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A B ST R AC T

In this study, mechanical alloying was done by a high-energy planetary ball milling technique. A mixture
of NiO, MoO3 and graphite powders were used as initial materials. After milling of powder mixture with
40 wt.% additional graphite, a temperature of 400, 550 and 1000 °C for 1 h was considered for the heat
treatment of powder mixture. Also, powder mixtures containing 60, 80 and 100 wt.% additional graphite
was heat-treated at 1000 °C for 1 h. The results of the thermodynamic analysis showed that full reduction
of molybdenum-nickel oxide at ambient temperature during milling does not occur and thermal activation
is required for complete reduction of mixed metal oxide. Investigation of hydrogen release through the
electrochemical test in 1 M electrolyte solution of KOH at 28 °C showed that the reduced sample containing
60 wt.% additional graphite with ~187 mV additional potential in current density of ~10 mAcm-2, has the
most activity in the release of hydrogen. This sample showed the lowest Rct of 17 ohm which means the
good electrochemical characteristics of Ni-Mo alloy due to the good electrical conduction pathways and
high access for the electrolyte solution with the high electrochemically active surface area.
Keywords: Ni-Mo alloy, Mechanical milling, Electro-chemical test, Hydrogen evolution reaction.

1. Introduction
One of the future resources, which can be used
as a green, transferable, suitable and efficient fuel,
is hydrogen. Hydrogen and electricity can meet
energy needs and produce a form of the energy
system, which is permanent and independent
fuel [1]. Some hydrogen production methods
can be mentioned transformation of aqueous
phase to hydrogen [2], ammoniac breakout [3],
biomass [4], pyrolysis [5], chemical hydrides [6],
transformation of hydrocarbons to hydrogen [3]
and water electrolysis [5]. Investigation of hydrogen
production determines high-efficiency purity level
and production costs are the main challenges of
hydrogen substitution as a future energy resource.

Hydrogen can be produced in an industrial steam
reforming process. A mixture of natural gas with
water in low energy efficiency converts to carbon
monoxide and hydrogen. The main problem
with this method is the low purity of produced
hydrogen due to the presence of carbon-containing
residues [7]. An alternative technique for hydrogen
production is water splitting with using electricity.
The Advantages of this technique are the high
purity of produced hydrogen and an abundance of
water resources [8-12].
Furthermore, due to the zero-emission of
carbon gaseous species in this technique, hydrogen
is an ideal candidate for the replacement of fossil
fuel energy in the future [10, 13]. In order to find
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a highly efficient electro-catalyst for hydrogen
production in acidic media, Pt has emerged as
the most efficient one [14–15]. The main barriers
of Pt for commercial application in the large
scale are scarcity and high cost of this electrocatalyst. Recently, several studies try to find lowcost alternatives for Platinum. Various non-noble
metal-based materials, such as transition-metal
complexes [17, 18], chalcogenides [19, 20], carbide
[21, 22] and metal alloys [23] were considered
as catalysts or supports for the electrochemical
hydrogen evolution reaction (HER).
The most active metals as hydrogen release are
platinum group metals (Ir, Rh, Re, Pt), Au, Ni, Co,
Fe and Cu. The determination of detailed kinetics of
hydrogen production is still in progress. Meantime
novel data have been provided with progress in
the preparation of clean surfaces and solutions,
showing much better activity in comparison with
previous findings. But to achieve better results and
more trustful kinetics data, more information is
required. On the other hand, among the hydrogenreleasing elements, mercury has the least activity.
Graphite is also semi-active but after etching in
argon plasma, considerable increases in its activity
was observed [24].
Obviously, beside the precious metals, none of
the known methods can find the new materials
among pure metals, which would possess high
catalytic activity for HER. Ni-W, Ni-Mo, Ni-CoMo, Ni-Zn, Ni-Mo-B, Ni-Mo-Zr, Ni-Mo-Cu, Ni-Fe,
Ni-Fe-Co-Mo, Ni-Mo-Fe alloys show good activity
for the HER reaction [25-27]. In fact combination
of two or more metals from the two branches of
the “volcano” curve is suggested by Miles et. al
[28]. Suggested alloys show enhanced activity for
the HER and Mo-based alloys like Mo-Ni turn the
main objective of the research. This alloy showed
superior activity in HER with exchange current
densities between 10-6-10-4 Acm-2, compared to Pt
with 10-3 Acm-2 [29].
Several researchers have done many projects
on the molybdenum nickel alloy system [30-36].
Nowadays these materials are processed via diverse
methods which one of them is mechanical alloying.
Structure and properties of this nano material have
been explored by several researchers. High activity
in hydrogen release is one of the most interesting
properties of this type of alloy; because the nanocrystalline state provides many active sites for the
reaction [37]. Therefore production of catalysts
using new procedures has attracted a great deal of

