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1. INTRODUCTION 

The production and utilization of clean hydrogen fuel is a mean 
to diminish negative environmental effects caused by popular con-
sumption of petroleum derivatives [1-3]. Hydrogen can be pro-
duced electrochemically from water and making use of a catalyst 
to facilitate electron transfer, such as platinum; a main drawback 
of this method are the high costs of commonly used noble metals 
[4-5], owing their excellent catalytic activities for hydrogen pro-
duction [6]. In the search of lower cost alternatives, the catalytic 
properties of Ni, Mo, Fe, Rh, and alloys of these metals have been 
explored. Some of the most important and studied metal catalysts 
are binary or ternary codeposits of Ni, such as NiZn, NiCo, NiW, 
NiMo, NiFe and NiCr [7]. In particular, the NiMo system has 
shown superior electrocatalytic activity compared to bare nickel 
and other nickel alloys, requiring lower overpotentials for hydro-
gen evolution [7-9]. This improved performance of the NiMo sys-
tem has been attributed to a cooperative electronic functioning 
mechanism of the alloy components involved [10]. NiMo materi-

als have also shown an advantageous electrochemical corrosion 
resistance and long term stability [7]; such characteristics have 
prompted investigation on the effect of factors, such as composi-
tion, nanostructure, or nanoparticle size on the performance of 
these materials. Consequently, it is convenient and often of interest 
in the catalysis field, as well as for applications in electronics and 
data storage, to count on approaches for fabrication of nanostruc-
tured materials at low cost, certainly rapid, and scalable for indus-
trial production. Electrodeposition is a highly convenient proce-
dure for such applications; multiparticulate materials are made in 
relatively short times, allowing quick screenings on the effect of 
synthesis conditions on the material properties. In particular, the 
electrocatalytic performance of NiMo multiparticulate systems 
depends on the fabrication conditions [11], which in turn may be 
tied up to their nanostructure (i. e. morphology and particle size) 
and composition [11]. The crystalline structure of NiMo materials 
is another parameter affecting the electrocatalytic performance of 
NiMo materials for hydrogen evolution [12, 13]. 

Electrodeposition of metallic nanoparticles is achieved either 
through the application of a double potential pulse or by means of *To whom correspondence should be addressed: Email: mvidea@itesm.mx 
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a single current pulse. The former method has been extensively 
explored for this purpose [14, 15]; however, the application of a 
single current pulse has shown some advantages over the double 
potential technique in terms of controlling size and size distribution 
of Ni nanoparticles [16]. The electrodeposition of Ni nanoparticles 
using both techniques was recently reported [16]; lower density 
(nanoparticles per unit area of substrate) and faster growth of 
nanoparticles were determined with the double potential pulse 
method, whereas better control of nanoparticle size (narrower size 
distributions and smaller standard deviations) was observed when a 
single current pulse of 90 or 110 miliseconds was applied. 

The purpose of this work was to explore the pulse current tech-
nique for electrodeposition of NiMo nanoparticles on glassy carbon 
substrates and further characterize their catalytic performance for 
the electrochemical production of hydrogen. 

2. EXPERIMENTAL 

The composition of the electrolytic bath used for NiMo alloy 
deposition contained the following, 0.2M NiSO4·6H2O (Sigma 
Aldrich), 0.06M Na2MoO4·2H2O (Mallinckroft Chemical Works), 
0.136M Na3C6H5O7·2H2O (Baker Analyzed Reagent) and deion-
ized water; the pH was adjusted to 9.0 adding NH4OH. Electrode-
position experiments were performed using a three-electrode ar-
rangement connected to an EG&G PAR potentiostat/galvanostat, 
model 273A. The working electrode was made from a glassy car-
bon (GC) rod, encapsulated in a resin and only exposing the cross 
sectional area (0.07 cm2). Prior to each experiment, the working 
electrode was polished with alumina suspensions with particle di-
ameters of 1, 0.1 and 0.02 μm. After polishing, the electrode was 
rinsed with deionized water and cleaned by immersion in an ultra-
sonic bath for 30 seconds. A Hg/Hg2SO4 electrode (0.641 V vs 
SHE) was utilized as reference and the auxiliary electrode con-
sisted of a platinum mesh. Electrodes were fitted into a teflon cap 
to hold them in position and placed in a glass cell containing 50 mL 
of the electrolyte solution. The pulse duration was kept constant at 
two seconds in all electrodeposition experiments, whereas the pulse 
current density was varied in the range of 7 and 430 mA/cm2. The 
cyclic voltammetry technique was used to characterize the electro-
catalytic activity of NiMo deposits; each deposit was transferred to 
a 0.78M H2SO4 solution, and a potential sweep from the open cir-
cuit potential of the system (usually -0.4 V vs Hg/Hg2SO4) to          
-0.9V, and back to the starting potential was performed. The cata-
lytic activity of the deposit for the hydrogen evolution reaction 
(HER) was a direct measure of the current generated at a potential 
of -0.9 V vs Hg/Hg2SO4. 

