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Abstract
Ni-based batteries like Ni-Fe, Ni-Zn and Ni-MH were extendedly used in the previous century
since their invention due to their great efficiency, high output power and eco-friendly and safe
character. Nonetheless, their relatively low cycle life and material instabilities set them aside
from the future large-scale production and commercialisation in favour of other systems such as
the Li-ion and Pb-acid batteries. In order to overcome these limitations, in the current work we
analyse the improvement in performance derived from the use of carbon nano-onions (CNOs)
compared to other carbon materials, e.g. graphite powder, in the design and fabrication of
cathode materials. In these terms, we fabricated CNOs/Ni(OH)2 composites-modified glassy
carbon electrodes (GCEs) that enhanced the electrochemical signal by a maximum factor of
10 in cyclic voltammetry studies, and the specific capacity of the electrodes from 20.4 to 72.3
mAh/g, with a capacity retention of 62.6% at a rate of 10 C after 5 cycles. Moreover, we further
analyse and compare the distinct role of several syntheses of α and β nickel hydroxides in the
electrochemical performance and behaviour as the cathode active materials for the mentioned
Ni-based batteries.

Keywords: Ni-based batteries; nickel hydroxide; cathode materials; carbon nano-onions; graphite.

1. Introduction

The rising concern about the depletion of fos-
sil power sources and the contamination its util-
isation leads to, alongside the upswing of ma-
chinery and electrical vehicles, renewable ener-
gies and electronic devices, have awaken an im-
portant need for the development of recharge-
able batteries (secondary batteries). Since the
invention by Alessandro Volta in 1800 and its
later evolution to the still-in-use lead-acid sys-
tems (Gaston Planté, 1859) [1], the history of
energy storage devices has been driven by the
seek for efficiency and durability. That issue
was not always accompanied by a responsible
utilisation of resources and has caused envi-
ronmental repercussions. In this context, Ni-
based secondary alkaline batteries arose at the

end of XIX century (Ni-Zn, Michalowski, 1899)
and the beginning of XX (Ni-Fe, Edison and
Jüngner, 1901) [2] like green alternatives to
the conventional lead-acid and nickel-cadmium
cells. Thus, these systems do not use heavy
metals which are harmful to the environment,
but Earth’s abundant materials which are more
accessible and lower in costs. In addition, they
are a solution for the incompatibility of other
cells with systems that need alkaline batter-
ies such as some small and medical electronics,
electrical vehicles and renewable energies appli-
cations [3, 4].

These devices yield electric energy by the
transformation from the energy of the electro-
chemical reactions which occur within the sur-
face of their two electrodes. For this reason,

1



Master’s Degree in Nanoscience, Materials and Processes

recent studies prove the enhancement in the
performance of these systems by the utilisa-
tion of nanomaterials [5, 6] and carbon nano-
derivatives [7, 8]. Nevertheless, the exploration
of carbon nano-onions (CNOs, discovered by
Ugarte in 1992) [9] is far away from being suffi-
cient in this field. Thus, the core of these stud-
ies is focused in conventional (alkaline) batter-
ies, secondary batteries such as Li-ion [10] and
metal-air [11], and fuel cells [12, 13] primary
(non-rechargeable) batteries modified with car-
bon nanomaterials, alongside the electrochem-
ical analyses of the oxygen and hydrogen reac-
tions occurring in them [14].

The current study is aimed to fully charac-
terise the role of the CNOs in modifying nickel
cathodes made of Ni(OH)2 nanoparticles (NPs)
for nickel-based batteries, such as Ni-Zn or Ni-
Fe, in comparison to graphite and the unmod-
ified system, which are based on the following
electrochemical reaction:

NiOOH+H2O+ e−

discharge−−−−−−⇀↽−−−−−
charge

Ni(OH)2 +OH− · (1)

These CNOs are quasi-spherical graphitic
nanoparticles in a concentric structure with in-
teresting properties such as high specific and
surface areas, and high electronic conductivity.
Recently, lignin pyrolysis in a controlled atmo-
sphere was found to produce big CNOs with
high number of layers (20-30 nm, 25-35 layers)
[15] by a method which is environmentally be-
nign and uses a renewable feedstock like wood
industry wastes. In this sense, CNOs are impor-
tant nanomaterials to consider when applying
for the enhancement of these systems.