interest from many researchers. On the other hand,
nickel is a non-noble and respectively cheap metal
with the high electrochemical activity which is
suitable for production of hydrogen electrodes used
in alkaline fuel cells [38]. Also, molybdenum and its
alloys are very important due to their vast catalytic
activity [39, 40]. Nickel and nickel-based electrodes
are one of the best materials for water electrolysis
in alkaline environments due to high activity and
chemical stability [41]. Nickel-molybdenum is one
of the most investigated alloys produced by thermal
decomposition of metallic salts and then reduction
under hydrogen atmosphere. Additional potential
in current density of 1000 mA/cm2 is reported to
be 83 mV for molybdenum-nickel (30-70%) [42].
Electro-catalytic properties are directly related to the
size of crystals. Therefore highly-active electrodes
are obtained by milling of metallic powders [30].
Through metallurgical comparison of formed
phase in the diagram of Ni/Mo, it is determined
that the activity of hydrogen release, increases in
this manner: Ni4Mo<Ni3Mo<Ni2Mo<NiMo [43].
It should be mentioned that the melting point of
molybdenum is 2623 °C and is 1455 °C for nickel;
and also solubility limit of molybdenum in nickel
is 17 wt.% at room temperature [44]. Production of
nickel molybdenum with more than 17 wt.% nickel
is impossible by conventional casting methods; also
inter-metallic compounds in nickel-molybdenum
phase diagram have the high effect on hydrogen
release property [43]. Therefore the selection of
a suitable and economical method is different.
Production of this alloy is very important for
hydrogen release. It can be produced via common
thermal methods by nickel molybdenum alloys
which is difficult method, so other procedures
such as spark plasma [42], mechanical alloying
[38], powder metallurgy [30], and electric coating
[45] are used. Mechanical alloying includes
particles grinding in a closed container by several
metallic or ceramic balls. This method is used for
processing of nanopowders, nanocomposites, oxide
nanoparticles, for alloys reinforced by nanoparticles,
glassy phases, intermetallic compounds and solid
solutions. In fact mechanical milling is one of the
methods for nano-materials processing [46, 47]. It
was found that molybdenum carbide has the best
activity in hydrogen liberation in comparison with
molybdenum nitride and boride [48-49].
In this study, production and characterization
of nickel-molybdenum nanostructure alloy have
been accomplished by mechanical alloying from
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container and some balls (with diameters of 9 and
Variations of the free energy of each reaction are
14mm, hardness:68HRC) were made of hardened
indicated in figure 1. Results of this investigation
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barrier is as big as 137.7 KJ/mol. existed at room
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temperatures and the second performing heattreatment at high temperatures for room milled
sample that second procedure selected in this
research.
Regarding the obtained results from DTA/
TG analysis indicated in figure 2 and confirmed
by thermodynamic analysis, the temperature of
heat-treatment was selected below 1000 °C so that
reduction of each oxide precursor was visible in
X-ray diffraction analysis. No reaction occurred
in the mixture heat-treated below 400 °C; and
with increasing the temperature, a descending
slope was observed in the thermal differential
decomposition diagram escorted by some weight
loss. Regarding thermodynamic analysis, the
reduction of nickel oxide had occurred. Therefore
the temperature of 550 °C was selected for heattreatment. Below 800 °C, a downfall has appeared
which was along with an extreme weight loss.
The reaction between existing oxygen in oxide
powders and graphite which led to the formation
of CO2 gas was mentioned as weight loss reason.
So the temperature of 800 °C was selected for
heat-treatment. The reduction temperature of
molybdenum oxide can be decreased by milling
of the powder mixture and also the addition of
surplus graphite to the stoichiometric compound.
So the temperature of 1000 °C was considered
for heat-treatment to investigate the reduction of
molybdenum oxide.
X-ray diffraction results of oxide powders and
milled powder mixtures for 10 min, 10 h and, 30
h were investigated and shown in figure 3. In the
sample which was only milled for 10 min, graphite
peak was observed along with nickel oxide and
molybdenum trioxide peaks, but graphite peak

