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Abstract

1.5 m-thick molybdenum oxide films have been electrodeposited potentiostatically from 

0.2 M Na2MoO4 electrolyte onto indium tin oxide (ITO)/glass substrates at pH = 1, 6 and 

9. The influence of cetyltrimethylammonium bromide (CTAB) surfactant on films’ 

adhesion, morphology, degree of porosity, molybdenum speciation, and crystallographic 

structure has been systematically investigated. The addition of CTAB (0.01 M) to the bath 

clearly improves film adherence to the substrate, reduces cracking, and increases 

crystallinity. This has an impact on the physical properties of the films. In particular, both 

hardness (H) and Young’s modulus (E) increase, as determined from nanoindentation tests. 

The growth of ordered arrays of molybdenum oxide submicrometer structures, including 

pillars and stripes, by electrodeposition onto e-beam lithographed Au/Ti/Si substrates is 

also reported. 

Keywords: molybdenum oxide; electrodeposition; cationic surfactant; X-ray diffraction; 

mechanical properties. 
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1. Introduction 

Transition metal oxides in thin-film form have received much attention owing to their 

promising applications in electrochromics, energy storage, sensing, and non-volatile 

resistive random access memory devices, among others [1-3]. Molybdenum oxide is a 

suitable candidate in many of these applications due to its unusual chemistry produced by 

multiple Mo valence states (IV, V and VI) and a rich variety of crystallographic structures 

[3,4]. MoO2, with its distorted rutile structure, presents a high metal-like conductivity [5] 

and it finds uses as anode material in solid oxide fuel cells [6]. In addition, its layered 

structure makes it suitable as ion intercalation/deintercalation host in, for instance, lithium 

batteries [3,7]. MoO3 is an n-type semiconductor with two most common crystal phases: 

the thermodynamically stable orthorhombic α-MoO3 and the metastable monoclinic β-

MoO3, that show optical switching upon thermal, photo (photochromism) [8-10] or electric 

(electrochromism) [11,12] excitations. Such an optical modulation (colouration/bleaching) 

is effectively used in many applications like smart windows and antidazzling coatings [13]. 

The crystallinity degree is an important asset depending on the end application. For 

example, amorphous molybdenum oxide is suitable as an electrochemical sensor for iodate 

ions [14], whereas MoO3 nanocrystalline films and nanorods can serve as gas sensors 

toward H2 [15] and NO2 [16], respectively. In addition, nanostructured α-MoO3 has been 

applied as supercapacitor electrodes in acid aqueous electrolytes [17]. For all these reasons, 

controlling both the valence state and the crystallographic structure of the molybdenum 

oxide materials is of prime importance to meet the required technological demands. 

So far, molybdenum oxides have been prepared by a variety of physical and chemical 

techniques: pulsed laser deposition [18], chemical vapour deposition [19], sputtering [20], 

thermal evaporation [21], spray pyrolysis [22], electrodeposition [23,24], anodization [25], 

and sol-gel [26]. Electrochemical methods are advantageous for several reasons. They are 
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generally easy to perform and can be readily used to tailor films’ properties. In particular, 

electrodeposition offers facile control over thickness, morphology, extent of oxidation and 

doping of the films at ambient pressure. The influence of bath formulation and growth 

conditions on the oxidation state of molybdenum oxide films has been studied in detail in 

the past [3]. McEvoy and Stevenson described the cathodic electrodeposition of MoO3 

from acidic peroxo-polymolybdate solutions onto indium-doped tin oxide (ITO) electrode 

[27]. The same authors deeply investigated the mechanism of molybdenum oxides 

deposition using different tools, namely chronocoulometry and quartz crystal microbalance 

techniques [28,29]. The authors showed that a graded reduction of molybdenum precursors 

toward amorphous hydrates of non-stoichiometric, mixed-valent molybdenum oxides takes 

place from acidic peroxo-polymolybdate solutions. Patil et al. explored the electrosynthesis 

of hydrous amorphous MoO2 thin films from an alkaline solution containing ammonium 

molybdate (pH = 9) [11]. Layered films consisting of mostly Mo(IV) were obtained from 

citrate-molybdate solutions at pH = 8.3 by applying different potentials [23]. The 

potentiostatic deposition of molybdenum oxides with mixed valence states of Mo(V) and 