Fig. 1. Scheme of the lignin transformation into
CNOs by pyrolysis.

Several approaches pursued the seek for
better performance in Ni-based batteries by

optimising the nanostructure and modify-
ing their composition with carbon nano-
derivatives. Thus, Jayalakshmi et al. and Sakai
et al. proposed procedures for controlled syn-
theses of nanostructured α-Ni(OH)2 [16] and
β-Ni(OH)2 [17] particles, respectively, which
showed a high performance of 76% with re-
spect to the maximum theoretical capacity of
Ni-electrodes. Meng et al. utilised a com-
posite of PTFE-carbon nanotubes (CNTs) to
build flexible electrodes for cable-shaped Ni-
Fe batteries, that yield a stable specific capac-
ity around 4 mAh/g above the value for com-
mercial batteries (22 mAh/g) over more than
20 cycles [18]. Li et al. performed a differ-
ent study over the same field for solid-state
fibre-shaped Ni-Fe batteries [19], Song and co-
workers optimised the morphology of electro-
deposited iron oxide nanoparticles with the aim
of building Fe-anodes that delivered a high spe-
cific capacity of 184 mAh/g and an energy den-
sity of 82.3 Wh/kg [20]. Further research per-
formed by Qing, Wu et al. led to the fabrication
of high-performance cathodes for Ni-Zn batter-
ies (256 mAh/g and 441.7 Wh/kg) based on
carbon nano-fibres derived from natural cellu-
lose [21]. However, closer works to the topic
of CNOs-modified Ni-based green cells are not
deep explored: Wu and co-workers synthesised
Fe-NPs within graphitic shells for anode appli-
cations in Ni-Fe systems with a capacity density
of 224 mAh/g and in-battery maximum energy
density of 136.7Wh/kg [22]; on the other hand,
Meng et al. fabricated nanostructured Zn-Al
hydrotalcites over hollow carbon spheres as an-
ode material for Ni-Zn batteries, delivering a
high capacity of 368 mAh/g with great stabil-
ity [23]. Nonetheless, no further research about
CNOs can be found regarding the design of the
latter mentioned systems.

The great chemical reactivity of the CNOs
and their capacity to facilitate the electron
transfer of redox species play a crucial role in
increasing the electrochemical capacity and re-
sponse of these systems. Furthermore, they
promote the production of devices for a sus-
tainable, effective and efficient use of the
planet resources, as they can be fabricated by
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wood wastes and Earth’s abundant and low-
hazardous materials.

With this purpose, we tested the aforemen-
tioned hydrothermal syntheses to obtain α-
Ni(OH)2 [16] and β-Ni(OH)2 [17] nanoparticles
for characterising and analysing their electro-
chemical performance. Thus, we studied them
as potential cathode materials for Ni-based bat-
teries in composites with CNO-modified nickel
hydroxide pastes, alongside another conven-
tional synthesis for a large-scale production of
nickel hydroxide in the presence of KOH [24].
Therefore, we performed a full characterisa-
tion of the as-synthesised materials structure
by X-ray Diffraction (XRD), Scanning Elec-
tron Microscopy (SEM) including the fabri-
cated composites, and High Resolution Trans-
mission Electron Microscopy (HRTEM) for the
CNOs. Analytical electrochemical techniques
such as cyclic voltammetry (CV) and galvanos-
tatic charge/discharge (GCD) were also used in
order to determine the enhanced performance
parameters. In this sense, we expect to increase
the specific capacity, life stability and electro-
chemical response of the cathode materials with
respect to the unmodified systems due to the
high specific area, electronic conductance and
capacitance of the CNOs.

2. Experimental

All reagents have analytical pure grade and
were used without further purification.

