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Electrodeposition of molybdenum oxides from weakly alkaline ammonia-molybdate
electrolytes
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Electrochemical deposition is a promising method for the production of thin and dense MoO, coatings, employed as
catalysts, selective solar absorbers and gas sensors. This work aims to investigate the processes of electrodeposition of
molybdenum oxides from alkaline baths and to characterize their chemical composition, electrical and electrochemical
properties. For the purpose, Mo oxides were deposited galvanostatically on Al substrates, coated by Zn to improve
coating adhesion. The chemical composition of the molybdenum oxide surfaces was characterized by X-ray
photoelectron spectroscopy (XPS). The stoichiometry of the oxide surfaces, their degree of hydroxylation, and the
atomic O/Mo ratio were estimated. The electrical and electrochemical properties of the obtained oxides were
characterized by voltammetry and electrochemical impedance spectra in a borate buffer solution. Tentative conclusions
on the influence of the deposition current density and the pH of the electrolyte on the composition, electrical and
electrochemical properties of the oxides are drawn on the basis of the obtained results.
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INTRODUCTION

Electric, photoelectric, and electrochemical
properties of molybdenum oxides are of primary
significancefor a number of important technical
applications in such materials as catalysts, selective
solar absorbers, and gas sensors [1 — 3]. One of the
promising methods to produce molybdenum oxides
with optimal properties is their cathodic deposition.
Electrodeposition of Mo oxides from acidic
electrolytes has been widely investigated [4 — 9],
whereas data concerning such deposition from
neutral and alkaline media remains relatively scarce
[10 — 13]. Alkaline electrolytes are supposed to
enable stabilization of molybdenum oxides of
mixed valency. This work aims to investigate the
processes of electrodeposition of mixed-valency
molybdenum oxides from alkaline baths and to
characterize their chemical composition, electrical
and electrochemical properties.

EXPERIMENTAL METHODS

Mo oxides were deposited on Al substrates
(99.99%, working area of 8 cm?), chemically coated
by Zn to improve the adhesion of the films. A
conventional three-electrode cell was used with a
platinum mesh as a counter electrode, located
symmetrically around the working electrode, and a
Ag/AgCl/3M KCI electrode as a reference (E =
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0.201 V vs. SHE). The pH of the electrolytes (8-10)
was adjusted by using an NH;-CH;COONH, buffer,
the electroactive salt being (NH4)sM0,0,4.4H,0 (20
g I, Electrodeposition was conducted in a
galvanostatic regime at a room temperature (2242
°C). The range of current densities was between
0.05 and 0.4 A dm*. The current efficiency of film
formation was estimated by a gravimetric method.
Steady-state current-potential ~ curves and
electrochemical impedance spectra (frequency
range of 0.01 Hz — 10 kHz, a.c. amplitude of 10 mV
rms) were measured by an Autolab PGSTAT
30/FRA2 apparatus, driven by GPES and FRA
software (Eco Chemie, Netherlands). The chemical
composition of the obtained molybdenum oxide
surfaces was characterized by X-ray photoelectron
spectroscopy (XPS). An Escalab II spectrometer
with a monochromated Al Ka radiation (1486.6 ¢V)
was used. The analyser pass energy was 100 eV for
the survey spectra and 20 eV for the high resolution
spectra, the photoelectron take-off angle being 90°.

RESULTS AND DISCUSSION

The dependence of the coating weight on the
current density in electrolytes with pH 8-10 is
presented in Fig.1. The deposition was conducted
up to a constant charge of Q = 240 C dm’. The
weight of the coating decreases about 2.5 times
with the increase in the current density of the pH 10
electrolyte. On the other hand, the reduction of
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Fig.1 Dependence of the mass of the coating on current
density in electrolytes with different pH.

weight in the pH 9 solution is from 0.17 to 0.12 g
dm™, being even smaller in the pH 8 electrolyte.
The influence of the deposition current density on
the weight of the coatings can be explained by the
occurrence of two parallel reactions, the
molybdenum oxide formation and the hydrogen
evolution. It can be concluded that the highest
current efficiency is achieved in the pH 8electrolyte
at current densities of 0.05 - 0.2 A dm .

