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Abstract

Ni–Mo nanocrystalline layers were electrodeposited using direct current from citrate–ammonia solutions. The
quartz crystal microbalance investigation confirms that the discharge process starts with hydrogen evolution before
the onset of the alloy deposition. The grain size was estimated from X-ray line broadening. It decreases when the
molybdenum content is increased. It is smaller for layers deposited at pH 9.5 than 8.5. The microhardness exhibits a
maximum close to 800 Vickers for sMo around 17 wt%. For higher sMo a softening is observed showing a deviation
from Hall-Petch behaviour due to small grain size. In deaerated hydrochloric solutions, the layers show a large
passivation domain without any pitting. The corrosion currents as well as the passivation currents, higher than for
the bulk Hastelloy B alloy, decrease when sMo is increased.

1. Introduction

In the last decade, nanocrystalline materials have been
developed, due to their exceptional mechanical, mag-
netic, etc. properties [1]. Several methods have been
proposed for their preparation such as melt spinning,
ball milling and gas condensation [1]. Since the pioneer-
ing work by Erb et al. [2], investigations on nanocrys-
talline materials produced by electrodeposition methods
have considerably increased. Electrodeposition is a
relatively easy and cheap method, in which the initial
size of the nuclei can be controlled through the applied
overpotential, and leads to dense, non-porous materials,
avoiding further compaction.
The electrodeposition of Ni–Mo alloys has been

extensively investigated [3–7]. These alloys, such as the
commercial alloy Hastelloy B, exhibit exceptional cor-
rosion resistance in highly corrosive media such as non-
aerated concentrated hydrochloric solutions [8]. They
are also known as good catalysts for hydrogen evolution
[9–11]. Although molybdenum cannot be separately
deposited in aqueous solutions, it can be co-discharged
with an iron-group metal, in the presence of appropriate
complexing agents [12]. The codeposition mechanism is
still not clearly understood although several investiga-
tions have been carried out [4, 13–16].
The goal of the present work is to determine whether

the grain size is controlled mainly by the molybdenum
content and/or by the electrodeposition conditions and
to examine the effect of the grain size on the properties
of the films, especially their corrosion resistance. Very
limited fundamental understanding exists concerning

the corrosion resistance of nanocrystalline materials and
controversial results have been published [17].
To this end we prepared a wide range of Ni–Mo alloys

of various compositions and investigated their proper-
ties in correlation with their grain sizes.
According to literature and previous investigations,

the best complexing agent is sodium citrate together
with ammonia [3, 7]. The important plating parameters
are the ratio of molybdate/nickel species concentrations,
the sodium citrate and ammonia (pH) concentrations
and the current density. Best results are obtained for pH
values in the range 8–10 [3].

2. Experimental conditions

Solutions were prepared from analytical grade purity
chemicals dissolved in high-purity water. They con-
tained 0.2 mol dm3 nickel sulfate, 0.02–0.03 mol dm�3

sodium molybdate, 0.2–0.3 mol dm�3 trisodium citrate.
The composition of the main baths is given in Table 1.
The pH was adjusted by addition of ammonia. The bath
temperature was maintained at 30 �C. The counter-elec-
trode was a nickel sheet of commercial purity. A
saturated calomel reference electrode was used.
Ni–Mo alloys were deposited under galvanostatic

conditions on copper foils or on Armco iron plates
previously polished and degreased. A quantity of
electricity between 200 and 300 C cm�2 was applied to
obtain a film thickness close to 30 lm. An investigation
with an electrochemical quartz crystal microbalance
(Maxtek PM 740) was also carried out to obtain more
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information on the deposition and dissolution charac-
teristics.
The alloy composition was determined either by EDX

or ICP analysis. The morphology was observed by
SEM. The structure was examined by X-ray diffraction
with a cobalt anode (Ka1 ¼ 0:17889 nm). The size of the
coherent domains was estimated from the integral
breadth of the diffraction lines using the Scherrer
formula. Some TEM observations were also carried
out (Akashi EM002B, 200 kV); the samples were first
separated from their substrates by peeling or by dis-
solving the copper foils in chromic acid solutions; the
films were further thinned by ion milling. The Vickers
microhardness of the deposits was measured with 50–
200 g load. The corrosion resistance of the films was
determined from the polarisation curves and from
impedance measurements in de-aerated 1 N HCl solu-
tions and compared to the behaviour of Hastelloy B.

