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XPS studies on the Mo oxide-based coatings 
electrodeposited from highly saturated acetate bath
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The possibility to use highly saturated acetate bath to electrodeposit 
the mixed-phase materials containing Mo oxides has been investigated. 
The  XRD characterization revealed that the  as-deposited coatings are 
amorphous and consist only of MoO2 and MoO3 phases without traces 
of metallic Mo phase. This statement has been supported by XPS mea-
surements, which reveal the  presence of three different molybdenum 
oxidations states in electrodeposits: Mo4+, Mo5+ and Mo6+. It was found 
that the Mo6+ state prevails with 41% of total contribution, whilst Mo5+ 
and Mo4+ contribute to 28 and 31%, respectively. The deposits retain an 
amorphous structure up to 800°C; while molybdenum at this tempera-
ture is predominantly oxidized to the  Mo6+ state (91%). These results, 
coupled to those of SEM and EDS, revealed that concentrated acetate 
bath could be used mainly for the formation of the mixed valence mo-
lybdenum oxide film unlike to the deposition of the metallic Mo phase.

Keywords: X-ray photoelectron spectroscopy, molybdenum, molybde-
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INTRODUCTION

Molybdenum oxide (MoOx) thin films exhibit in-
teresting structural, chemical, electrical and opti-
cal properties [1, 2], and it makes them attractive 
to use them in a new type of technological devices. 
Since molybdenum has the oxidation states rang-

ing from +2 to +6, a variety of its oxide compounds 
exist. The  most important and commonly found 
are molybdenum trioxide and molybdenum diox-
ide. Particularly, MoO3 films have an important ap-
plication in gas sensors [3], energy storage [4], op-
tical switching devices [5] and smart windows [6]. 
Meanwhile, MoO2 can be potentially used as an 
anode material for the  solid oxide fuel cells  [7]. 
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Thus, an accurate elemental oxidation state deter-
mination for the outer surface of a complex mo-
lybdenum oxide material is of crucial importance 
in many science and engineering disciplines, in-
cluding chemistry, fundamental and applied sur-
face science, catalysis, semiconductors and many 
others. X-ray photoelectron spectroscopy (XPS) is 
the  primary tool used for this purpose. XPS has 
been clearly useful in monitoring changes in ele-
mental oxidation states and in stoichiometry dur-
ing various processes.

Previously, XPS analysis has been used to elu-
cidate the  composition of the  molybdenum ox-
ide films grown by heating molybdenum metal in 
the  air  [8, 9], using pulsed-laser deposition and 
sputtering techniques  [10]. Generally, the Mo ox-
ide films prepared by mentioned techniques are 
predominantly in the Mo6+ state [11]. Also in some 
cases, a small quantity of Mo5+ at the top oxide film 
surface can be observed due to the exposure of films 
to the atmosphere [10]. However, the electrodepo-
sition of Mo oxides from an aqueous solution is an 
advantageous method since it offers an easy control 
over the thickness, morphology and extent of oxi-
dation. Moreover, water-based electrolysis is a cost-
effective and environment-friendly alternative than 
those requiring the  volatile and/or inflammable 
solvents [12]. In the light of these advantages, MoOx 
thin films have been deposited from aqueous per-
oxo-polymolybdate  [13], sodium molybdate  [14] 
and ammonium-heptamolybdate  [15] solutions. 
In this case, the  electrodeposited films consist of 
mixed valence oxides containing Mo+4, Mo+5 and 
Mo+6 [16–18]. However, the literature review indi-
cates that the catalytic properties and composition 
of electrolytic molybdenum oxide films are closely 
related to electrolyte composition, electrolyte pH 
and applied potential/current density.