Electrodeposited NiMo materials were visualized under a FEI 
scanning electron microscope (Nova Nano SEM 200), and images 
captured at an accelerating voltage of 15 kV. Quantitative composi-
tional analysis of deposits was conducted by means of energy dis-
persive X-ray spectrometry (EDXS) coupled to the scanning elec-
tron microscope. 

Nanoparticle size was quantitatively measured by image analysis 
(Image J, NIH, Baltimore, MD); processing of original SEM files 
consisted of binary image reconstruction at a predetermined gray-
scale threshold. Approximately 300 in-focus objects were measured 
to obtain statistically representative determinations of mean 
nanoparticle diameter. 

3. RESULTS AND DISCUSSION 

3.1. Polarization potential curves 
Fig. 1 shows potential versus time curves generated during elec-

trodeposition of NiMo nanoparticles on glassy carbon (GC) sub-
strates and using variable pulse current density, jpulse; the pulse 
time, tpulse, was kept the same (two seconds) in all cases. A fast 
polarization leading to a minimum and a recovery towards a steady 
state was observed at jpulse values above 35 mA/cm2. However, at a 
jpulse equal or higher than 35 mA/cm2, the potential drops again and 
a second minimum becomes apparent at longer times; this is re-
markable in the inset of Fig. 1, where the x-axis scale is logarith-
mic. In the inset it can be observed that the first minimum occurs 
within the first milliseconds of polarization. Data acquisition limi-
tations do not allow a clear definition of these minima at the largest 
current pulse densities, but there is a clear recovery in the electrode 
potential and a second minimum is observed; it is near to 1 second 
for the 42 mA/cm2 pulse and shifts to shorter times as the current 
pulse density increases. It appears close to 0.2 sec for the 100 
mA/cm2 pulse. 

The appearance of a second minimum suggested that two differ-
ent materials were being deposited at current densities equal or 
higher than 35 mA/cm2, which was further confirmed by means of 
cyclic voltammetry. 

3.2. Electrocatalytic activity 
The electrocatalytic performance of deposits fabricated using 

variable pulse current density and identical pulse duration was 
characterized by means of cyclic voltammetry (Fig. 2). The current 
density associated with the hydrogen evolution reaction, jHER, was 

 

Figure 1. Potential versus time curves generated during electrode-
position of NiMo nanoparticles at different pulse current condi-
tions. In the inset, the time-axis is in logarithmic scale. 
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taken as a direct measure of the electrocatalytic activity; this value 
was obtained from readings at a potential of -0.9 V vs Hg/HgSO4. 
Fig. 2 shows cyclic voltammograms generated by materials electro-
deposited at jpulse values of 7, 15, 35, 42 and 70 mA/cm2 and using a 
tpulse = 2 seconds, in all cases. Inset in Fig. 2 plots the current meas-
ured at -0.9 V vs Hg/HgSO4, i. e. jHER, against the pulse current 
density, jpulse, applied to fabricate the deposit. The activity of depos-
its rapidly increased as the jpulse value reached 35mA/cm2, and was 
highest for electrodeposits obtained at current densities between 70 
and 100 mA/cm2, remaining practically unvaried and dropping at 
jpulse values greater than 100mA/cm2. 

Tafel parameters for these experiments and jHER values are 
shown in Table 1. The values obtained for the exchange current 
density are similar for all the deposits, but there is a significant 
difference in the values for the Tafel slope for the deposits prepared 
at the lower current densities which are 473 and 355 mV dec-1, for 
7 and 15 mA/cm2, respecively. These values may be explained in 
terms of the total area of the deposit available for electrocatalysis 
since the surface area and the intrinsic catalytic activity of the de-
posit are entangled. At the highest current densities slightly larger 
values for the Tafel slope are consistent with a decrease in the cur-
rents densities, jHER, obtained at a polarization of -0.9 V vs 
Hg/Hg2SO4. 

