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Abstract
This paper details the electrodeposition of metallic molybdenum from an aqueous electrolyte
containing molybdate ions. The deposition is performed in an acetate bath that contains a
high (up to 10 M) concentration of acetate. The molybdenum deposits are thick (up to 20

μm), adherent and were characterized by XRD and XPS analysis. The deposition is
inefﬁcient, with most of the current (up to 99%) used in the electrolysis of water to generate
hydrogen. The effect of acetate concentration, pH, additives and current on the deposition
efﬁciency and physical properties of the molybdenum deposit were investigated and
optimized to obtain smooth, adherent coatings.
1 Introduction
4
The unique properties of molybdenum
are often exploited as coatings to increase the thermal

and wear resistance of materials. [1] They are most often manufactured by sintering, pressing
or spraying molybdenum powder at elevated temperature, rather than electroplating. [2, 3] The
dearth of reports describing the electrodeposition of molybdenum is most likely due to its
highly oxophilic nature and stability of its oxides, especially in water. Attempts to
electrochemically reduce and deposit molybdenum from molybdate (MoO2−) ions produces
either a poorly adherent mixed oxide, [4–6] or a thin (< 0.1 μm) metallic ﬁlm. [7] Thicker (up
to 3 μm) metallic molybdenum has been deposited in the presence of ﬂuoride ions, [8] and
even thicker (>3 μm) coatings can be co-deposited in the presence of one of the iron-group
metals (Ni, [9] Co [10] and Fe [11]) to give an alloy. However these alloys generally contain
less than 50% molybdenum and may not be suitable for applications requiring pure
molybdenum.
Thick (≤ 500 μm) metallic molybdenum deposits, via electrodeposition, have been reported by
using non-aqueous electrolytes. [12, 13] Such processes utilize a molten chloride salt or oxide
melt electrolyte, generated by melting together the molybdenum salt with one or more alkali
salts at high temperatures (>800 °C). However, the high temperatures and water-sensitive
molybdenum salts require signiﬁcantly more complex and specialized equipment. The

concept of bringing together the beneﬁts of both aqueous and molten salt electrolytes by
employing a saturated aqueous salt electrolyte has remained largely unexplored. To our
knowledge only one report details such an approach, [14] and describes a lustrous, white
metal, adherent deposit of molybdenum up to 1.5 μm thick from an electrolyte containing
molybdates and a high (>5 M) concentration of co-salt.
The current paper describes carefully optimized conditions under which thick (>5 μm)
metallic deposits of molybdenum can be obtained from aqueous molybdate containing
electrolytes. The deposition efﬁciency and physical characteristics of the deposit were
found to be highly dependent on the pH of the electrolyte, yielding a non-crystalline
molybdenum metal layer, completely reduced from its oxide form(s).
2 Experimental
In a typical experiment, potassium acetate (25 g, 255 mmol), ammonium acetate (20 g,
260 mmol) and ammonium heptamolybdate (250 mg, 1.0 mmol) were dissolved in water
(25 ml) contained in a jacketed beaker, preheated to 30 °C and stirred at 800 rpm. A typical
electrolyte has a viscosity of 11.4 mPa. The pH of the solution was adjusted with either
concentrated acetic acid or ammonium hydroxide. A platinum gauze anode (70 × 50 mm)
was held parallel, at a distance of 40 mm, to a pre-cleaned (by 1200 grade SiC paper,
acetone and water) copper cathode (with 32 × 11 mm working surface area). The cathode
was held in place using a PTFE holder that exposes only one face to the electrolyte. The
electrodes were connected to a potentiostat (Princeton Applied Research model 273A).
After 1 h the current was stopped, the cathode removed, washed with distilled water, dried
under vacuum, weighed and characterized using the techniques outlined below.
Optical microscopy was performed using a Nikon Eclipse MA200. SEM and EDX spectra

were obtained using a Hitachi S3000-N microscope. XRD spectra were obtained using a
Bruker D8 powder diffractometer and XPS spectra were obtained using an Omicron and
Leybold Max200 spectrometer.

Fig. 1. Effect of pH (6.2–7.0) and current density (0.2–0.5 Acm− 2) on d.c.e over a
one hour experiment.
3 Results and Discussion
3.1 Optimization of Bath and Electrode Composition
With the aim of developing an electrolyte that would promote deposition of thick coatings of
molybdenum, a series of baths were tested that contained a high (up to 10 M) concentration
of acetate, formate, phosphate or chloride salts at ambient temperature and neutral pH. Of
these initial trials, only the acetate baths resulted in thicker (>1 μm), lustrous deposits, a
result consistent with the only other previous report. [14] The molybdenum deposit obtained