disappeared after 10 h of milling time and a
decrease in the intensity of oxide powder peaks
was also observed. Milling for 30 h did not lead to
the reduction of oxide powders but resulted in a
decrease in the oxide peaks intensities. It is worth to
note that as there was a big barrier to molybdenum
reduction process from the thermodynamic
investigation. Milling more than 200 h did not
occur any reduction but it helped MoO3 to reduce
into MoO2 [50].
X-ray diffraction results of the sample containing
40 wt.% additional graphite at temperatures of 400,
550 and 800 °C was shown in figure 4. As it was
expected no reaction below 400 °C heat-treatment
has occurred. As it was expected heat-treatment at
550 °C led to the transformation of MoO3 to MoO2;
but NiO left it in the structure without any changes.
Regarding thermodynamic predictions, differential
thermal analysis and lack of reduction of nickel
oxide at 550 °C is concluded that reduction
occurred in the temperature range of 550-600 °C.
Reduction of NiO and partial reaction MoO2
(existing in the structure) with graphite led to the
formation of a complex structure of Ni6Mo6C1/06
observed in the X-ray diffraction pattern of the
heat-treated sample at 800 °C.
To obtain nickel-molybdenum alloy, the powder
mixture with different percentages of additional
graphite was heat-treated at 1000 °C. As it is
observed in the X-ray diffraction pattern (figure
5), the reduced sample with 40 wt.% additional
graphite had the structure of nickel-molybdenum
alloy with some MoO2 in the structure. This sample
was considered as nickel-molybdenum alloy
along with some molybdenum oxide. To reduce
MoO2 amount in the structure, 60 wt.% additional
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durations.
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Figure 5- X-ray diffraction patterns of heat treated powder mixture with different

4- diffraction
X-ray diffraction
the sample
Figure Fig.
4- X-ray
pattern of pattern
the sampleof
containing
40 wt.%containing
extra graphite

Fig. 5- X-ray
diffraction
patterns
heat
percentages
of additional
graphite
reduced atof1000
°C. treated powder

40 wt.% extra graphite and heat-treated at different
temperatures.

mixture with different percentages of additional graphite
reduced at 1000 °C.

and heat-treated at different temperatures.

graphite was used which led to the production
of nickel-molybdenum with molybdenum oxide
which the amount of MoO2 in this sample is less
than the previous reduced sample with 40 wt.%
additional graphite. This sample was selected as
the nickel-molybdenum alloy. The presence of
some MoO2 in the structure could be resulted from
two reasons: 1) the used argon gas had not been
pure completely and 2) over-adhesion of graphite
to the tubes or milling container had inhibited
complete reduction of oxide powders. Of course a
low amount of MoO2 in the structure was negligible
and on the other hand, its effect on hydrogen release
activity could be investigated. Figure 5 shows that
the reduced sample containing 80 wt.% additional
graphite includes Ni4Mo, Mo2C and Mo18C7 phases
and also nickel-molybdenum alloy. This sample
was considered as the nickel-molybdenum alloy
with some molybdenum carbide. To increase the
amount of Mo2C and its effect on hydrogen release
activity, 100 wt.% extra graphite during milling
was used; but no significant difference in structure
compared with the reduced sample containing 80
wt.% extra graphite was observed. However, the
amount of Mo2C was increased in the sample. The
crystallite size of Mo-Ni during ball milling can
be determined from broadening of XRD peaks by
Scherer equation:
D=kλ/βcosθ

After the production of desired samples, grain
size and their microstructure were investigated by
scanning electron microscopy. It was clarified that
the production of the alloy was accomplished in
the nano-scale. Application of oxide materials had
a significant effect on particle size, shifting them to
a smaller scale due to the acceleration of grinding
rate respective to the re-sintering rate of them. Also,
elemental spectroscopy was used to investigate the
existing elements in the structure. Regarding this
fact that some oxygen and carbon were left in the
structure after production of nickel-molybdenum
alloy via reduction of oxide powders. The presence
of these two elements had a significant effect on
hydrogen release activity of nickel-molybdenum
alloy.
Figure 6 shows images of scanning electron
microscopy and elemental spectroscopy analysis of
reduced samples containing 40 wt.% (Fig. 6a and
b), 60 wt.% (Fig. 6c and d), 80 wt.% (Fig. 6e and
f), and 100 wt.% (Fig. 6g and h) extra graphite
additive after milling for 10 h and heat-treated at
1000 °C for 1 h. the mean particle size of all samples
was measured to be 86.2, 75.9, 96.5, 86.5 100 nm
respectively. Also, the shape of particles reduced
with 40, 60 and 100 wt.% extra graphite additive
was irregular, while the shape of particle for 80
wt.% graphite additive was spherical-irregular.
According to X-ray diffraction results, the reduced
sample with 40 wt.% extra graphite additive
contained nickel-molybdenum alloy and some
percentage MoO2. Spectroscopy of this sample
shows that the oxygen and carbon contents were
12.66 and 5.33 wt.% respectively. The presence of
molybdenum oxide in the phase analysis of this
sample confirmed the above-mentioned results.