3.3. Electrochemical stability 
Fig. 3 shows cyclic voltammograms of a deposit fabricated at a 

pulse current density (jpulse) and time (tpulse) of 70 mA/cm2 and two 

seconds, respectively; three consecutive cycles were performed. 
The first cycle started at an open circuit potential of -0.4V towards 
-0.9V vs Hg/HgSO4; an exponential increase in current, due to 
hydrogen evolution started at approximately -0.7 V. In a subse-
quent cycle, performed immediately after, the potential was taken 
to -0.9V and then to 0.2V. The anodic peak observed at a potential 
of -0.241 V was associated to the oxidation of a material called I. A 
second peak, smaller and wider generated at 0.128 V vs Hg/HgSO4 
was related to a second material, named II. These observations 
were consistent with that suggested by the potential vs. time curves 
shown in Figure 1, which indicate the electrosynthesis of two dif-
ferent materials. A third consecutive cycle caused a dramatic drop 
in the current at -0.9V, and only ~20% of the current generated in 
the first cycle remained. Furthermore, when sweeping the potential 
now towards positive values, only the II peak was observed and 
slightly shifted towards more negative potentials. Conclusions 
drawn from these results were that material type I, removed during 
the second cycle, had higher electrocatalytic activity, but lower 
stability than material type II. In the following, material type I re-
call the most active one, which oxidizes at -0.241 V vs Hg/Hg2SO4, 
whereas material II refers to that oxidizing at 0.128 V vs Hg/ 
Hg2SO4. Fig. 4 shows cyclic voltammograms of deposits fabricated 

 

Figure 3. Cyclic voltammograms for a NiMo deposit fabricated at 
jpulse = 70 mA/cm2 and tpulse = 2 seconds. Three consecutive cycles 
included: (1) sweeping the potential from -0.4V to -0.9V to screen 
the hydrogen evolution current; (2) the potential was taken to 
0.2V, where anodic peaks I and II were observed; and in the third 
cycle, (3), peak I was not longer observed. 
 
 

 

Figure 2. Cyclic voltammograms generated by deposits fabricated 
at jpulse values of 7, 15, 35, 42 and 70 mA/cm2. Inset plots the cur-
rent generated -0.9V vs Hg/HgSO4, i. e. jHER, as function of jpulse. 
 

Table 1. Tafel parameter for the hydrogen evolution reaction on deposits prepared at different pulse current densities. 

 

 7 15 25 42 70 100 140 286 429 

log  (j0,A/cm2) -3.8 -3.9 -3.8 -3.9 -3.9 -3.9 -4.0 -4.0 -3.9 

Tafel slop  (mV/dec) 473 355 99.6 91.6 86.1 93.1 83.1 114 97.8 

jHER (mA/cm2)   at -0.9V vs. Hg/Hg2SO4 1.2 5.4 17.8 22.2 24 23.6 24.6 17.4 18.9 

Pulse current density, jpulse, mA/cm2  
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at different pulse current density, where the area under the oxida-
tion peak I was greater as the pulse current density, jpulse, was also 
higher, suggesting that the amount of this material increased with 
jpulse. The area under the peak II remained essentially constant upon 
varying jpulse. 

3.4. Nanoparticle dispersion and size 
Fig. 5 shows scanning electron microscopy (SEM) images of 

electrodeposits fabricated at different pulse current density, jpulse, 
and using a pulse time, tpulse, of two seconds in all cases. The pulse 
current density was 15, 35, 50, 70, 100 and 140 mA/cm2 respec-
tively in Figs. 5 a), 5 b), 5 c), 5 d), 5 e) and 5 f). Nanoparticles 
(NPs) were observed in all cases; however, nanoparticle dispersion 
(i. e. number of objects per unit of substrate area) was lower (~150 
per µm2) in the deposits obtained at 15 and 35 mA/cm2 in compari-
son to those fabricated at higher jpulse values, suggesting that at 
higher pulse current density, nuclei formation is being promoted 
[16]. At jpulse values equal or higher than 50 mA/cm2, NP dispersion 
was approximately 300 per µm2 and did not significantly changed 
upon varying the pulse current density. A mean nanoparticle di-
ameter, Dmean, of 27.6, 29.7, 32.8, 34.3, 36.1 and 38.1 was respec-
tively determined for jpulse values of 15, 35, 50, 70, 100 and 140 
mA/cm2; this increase in Dmean with jpulse was consistent with an 
extended stabilization or growth phase observed in polarization 
curves upon increasing the pulse current density [16]. 

Fig. 6 shows the effect of pulse current density, jpulse, on NP size 
distributions; in all cases the deposition pulse time, tpulse, was equal 
to two seconds. Narrower distributions were seen when jpulse was 
either 15 or 35 mA/cm2 in comparison to those obtained at higher 
jpulse values. Upon increasing jpulse, distributions shifted towards 
larger diameters and the probability density increased in the range 
of 40 nm ≤ NP diameter ≤ 120 nm, suggesting higher counts of NP 
sizes within that range. This trend, which was consistent with quali-
tative features of SEM images, manifested itself in a gradual in-
crease in Dmean with jpulse, again suggesting a promoted generation 
of larger NP diameters by either a high jpulse value or an extended 
stabilization (growth) stage during electrodeposition [16]. 