It was found that the catalytic activity decreases in 
the following sequence: MoO2 > MoO3 > Mo [19]. 
Such findings provide motivation for the develop-
ment of a simple electrodeposition procedure for 
preparation of more active metallic molybdenum 
films that would be combined with its oxides in 
a  synergetic manner to yield a  surface which is 
more active than each of the  components sepa-
rately. On the other hand, metallic molybdenum 
deposition from aqueous electrolytes is rather 
a failure, which can be attributed to the rapid up-
take of oxygen by Mo and the formation of a mix-

ture of polyvalent molybdenum oxides and/or 
hydroxides on the cathode during electrodeposi-
tion  [20]. Nevertheless, molybdenum electrode-
position from aqueous saturated acetate baths is 
discussed [21–23]. It was reported that Mo coat-
ings obtained from a saturated acetate salt solution 
at very high current densities (200–400 mA cm–2) 
are characterized by an amorphous structure 
and a  low oxygen content on the  top of the  sur-
face  [22]. It was suggested that hydrogen which 
discharges simultaneously via water electrolysis 
under the mentioned conditions the cathode ac-
celerates the molybdate ions reduction to metal-
lic Mo in the presence of a high concentration of 
acetate ions.

The main aims of this work are (i) to investigate 
the possibility to electrodeposit the coating com-
posed of mixed-valence molybdenum oxides and 
possibly of metallic Mo, and (ii) to study the elec-
trodeposited coating using the XPS technique.

EXPERIMENTAL

Electrodeposition
The mixed-phase materials consisting of me-
tallic Mo and its oxides coatings were attempt-
ed to electrodeposit from an aqueous solu-
tion consisting of ammonium heptamolybdate 
((NH4)2MoO4 – 0.0034 M), a high concentration 
of ammonium acetate (CH3CO2NH4  –  8.6  M) 
and potassium acetate (CH3CO2K – 0.68 M) (pH 
7.0  ±  0.1), similar to those described in  [21]. 
The  deposition of the  coating was carried out 
under a  galvanostatic mode at a  cathodic cur-
rent density of 350 mA cm–2. It was reported that 
the electrodeposition of Mo does not depend on 
the  cathode material and stirring rate. However, 
in [23] it was investigated that when the stirring 
rate is lower than 400  rpm, molybdenum ox-
ide is deposited on the  substrate surface due to 
the  increased viscosity of the  electrolyte. Thus, 
in the  present work the  coatings were obtained 
on a cylindrical Cu electrode of 1 cm2 rotated at 
800 rpm. The Cu substrate preparation consisted 
of chemical degreasing, washing and cleaning in 
an ultrasonic bath for 6–7  min and etching in 
HNO3:CH3COOH:H3PO4 (1:1:1) solution at 60°C 
temperature. The  saturated Ag/AgCl electrode 
was used as a  reference electrode and all poten-
tials presented in the  study are referred to this 
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electrode, and the platinum sheet (3 × 7 cm) was 
served as a counter electrode.

Morphological and structural investigation
The surface morphology and chemical composi-
tion of the  obtained coatings were investigated 
using scanning electron microscopy (SEM: Hitachi 
TM3000) equipped with energy dispersive X-ay 
spectroscopy (EDS) at accelerating voltage of 20 kV. 
The structure of the films was analysed by the X-
ray diffraction method (XRD: Rigaku MiniFlex II). 
The XRD patterns were produced with Cu Kα radi-
ation (1.5406 Å) in the 2θ scanning mode from 20 
to 100° with a step of 0.01°. The heat treatment of 
the coatings was performed by using an MRI tem-
perature camera (MRI TC) with a Pt-Rh heating el-
ement. The samples were annealed at a heating rate 
of 10°C/min up to 800°C, which was maintained 
for 5 h in order to achieve stable conditions. Then 
the  deposits were cooled down to the  room tem-
perature and XRD measurements were performed 
under the  same conditions that were described 
above. For the  analysis of the  coatings surfaces 
X-ray photoelectron spectroscopy was performed 
by using an ULVAC-PHI Versaprobe 5000 device 
with a  monochromatic Al Kα (1486.6  eV) source 
and a pass energy of 23.5 eV. The XPS system was 
equipped with an Ar+ ion source that was used to 
remove surface material for cleaning of the  sam-
ples. The spectrometer energy scale was calibrated 
by using two reference points (Au 4f7/2 at 84  eV 
and Cu 2p3/2 at 932.7  eV). Sample charging was 
compensated using the dual neutralization system 
consisting of a low energy electron beam and a ion 
beam and fixing an adventitious carbon C 1s peak 
at 284.8 eV in accordance with the previous inves-
tigation results [23, 25]. The spectra were processed 
and fitted by the Multipak software.

