition, is
more negative than that of Ni(OH)2 to NiOOH transition. So,
comparing these CV curves which correspond to different Ni/Co
ratio based bi-phase nanohybrids, the major anodic peak shifts to a
more positive potential as Ni content increases in the products, as
reported in Ref. [43]. By introducing more Co content into the Ni
based system, the redox couples could be shifted to lower potential,
preventing the solvent oxidation which induced the performance
degradation [42]. This may be attributed to redox process kinetic
due to an increase in the ohmic resistance and to the polarization
occurring during the faradaic reactions [44]. Consequently, they
present rich redox reactions depending on the Ni/Co phase ratio in
the nanohybrids structure resulting in a brucite or hydrotalcite
configuration [15,25,45e47]. Clearly, we can see also that with
increasing scan rate, as shown in Fig. 7 (from 5 to 100mV s�1), the
CV responses have similar shape at different Ni/Co ratio without
any slight distortion, in all most curves at high scan rate. These
curves show also that the anodic peaks (oxidation) of the electrodes
shift positively, while their cathodic peaks (reduction) shift nega-
tively, accompanied with increasing current densities revealing
higher charge storage; but this low shifting indicate the excellent



Fig. 7. Cyclic voltammetry comparison at two different scan rates of the synthesized Ni-Co based bi-phase nanohybrids using urea based hydrothermal method.

O. Guellati et al. / Electrochimica Acta 275 (2018) 155e171164
EC reversibility and outstanding high-rate performance.
Moreover, the enclosed area of the CV plot for the Ni-based

material synthesized for 18 h at 120 �C (1:1) and 6 h at 180 �C
(1:2) corresponding to a-Ni(OH)2 and NiCo LDH with Co2(OH)3Cl,
respectively, was found to be larger implying its better EC reactivity
due to the chemical composition structures and their mesoporous
3D morphology. The good electrochemical response might also be
related to the valence and occupation site of the cations in the
hydrotalcite structure as well as their specific surface area and pore
volume around 50m2 g�1 and 0.52 cm3 g�1, respectively. In addi-
tion, the most important result is that the urchins consists of
nanoneedle bundles in a fan-like shape, in comparison to the
aggregate structure obtained at 6h-180 �C (1:1). This plays a basic
role in the morphology requirement for EC accessibility of elec-
trolyte ions within the active material and consequently, a fast
diffusion rate within the redox phase.

So, when compared with binary metal oxides (NiO and Co3O4)
and ternary oxide (NiCo2O4), bi-metal hydrotalcite structures based
on Ni(OH)2 and Co(OH)2 in our results exhibit higher electrical
conductivity and improved EC activity in facilitating redox char-
acteristics. This originates from the co-existence of the Ni and Co
cation (M2þ/M3þ) species fromwithin the nanostructured material
and the incorporation of anions ((OH)-, (CO3)2- and Cl�) and water
between the layers as confirmed from previous results [48,49].
These bi-phase heterostructure LDH-based nanohybrid scan
provide more electroactive ingredients existing in the interlayer
region, making the electron transfer and the intercalation/de-
intercalation process of electrolyte ions easier, thus improving
their specific capacitances.

The major peak currents Ipa and Ipc from the cyclic voltammo-
gram are plotted against square root of scan rate, v1/2(Randles
Sevcik plot) (Fig. 8 aeb) and the redox peak potentials separation
DEp (Epa-Epc) is plotted against the scan rate v (Fig. 8 ced).We found
a linear relationship between Ipa (or Ipc) and n1/2in our study which
suggests the occurrence of surface reactions and faradaic nature of
the products indicating that the energy storage mechanism origi-
nate from the surface redox reactions of Ni2þ. The linearity further
indicates that these electrodes fabricated from the as-synthesized
material are diffusion limited, confirmed by the R2 values around
0.99 [50]. This confirms the postulation that fast kinetics occurs due
to the fast rate of charge transfer and ions diffusion.With these very
good EC responses, we can confirm that the thin layer and multi-
component based structure reduces the ion diffusion distance
and enlarges the electrolyte accessible surface area.