2.1. Synthesis of β-Ni(OH)2 in the presence
of KOH

One of the β-Ni(OH)2 cathode active mate-
rial was synthesised according to the procedure
proposed in [24] by means of KOH as the alka-
line media for the following chemical reaction
to occur:

Ni(NO3)2 + 2NaOH

−−→ Ni(OH)2 + 2KNO3 · (2)

Typically, a solution of 12.5 g of KOH in 125
mL of Mili-Q® water was added dropwise into
a solution of 30 g of Ni(NO3)2 · 6H2O in 125mL
of Mili-Q® water at a rate of 1 mL/min with

continuous stirring. An apple-green suspension
was obtained. After the synthesis, a vacuum
filtration was performed using filter paper of
8 µm pore size, followed by three consecutive
washing-offs with Mili-Q® water in centrifuge
before ensuring the supernatant turned neutral
pH. Finally, the product was left to dry under
vacuum (60◦C) for 1 day.

2.2. Synthesis of β-Ni(OH)2 in the presence
of TEAH

A different synthesis for the β-Ni(OH)2 was
carried out on the basis of the one proposed in
[17] by Sakai et al. for the production of β-
Ni(OH)2 NPs. Nonetheless, TEAH was used
instead of TMAH, Ni(NO3)2 instead of NiCl2
and no final solvothermal treatment with NH3

was performed. Therefore, 100 mL of 0.1 M
Ni(NO3)2 aqueous solution was added dropwise
into 1 L of 1% TEAH aqueous solution at a
rate of 1.5 mL/min with continuous stirring.
The obtained light green suspension was aged
for 1 h, centrifuged (4000 rpm, 5 min) and
then washed three times with Mili-Q® water
in centrifuge until obtaining a non-alkaline su-
pernatant. Finally, the product was left to dry
overnight at 60◦C.

2.3. Synthesis of α-Ni(OH)2

Regarding the synthesis for this α phase of
the nickel hydroxide, the procedure described
in [16] was followed. Typically, 220 mL of 0.05
M Ni(NO3)2 and 0.3 M urea aqueous solution
(Mili-Q®) was prepared and transferred inside
a Teflon autoclave for the reaction to occur. A
temperature ramp of 100 ◦C/h was set for 1
hour up to 130◦C, and the mixture was kept
reacting for 2 more hours at this temperature.
Once the reaction concluded, the vessel was left
to cool down until it reached room temperature
and then the mixture with the precipitate was
filtered under vacuum and washed with Mili-
Q® water to neutral pH. The final product was
left to dry under vacuum at 60◦C overnight.

2.4. Electrode preparation

In order to prepare the electrodes, the differ-
ent nickel hydroxides were dispersed in NMP as
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the solvent with a concentration of 14 mg/mL
by sonication, and the same procedure was fol-
lowed separately with graphite powder (GP)
and CNOs as conductive materials, and PVDF
to develop a hydrophobic film which permits
ionic diffusion [25, 26]. Thus, different dis-
persions were prepared by merging the ones
obtained before with the following proportion:
80% (wt%) of each one of the nickel hydrox-
ides, 10% of the conductive material (GP or
CNOs) and 10% of PVDF. Once the final dis-
persions were achieved, 5 µL was deposited over
the surface of glassy-carbon electrodes (GCE)
that were left to dry under vacuum at 90◦C for
1 hour.

Dispersions with the same content in as-
synthesised Ni(OH)2 without conductive ma-
terial and blanks without active material were
also prepared for characterising the role of the
carbon-composites in the electrochemical per-
formance of the cathodes.

Otherwise, we utilised CNOs already-
synthesised by our group that were obtained by
annealing of nanodiamonds (NDs) at 1600◦C in
inert atmosphere [27].

2.5. Materials characterisation

The surface morphology of the as-synthesised
and GP-modified active materials was charac-
terised by SEM (JEOL JSM-6400) at 30 kV .
The as-synthesised nickel hydroxides were also
analysed by XRD (Bruker D8 Discover) using
Cu as anode in a range of 5◦ to 70◦. In ad-
dition, the surface area and pore size distri-
bution were characterised by means of the ni-
trogen adsorption/desorption method at 77 K
(Quantachrome QuadraSorb Station 1).