3. Results

3.1. Electrodeposition conditions: Composition, current
efficiency

The electrocrystallisation behaviour was investigated by
cyclic voltammetry, using an electrochemical quartz
crystal microbalance (EQCM). Figure 1 shows the
current density response (curves 1) and the mass changes
(curves 2) for electrolytes 1a and 1b. With increasing

pH, the cathodic polarisation curve is shifted towards
more negative potentials (curve 1b compared to curve
1a). This feature is mainly due to the hydrogen evolution
reaction, which is much smaller at pH 9.5. In both cases
the alloy deposition starts at potentials inferior to
�1200 mV SCE�1 i.e. about 200 mV smaller than the
potential for which the cathodic current starts to
increase (curves 2a and b). This behaviour confirms
that the cathodic process starts with hydrogen evolution
before the onset of metal deposition [7, 13]. We
previously showed, through steady-state and impedance
investigation, that the deposition of Ni–Mo alloys starts
with hydrogen evolution resulting from citrate reduction
of the alcohol function, through a mixed oxide
layer. When the polarisation is increased, the presence of
the Ni2þ species enables the reduction of the oxide
into the Ni–Mo alloy [13]. It has already been
observed for other Co–Mo alloys, that the alloy
deposition does not start beyond a certain potential
threshold [16].
The partial polarisation curves can be calculated from

Figure 1 using Faraday’s law and chemical analysis of
the alloys (Figure 2). The partial current for molybde-
num discharge is increased at pH 9.5 compared to pH
8.5, whereas a marked opposite trend is observed for the
nickel discharge.
During the anodic scan, one or two broad peaks are

observed. The peak current is the more intense the more
cathodic the inversion potential. The peaks are also
much more pronounced at pH 8.5 than 9.5 (Figure 1,
curve la compared to 1b). Indeed at pH 9.5, the
dissolution of the deposited layer is quite low, whereas
at pH 8.5 the dissolution of the alloy layer is more
intense (curve 2b compared to 2a). In this pH range the
alloys never totally dissolve [8].
As is well known in these electrolytes, the molybde-

num content, sMo, decreases when the current density or
the pH is increased (Figure 3, curves 1 and 2). The effect
is more pronounced at pH 9.5 than at 8.5. The

Table 1. Composition of the main plating solutions (mol dm)3)

Electrolyte NiSO4 Æ 6H2O Na2MoO4 Æ 2H2O Na3C6H5O Æ 2H2O pH

1a 0.2 0.02 0.3 8.5

1b 0.2 0.02 0.3 9.5

2a 0.2 0.03 0.3 8.5

2b 0.2 0.03 0.3 9.5

3a 0.2 0.03 0.2 8.5

3b 0.2 0.03 0.2 9.5

Fig. 1. Cyclic voltammetry curves recorded in the plating solutions

using the EQCM (scan rate: 10 m V s�1). Index a (dotted lines):

0.02 M Na2MoO4, pH 8.5 (electrolyte 1a); Index b (solid lines): 0.02 M

Na2MoO4, pH 9.5 (electrolyte 1b). Curve 1: current density responses

(mA cm�2); Curve 2: mass changes (lg cm�2).

Fig. 2. Partial current densities for nickel and molybdenum discharges

(mA cm�2). Curve 1a (electrolyte 1a): Ni partial current density; Curve

2a (electrolyte 1a): Mo partial current density; Curve 1b (electrolyte

1b): Ni partial current density; Curve 2b (electrolyte 1b): Mo partial

current density.
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molybdenum content increases slightly with the
molybdate concentration in the solution (curves 2 and
3). The current efficiency ranges from 70 to 30%, it
decreases for current densities higher than 20 mA cm�2,
or when the pH is reduced or when the molybdate or the
citrate concentration is increased.
For this investigation, several Ni–Mo films have been

prepared in a wide range of compositions from 5 to
40 wt % Mo, by varying the deposition conditions.
Alloys with high molybdenum contents have been
deposited under forced hydrodynamic conditions.

3.2. Surface morphology

Films deposited at low current densities are bright and
show a light grey colour. As examined by SEM, they
exhibit a more or less nodular morphology. The size of
the nodules depends on the deposition conditions; it is
smaller at pH 9.5 (Figure 4a) than at pH 8.5 (Figure 4b).
The alloys with a molybdenum content higher than
30 wt % often exhibit cracks due to high tensile stress
levels [3] (Figure 4c).

