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Cobalt-nickel nanoparticles (Co-Ni-NPs) show promising electrochemical performance in oxygen and hydrogen evolution
reactions (OER and HER) due to their physicochemical properties such as electronic configuration and great electrochemical
stability.)erefore, developing new economically and environmentally friendlymethods of synthesizing Co-Ni-NPs has become a
practical requirement. Co-Ni-NPs were produced by employing the liquid-phase reduction method. Nickel and cobalt sulfate
solutions in hydrazine monohydrate with various mixing ratios were used as raw materials. Nickel plays an important role in the
nucleation process via increasing the reduction reaction rate throughout the formation of Co-Ni-NPs. Furthermore, the ac-
celeration of the Co-Ni-NPs formation process may be attributed to the partial dissolution of Ni(OH)2 in the presence of N2H4
and/or citrate-anions and the formation of the Ni-N2H4 or Ni-Cit complexes in contrast to Co(OH)2.

1. Introduction

Magnetic NPs have attracted increasing interest from re-
searchers of many fields due to their promising applications
in high-density magnetic storage media, magnetic refrig-
eration systems, ferrofluids, and biomedicine [1–3].

Nickel (Ni) and cobalt (Co) have attracted attention
among the various magnetic NPs because of their excellent
properties and industrial applications. )e Ni-Co NPs are
useful in many applications, including catalytic oxidation,
hydrogenation, and hydrogen storage [4–8].

Electrochemical oxidation and reduction reactions,
particularly the oxygen evolution reaction (OER) and hy-
drogen evolution reaction (HER), are the basis of various
energy storage and conversion devices such as metal-air
batteries, fuel cells, and water splitting to generate hydrogen
and oxygen [9–12]. Electrocatalysts accelerate the kinetics
for the electrochemical reactions by reducing the required
overpotentials [13, 14]. )e noble metal electrocatalysts,
such as platinum for HER and ruthenium oxide for OER,

showed excellent performance [15, 16]. However, because of
the high cost and scarceness of these elements, searching for
new alternatives is inevitable. Transition-metal-based ma-
terials, especially Co and Ni, are considered the most
promising electrocatalysts for HER andOER due to their low
cost and advanced catalytic performance comparable with
the noble metals [11, 13, 16–19]. )erefore, it is advanta-
geous to find a simple and cheap way to synthesize Co-Ni-
NPs.

Several methods have been developed to synthesize
magnetic NPs. Wet-chemistry methods are a powerful route
for obtaining a reproducible macroscopic amount of a
homogeneous specimen [20–23]. Liquid-phase reduction
methods are relatively simple and do not require special
equipment. Moreover, they are considered less expensive
and quicker to implement, which are desirable qualities for
future attempts at large-scale production [24–27]. Several
colloidal chemical synthetic procedures have recently been
developed to produce monodisperse NPs of magnetic ma-
terials [28–30].
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Intensive research was done on the synthesis of Ni and
Co in the presence of organic compounds such as ethanol
and ethylene glycol [5, 31–35].

In previous research, Co NPs were successfully syn-
thesized at room temperature by employing the liquid-
phase reduction method and revealing the formation
mechanism of particulates and the reaction mechanism of
the reducing agent. Furthermore, the effect of citric acid
additives on the shape and size of produced NPs was in-
vestigated [36–38].

In this study, Ni-Co NPs were fabricated in a solution
that contained cobalt sulfate heptahydrate, nickel sulfate
hexahydrate, and hydrazine monohydrate. Furthermore, the
effect of the mixing ratio of nickel-based and cobalt-based
solutions on the NPs was investigated.

2. Experimental Methods

2.1. Electrochemical Measurements. )e electrochemical
behaviors of Co and Ni in the experimental system were
investigated using polarization measurements. )ree elec-
trodes cell of 1.0 cm2 Ni and Co substrates with a purity of
99.9% as a working electrode. )e counter and reference
electrodes were Pt coils and Ag/AgCl sat. KCl, respectively.

)e electrolyte for anodic polarization measurement
comprises 1M hydrazine monohydrate (N2H4.H2O) and
0.2M trisodium citrate dihydrate (Na3C6H5O7.2H2O). All
chemicals were dissolved in distilled water to make 200ml of
solution with an adjusted pH between 10 and 14.

)e cathodic polarization measurements were per-
formed in a solution of 0.1M cobalt sulfate heptahydrate
(CoSO4.7H2O) or 0.1M nickel sulfate hexahydrate
(NiSO4.6H2O), and 0.2M trisodium citrate dihydrate
(Na3C6H5O7.2H2O). All chemicals were dissolved in dis-
tilled water to make 200ml of solution adjusted to pH 14.
)e anodic and cathodic polarization were performed at 353
k and a scan rate of 1mV S−1.