Mo(IV) was also described in citrate-molybdate electrolytes at pH = 6.6 [30]. From 

literature screening, it is evident that bath pH is a key parameter in determining the Mo 

oxidation state in the films. Nevertheless, other parameters also have an effect on the 

oxidation state of electrodeposited molybdenum oxide, such as the deposition technique. 

For example, it was found that MoO3 films deposited at pH = 1 by cyclic voltammetry 

contained a mixture of MoV and MoVI and were less homogeneous than those obtained 

potentiostatically, for which only MoVI was detected [31]. Also, the crystallinity and 

phases obtained are very sensitive to the electrodeposition conditions. It was found that the 

sweep rate in cyclic voltammetry experiments determined the formation of either α- or -

MoO3 [24]. Remarkably, X-ray diffraction analyses indicate that the films are typically 
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amorphous (or poorly crystalline) in the as-deposited state [11,24,27]. Therefore, annealing 

at temperatures equal to (or beyond) 250 ºC is typically required to achieve fully 

crystalline films [11,27]. Guerfi et al. [32] showed that an increase in crystallinity of the 

as-deposited molybdenum oxide is possible after heat-treating the films in air at 260 ºC and 

that complete crystallization occurs at 300ºC.  

In order to favour the growth of fully crystalline molybdenum oxide deposits without the 

need for a heat-treatment, additives can be added to the bath. Additives usually play an 

important role in electrodeposition processes as they bring or change some microstructural 

features of electrodeposited materials. Cetyltrimethylammonium bromide (CTAB) is a 

cationic surfactant widely used in electrodeposition. In particular, it is known to be a 

corrosion inhibitor [33] and grain refiner [34] in metals electrodeposition. Also, it is used 

as templating agent for the electrochemical production of metal oxide foams [35,36]. Thus, 

it is envisaged that the addition of CTAB to the electrolyte could impact molybdenum 

oxide film growth and, in turn, modulate molybdenum oxidation state, crystallographic 

structure, film adhesion, and porosity.  

In spite of numerous studies paying attention to the physicochemical properties and 

applications of molybdenum oxides, only few works have investigated their mechanical 

properties [37] and, to the best of our knowledge, none of them are related to the 

mechanical behaviour of electrodeposited molybdenum oxide films. Actually, since the 

adherence of electrodeposited molybdenum oxide films to the substrate is poor or either 

the layers feature cracks, the measurement of their mechanical properties by micro- or 

nanoindentation is certainly not straightforward. This has probably precluded any detailed 

study in the field.  

With the continuing trend toward miniaturization of devices, electrodeposition has been 

typically combined with polycarbonate/aluminum oxide membranes and e-beam 
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lithographed substrates to obtain patterned arrays of nanostructures. Ordered arrays of Mo 

oxide nanowires have been recently produced by Inguanta and co-workers on commercial 

track-etched polycarbonate membranes [38]. Examples of patterned nanostructures 

obtained by electrodeposition on e-beam lithographed substrates can be found in the 

literature, especially for magnetic metals and alloys [39]. However, there is a dearth of 

literature on template-assisted electrodeposition of metal oxides on pre-patterned 

substrates.  

In this work, molybdenum oxide films have been potentiostatically deposited onto 

ITO/glass substrates and the effect of CTAB additive onto films’ morphology and structure 

at three different pH values has been explored. Our results reveal that CTAB improves the 

adherence of the deposits to the substrate and thus consistently facilitates the measurement 

of relevant mechanical parameters, like hardness or Young’s modulus, by means of 

nanoindentation. Furthermore, the preparation of ordered arrays of molybdenum oxide 

submicrometer structures –pillars and stripes– by template-assisted electrodeposition is 

presented.  