2.6. Electrochemical measurements

All the electrochemical analyses were carried
out within a three-electrodes system in KOH
(6 M) as electrolyte using an electrochemical
workstation (CHI660A). An Ag/AgCl electrode
was used as the reference electrode and a Pt
electrode was used as the counter electrode. A
set of 5 activation cycles of CV at a scan rate
of 10 mV/s was performed to all the electrodes
before further electrochemical testing and the

potential window was kept between 0 and 0.6
V . CV tests at several scan rates were per-
formed at 2, 5, 10, 15, 20, 25 and 30 mV/s

for each sample. Regarding the GCD measure-
ments, the charge/discharge rate C was consid-
ered as the theoretical value of the specific ca-
pacity for the Ni(OH)2 (C = 289.15 mAh/g).
The charge/discharge processes were analysed
under 10C for 6 min in order to reach the max-
imum capacity and only the mass of the nickel
hydroxides was considered as the amount of the
electrochemically active material for these eval-
uations.

3. Results and discussion

3.1. Synthesis of nickel hydroxides

3.1.1. Chemical and morphological characterisa-
tion

Figure 2 shows the XRD patterns of the as-
synthesised Ni(OH)2 for both α and β phases,
as well as for the latter prepared by the two
different methods studied above. The experi-
mental patterns were compared with the cor-
responding Powder Diffraction File™ (PDF®)
standardised data sets [28] for Ni(OH)2 (ver-
tical lines) available at the Servei de Recur-
sos Científics of the URV. Regarding the as-
synthesised α-Ni(OH)2, the first two peaks cor-
respond to the (001) and (002) planes, char-
acteristic of this α phase of the compound
[29, 30]. Nonetheless, we can notice shifts with
respect to the reference data for the peaks re-
lated to the (101) and (110) planes, as well as
a non-homogeneous distribution in the peaks’
width, suggesting a mixture of α-Ni(OH)2 and
NiOOH in the sample and the disordered stack-
ing proper of the α phase.

For the case of the β-Ni(OH)2, all the peaks
match the reference data for this β phase with
both syntheses, but we can notice a different
broad distribution for these peaks, indicating a
disorder in the morphology and crystallite size
of the material particles within the samples.
Otherwise, we can appreciate two secondary
peaks linked to the first one for the β-Ni(OH)2
synthesised by KOH, suggesting the presence

4



Master’s Degree in Nanoscience, Materials and Processes

of a minor non-identified impurity within the
compound.
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Fig. 2. XRD patterns of the as-synthesised α and
β nickel hydroxides. Vertical lines refer to standard-
ised PDF® data sets for comparison.

Figure 3 displays SEM images of the as-
synthesised nickel hydroxides at different mag-
nifications: a, c and e refer to a general view;
while b, d and f give insights in the micro- and
nano-structure of the α-Ni(OH)2, β-Ni(OH)2
by TEAH and β-Ni(OH)2 by KOH samples,
respectively. We can appreciate more ordered
and homogeneous morphologies for the sphere-
shaped α-Ni(OH)2 (Fig. 3a, 3b) particles with
sizes from 12 up to less than 1 µm. In the
case of the β phase, we can see how both pro-
posed syntheses leaded to similar morphologies
and distributions, however, the sample of β-
Ni(OH)2 produced by TEAH (Fig. 3c, 3d)
shows a finer particulate with stacked plate-
shaped particles even in the nanoscale (up to
200 nm, Fig. 4) compared to the one synthe-
sised by KOH. The latter (Fig. 3e, 3f) presents
bigger particles (above 1 µm) and aggregates
with a more disordered microstructure.