(eq. 1)

Where D is the grain size, λ is the X-ray wavelength,
β is the line width at one-half the maximum
intensity and θ is the Bragg angle (in degrees). The
crystallite size of molybdenum-nickel reduced with
40 wt% extra graphite was measured to be 52 nm.
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X-ray diffraction results of the reduced sample
with 60 wt.% extra graphite additive; confirmed
that the sample contained nickel-molybdenum
alloy and a percentage of MoO2. Spectroscopy of
this sample indicated that the oxygen amount was
reduced in this sample and reached 6.23 wt.%. This
is proof of a better reaction between free carbon
and oxygen in the structure and formation of CO2.
According to the X-ray diffraction pattern of
the reduced sample with 80 wt.% extra graphite
additive, this sample contained nickel-molybdenum
alloy, MoNi4 and Mo18C7 intermetallic compounds.
Elemental spectroscopy analysis of this sample

indicated that the oxygen level was reached to 3.13
wt.%. As it was observed in the investigation of
X-ray diffraction, oxide structure was not found
due to the complete reaction of existing oxygen in
the structure with carbon. According to the X-ray
diffraction pattern of reduced sample with 100
wt.% extra graphite additive, this sample contained
nickel-molybdenum alloy, Mo2C, MoNi4 and
Mo18C7 intermetallic compounds. Also, elemental
spectroscopy analysis showed that no significant
difference has existed between structures of the
reduced sample containing 100 wt.% and 80 wt.%
additional graphite. However, the amount of carbon

a
b

c
d

e
f

g
h

Fig. 6- SEM images and EDS analysis of various electrodes with different percentages of additional graphite. (a, b ) 40 wt.%,
(c, d ) 60 wt.%, (e, f) 80 wt.%, (g, h) 100 wt.%.
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increased in this sample and reached 12.04 wt.%.
Table 1 shows the hardness of samples pressed at
700 MPa and sintered at 1400 °C. The results show
that the consolidation condition could be suitable
for the sample using as HER electro catalyst.
After
phase
analysis
and
structural
investigations, produced samples were pressed
at 700 and 900 MPa and sintered at 1400 °C. The
cold press was used for stabilization of samples
while hot press led to the addition of oxygen to the
structure and formation of molybdenum oxide.
Also, hot press led to the formation of intermetallic
compounds in the structure [49]. The cathodic
linear polarization graph of samples is observed
in figure 7 which using the hydrogen release
activity of different samples was investigated. In
this diagram the current density of 10 mA/cm2 was
considered. According to table 2 voltage of reduced
sample with 40 wt.% additional graphite pressed
at 700 MPa in the considered current was 200 mV
which had lower activity in the release of hydrogen
compared with the reduced sample containing 60
wt.% additional graphite and which had a voltage
of 187 mV. Regarding the fact that the presence of
MoO2 in nickel-molybdenum alloy had a positive

effect on increasing the hydrogen release activity
[49]; but it seemed that the amount of this material
in the structure of nickel-molybdenum alloy had
an optimum limit. This was the reason for lower
activity observed in the reduced sample with 40
wt.% additional graphite which had a higher amount
of MoO2. On the other hand, as the presence of 1
wt.% oxygen in the structure led to the activation of
alloy and improvement of hydrogen release activity
in nickel-molybdenum alloy [51]. Investigation
of carbide samples (Mo2C had respectively good
activity in hydrogen release) was expected that the
reduced sample containing 100 wt.% extra graphite
with a higher amount of Mo2C compared with the
reduced sample containing 80 wt.% extra graphite
had a higher activity which confirmed at table 2. No
significant difference was observed in the release
activity of these two samples, and the reason for
little inequality was the same percentages of Mo2C
in their structure. Further comparisons of HER
activity between all electrodes and commercial
available Pt/20%C catalyst were also performed.
As presented in figure 7, Pt/20%C catalyst exhibits
extremely high HER catalytic activity with a near
zero onset potential and large current density at the

Table 1- The hardness of samples pressed at 700 MPa and sintered at 1400 °C
Table 1- The hardness of samples pressed at 700 MPa and sintered at 1400 °C