 

2. Experimental techniques 

Molybdenum oxide films were obtained potentiostatically by direct current 

electrodeposition in one-compartment thermostatized three-electrode cell using a 

PGSTAT120N Autolab potentiostat/galvanostat (Ecochemie). ITO-coated glass (surface 

resistivity 30-60 /sq.) was used as working electrode (WE) in both cyclic voltammetry 

(CV) experiments and potentiostatic deposition. In all cases the WE was positioned 

vertically within the electrolyte. The working area was set between 0.2 and 0.4 cm2. A 

Ag|AgCl (3M KCl) (E=+0.210 V versus standard hydrogen electrode (SHE)) reference 

electrode (Metrohm AG) was used. A platinum sheet served as the counter electrode. 
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Molybdenum oxide films were deposited from an electrolyte containing either 0.2 M 

Na2MoO4·2H2O (labeled as “no add” bath) or 0.2 M Na2MoO4·2H2O + 0.01 M C19H42BrN 

(labeled as “CTAB” bath). The electrolyte volume was 50 mL. Analytical grade reagents 

and ultrapure water (18 MΩ cm) were used to prepare the plating solution. The pH values 

selected were 1, 6 and 9. The pH was adjusted with either H2SO4 or NaOH. Potentiostatic 

deposition was applied under mild stirring (100 rpm) using a magnetic stirrer bar. The 

temperature of the bath was set at 25°C. The electrical charge was adjusted across all 

depositions to attain similar film thicknesses (approximately 1.5 µm). Prior to deposition, 

the ITO surface was first degreased with acetone and later rinsed with ultrapure water. 

Before and during each deposition, the electrolyte was deaerated with argon gas flow. 

For the growth of ordered arrays of molybdenum oxide submicrometer structures, e-beam 

patterned Au/Ti/Si substrates were used as the cathode. First, Ti (100 nm)/Au (400 nm)/Ti 

(15 nm) were evaporated onto Si(111) substrates. An electron sensitive resist (ZEP-520A) 

of about 500 nm in thickness was then spin-coated onto the substrate and patterning was 

carried out by electron-beam lithography (EBL) with the CRESTEC CABL-9500C 

electron-beam lithography machine. Arrays of cylindrical holes of 200 nm and 500 nm in 

diameter and stripes of 100 nm, 500 nm and 1 m width (15 m lengths) were patterned. 

Following the lithographic procedure, the resist was developed in anisol. Before 

electrodeposition, all samples were submerged in HF solution for 1 min to remove the 

upper 15 nm-thick Ti layer to allow the deposition of molybdenum oxide directly onto the 

Au surface. Finally, the substrates were dipped in diluted sulphuric acid to remove oxides 

and organic residues. The Au/Ti/Si substrates were then immersed in the electrolyte for 10 

min before deposition was started. After electrodeposition, the resist was etched with 

dimethylacetamide at 35 °C for 1 min. 
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The morphology of the deposits was examined by field emission scanning electron 

microscopy (FE-SEM) using a Zeiss MERLIN microscope operated at 1.2 kV to prevent 

from charging effects. Energy dispersive X-ray (EDX) analyses were carried out at 15 kV. 

The crystallographic structure of the films was studied by X-ray diffraction (XRD). XRD 

patterns were recorded on a Philips X’Pert diffractometer using the Cu Kα radiation, in the 