20000

18000 |

0 1 1 1 1 1 1
240 238 236 234 232 230 228 226
Binding energy / eV

24000 -

20000

16000 -

12000 -

Intensity / cps

=]
(=3
(=3
o

4000 |

0 1 1 1
540 536 532 528
Binding energy / eV

Fig. 2 Detailed Mo3d and Ols XPS spectra at surface of
the film formed by cathodic deposition in a pH 8
electrolyte.
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Fig. 3 Distribution of the valence states of Mo as
depending on electrolyte pH and current density.

The chemical composition of the obtained
molybdenum oxide surfaces was characterized by
X-ray photoelectron spectroscopy (XPS). As an
example, the Mo3d and Ols spectra for oxides,
formed in an electrolyte with pH 8 at current
density of -0.1 A dm”. are shown in Fig. 2. The
results indicate the formation of mixed valency
oxides. containing Mo (IV), Mo (V), and Mo (VI).
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Fig. 4 Percentages of oxygen bound as oxide and
hydroxide as depending on pH and current density.

The surface fractions of Mo different valency
statesfor films, obtained in all the studied
electrolytes, are summarized in Fig. 3. The films
consist mainly of Mo (IV) (65%) and Mo (V) (25—
30%). The proportion of the valency states of Mo in
the film was not found to depend neither on the pH
nor on the current density within the experimental
error.

The surface concentrations of oxygen, bound as
oxide and hydroxide and calculated from the Ols
spectra for the three electrolytes are presented in
Fig. 4 as a function of the deposition current
density. The presence of a significant amount of
hydroxide (40%) for the films, formed in the three
electrolytes, is an indication for a hydroxylated
surface. The films, formed in the electrolyte of pH
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8 at both current densities, and the film, formed in
the solution of pH 9 at the lower current density,
are less hydroxylated than those, formed in the pH
10 solution. The values of the O / Mo ratio vary
between 2.5 and 3.2, which is another indication
that the Mo in the surface film has a mixed valence.
In general, the surface film can be denoted as
MoO(OH), in accordance with the hypotheses of
other authors [14].

The electrochemical stability of the obtained
oxides with respect to oxidation was characterized
by measuring the steady-state current vs. the
potential curves in an inert borate buffer solution
(pH 7.3). The current vs. the potential curves of
MoO,(OH),, deposited at a current density of 0.2 A
dm~, are presented in Fig.5. The open circuit
potential (OCP) of MoO,(OH), electrode depends
slightly on the pH of the film formation and is
located in the range of —0.87/— 0.85 V.
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Fig. 5 Current - potential curves of molybdenum oxides

in a pH 7.3 borate buffer as dependence on the pH of the

deposition electrolyte at a current density 0.2 A dm™.

At potentials less negative than the OCP, the
current density reaches a maximum. This maximum
is observed at the potential which is more negative.
It is more negative at higher pH values of the
forming electrolyte. The current-potential curves in
this area are similar due to the oxidation of Mo(IV)
in the film to a higher valency.

Fig. 6 shows the impedance spectra of MoO4(OH)y
films, obtained in the studied electrolytes at
different current densities, measured at the rest
potential in a pH 7.3 borate buffer The values of the
impedance magnitude at low frequencies are in the
range of 20-100 Qcm’ i.e the films are fairly
ionically conductive, and the impedance spectra are
most likely dominated by the processes at the
film/electrolyte interface. The impedance diagrams
do not significantly depend on either the deposition
current density or on the pH of the electrolyte, in
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accordance with the fact that the films have almost
identical chemical composition.

Two to three time constants are observed in the
impedance spectra, the corresponding semicircles

in the impedance plane being significantly
depressed. This feature can be taken as an
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Fig. 6 Impedance spectra of MoOy(OH), in a pH 7.3
borate buffer at open circuit as depending on the pH of
the deposition electrolyte at different current densities (A
dm™).

indication for the geometric and/or energetic
heterogeneity of the film/solution interface. The
processes that take place in an open circuit in an
inert electrolyte can be interpreted, due to the
oxidation of Mo (IV), to higher valencies coupled
with water reduction. Initial estimates of the
capacitance of the film from the high-frequency
semicircles indicate the presence of a thin layer
with semiconductor properties [14, 15]. At lower
frequencies, transport impedance is detected, most
probably due to the transfer of protons and
electrons through the mixed-conducting oxide.