In addition, with increasing the scan rates, the separations be-
tween the redox peaks are relatively constant at low scan rates and
begin to increase at higher ones indicating the limitation arising
from charge transfer kinetics [51]. These separations of our elec-
troactive materials can be attributed to the increased Ni hydroxide-
like redox behavior exhibited with more Ni content. Noticeably, the



Fig. 8. Current (Ip) vs square root of scan rate (a, b) and potential difference (DEp) vs scan rate (c, d) of Ni-Co based bi-phase nanohybrid products synthesized at: 120 �C and 180 �C.
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potential difference peak-to-peak value found in the range
[0.10e0.28 V] was around 0.15, 0.11 and 0.17 V for products syn-
thesized at 18 h-120 �C (1:1), 6 h-180 �C (1:1) and 6 h-180 �C (1:2),
respectively, at 20mV s�1.

Since nDEp was seen to be greater than 200mV for the best
products, the apparent electron transfer rate constant (ks) can be
estimated (in the case of n DEp> 200mV at n> 40mV s�1) by the
following equation as reported in references [51,52]:

logðksÞ ¼ a logð1� aÞ þ ð1� aÞlogðaÞ � log
�
RT
nFn

�

�
�
að1� aÞnFDEp

2;303 RT

�
(11)

ks ¼ a n F nc
RT

¼ ð1� aÞ n F na
RT

with slopc ¼ 2;3
a n

RT
F

and slopa

¼ � 2;3
ð1� aÞn

RT
F

(12)

where n, DEp, a and n are the number of electrons transferred in the
rate determining reaction, the peaks potential separation, cathodic
electron transfer coefficient and the scan rate, respectively. R, T and
F are gas constant (8.314 Jmol�1�K�1), process temperature (298 K)
and Faraday constant (96493Cmol�1).

The obtained ks of our best products (18h-120 �C (1:1) and 6h-
180 �C (1:2)) are found to be around 69 s�1 (83 s�1) and 110 s�1 (126
s�1), respectively at cathodic and anodic process, and obviously
higher than that obtained by Tao and co-workers [48], indicating
that the synthesized bi-phase nanohybrids with more a-Ni(OH)2
and Co2(OH)3Cl, with their unique hierarchical micro-
nanostructure, greatly improve the faradaic redox reaction and
the mass transfer. Consequently, the fast electron transfer helps to
improve the high current capacitive behavior as shown by Fig. 8
(aeb).

Thus, on the basis of liquid electrolyte reversibility criteria, we
can assume that the reaction approaches much better reversibility
at low scan rates where small potential difference suggests a higher
reversibility with fast electron transfer rate and more active ma-
terial can be used during charge-discharge process which will
confirm their good reversibility of fast charge-discharge response
[53].

In order to reinforce our obtained EC results, galvanostatic
chargeedischarge measurements at various current densities from
1 to 100 A g�1 are also performed on thesemesoporous Ni-Co based
hierarchical bi-phase nanohybrids and their discharge curves are
illustrated in Fig. 9 just for two current densities (1 and 30 A g�1).
The nonlinear curves with a plateau are consistent with the above
CV results which confirm the faradaic mechanism. Further, these
measurements clearly show the effect of these products structural
properties on the discharge duration which is much longer around
600 s (at 1 A g�1) with bi-phase nanohybrids based of a-Ni(OH)2 or
NiCo hydrotalcite LDHwith Co2(OH)3Cl in comparisonwith Ni or Co
based carbonate hydroxide bi-phase nanohybrids.

The specific capacitances of the as-prepared three series of



Fig. 9. Discharge curves comparison at two different current densities (aee) 1 A g¡1 and (a’-e’) 30 A g¡1 of synthesized Ni-Co hydroxide based bi-phase nanohybrids.
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products derived from the CV and CD curves are shown in Fig. 10;
which steadily decrease with increasing potential scan rates and
current densities. Specifically, an exceptionally high specific
capacitance (capacity) of 1700 (160mAh.g�1), 1379 (182mAh.g�1)
and 979 F g�1 (54mAh.g�1) is obtained at a low scan rate of
5mV s�1 (low current density of 1 A g�1) for 18 h-120 �C (1:1), 6 h-
180 �C (1:2) and 6 h-120 �C (1:3) corresponding to three different
bi-phase nanohybrids as best products, composed of a-Ni(OH)2
hydroxide, NiCo hydrotalcite LDH and Ni(CO3) hydrated carbonate
respectively with Co2(OH)3Cl as a second phase.

These obtained specific capacitance at high and low current
densities with excellent rate capability are higher than those ob-
tained in previous reports on similar electroactive materials as re-
ported in Table 2.