We analysed the mentioned morphologies
and porous structure of these as-synthesised

nickel hydroxides using the nitrogen adsorp-
tion/desorption technique, and further study-
ing the resulting isotherms. Table 1 summarise
the surface and pore properties of these mate-
rials. Thus, we can notice that the Brunauer-
Emmett-Teller (BET) surface area of the β-
Ni(OH)2 produced by TEAH has a value of
161.73 m2/g, the maximum value among the
three studied samples. The same phenomenon
occurs for the pore surface area, giving insights
of the relationship between the particle size and
its distribution, alongside the crystal morpholo-
gies, with the total surface area. This is in
accordance to what we could expect from the
SEM images in Figures 3 and 4, in favour of the
lower crystallite size of this β-Ni(OH)2.

Sample

BET
surface
area

(m2/g)

Pore
surface
area

(m2/g)

Pore
volume
(cm3/g)

Pore
diame-
ter

(nm)
α-Ni(OH)2
by urea

27.40 26.07 0.06 3.70

β-Ni(OH)2
by TEAH

161.73 140.88 0.15 3.86

β-Ni(OH)2
by KOH

63.37 72.05 0.29 17.66

Table 1. BET surface areas and pore morphology
parameters for as-synthesised nickel hydroxides.

Furthermore, according to the IUPAC clas-
sification of adsorption/desorption isotherms,
the profiles of the three as-synthesised materials
shown in Figure 5 are included in Type IV, char-
acteristic of mesoporous materials. This fact is
consistent with the values shown in table 1 for
the pore diameter, which are within the range
of 2-50 nm. In addition, regarding the shapes
of the hysteresis loops, the α-Ni(OH)2 profile
is Type H4 -alike, suggesting narrow slit-shaped
pores. The Type H2 shape that β-Ni(OH)2 by
TEAH shows correspond to not well defined
pores and is indicative of bottleneck constric-
tions within the material, while the Type H1 -
alike shape of the β-Ni(OH)2 by KOH relates to
broader and better defined pores in the struc-
ture [31–33]. Pore morphology and pore-size
distribution are proven to have an important
influence in the performance and operation of
electrodes, batteries and separator membranes.
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Fig. 3. SEM images of the as-synthesised nickel hydroxides at different magnifications. Left (a, b):
α-Ni(OH)2; middle (c, d): β-Ni(OH)2 by TEAH; right (e, f): β-Ni(OH)2 by KOH.

Fig. 4. SEM detail showing the nanostructure for
the β-Ni(OH)2 synthesised by TEAH.

Thus, wider pores with a non-uniform distribu-
tion will supply a better diffusion of the elec-
trochemical species in comparison to narrower
pores with ordered distributions, facilitating in
this way a greater performance [34–36].

3.1.2. Electrochemical characterisation

Regarding the electrochemical studies, we car-
ried out several cyclic voltammetry measure-
ments to characterise the behaviour of the as-
synthesised nickel hydroxides by modifying the
surface of GCEs, as described in the experi-
mental section. Figure 6 shows the CV curves
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 D e s o r p t i o n

Fig. 5. Nitrogen adsorption-desorption isotherms
of the as-synthesised α and β nickel hydroxides.

corresponding to these materials at a scan rate
of 10 mV/s within the potential window 0-0.6
V . We can therefore conclude that the ex-
pected electrochemical reactions exposed in (1)
are occurring: the oxidation Ni2+→Ni3+ at
around 0.50 V and the reduction Ni3+→Ni2+

at around 0.30 V for the three samples. More-
over, the synthesis of the β phase by means of
KOH delivered a higher signal intensity com-
pared to the rest, followed by the β-Ni(OH)2 by
TEAH, which in theory would have enhanced
properties regarding its highest value for the
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BET surface area. The lowest signal is dis-
played by the α phase material, a fact which
is a priori in contradiction with the theoreti-
cal background as this phase of the nickel hy-
droxide should deliver the best electrochemical
performance. Nonetheless, the phase transition
α → β through ageing and electrochemical cy-
cling is highly dependent on the synthesis and
storage conditions, alongside the design of the
electrode system. This instability, characteris-
tic of the α phase, could also explain the devi-
ations in the XRD patterns shown in Figure 2.
In these terms, we can further state that in our
electrode system, the role of pore size distribu-
tion and morphology is crucial in the diffusion
of electrochemical species within the cell, as the
results in Figure 6 and Table 1 suggest for the
β-Ni(OH)2 synthesis by KOH.