RESULTS AND DISCUSSION

Following the  suggested procedure  [21], the  elec-
trodeposition of Mo-based coating was car-
ried out from a  highly saturated acetate bath at 
–350 mA cm–2 for 14 h in order to deposit the coat-
ing thick enough for instrumental analysis. As 
the  current started flowing through the  system, 
the cathode was covered by a  light grey layer and 
an intense instantaneous foaming of the  solution 
due to the enormous hydrogen evolution has been 
observed. Moreover, black precipitate was noticed 
in the  plating bath after electrolysis probably be-
cause of the conversion of MoO4

2– to MoO2. Fur-
thermore, the  SEM images show that the  deposit 
is not uniform and the Cu substrate is not covered 
continuously; various sizes nodules and multi-
ple cracks were detected (Fig.  1a,  b). Meanwhile, 
a more detailed view at a higher magnification re-
vealed a fine and granular surface morphology of 
the coating (Fig. 1c).

The EDS spectra of the  as-deposited coating 
indicate the presence of a high amount of oxygen 
(67.4 at.%). Moreover, the XRD pattern shows that 
under the applied deposition conditions one broad 
peak at 2Θ≈37° is present (Fig. 2a). Based on PDF 
cards Nos. 00-005-0506 and 00-005-0452, the fol-
lowing peaks can be attributed to MoO3 (101) at 
~33°, MoO2 (200) and MoO2 (111) at ~ 37°.

It is notable that no diffraction peaks of metal-
lic Mo or other crystalline phases were found, ex-
cept those that match the spectral lines of the Cu 
substrate. Taking into account an incredibly high 
amount of oxygen and knowing that Mo exists in 
a variety of oxidation states, the as-deposited coat-
ings were annealed at a high temperature of 800°C 
in air atmosphere in order to identify the crystal-
line oxide phases.

Fig. 1. SEM images of the electrodeposited coating at different magnifications: (a) ×800, (b) ×3000, (c) ×6000
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As it was reported, the thermally induced changes 
in the internal structure of Mo deposit start at 700°C 
temperature and new phases assigned to (110), 
(200), (211) and (220) reflections of Mo appear. At 
the higher temperature, T > 800°C, additional peaks 
of MoO2 and MoO3 start forming [22]. However in 
our work, as it can be seen from Fig. 2b, even after 
heat treatment at 800°C in the  air atmosphere for 
5  h, the  Mo structure retains an ‘amorphous-like’ 
structure and similar to the  as-deposited coating 
crystalline phase peaks are visible only due to the Cu 
substrate.

In addition, XPS analysis was performed to 
identify the composition of as-deposited and heat-
treated Mo-based films and the  characterization 
was focused on the  bonding of Mo to the  oxy-
gen. It should be noted that due to the  complex-
ity of the  Mo 3d spectra, quite wide ranges (i.e. 
0.8–1.0  eV) of the  binding energies for the  same 
Mo oxides are provided in the  literature and in 
various studies they are different even for the same 
oxide  [25–28]. The  importance of the  critical as-
sessment and reliance on the  published XPS data 
is clearly demonstrated in Ref. [24] that repeats an 
undisputedly erroneous interpretation of the  Mo 
3d peak provided in [22]. In the latter work, with-
out any fitting, the  authors mark three apexes of 
the observed multicomponent Mo 3d peak as Mo0 
3d5/2 (at 228.8 eV), Mo(III) 3d3/2 (at 232.1 eV) and 
Mo(VI) 3d3/2 (at 235.5 eV). The generally accepted 
value for Mo 3d5/2 electron binding energy for Mo0 

metal is 228.0 eV and a significantly higher value of 
228.8 eV is probably assigned to the non-careful in-
terpretation of the results published in [21], where 
authors also report a similarly high Mo0 3d5/2 value, 
but provide comments that it is overestimated by 
0.8 eV due to the uncompensated charging.