The capacitance value of the binary NieCo sample is higher than
that of Ni hydroxide and Co carbonate hydroxide itself using same
Fig. 10. Specific capacitance (Cs) and capacity (Qs) curves of the synthesized Ni and/or Co h
1:2 (c),1:3 (d), 0:1 (e) and Products element percentage via XPS with their Ni2þ/Ni3þ ratio
synthesis route as proved in this work and in other reports [59e62].
Consequently, this improved EC performance is attributed to the
binary Co2þ/Co3þ and Ni2þ/Ni3þ couples with different percentage
(see Fig. 10f) accompanied with specific intercalated ions (as OH�,
Cl� and CO3

2�) in specific configuration that afford rich faradic
capacitance and enhanced conductivity.

As expected, the Qs decreases gradually with increasing current
density due commonly to the limitation of electron/electrolyte
transport and of product activation as well as the polarization
concentration, resulting in the low utilization of the electroactive
materials [29,48].

However, even at high scan rate 100mV s�1 (or at high current
density 30 A g�1), these obtained mesoporous hierarchical micro-
nanostructures still deliver a remarkable capacitance around
600 F g�1 (or capacity up than 120mAh.g�1) which is quite
remarkable. This suggests that about 60% of the capacity is still
ydroxide and/or carbonate based bi-phase nanohybrids for Ni:Co ratio: 1:0 (a), 1:1 (b),
(f).



Table 2
A comparison of EC properties of transition metal hydroxides-based electrodes evaluated in a three-electrode cell configuration in aqueous alkaline electrolyte found in this
work and previously published results.

Synthesis method Products Cs (F.g�1) Retention (%) (cycling) Ref.

Hydrothermal NiCo LDH Co2(OH)3Cl
А-Ni(OH)2þCo2(OH)3Cl

1700 (0.5 A g�1)
1379

98% (2000) This work

Precipitationþannealing Ni0.3Co2.7O4 960 (0.625 A g�1) 98.1% (3000) 2013 [26]
Bio-inspired approach Co0.45Ni0.55O/RGO 909.4 (1 A g�1) 97% (1000) 2012 [29]
CTAB assisted hydrothermal Ni0.3Co2.7O4 1423 (1 A g�1) 96% (4000) 2015 [44]
Electrostatic assembly CoAl LDH

CoAl LDH/CNT
547 885
(5mA cm�2)

68%
88% (2000)

2014 [43]

One-pot microwave NiCo LDH/RGO 1622 (5mV s�1) 80% (5000) 2016 [41]
Chemical process NiCo hydroxide 1030 (3 A g�1) 97.3% (1000) 2013 [42]
Microwave NiCo2S 1110 (5mV s�1) 80% (2000) 2015 [50]
SiO2 template assisted solvothermal NiCo LDH 2158.7 (1 A g�1) 97.5% (1500) 2015 [49]
Solvothermal NiAl LDH 1252 (1 A g�1) 97% (1000) 2014 [54]
Electro-deposition CoNi LDH 1201 (1 A g�1) 88% (2000) 2016 [55]
Microwave Co0.2Ni0.8(OH)2 1170 (4 A g�1) 94% 2014 [56]
Co-precipitation þ oxidation process CoFe LDH 728 (1 A g�1) 65.3% (5000) 2016 [57]
Hydrothermal Ni1-xZnxS 1815 (1 A g�1) e 2016 [58]
Hydrothermal CoAl LDH 550 (1 A g�1) e 2016 [59]
Electrochemical steps NiCoLDH@Cu foam 1462.5 (1 A g�1) 80.46% (2000) 2017 [60]
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retained when the current density is increased by 30-fold.
Consequently, we proved that the obtained high specific

capacitance of these kind of bi-phase nanohybrids is provided by
electroactive sites and significant mesoporous volume in the elec-
trodes indicated in Table 1 above which allows high transport rates
of electrolyte ions and electrons simultaneously taking part in the
faradaic reactions.

Regarding the cycling stability by subjecting the electrode to
repeated charge-discharge steps, as an indispensable factor for
electrode material practical use, a good cycling life performance
Fig. 11. Capacitance retention as a function of cycle number at a current density 30 A g�1 f
crographs after cycling.
was obtained for the bi-phase nanohybrid electrodes in this study
at a high current density by 30 times (see Fig. 11). The average
specific capacitance value for the initial cycle is found around 1700
(800 F g�1) and it gradually decreases to 1670 (785 F g�1) after 2000
(1000 cycles), then it remains almost constant during the residual
cycles.