0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6
- 4

- 2

0

2

4

6

Cu
rre

nt 
(1E

-4 
A)

P o t e n t i a l  ( V )

 P V D F  B l a n k
 � � � � � � � � 2  b y  u r e a
 	 � � � � � � � 2  b y  T E A H
 	 � � � � � � � 2  b y  K O H

0 . 0 0 . 2 0 . 4 0 . 6- 0 . 2

0 . 0

0 . 2

0 . 4

0 . 6

Fig. 6. Cyclic Voltammetry curves for as-
synthesised nickel hydroxides GCE electrodes at 10
mV/s. Detail in inset stands for the α-Ni(OH)2
(same units).

Figure 7 displays the relationship between
the cathodic and anodic peak currents of the
nickel hydroxides and the scan rate of the mea-
surements within the aforementioned potential
window. The fittings shown in this figure high-
light a linear relationship between these two pa-
rameters, indicating that the electrode kinetics
are controlled by surface-adsorbed species [37],
as we expected from the design of the electrodes
and this type of electrochemistry.
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Fig. 7. Cathodic and anodic peak currents vs. scan
rate of the as-synthesised nickel hydroxides GCE
electrodes. Straight lines refer to the linear fittings
of the data.

3.2. Ni(OH)2/carbon-composites

In order to enhance the electrochemical per-
formance of the electrodes comprising these ma-
terials, we modified the composites with carbon
materials (graphite powder and carbon nano-
onions) as conductive materials.

3.2.1. Morphological characterisation

We studied the surface morphology of the GP-
and CNOs-modified β-Ni(OH)2 (by KOH) com-
posites by SEM, analysing the immobilised
material over the surface of a glassy carbon
wafer. With the aim of preparing these sam-
ples, we followed the same procedure described
in the experimental section for building the
electrodes, depositing an equal quantity of the
composites. Figure 8 shows the SEM images
of the mentioned composites at different mag-
nifications (a-d) and a HRTEM image of the
utilised CNOs. From these results we can
see how the global particulate size is higher
for the GP-modified composite than for the
CNOs case. In Figures 8a and 8c, the biggest
rounded particles refer to non-conductive poly-
mer (PVDF) aggregates as the visible electronic
charge accumulation confirms. Otherwise, Fig-
ures 8b and 8d display that the CNOs-modified
composite supplies not only a much finer partic-
ulate size, but also a more homogeneous distri-
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Fig. 8. SEM images of the GP- and CNO-modified β-Ni(OH)2 (by KOH) composites at different
magnifications. Left (a, b): GP-modified composite; middle (c, d): CNO-modified composite; right (e):
HRTEM image of the as-synthesised CNOs.

bution of these particles over the surface. More-
over, the HRTEM image shows small CNOs
with a size of less than 10 nm and 6-10 lay-
ers, which differ from the ones synthesised by
lignin pyrolysis and reported in [15].

3.2.2. Carbon-modified β-Ni(OH)2 (by KOH)
composites

In order to fully characterise these cathode
materials and composites, we performed sev-
eral electrochemical measurements. As a re-
sult, Figure 9 stands for the CV curves of
the as-synthesised (by KOH), GP- and CNOs-
modified β-Ni(OH)2 at 10 mV/s within the 0-
0.6 V potential window. The profiles display
shifts of less than 0.05 V for the position of the
cathodic and anodic peak currents correspond-
ing to the oxidation and reduction reactions
described in (1). In this case, we can appre-
ciate the positive role of the carbon-materials
for enhancing the electrochemical performance
in terms of signal amplification and capacity.
Specially, the CNOs-modified electrodes de-
liver the highest signal amplification for these
CV curves, giving more than 1 mA over the
peak value for the unmodified (as-synthesised)
Ni(OH)2 electrode. A good reproducibility in
the results can be interpreted from Figure 10,
for which five different samples gave similar pro-

files in terms of signal intensity and peaks place-
ment.
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Fig. 9. Cyclic Voltammetry curves for as-
synthesised (by KOH) and modified β-Ni(OH)2
electrodes at 10 mV/s.