(1) Reduced sample with 40 wt.% extra graphite
(2) Reduced sample with 60 wt.% extra graphite
(3) Reduced sample with 80 wt.% extra graphite
(4) Reduced sample with 100 wt.% extra graphite
(5) Pt/20%C

Fig. 7- Polarization curves of various electrodes recorded during cathodic

Figure
7- Polarization
of various
polarization
in incurves
1 M KOH
at theelectrodes
scan rate recorded
of 10 mVduring
s-1. cathodic
polarization in in 1 M KOH at the scan rate of 10 mV s-1.
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same over potential. Reduced sample with 40 wt.%
additional graphite shows the best activity and
near behavior to Pt/20%C catalyst. The samples
prepared at 900 MPa pressure showed higher
current density in which means higher activity as
compared to the pressed sample at 700 MPa. In fact
with using higher pressure for the consolation of
powder samples, the active surface area could be
increased [52].
The electro-catalytic performance of the
samples in the hydrogen evolution reaction from
1 M KOH solution at 28°C was investigated
by electrochemical impedance spectroscopy
technique. The Nyquist curves and the equivalent
electrical circuit is shown in figure 8. In this circuit,
the solvent resistance is shown with Rs, which
CPE1 represents the dual layer capacity and Cp is
the false capacitive capacity. Also, Rf represents the
absorption resistance of hydrogen at the electrode
surface, and Rct represents the electrochemical
charge transfer resistance. As shown in Table 3, in

the reduced sample with 60 wt.% excess carbon,
the charge transfer resistance has reached the
lowest value of 17 Ω. It should be noted that for
this observed decrease of charge transfer resistance
parameter in the produced samples is in accordance
with the increase in current density obtained by
polarization analysis measurements.
To compare the results of this study with other
papers, the hydrogen evolution activity of the
sample with 60% excess graphite was compared
with the activity of different materials and the
results has shown in Table 4. In the sample of
this study, at the Tafel slope of 75 mv/dec and the
additional potential in the current density of 10
mA/cm2, the activity of hydrogen evolution is 187
mV. In the case of a commercial sample of Pt/20
wt% C, the conditions are much better in such
a way that the additional potential is 30 mV at a
current density of -10 mA/cm2. The electrode has
now been commercialized, but due to the high
cost of platinum, extensive researches have done to

Table 2- Kinetics parameters from hydrogen release reaction obtained from polarization linear
Table 2- Kinetics parameters from hydrogen release reaction obtained from polarization linear curve
curve
and
Tafel
in 1electrolyte
M KOH electrolyte
and
Tafel
curve
in curve
1 M KOH
at 28 °C at 28 °C.
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.

.

.

.
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(1) Reduced sample with 40 wt.% extra graphite
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(2) Reduced sample with 60 wt.% extra graphite
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Fig. 8- Nyquist plots of various electrodes in 1 M KOH.
Figure 8- Nyquist plots of various electrodes in 1 M KOH.
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Table 3- EIS
EISfitting
fittingparameters
parameters of Ni-Mo
Ni-Mo electrodes
electrodes pressed
pressedatat700
700MPa.
MPa

Table 4- Comparison of different materials activity with the sample reduced with 60% of excess
graphite
Table 4- Comparison of different materials activity
with the sample reduced with 60% of excess

ﹾ

η

ﹾ

η

ﹾ

η

ﹾ

η

ﹾ

η

ﹾ

η

ﹾ

η

replace another material that has high activity and
economic value. In the case of the Ni72Co28 sample,
given the amount of potential in the same current
density, it can be stated that this sample has lower
activity than the sample of our study. In the cases
of Ni, Ni70Mo28Cu2, Ni-Mo(66.2-33.88%) and
Ni60Mo40, also the hydrogen evolution activity
is lower than the activity of this study. Here, in
addition to being confirmed that the alloying has
increased the hydrogen evolution activity in most
materials, it can be seen that mechanical alloying
increases the activity of hydrogen evolution in
the molybdenum-nickel alloy as opposed of
synthesizing by melting method. Also, the effect
of MoO2 along with molybdenum-nickel alloy in
hydrogen evolution with elements such as copper
and cobalt can be investigated [53, 54].

possible to investigate the effect of Mo2C and MoO2
on the electro-catalytic activity of molybdenumnickel alloy, which the reduced sample with 60 wt.%
excess graphite with a Tafel slope of 71 mV/dec,
current density of 0.289 mV/cm2 and resistance to
charge transfer of 17 Ω has the highest activity in
hydrogen evolution reaction.
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