CONCLUSIONS

Cathodic electrodeposition of molybdenum
oxides on Zn-coated Al from alkaline electrolytes
with different pH and current densities was studied
in this work. The electrochemical stability of the
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obtained oxides was characterized by voltammetry
and electrochemical impedance spectroscopy in a
plain borate buffer solution. The chemical
composition of the obtained molybdenum oxide
surfaces was assessed by X-ray photoelectron
spectroscopy  (XPS). The following main
conclusions can be drawn from the obtained results:
e The charge efficiency for cathodic deposition
of  molybdenum oxide from alkaline
heptamolybdate baths is the highest at pH 8. The
effect of the deposition current density on the
charge efficiency is accordingly the smallest in
electrolytes with this pH value.

e The cathodic deposit can be described as a
layer with a good electronic and ionic conductivity
and of typical composition of MoO,(OH)y.

e The -electrodeposition regime (pH of the
electrolyte and current density) does not influence
substantially neither the composition of the coating
nor its electric properties.

e To clarify the mechanism of modification of
oxides during anodic polarization, additional
studies in a wider range of potentials, combined
with the determination of the surface chemical
composition, are needed.
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Dong,

EJIEKTPOXMMMNYHO OTJIAT'AHE HA MOJIMBJIEHOBM OKCU /U U3 CIIABO
AJIKAJIHU EJIEKTPOJINTU, CBABPKAIIIN AMOHUEB MOJIMBAAT

MLJL TlerpoBa*, M.C. boxunos, 1. X. I'ajxos

Xumuko-mexnonozcuuer u memanypeuuer ynusecmumem, oyn. Ce. Knumenm Oxpuocku, 1756 Cogus
Iocrenmina Ha 21 ronu, 2010 1.; npepaborena Ha 29 cenremspu, 2010 .

(Pestome)

EnexTpoXMMHU4HOTO OTJIaraHe € eIuH OT Hal-00elaBalluTe METOIH 3a IMOoJydaBaHe Ha THHKU W IUIBTHH MoOjy
MNOKPHUTHSI, KOUTO HAMHPAT MPHIOKECHUE KAaTO KaTalM3aTOpH, CEJICKTUBHHM CIIBHUEBH aOcopOepu M ra30BH CEH30PH.
Hacrosmara paboTa uMa 3a Lel a M3C/IeABA MPOLECHTE Ha EIEKTPOOTIaraHe Ha MOJIMOJCHOBU OKCHAM OT aJKaIHH
SJICKTPOJINTH, KaKTO U Jla XapaKTepH3upa TEXHHsS XUMUYCH CHCTaB, €JIEKTPUYHM M EJNEKTPOXMMHYHU CBOWCTBA. 3a
1eTa, MOJIMOJCHOBU OKCUAU Ca OTJAaraHU TaJIBAHOCTATHYHO BBPXY AIYMHHUEBU CyOCTpaTH, MOKPUTH C KOHTAKTHO
OTJIOKECH Zn 3a HOZ[O6pSIBaHe Ha aaxe3usrTa. XUMUYHHAT ChCTaB Ha TMOJTYYYCHUTC MOJ'II/I6}1€HOBO-OKCI/II[HI/I TIOBBPXHOCTH
€ XapakTepu3upaH upe3 peHTreHoBa QoToenekTpoHHa crektpockonusi (XPS). OmpenencHu ca cTeXHOMETpHsATa Ha
OKCHJTHHTE IOBBPXHOCTH, TSXHATa CTENEeH Ha XHApPOKCWINpaHe U choTHoIeHneTo O/Mo. Enextpuynute u
SJICKTPOXMMHYHN CBOWCTBAa Ha (QHIMHUTE ca H3CIEABAHM YpPe3 BOJNTAMMETPHS M EJIEKTPOXUMHYHA HMIIeJaHCHA
crieKTpockonusi B Goparten Oydepen pa3rBop. Ha 6azara Ha MOJyYeHUTE PE3yNTaTH ca HANPABEHH MPEIBAPUTEITHH
3aKJIIOYEHHMS 33 BIMSHUETO HA ILTBTHOCTTA Ha TOKa W pH Ha eNeKTposnTa BbPXY XUMHYHHS CHCTaB, CICKTPUYHHUTE U
SJIEKTPOXMMHUYHH CBOWCTBA HA OKCHUTE.
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