3.3. Crystalline structure

The layers exhibit the face-centred-cubic structure of
the Ni–Mo solid solution, supersaturated for films with
molybdenum content higher than about 20 wt % [18].
At low molybdenum content, the XRD patterns show
all the characteristic diffraction peaks (Figure 5). With
increasing molybdenum content, sMo, the lines are
increasingly broadened and their intensities decrease;
the (1 1 1) preferred orientation becomes more pro-
nounced. For large molybdenum content, quasi-amor-
phous alloys are obtained and only the (1 1 1) halo is
observed.
The grain size, or more precisely the size of the

coherent domains, was calculated from the line broad-
ening, corrected for device broadening, using Scherrer’s
formula. Due to the marked preferred orientation, only
the (1 1 1) line was used and hence Williamson and Hall
or Halder Wagner analysis was not possible. As a result,
the grain size may be underestimated since microstresses,

Fig. 4. SEM micrographs (secondary electron images). (a) Ni–Mo (17 wt %) (electrolyte 3b, 150 mA cm�2, thickness 22lm); (b) Ni–Mo

(20 wt %) (electrolyte 1a, 60 mA cm�2, thickness 35 lm); (c) Ni–Mo (38 wt %) (electrolyte 1b, 150 mA cm�2, thickness 28 lm).

Fig. 3. Molybdenum content as a function of the applied current

density. Curve 1: 0.02 M Na2MoO4, pH 8.5 (electrolyte 1a); Curve 2:

0.02 M Na2MoO4, pH 9.5 (electrolyte 1b); Curve 3: 0.03 M Na2MoO4,

pH 9.5 (electrolyte 2b).
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which also contribute to the line broadening are prob-
ably important. As shown in Figure 6, the grain size
decreases markedly from 25 nm to a few nm when the
molybdenum content increases from 10 to 35 wt %.
Quasi-amorphous alloys are obtained for sMo greater
than 30 wt %. However, the grain size is larger for
alloys deposited at pH 8.5 than at pH 9.5 (curves 1, 2
and 3). It may be noted that the grain sizes are much
smaller than those obtained for pure nickel layers, pulse-
plated in the absence of additives, which were around
30 nm [2].

3.4. TEM investigation

Figure 7(a) shows an electron diffraction diagram of Ni–
Mo alloy thin film with 30 wt % Mo. The diffraction
rings are characteristic of the polycrystalline fee struc-
ture of this alloy. Figure 7(b) and (c) shows bright field
images of Ni–Mo alloys with 30 and 21 wt % Mo. In
this case, the electron diffraction by crystallites is

responsible for image contrast: the dark particles rep-
resent crystallites in diffraction position, the bright areas
correspond to crystallites out of diffraction condition.
These images exhibit grain sizes ranging between 4 and
17 nm with certain dispersion (average 5 nm). This
grain size is slightly greater than the coherency length
measured by X-ray diffraction as explained above.

3.5. Microhardness

The microhardness of the electrodeposited alloys is in
the range 500–800 HV. As often observed for electro-
deposited films, this value is much higher than for the
bulk alloy Hastelloy B (290 � 10 HV). No monotonic
dependency, neither with the molybdenum content, nor
with the grain size is observed (Figure 8). For grain sizes
in the range 10–15 nm, the microhardness increases with

Fig. 5. XRD patterns for Ni–Mo layers deposited from solution

containing 0.03 M Na2MoO4 at pH 9.5 (electrolyte 2b).

Fig. 6. Grain size (coherency length along, h1 1 1i direction) of Ni–Mo

layers as a function of molybdenum content. Curve 1: 0.02 M

Na2MoO4, pH 8.5 (electrolyte 1a); Curve 2: 0.02 M Na2MoO4, pH

9.5 (electrolyte 1b); Curve 3: 0.03 M Na2MoO4, pH 9.5 (electrolyte 2b).

Fig. 7. TEM images Ni–Mo alloys deposited from electrolyte 2b.