2.2. Synthesis of Cobalt Nanoparticles. Cobalt sulfate hep-
tahydrate (CoSO4.7H2O), nickel sulfate hexahydrate
(NiSO4.6H2O), and hydrazine monohydrate (N2H4.H2O)
were used as raw materials.

)e solution was prepared by adding an amount of 0.4M
trisodium citrate dihydrate (Na3C6H5O7.2H2O) and 20ml of
citric acid to an aqueous solution of 50 to 80M % of cobalt
sulfate and 20 to 50M % of nickel sulfate. )ese percentages
were chosen because they are near the line boundary be-
tween ε (Co) and α (Co and Ni) in the Co-Ni phase diagram
shown in Figure 1.

)e pH of the solution was adjusted to 14 using 10ml of
5M sodium hydroxide (NaOH) and sulfuric acid. After
adjusting the pH, 10ml of 1M hydrazine solution was added
to the solution. )e solution temperature was kept at 353K,
and the reaction time was 60–120min, and the total amount
of initial metal ions was adjusted to 0.2M.

)e solution used in the experiment was subjected to
argon bubbling for 30minutes before mixing to remove
dissolved oxygen. )e obtained precipitate was removed

from the solvent by a centrifuge, washed several times with
distilled water, and then dried using a vacuum dryer.

)e shapes and analysis of the NPs were observed with a
scanning electron microscope (SEM) and energy dispersive
spectroscopy (EDS). )e phase structures were identified by
employing X-ray diffraction (XRD). )e chemical compo-
sition analysis was performed with the grain degree distri-
bution measurement by inductively coupled plasma mass
spectrometry (ICP-MS). Moreover, the mixed potential was
measured while the reduction was reacted with a poten-
tiostat equipped with a 1 cm2 Co substrate and an Ag/AgCl
sat. KCl reference electrode.

3. Results and Discussion

Figure 2 shows the potential pH diagram of Ni-H2O and Co-
H2O.)e figure shows that hydrazine can work effectively as
a reducing agent since the oxidation potential of hydrazine is
less noble than the reduction potential of both Co and Ni.
Consequently, it is possible to synthesize Ni and Co NPs
using hydrazine. Furthermore, the measured oxidation
potential is similar to the Nernst equation’s theoretical
values (dashed line).

)e cathodic polarization measurement is shown in
Figure 3. )is figure shows that it is easy to extract Co from
cobalt solution; however, the extraction speed of Ni from Co
solution seems to progress at a slower rate. )e presence of
montmorillonite NPs was likely precipitated on the working
electrodes, reducing the active area of the working electrode
metals in contact with the electrolyte leading to a decrease of
cathodic current.

On the other hand, the extraction rate in the Ni solution
is slower than in the Co solution. In other words, Ni2+ does
not affect the growth of the particles; however, it may affect
the nucleation process.

)e noble metal salts such as Ag2NO3, PdCl2, and
H2PtCl6 are used as nucleating agents in the liquid-phase
reduction method to form fine particles [39]. In the present
study, it seems that the addition of Ni was found to have the
same role as noble metals as a nucleating agent as well as
phase change.
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Figure 1: Co-Ni phase diagram (εCo, hcp. αCo, fcc, Ni. fcc).
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Figure 4 shows SEM images and a frequency histogram
obtained by inductively coupled plasma mass spectrometry
(ICP-MS) analysis of Co-Ni particles: (a) Co(II): Ni (II)� 2 :
8, (b) Co(II): Ni (II)� 5 : 5, and (c) Co(II): Ni (II)� 6 : 4 for
the size range 1–10000 nm.

)e Co-Ni-NPs showed a different size distribution of
the semispherical shapes agglomerates. )e lowest obtained
NPs size were 50 nm at Co(II): Ni (II)� 2 : 8 molar ratio,
80 nm at Co(II) : Ni (II)� 6 : 4 molar ratio, and 350 nm at
Co(II) : Ni (II)� 5 : 5 molar ratio. )is agrees with Kytsya
A.R et al. [25]; they reported that the nucleation rate of Ni-
Co NPs is linearly increased with an increasing fraction of Ni
in the reaction mixture. )ey also reported that the growth
rate of the NPs increases up to the molar ratio of Co(II) : Ni
(II)� 5 : 5. )e nucleation of Ni-NPs occurs via partial
dissolution of Ni(OH)2 and formation on the surface of
hydroxide particles of the complex Ni2+-N2H4, which easily
(EA∼40 kJ/mol) decomposes, forming the nucleus of Ni-
NPs.

)e particles produced at Co(II) : Ni (II)� 5 : 5 molar
ratio showed the highest degree of agglomeration compared
to other lower and higher molar ratios. )is is attributed to

the adhesion of particles to each other by weak forces leading
to submicron-sized entities. Various aggregates were mea-
sured as one particle in the dynamic particle size distribution
measurement because dispersants were not used in these
experiments.