Thus, the specific capacitance retention remained at 98% after
2000 cycles, suggesting its excellent cyclic stability and good rate
capability provided by robust architecture of the as-synthesized
material, charge transfer kinetics and their strong adhesion on
or the best Ni-Co based bi-phase nanohybrids (case Ni:Co¼ 1:1) and their FESEM mi-



Fig. 12. Nyquist plots of as-prepared Ni-Co hydroxide based bi-phase nanohybrids (inset high frequency region) for Ni:Co: (a) 1:1, (b) 1:2 and(c) 1:3.
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the NiF current collector under EC conditions.
For further investigation of the actual Ni-Co bi-phase nano-

hybrid electrodes, the impedance EIS spectra of obtained sample
series were measured in the frequency range from 0.01 to 105 Hz in
an open circuit potential (Eoc), as shown in Fig. 12. Almost all
Nyquist plots were characterized by two distinct parts, a partial
semicircle at high frequency due to the dispersion effect [61] and a
straight deviated line from the imaginary axis at low frequency.
This EIS study allows understanding the chemical and physical
processes in solutions through charge transfer characteristics at
solid-liquid and solid-solid interfaces [44].

The EIS data of best samples were fitted based on an equivalent
circuit model using EC-Lab Randomize and Simplex fitting method
and the results are illustrated in Fig. 13. The majority of these kind
of electroactive materials show smaller semicircle at high fre-
quency region indicating lower interfacial charge transfer resis-
tance demonstrating faster electron transfer process mainly
dominated by the pseudo-capacitance frommuch more a- Ni(OH)2
accompanied with Co2(OH)3Cl hydroxides. It is interesting also to
note that less deviation (less than 45�) of the sloping line is
mentioned below with all products indicating small diffusion
resistance and more than quasi ideal pseudocapacitor - faradaic
behavior. Therefore, the less ionic flow resistance in the hydroxide
based nanohybrid systems causes high specific capacitance
confirmed by the above calculated values.

Table 3 summarizes the fitting parameters from these EIS data:
Rs (internal resistance, where the semicircle intersects the real axis,
consisting an equivalent series resistance (ESR) of ionic resistance
of the electrolyte, intrinsic resistance of the active material and
contact resistance at the electroactive material/current collector
interface), RCT (diameter of the semicircle corresponding to the
interfacial charge-transfer resistance which is often the limiting
factor for the supercapacitor power density), Cdl (double-layer
capacitance on the grain surface) and q (linear inclination angle in
the low frequency region from the ideal capacitive behavior due to
the diffusion of electrolyte ions and is usually attributed to a
leakage resistance RL (or Warburg impedance, W) arising from
faradaic charge transfer process) [50,62].

As shown in Table 3, Rs values are almost in the range
[0.35e0.49U] and are lower with best products which proves the
excellent conductivity between current collector, the electroactive
bi-phase micro-nanohybrid and the KOH electrolyte.

More importantly, with increasing the Co content in these bi-
phase nanohybrids, the RCT values arise but in most are less than
the values obtained with different Ni-Co based oxides or hydrox-
ides composition found in the literature [14,29,50,63,64]. However,
the Rs and RCT values notably change with increasing or decreasing
depending to the nanohybrids composition and morphology after
cycling indicating the variation of electron/ion conductivity within
the sample after long-term cycling between 1000 and 2000 cycles
and consequently one of the main contributing factors in Cs
improvement; which is in agreement with the literature.

Finally, we attribute the excellent obtained EC properties to the
desirable synergy of these kind of hydroxide based bi-phase
nanohybrids chemical composition and design in micro-
nanoscale configuration where specifically, the primary nano-
needles based opened bundles provide high EC activity and rela-
tively high active surface area; while the secondary hierarchical
micrometer assembly prevents the undesirable agglomeration and
ensure the stability of the mesoporous structure. So, we confirm
that these 3D micro-nanostructures in flower shape based of
opened nanoneedle bundles are more favorable in fast diffusion
and OH� ions penetration for faster EC kinetics and maximum
reversible redox process in charge storage. Consequently, the low
cost and simple urea based hydrothermal method for the produc-
tion of hydroxide based bi-phase nanohybrids with different ratio
in different morphologies with very promising EC performance.