(a) electron diffraction of Ni–Mo 30 wt %; (b) bright field images of

Ni–Mo 30 wt%; (c) bright field images of Ni–Mo 21 wt %.
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molybdenum content. A maximum is obtained for
16 � 1 wt % Mo. For higher sMo, HV decreases with
increasing sMo and decreasing grain size.
According to the Hall-Petch relationship, the hard-

ness should increase when the grain size, D, decreases as
a function of Dn, with n close to �0.5 [1]. In the case of
Ni–Mo alloys, hardness is also expected to increase
when the Mo content is increased. Figure 9 shows the
microhardness plotted as a function of D�0:5. For grain
size greater than 10 nm, the microhardness follows a
Hall-Petch behaviour (solid line). For smaller grain size,
deviation is observed, as already shown for Ni or Ni–W
electrodeposited nanocrystalline materials [2, 19, 20].
We applied a model proposed by Palumbo et al. [21]

to evaluate the grain size dependence of volume frac-
tions associated with grain boundaries and triple junc-
tions, which considers the grain shape as regular 14
sided tetrakaidecahedron. The total intercrystalline
fraction (Vic) would be given by Vic ¼ 1� ½ðD� DÞ=
D�3 and the volume fraction of the grain boundary

fraction (Vgb) is: Vgb ¼ ½3DðD� DÞ�2=D3, where D is
the mean grain size and D, the grain boundary thickness
(1–2 nm for nanocrystalline deposits [19]). The volume
fraction associated with the triple junction would then
be equal to the difference Vtj ¼ Vic � Vgb. For example,
for a grain size of 15 nm, intercrystalline regions occupy
about 19% of the surface area, if we assume a grain
boundary thickness of 1 nm (Vic ¼ 35% for D ¼ 2 nm).
The onset of decreasing hardness would occur when the
intercrystalline regions, especially the triple lines, occupy
an significant fraction of the material [2].
We made a rough estimate of the hardness grain size

dependency as developed by Yamasaki et al. for Ni–W
nanocrystalline deposits [19]. For mean grain size, D,
greater than 10 nm, the hardness follows Hall-Petch
behaviour (Figure 9, solid line). For smaller grain sizes,
deviation occurs. The hardness, Hcal, would vary as a
function of the total intercrystalline fraction ðVicÞ, rather
than the triple junction fraction according to:
Hcal ¼ Vic Hic þ ð1� VicÞ HHP, where HHP is the Hall-
Petch hardness (slope 0.6 MPa m�0:5, i.e. lower than for
Ni–W alloys [19]) and Hic is the hardness of amorphous
materials (estimated as 770 HV). Figure 9 (dashed line)
shows that the experimental data qualitatively agree
with this fit.

3.6. Corrosion resistance

The corrosion resistance of the electrodeposited alloys
was measured in deaerated 1 M HCl solutions, in which
Ni–Mo alloys are known to exhibit excellent corrosion
resistance [8]. Their behaviour is compared to that of
Hastelloy B. The results are summarised in Table 2. We
first investigated the corrosion resistance of these alloys
using the quartz crystal microbalance. Ni–Mo films
(20 wt %Mo) were electrodeposited on the EQCM from
electrolyte 1a. Figure 10 shows the current density (curve
1) and the mass responses (curve 2). Tafel extrapolation

Fig. 8. Microhardness of various Ni–Mo deposits as a function of

molybdenum content, sMo. Indices indicate the corresponding grain

sizes (the dashed line is only a guide for the eyes).
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of the cathodic polarisation curve leads to a corrosion
current density close to 85 lA cm�2, i.e. higher than for
Hastelloy B (30 lA cm�2). In the anodic range, the
deposit shows a large passivation domain. For potentials
greater than about �50 mV, transpassive dissolution
occurs. No pitting and no hysteresis on the reverse scan
are observed (see insert in Figure 10). We calculated
R ¼ Dmexp � F =Q, ratio of the experimental mass de-
crease times the Faraday’s constant divided by the
electrical charge. According to Faraday’s law, this ratio
is the equivalent molar mass of the dissolving material,
provided that the faradic efficiency is equal to unity. In
the potential range�0.1 to 0 V, this ratio is constant and
equal to 26 � g)1 mol�1, which is approximately the

equivalent molar mass of a 20 wt % Mo alloy. This
confirms that, in this potential range, transpassive
dissolution of the alloy occurs. Figure 11 shows examples
of polarisation curves for some deposits together with
that of Hastelloy B. All the samples exhibit a passivation
behaviour with a breakdown potential in the range �50
to �10 mV (Table 2). The corrosion current density and
the passive current density are markedly higher than for
the bulk alloy, Hastelloy B. Both currents decrease when
the molybdenum content increases. However, these
currents also depend on the grain size, as shown for the
corrosion current in Figure 12.
For nanocrystalline nickel it has been shown that,