)e XRD analysis of the precipitates after 60 minutes of
stirring is shown in Figure 5. )e peaks of Ni (fcc) and αCo
(fcc) were observed in all mixing ratios. At the mixing ratio
of Co(II) : Ni (II)� 5 : 5, new peaks of Ni(OH)2 and Co(OH)2
were detected. )is means that it was not possible to syn-
thesize highly dispersible Co-Ni-NPs. It is considered that
this is because the dispersant capped the precursors’
Co(OH)2 and Ni (OH)2could not efficiently elute Co2+ and
Ni2+. )ese results are in good agreement with the Co-Ni
phase diagram shown in Figure 1.

An ICP technique was conducted for the compositional
analysis of all samples. )e ICP allowed an accurate
quantification of the Co and Ni content in the NPs. )is also
allowed us to measure the transferability of the precursor
into the final product. )e results are shown in Table 1.

)e molar fraction of Ni is higher than that of the
condition set in an initial solution in FCC particles. How-
ever, in the higher concentrations of Co, the molar fraction
of Co increased in the HCP particles with an agreement with
the Co-Ni phase diagram shown previously in Figure 1.

)e reduction of Ni ions is thought to proceed according
to the following reactions: in the first step, nickel(II) sulfate
reacts with sodium hydroxide to produce nickel(II) hy-
droxide and sodium sulfate, as shown in the following
equation:

NiSO4 + 2NaOH⟶ Ni(OH)2↓ + Na2SO4 (1)

In the second step, a chemical reduction process of the
Ni ion with hydrazine as a reductant in an alkaline
aqueous solution can proceed, as shown in the following
equation:

2Ni(OH)4 + N2H4⟶ 2Ni↓ + N2↑ + 4H2O (2)

)e dissociation of Ni(OH)2 is considered the starting
point of the reduction reaction, and it is affected by the
reaction rate. )ere is no change in the pH of the solution
according to the deposition of the metal cathode. )e re-
duction reaction of Ni is being advanced by dissociating the
nickel hydroxide to Ni2+. Hydrazine is a highly reactive
reducing agent in the alkaline medium; it acts more strongly
as a reducing agent at high pH values [6].

)e large and low numbers of the NPs agglomerates were
formed at a higher molar concentration of NaOH. )is
agrees with Irfan et al. [26]. )ey reported that the size and
number of the NPs agglomerates depend on the molar
concentration of NaOH in the NiSO4 solution. At low pH,
the reduction rate of Ni ions becomes slow. )e clusters
become larger, and the NP agglomerates decrease when the
molar concentration of NaOH is higher than 1M.

)e citric acid reacts with Ni2+ to form Ni2+-citrate
complexes, as shown in equation (3). It was reported that the
proportion of Ni2+ to the citrate precipitated depends on its
initial concentration and pH value [40, 41].
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Ni2+
+ 2C6H5O

3−
7 ⟶ Ni C6H5O7( 

4−
2 (3)

)e oxidation potential does not change with the ad-
dition of citric acid to the cobalt-hydrazine solution, which
indicates that cobalt cannot form the complex compounds
with hydrazine. )us, Co(OH)2 does not dissolve due to the
high redox potential of the half-reaction.

Co(OH)2 + 2e−⟶ Co+ 2OH− (E0 � −0.73V) does not
participate in the nucleation process. )at is why the rate of
nucleation linearly depends on the initial concentration of
Ni2+; we hypothesize that these nickel NPs act as active
catalytic sites. )e reduction reaction was progressed by
adding trisodium citrate dihydrate to the cobalt-hydrazine
solution [23].

Figure 6 shows the potential curves in the solution
containing (a) Co: Ni� 5 : 5 and (b) Co: Ni� 8 : 2 during the
reaction. After mixing the reductants, the potential dropped
to −970mV. Both lines rose very quickly after 22min and
80min, respectively. Many bubbles that were supposed to be
N2 have been observed during the increase of the potential.
)en, the solution turned black, due to the formation of Co-
Ni particles. )e potential of E Co/Co(OH)2 was very close to
the theoretical equilibrium potential value (−785mV). )e
curve showed that the potential was about −750mV, with a
difference of 35mV from the theoretical value. )e reaction
effectively proceeds after the quick increase of the potential.

4. Conclusion

We investigated the synthesis and formation mechanism of
Co-Ni-NPs using the liquid-phase reduction method. )e
phase structure was identified as Ni (fcc), αCo (fcc), and

depends on the Co: Ni ratio variation. )e oxidation po-
tential does not change with the addition of citric acid to the
cobalt-hydrazine solution, which means that cobalt hy-
droxide does not participate in the nucleation process. )e
rate of nucleation linearly depends on the initial concen-
tration of Ni2+ in the reaction mixture. )e lowest obtained
NP sizes were 50 nm at Co(II): Ni (II)� 2 : 8 molar ratio,
80 nm at Co(II): Ni (II)� 6 : 4 molar ratio, and 350 nm at
Co(II): Ni (II)� 5 : 5 molar ratio.
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