from this process (>99.9% Mo by EDX analysis) had a nodular, non-smooth surface (see
Fig. 2). Metallic deposits were obtained using molybdenum trioxide and sodium, potassium
and ammonium molybdates interchangeably, without any noticeable difference in the
deposition. Molybdate concentrations were varied between 1 and 100 mM, with no effect on
deposition, suggesting that the electrolyte is already saturated. Stirring rate did not affect
molybdenum deposition with the large volumes of hydrogen generated likely dominating
mass transport.
The electrodeposition does not appear to be dependent on the cathode material and thick
molybdenum deposits were obtained routinely on copper, steel, iron, nickel, molybdenum,
tantalum and rhodium. With an aluminum cathode, a signiﬁcant amount of degradation was
noted during the electrodeposition. Platinum was found to be the optimum anode for the
electrolysis, since graphite anodes degraded during the process.
3.2 Effect of current density and pH on deposit
The composition of the electrolyte and deposition conditions was optimized towards maximizing
thickness and density of the deposit, while maintaining structural stability and bonding to the
cathode. Electrolyte pH was investigated, and it was found that the pH in the cathodic
compartment of the cell increased dramatically over time due to the hydrogen evolution reaction
(HER). Both electrodes were placed in a single cell to mitigate this effect and the pH of the
electrolyte was found to be stable (± 0.2) throughout the course of the experiment (2 h). Below
pH 5.5 no metallic deposit was obtained, while above pH 8.5 the deposits became less compact,
lustrous and adhesive to the cathode. A detailed study of the effect of pH and current density on
the deposition current efﬁciency (d.c.e.) is shown in Fig. 1.
The efﬁciency of molybdenum deposition is extremely low in all cases, with most (> 98%) of the

available current being used in the HER, due to the reduction potential of molybdenum metal
being lower than that of water. [15] However, other metals have a lower reduction potential than
molybdenum (i.e. Zn, Ni, Mn) and are routinely electroplated from aqueous electrolytes. Thus,
the observed low efﬁciency may be due to molybdenum participating as a catalyst for water
reduction. [16] We hypothesize that once a thin metal ﬁlm has been deposited, hydrogen
production is accelerated by molybdenum itself, diverting almost all the cell current through this
pathway and away from further molybdate reduction.
The microstructure of the deposit was also heavily inﬂuenced by the pH of the electrolyte.
Smooth, dense deposits were obtained at pH 6.6 and below, while nodular, poorly adhesive
deposits were obtained at pH 6.8 and above. The poor adherence is a result of the molybdenum
layer peeling away from the cathode and indicates the presence of tensile stress within the
deposit. The smoother, adherent deposit obtained below pH 6.6 may be a result of its slower
growth rate. The addition of low concentrations of bone glue (less than 2 mg/L) to electrolytes
with a pH above 6.8 resulted in a slightly smoother deposit.
The signiﬁcant effect of electrolyte pH is unexpected, since the local pH at the cathode would
normally be higher than bulk, due to the HER. However, the buffering effect of concentrated
ammonium acetate and the signiﬁcant mass transfer at the cathode, due to the large volumes of
hydrogen produced, may lead to little change in pH at this surface. The observed increase in the
d.c.e would then be a result of the suppression of the HER, since the potential for the HER
decreases as pH is increased.

10 µm
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Fig. 2. Deposit obtained from an electrolyte containing ammonium molybdate (10 mM)
and acetate (8 M) at pH 7.0 and 0.4 Acm− 2 after 10 h. Left – SEM/EDX analysis of a
molybdenum deposit on copper, cross sectioned into epoxy resin. Right - by optical
microscopy (50 × magniﬁcation).

Table 1 Binding energies (eV) of Mo3d orbitals obtained by XPS in comparison to
known references. a[20], b[19].
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3.3. Effect of Acetate Concentration
The acetate concentration in the electrolyte affects both the deposition rate and the microstructure
of the deposit. In electrolytes at pH 7.2 metallic deposits were obtained in the range of 1.6:1 to

3.5:1 mole ratios of water to acetate. A mixture of colored oxides was obtained in the range 3.5:1
to 4.5:1, with ratios above 4.5:1 only black oxide deposits were obtained. The optimal ratio was
found to be 1.9:1, which yielded a smooth dense molybdenum metal deposit. By decreasing the
acetate concentration beyond this value a lower d.c.e and a less adhesive deposit was obtained.
At high acetate concentrations water may be less available due to solvation of the salts. The water
activity in a typical electrolyte used here was calculated to be 0.125. [17] If the water is not as
available for reduction to hydrogen, there may be a decreased ﬂux through the HER and a
concurrent increase in charge available for reduction of molybdate, increasing the deposition rate.
A second effect of a high acetate concentration could be the stabilization of transient, lower valence
molybdenum species as it is reduced. [14]

3.4 Analysis of Deposit
The molybdenum deposits were characterized by EDX, XRD and XPS. EDX (Fig. 2) suggests that
the deposit is predominantly molybdenum, however this does not rule out the presence of a
molybdenum oxide. XRD analysis of the deposit failed to yield any peaks, suggesting that the
deposit is amorphous or that the grains are nanometric. [18] The XPS analysis results are shown
in Table 1. The C1s binding energy obtained is offset from literature data by 0.8 eV, which when
subtracted from the Mo3d data gives binding energies identical to those reported for reduced
Mo(0) metal. [19] This suggests that it is reduced molybdenum metal that is deposited and not an
oxide.
4 Conclusions
Herein, we have demonstrated that thick, adherent deposits of metallic molybdenum can be

deposited from aqueous electrolytes containing molybdate ions. The electrolyte requires a high
concentration of acetate ions, with the pH of the electrolyte having a dramatic effect on deposition
efﬁciency and deposit microstructure. Smooth deposits were obtained in baths with a pH of less
than 6.6, with a water to acetate ratio of 1.9 to 1. The deposit is amorphous in nature and consists
of completely reduced molybdenum metal with very little or no oxygen detected. Deposition of
molybdenum metal using an aqueous-based electrolyte that uses economical, readily available
molybdate substrates signiﬁcantly reduces the complexity of forming molybdenum coatings, and
may ﬁnd an application in wear resistance of materials.
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