though the thickness and composition of the passive

Table 2. Molybdenum content, sMo, grain size, D, corrosion current density, Jcorr, corrosion potential, Ecorr, passive current density, Jp and

breakdown potential, Ebreakdown

Experimental

conditions

sMo/wt% D/nm Jcorr/lA cm)2 Ecorr vs SCE/mV Jp/lA cm)2 Ebreakdown vs

SCE/mV

HastB 28 30 )270 15 )30
Ni–Mo/EQCM 20 85 )220 90 )50
Ni–Mo/EQCM 20 90 )230 60 )10
Electrolyte 2b 11.5 7.5 420 )300 200 )40

13 8 250 )295 130 )40
17 6.5 150 )300 120 )40
21 4 60 )295 100 )50
30 1.5 55 )300 100 )50

Electrolyte 1a 21 8 160 )280 90 )20
19 11 120 )275 65 )10
20 12 140 )260 90 )20
19 13 175 )275 100 )10
18 13 400 )290 190 )10
17 15 1000 )300 300 )10

Electrolyte 1b 15 8 35 )325 65 )20
7 23 3500 )325 620 )60

Electrolyte 3b 7 12 2800 )310 500 )100
38a 2 2000 )330 450 )60

a This layer showed several cracks

Fig. 10. Voltammetric behaviour in de-aerated 1 N HCl solution of a

Ni–Mo layer (20 wt %) deposited from electrolyte 1b on the EQCM

(scan rate: 1 mV s�1). Curve 1: current density response; Curve 2: mass

change response. Insert: forward and reverse scans in the potential

range �0.2, þ0.1 V.

Fig. 11. Polarisation curves of various Ni–Mo deposited from solution

0.03 M Na2MoO4, pH 9.5 (electrolyte 2b). Curve 1: sMo ¼ 12wt%;

Curve 2: sMo ¼ 17wt%; Curve 3: sMo ¼ 30wt%; Curve 4: Hastelloy B.
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films are nearly identical as for macrocrystalline nickel,
the passive current density was higher and increases
when the grain size decreases [22–24]. This was attrib-
uted to the higher proportion of default sites, i.e. grain
boundaries and triple junctions in the nanocrystalline
metals. Again we applied Palumbo’s model to the
passivation behaviour of the Ni–Mo deposits. Taking
account of the grain size, we decomposed the passiva-
tion currents, Jp, into a partial current associated with
the grain boundary, Jgb ¼ Jp � Vgb and an intrinsic
passivation current Jintrinsic ¼ Jp � ðJp � VgbÞ. Figure 13
shows an example of this qualitative calculation. The
intrinsic passivation current, Jintrinsic, depends on the
alloy composition (curve 2) whereas the current density
associated with the grain boundaries is nearly constant
and close to 50 lA cm�2 (curve 3).

4. Conclusion

Ni–Mo alloys have been electrodeposited using direct
current. The grain size of the alloys decreases when the

molybdenum content is increased. However, it also
depends on the deposition conditions; it decreases when
the electrolyte pH or the molybdate concentration is
increased (Figure 6).
The corrosion behaviour appears to depend on both

parameters: molybdenum content and grain size, which
controls the grain boundary volume fraction. When the
Mo content is increased, the intrinsic corrosion resis-
tance tends to increase, but the grain size is reduced and
hence the fraction of intercrystalline regions increases
drastically, which has an opposite effect. The best
corrosion resistance is obtained for alloys with 15–
30 wt % Mo. Larger molybdenum contents induce
cracking of the films leading to non-protective coatings.
For lower molybdenum content, films with the smaller
grain size have the best corrosion resistance.
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Fig. 12. porrosion current density as a function of grain size. Curve 1:

0.03 M Na2MoO4, pH 9.5 (electrolyte 2b); Curve 2: 0.02 M Na2MoO4,

pH 8.5 (electrolyte 1a); (�) 0.02 M Na2MoO4, pH 9.5 (electrolyte 1b).

Fig. 13. Passive behaviour as a function of molybdenum content

(electrolyte 2b). Curve 1: Passivation current density, Jp; Curve 2:

Jintrinsic ¼ Jgb � Jp; Curve 3: Jgb calculated according to [21].
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