Moreover, Figure 11 shows the CV curves
for the CNOs-modified β-Ni(OH)2 (by KOH)
electrodes at several scan rates. Alongside the
data represented in Figure 12, we can observe a
linear relationship between the cathodic/anodic
peak currents and the scan rates, as observed
for the pure materials (Figure 7).

8



Master’s Degree in Nanoscience, Materials and Processes

0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6
- 1 5

- 1 0

- 5

0

5

1 0

1 5

2 0
Cu

rre
nt 

(1E
-4 

A)

P o t e n t i a l  ( V )

 S a m p l e  1
 S a m p l e  2
 S a m p l e  3
 S a m p l e  4
 S a m p l e  5

� - N i ( O H ) 2  b y  K O H
( G . P . - m o d i f i e d )

Fig. 10. Cyclic Voltammetry curves of several
samples of GP-modified β-Ni(OH)2 (by KOH) elec-
trodes at 10 mV/s.
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Fig. 11. Cyclic Voltammetry curves of a CNOs-
modified β-Ni(OH)2 (by KOH) electrode at several
scan rates.

3.2.3. Carbon-modified β-Ni(OH)2 (by TEAH)
composites

The other synthesis of the β-Ni(OH)2 (by
TEAH) follows a similar behaviour, as the CV
curves displayed in Figure 13 exhibits with
a CNOs-modified peak current around 1 mA

higher with respect to both unmodified and
GP-modified values. The position of the peaks
is also coherent with the overall system of
study. Furthermore, a highly linear behaviour
is expected for the relationship between ca-
thodic/anodic peak currents and the scan rate,
as shown in Figure 14, in where the positive
role of the CNOs is clearly represented. There-
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Fig. 12. Cathodic and anodic peak currents vs.
scan rate for as-synthesised (by KOH) and modified
β-Ni(OH)2 electrodes. Straight lines refer to the
linear fittings of the data.

fore, we can further confirm the assumption of
the electrode-adsorbed kinetics in these type of
carbon composites-modified cathodes.
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Fig. 13. Cyclic Voltammetry curves for as-
synthesised (by TEAH) and modified β-Ni(OH)2
electrodes at 10 mV/s.

3.2.4. Carbon-modified α-Ni(OH)2 composites

In the case of the α-Ni(OH)2, the achieved in-
tensity is lower than theoretically expected and
it is barely comparable to the other synthe-
ses. However, the ratio of signal increase in
using CNOs for this α phase is sharply greater
than for the rest (a factor higher than 10 is
achieved). Moreover, regarding the peaks po-
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Fig. 14. Cathodic and anodic peak currents vs.
scan rate for as-synthesised (by TEAH) and mod-
ified β-Ni(OH)2 electrodes. Straight lines refer to
the linear fittings of the data.

sition in Figure 15 for the CV profiles and the
linear relationship of these peak currents with
the scan rate (Figure 16), we can conclude that
the results obtained for this phase of Ni(OH)2
is in accordance with all the systems in the
study. Therefore, the hypotheses in the re-
actions and the kinetics controlled by surface-
adsorbed species behaviour are confirmed.
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Fig. 15. Cyclic Voltammetry curves for as-
synthesised and modified α-Ni(OH)2 electrodes at
10 mV/s.

3.3. Electrochemical performance of the
carbon-composites

With the aim of further studying the electro-
chemical performance and behaviour of these
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Fig. 16. Cathodic and anodic peak currents
vs. scan rate for as-synthesised and modified α-
Ni(OH)2 electrodes. Straight lines refer to the lin-
ear fittings of the data.