By fitting current Mo 3d XPS data, no com-
ponents near to the  228  eV binding energy were 
observed and it was concluded that there was no 
Mo0 metallic phase in the  samples. Whereas for 
the curve fitting of the oxidized Mo forms the mod-
el proposed in [29] was used suggesting the use of 
three oxidation states of Mo, i.e. Mo6+, Mo5+ and 
Mo4+ (from the  highest to the  lowest binding en-
ergy components) for corresponding components 
and disregarding the  possible energy shifts in 
the  discussion. Accordingly, in this study, at first 
the  as-deposited Mo coating spectra were fitted 
using three Mo 3d5/2 components at 229, 230.5 and 
232.1 eV that correspond to the oxidation states of 
Mo4+, Mo5+ and Mo6+ (Fig. 3). Also, higher energy 
peaks of Mo 3d3/2 and small satellite lines at 234 and 
237 eV can be seen.

Fig. 2. XRD pattern of the coating deposited on copper electrode at 
350 mA cm–2 and 30°C: as-deposited coating (a) and after heat treat-
ment at 800°C for 5 h in air atmosphere (b)

Fig. 3. Mo 3d and O 1s XPS spectra of as deposited coating samples 
(coloured online)
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The XPS data fitting reveals that the deposited 
coating comprises species corresponding to vari-
ous Mo oxidation states with different percentage. 
Namely, Mo4+, Mo5+ and Mo6+ species are present 
in the following percentage: 31, ~28 and ~41%, re-
spectively. 

After an exposure of the samples to the air for 
4 months (see Fig.  4), the  amount of Mo4+ com-
ponent was significantly lower (around 21%) and 
the  contribution from Mo6+ increased up to 49%. 
Such results indicate that lower valent state Mo is 
predominantly oxidized to MoO3. While the Mo5+ 
percentage remained stable (around 28–29%) and 
possibly could be considered as an intermediate 
state during the Mo4+ transition to Mo6+. Neverthe-
less, it is presumed that ~10% of potassium detect-
ed in the  sample is attributed to the organic sub-
stances adsorbed from electrolyte and corresponds 
to K2MoO4 compound, which could contribute to 
the main peak at 232.1 eV. Thus, it should be con-
cluded that not all oxidation state of Mo6+ is relat-
ed to the formation of MoO3 phase. This is due to 

overlapping of the binding energies of MoO3 and 
K2MoO4 compounds (the difference is just around 
0.1 eV [30]).

Figure  5 indicates that after the  thermal treat-
ment at 800°C molybdenum is predominantly 
oxidized to the  Mo6+ state. Its fraction is 91% for 
the as-deposited sample and 84% for the same sam-
ple after exposure for 4 months in the air atmos-
phere. Interestingly, the Mo4+ and Mo5+ peaks de-
tected in the as-deposited films appear very similar 
to those determined in the XPS spectra of the same 
samples previously exposed to the atmosphere for 
4 months.

Meanwhile, after keeping the  annealed Mo 
coating samples up to 4 months in atmospheric 
air, only one additional Mo 3d5/2 peak is visible at 
230.8–231.1 eV. It can be assumed that this bind-
ing energy is attributed to the +5 oxidation state of 
Mo (MoOx). On the other hand, water vapour can 
be absorbed onto the surface in air, thus explaining 
the  possible formation of Mo(OH)x/Mo type hy-
droxides, in agreement with previous studies [29].

Fig. 4. Mo 3d and O 1s XPS spectra of as deposited coating samples after 4 months exposure to the atmosphere (coloured online)

Fig. 5. Mo 3d and O 1s XPS spectra of annealed coating samples (coloured online)
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Other authors reported that the  binding ener-
gies for the O 1s peaks of MoO2 and MoO3 com-
pounds differ only by 0.2 eV and have almost iden-
tical full width at half maximum (FWHM)  [31]. 
Supporting this finding, an interpretation deter-
mining the MoO2 and MoO3 lines in the XPS spec-
tra is quite complicated. Nevertheless, according to 
the given Mo 3d data, general assumptions can be 
proposed.