3.5. Compositional analysis 
Variations in the applied current density, jpulse, affected both, Ni 

and Mo content of electrodeposits fabricated in the range of 15 
mA/cm2 ≤ jpulse ≤ 140 mA/cm2 (Table 2). Ni weight percent was 
greater that Mo content in all fabricated deposits, however no trend 
was found between composition and jpulse. The presence of oxygen 

 

Figure 5. Scanning electron images of electrodeposits fabricated at 
15, 35, 50, 70, 100 and 140 mA/cm2 are respectively shown in a), 
b), c), d), e) and f). 
 

 

Figure 6. Size distributions of nanoparticles electrodeposited at 
jpulse values in the range of 15 to 140 mA/cm2; tpulse was equal to 
two seconds in all cases. 
 

 

Figure 4. Cyclic voltammetry of deposits obtained at pulse current 
densities of 25, 35 and 70 mA/cm2 show differences in areas of 
peaks I and II. 
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was evident from EDXS results presented in Table 2, and sug-
gested that oxides formation is highly likely. A mechanism of cata-
lytic reduction of molybdate (MoO4)

-2 to the metallic state by a 
nickel-citrate complex (Ni(Ci)-), forming the species 
[Ni(Ci)MoO2]

-, which further reduce to NiMo, has been proposed 
[17-18]. This mechanism provides insights on the way oxygen 
could be incorporated in the electrodeposits. Ongoing X-ray photo-
electron spectroscopy (XPS) analysis will provide additional infor-
mation on oxides formation, and will be helpful to understand oxy-
gen role on the catalytic activity or whether it forms part of the 
deposit or not. 

EDXS mapping of deposits (Fig. 7) show the Ni, Mo and O de-
tection within deposits obtained at 15 and 70 mA/cm2. Figs. 7 a), 7 
c) and 7 e) show the distribution of Mo, Ni and O in the deposit 
fabricated at 15 mA/cm2, whereas Figs. 7 b), 7 d) and 7 f) were for 
that deposited at 70 mA/cm2. These results suggested a rather uni-
form composition of the material throughout the sample, in other 
words, an approximately identical composition is expected at any 
point. Similar results were seen for other jpulse values, however, 
such analysis did not provide enough information to composition-
ally distinguish between materials I and II above referred. Addi-
tional X-ray photoelectron spectroscopy (XPS) analysis being un-
dergone will be helpful to detect compositional heterogeneities 
throughout the samples and confirm the possible presence and dis-
tribution of two different catalytic materials (I and II) mentioned 
above. In addition, will aid to understand the role of each material 
type in the catalytic performance of deposits, as well as the pulsed 
current conditions at which the deposition of each material type is 
promoted. 

4. CONCLUSIONS 

The electrodeposition of NiMo nanoparticles (NPs) was success-
fully achieved by means of current pulses and using a binary elec-
trolyte; nanoparticle sizes ranged between 10 and 110 nm, and 
mean diameter values were dependent on the pulse current density, 
jpulse, used. Nanoparticle dispersion and mean diameter, Dmean, were 
both lower when the jpulse value was also low. A prolonged nanopar-
ticle growth and promoted nuclei formation at higher jpulse values 
was consistent with a gradual increase of Dmean and higher nanopar-
ticle counts per unit area of substrate upon increasing the jpulse 
value. Narrower NP size distributions were obtained at smaller 
pulse current density values, suggesting the efficacy of the pulse 
current technique to control NP size. The pulsing current conditions 
used for NP electrosynthesis affected their electrocatalytic perfor-
mace for the hydrogen evolution reaction, which was determined as 
the current generated at a potential of -0.9 V vs Hg/HgSO4, i. e., 
jHER. In the range of 7 mA/cm2 ≤ jpulse ≤ 70 mA/cm2 the electroac-
tivity was gradually improved upon increasing the jpulse value; re-

maining practically unchanged upon further increasing jpulse. Two 
catalytically distinct materials, showing different electrochemical 
stability, were likely present in electrodeposits, however EDXS 
results showed compositional uniformity at any point within the 
sample and further studies are needed to confirm the electrosynthe-
sis of such distinct types of catalytic materials. 
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Figure 7. EDXS mapping of electrodeposits fabricated at 15 (a), c) 
and e)) and 70 mA/cm2 ( b), d) and f)). Images a) and b) present 
Mo distribution within the samples, whereas images c) and d) 
show Ni detection; O distribution is given by images e) and f). 
 
 

Content, % weight  
15 35 50 70 100 140 

Ni 53.6 54.0 42.6 72.8 46.9 66.4 

Mo 10.6 12.4 16.1 4.2 6.3 6.8 

O 35.8 33.6 41.3 23.0 46.8 26.8 

Pulse current density, jpulse, mA/cm2  

Table 2. Composition of NiMo nanoparticles electrodeposited at different pulsing current conditions. 
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