carbon/Ni(OH)2 composites electrodes, and
characterising the beneficial usage of the CNOs
within these systems, we carried out a series of
galvanostatic charge/discharge measurements
(chronopotentiometry) at a current rate of 10 C
for 6 min. Figure 17 shows the GCD curves of
the as-synthesised (by KOH), GP- and CNOs-
modified β-Ni(OH)2 as it is the system with the
best displayed signal and behaviour. The en-
hanced specific capacity of the CNOs-modified
system confirms that carbon nano-onions are
potential materials to use in the construction
of battery electrodes. In this way, a maxi-
mum value of 72.3 mA/g was achieved, consid-
erably enhancing this property needed in bat-
teries with respect to the unmodified material
(20.4 mA/g) and even the 39.7 mA/g that
the GP/Ni(OH)2 composite delivers. More-
over, Figure 18 remarks the difference between
the α and β phases of the nickel hydroxide in
terms of electrochemical capacity, and also be-
tween the two syntheses of β-Ni(OH)2, where
the β-Ni(OH)2 by TEAH delivered 33.9 mA/g
less than the by KOH-synthesised.

Finally, we performed a study about the cy-
cling stability and capacity retention for the
aforementioned CNOs-modified systems. Five
complete GCD cycles were carried out at 10 C
(6 min) for each electrode and the retention of
the specific capacity with respect to the first
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Fig. 18. Galvanostatic charge/discharge profiles
of the CNOs-modified nickel hydroxide electrodes
at 10 C.

cycle is presented in Figure 19 for the several
cycles. While in early stages the β-Ni(OH)2
synthesised by TEAH showed the best preserva-
tion in capacity, at the end is the β-Ni(OH)2 by
KOH synthesis what makes the difference with
a value of 62.6% after the fifth cycle. Nonethe-
less, these values for the capacity retention are
extremely low considering the number of cycles
that we performed, this is indicative of a prob-
lem in the electrode design as this configuration
of GCEs is not appropriate for the use in bat-
teries.
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Fig. 19. Capacity retention upon charge/discharge
cycles of the CNOs-modified nickel hydroxide elec-
trodes at 10 C.

4. Conclusions and future work

We have successfully characterised and
proved the positive role of the carbon nano-
onions in the design and building of electro-
chemical electrodes as both optical and elec-
trochemical characterisations have confirmed.
The electrochemical signal intensity increased
up to a factor of 10 for the CV profiles when us-
ing the mentioned CNOs/Ni(OH)2 composites
in comparison to the unmodified nickel hydrox-
ides. The position of the anodic and cathodic
peak currents was coherent for the overall sys-
tem of study within the ranges 0.45-0.50 V and
0.25-0.30 V (equivalent to the Ni2+→Ni3+ and
Ni3+→Ni2+ redox reactions, respectively) at a
scan rate of 10 mV/s. Moreover, we achieved
the expected improvement in the specific ca-
pacity of these electrodes, going from 20.4 (as-
synthesised) to 72.3 mA/g (CNOs-modified) at
10 C in the most profitable system: β-Ni(OH)2
synthesised by KOH. Both GCD curves and
CV signal intensity support this last assump-
tion with respect to the other systems. In addi-
tion, the highest cycling stability was delivered
by the above-mentioned electrode, showing a
capacity retention of 62.6% after 5 cycles.

In this way, we tested CNOs synthesised by
annealing of nanodiamonds, nonetheless, we
want to study the behaviour of bigger CNOs
synthesised by lignin pyrolysis as it is an eco-
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friendly process which is easy to implement.
Furthermore, the obtained results are not com-
parable to the ones in the bibliography and
mentioned in the state of the art because our
electrode design is fragile considering the use
in batteries. In addition, as we could not test
the best possible system nor analysing the be-
haviour within a complete cell, it is left to fu-
ture work building new systems based on Ni-
foam as the substrate for the cathode active
material (nickel hydroxide). Besides, we want
to characterise the displayed positive influence
of the CNOs within a whole Ni-based battery
such as Ni-Zn or Ni-Fe systems, alongside possi-
ble CNOs-based modifications of the anode ac-
tive materials and their potential usage in hy-
drogen storage and catalytic inhibition of the
oxygen and hydrogen evolution reactions and
the problems thereof to build green alternatives
to the systems and production methods utilised
nowadays. We thus encourage further studies in
these directions.
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