4. Conclusion

A novel bi-phase nanohybrids based of Ni and/or Co carbonate
and/or hydroxide with mesoporous texture in 3D microspheres
composed of opened nanoneedle-bundles in fan form or in as-
sembly of 2D nanoflakes were successfully synthesized via a simple
and low cost free template urea based hydrothermal method.

We have demonstrated via the EC measurements that the
coexistence of two metal species in unique hierarchical micro/
nanohetero-metallic bi-phase nanohybrids intercalated with
(CO3)2- anions and some H2O molecules provides richer redox re-
action in aqueous alkaline electrolytes promising EC devices for fast
and efficient energy storage in comparison with their correspond-
ing monometallic hydroxide or carbonate hydroxide. Therefore,
these EC results have indicated that the unique 3D micro/nano-
architecture of a-Ni(OH)2 or Ni-Co LDH with Co2(OH)3Cl bi-phase
nanohybrids, possesses excellent EC properties as a negative elec-
troactive material, in reversible faradaic system, exhibiting a high
capacitance around 1700 F.g�1and a high cycling stability (2% loss
after 2000 cycles) which is superior than those reported in the
literature.

So, the performance of these coupling hydroxide based nano-
structured hybrid materials can be ascribed to the following fac-
tors: (1) the turbostratically disordered and quasi poorly
crystallized structure of the a-phase hydroxides in brucite or
hydrotalcite configuration present in the nanostructured hybrid
material with high EC activity, (2) ultrathin bundles of nanoneedles
and nanoflates based nanoclusters possessing high specific surface
area and pore volumewhich are beneficial for the full contact of the
electroactivematerials with the electrolyte and (3) the combination



Fig. 13. Fitting results of the Nyquist plot experimental impedance data of the best Ni-Co based bi-phase nanohybrids (inset equivalent circuit model): 18h-120 �C (1:1) (a), 6h-
180 �C (1:1) (b), 6h-180 �C (1:2) (c) and 6h-120 �C (1:3) (d).

Table 3
EIS characteristics obtained from the EC-Lab Randomize and Simplex fitting of the experimental impedance data.

Electrode Rs (U) RCT (U) q (�)

1:0 18h-120 �C 0.1803 (0.3831) 0.8618 (0.4899) <45 (¼ 45)
6h-180 �C 0.2237 (0.2520) 1.084 (0.9736) <45 (>45)

1:1 6h-120 �C 0.4423 (0.4747) 0.0333 (0.0457) 37 (34)
18h-120 �C 0.3549 (0.3957) 0.0006 (0.0469) 29 (16)
6h-180 �C 0.4640 (0.4856) 1.0180 (7) 15 (20)

1:2 18h-120 �C 0.4479 (0.4483) 0.1021 (0.1267) 39 (21)
6h-180 �C 0.4031 (0.3691) 1.5200 - 19 (43)
18h-180 �C 0.4900 (0.4527) 0.4159 (0.3010) 13 (36)

1:3 6h-120 �C 0.4362 (0.4185) 0.0279 (0.0125) 42 (25)
6h-180 �C 0.4390 (0.4326) 1.9570 (0.0875) 23 (20)
18h-180 �C 0.4170 (0.4468) 0.1380 (1.9750) 34 (26)

0:1 18h-120 �C 0.3319 (0.3319) 0.6379 (0.4569) 45 (>45)
6h-180 �C 0.1899 (0.2050) 0.8425 (0.8132) <45

(in brackets)after stability cycling.
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of the contributions from both Ni2þ and Co2þ ions as well as (CO3)2-,
(OH)�or (Cl)�anions in active configuration giving electroactive
materials with high-performance EC mechanisms and improved
electronic conductivity.

Finally, we proved that these kinds of typical bi-phase nano-
hybrids with mesoporous texture over large specific surface area
and important pore volume can facilitate the electrolyte ion diffu-
sion, enhance the charge transport and provide more electroactive
sites for fast electron/ion transfer energy storage. They became one
of the most promising electrode materials for supercapacitors as
practical electrochemical devices due to its feasible oxidation state,
environmental benignity and relatively higher specific capacitance
as compared with individual Ni or Co hydroxide.
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