In the recent study, no significant changes were 
observed in O 1s spectra and in all cases they are 
dominant by one peak at about 530.3  ±  0.1  eV 
which becomes more intense after thermal treat-
ment, thus corresponding to the  oxidation state 
Mo6+. Contrary to the Mo 3d spectra, in this case 
other spectral components do not disappear. 
Most likely, the peak at 532.5 eV is attributed to 
organic contamination and absorbed water mol-
ecules, whilst the peak at 531.2 eV corresponds to 
the MoO3 phase and the dominant peak is char-
acteristic of the  overlapped MoO2 and K2MoO4 
lines. Then after heat treatment, we can see that 
the dominant peak is more expressed (due to crys-
tallization of K2MoO4) and narrowed (only one 
line forms from two overlapped peaks), mean-
while the  MoO3 component is practically un-
changed. The weak peak at the binding energy of 
approximately 529 eV can be related to defective 
Mo oxide, intercalated water molecules or some 
kind of organic compound residuals.

CONCLUSIONS

1. The amorphous-like mixed valence molybdenum 
oxide films were electrodeposited from a  highly 
saturated acetate electrolyte under the galvanostat-
ic mode. The XRD analysis showed that the depos-
its consisted only of a mixture of MoO2 and MoO3 
phases without any reflection of the Mo0 phase.

2. The presence of Mo oxides was confirmed by 
XPS analysis. The spectrum exhibited the character-
istic Mo 3d5/2 peaks at 229, 230.5 and 232.1 eV that 
correspond to the oxidation states of Mo4+, Mo5+ and 
Mo6+ in the following percentages: 31, 28 and 41%.

3. After the  annealing at 800°C, the  films re-
mained amorphous-like; however, molybdenum 
was predominantly oxidized to the  Mo6+ state 
(91%). No peak at the bonding energy of 228 eV 
which is characteristic of the  Mo metallic phase 
was observed.

4. This suggests that the electrodeposition from 
the  concentrated acetate solution can be used for 
the synthesis of a mixture of MoO3 and MoO2, but 
not for the metallic molybdenum phase, as it was 
reported by previous authors. Nevertheless, the use 
of such coatings as catalysts in many reactions with 
the participation of hydrogen or oxygen could be 
the area of interest for researchers.
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ELEKTROCHEMIŠKAI IŠ SOTAUS ACETATINIO 
ELEKTROLITO NUSODINTŲ MOLIBDENO 
OKSIDŲ PAGRINDU SUDARYTŲ DANGŲ 
TYRIMAS XPS METODU

S a n t r a u k a
Darbe tiriamosios dangos, sudarytos iš mišrių mo-
libdeno oksidų, buvo elektrochemiškai nusodinamos 
nekintančios srovės sąlygomis naudojant sotų acetatinį 
elektrolitą. XRD analizė parodė, kad suformuotų „amor-
finės“ prigimties dangų sudėtyje nėra metalinio Mo, o 
jas sudaro tik MoO2 ir MoO3 fazės. Šios išvados buvo 
patvirtintos atlikus elektrochemiškai nusodintų dangų 
analizę XPS metodu, t. y. buvo nustatyti trys molibde-
no oksidacijos laipsniai: Mo4+, Mo5+ ir Mo6+. Parodyta, 
kad šiame mišinyje Mo6+ sudaro 41 %, o Mo5+ ir Mo4+ 
atitinkamai siekia 28 % ir 31 %. Suformuotos dangos iš-
laiko stabilią „amorfinę“ struktūrą kaitinant iki 800 °C; 
pasiekus minėtą temperatūrą dangą sudaro daugiausiai 
Mo6+ (91 %). Šie rezultatai kartu su SEM ir EDS tyrimais 
patvirtino, kad koncentruotas acetatinis elektrolitas gali 
būti naudojamas tik iš mišrių molibdeno oksidų suda-
rytai dangai gauti. Priešingai nei pateikiama mokslinėje 
literatūroje, metalinio molibdeno pėdsakų šiuo atveju 
nebuvo nustatyta.