10°–70° 2θ range (0.03° step size, 10 s holding time). Complementary transmission 

electron microscopy (TEM) observations were carried out on a Jeol-JEM 2011 system 

operated at 200 kV. The films were subjected to ultrasonication for 10 min in isopropyl 

alcohol and then a couple of drops of the suspension were placed dropwise onto a carbon-

coated Cu TEM grid. X-ray photoelectron spectroscopy (XPS) analyses were carried out 

on a PHI 5500 Multitechnique System (from Physical Electronics) spectrometer, equipped 

with a monochromatic X-ray source (KAl line with energy of 1486.6 eV and 350 W), 

placed perpendicular to the analyser axis and calibrated using 3d5/2 line of Ag with a full 

width at half maximum (FWHM) of 0.8 eV. The analysed area was a 0.8 mm diameter disk 

surface for each sample. Charging effects were corrected by referencing the binding 

energies to that of the adventitious Cls line at 284.5 eV. Linear background was assumed 

[40]. The Mo3d peaks were deconvoluted assuming Gaussian functions. The energy of the 

deconvoluted peaks was compared with the NIST XPS database [41].  

The mechanical properties of the films, hardness (H) and reduced Young modulus (Er), 

were evaluated by nanoindentation in the load control mode, using an UMIS device from 

Fischer-Cripps Laboratories equipped with a Berkovich pyramidal-shaped diamond tip. 

The maximum applied force was 0.2 mN to ensure that the maximum penetration depth 

during the tests was kept below 10% of the overall film thickness. Thermal drift during the 

nanoindentation tests was kept below 0.05 nm s–1. Corrections for the contact area 

(calibrated with a fused quartz specimen), instrument compliance, and initial penetration 
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depth were applied. H and Er were derived from the load-displacement curves at the 

beginning of the unloading segment using the method of Oliver and Pharr [42]. Data 

reported corresponds to the averaging of 60 indentations per sample. H and Er were also 

determined for the molybdenum oxide stripes (with a thickness of 500 m). The maximum 

applied force was also chosen to be 0.2 mN. 

 

3. Results and Discussion 

3.1. Molybdenum oxide films deposition  

Prior to the preparation of the films, the main features of molybdenum oxides 

deposition from Mo(VI) baths on ITO/glass substrate were studied by CV both without 

and with CTAB in the bath (Figure 1). In all cases the potential was scanned from –0.1 

V toward negative values and then reversed toward the positive direction, at scan rate of 

50 mV s–1. In CTAB-free baths, the detection of negative current was progressively 

shifted toward more positive potentials as the pH of the bath decreased, in agreement 

with other works [24, 30]. A diffusion-controlled like peak was observed at pH = 1 and 

more clearly at pH = 6. A broad and asymmetric oxidation peak centered at –0.3 V was 

recorded at pH = 6 both with and without CTAB. This peak is likely attributed to 

oxidation of molecular hydrogen formed during the reduction process. Molybdenum 

oxides are known to catalyze the hydrogen evolution reaction [43]. Small differences 

were observed depending on whether CTAB was absent or present in the bath, but the 

main features of the CV were maintained at each pH value. From the CV data, it was 

decided to deposit molybdenum oxide films at a potential of –1.4 V from baths at pH = 

6 and pH = 9, and at a potential of –0.9 V from the bath at pH = 1 in order to avoid 

excessive hydrogen co-evolution. It should be noted that these values are much more 

negative than those typically reported in the literature for the potentiostatic deposition 
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of molybdenum oxides [23,30,31]. However, as it will be shown later, adherent and 

crystalline molybdenum oxide films can be produced at such potentials in CTAB-

containing baths. It should be noticed that the CTAB-containing solution at pH = 1 was 

not stable. When CTAB was added to the bath, a whitish precipitate appeared. 

Molybdic acid aggreates are formed upon reaction of ammonium molybdate in acidic 

media containing CTAB [44]. For this reason, this solution was not considered for the 

subsequent preparation of molybdenum oxide films. 

Figure 2 shows the j-t curves recorded during the growth of the molybdenum oxide 

films at different pH with and without CTAB in the bath. Interestingly, the j-t curve 

corresponding to the CTAB-free bath at pH = 1 shows a peculiar and reproducible 

behaviour; the current is kept constant at –2.7 mA cm–2 for almost 250 s and then 

suddenly drops toward less negative values. The electrolyte turned blue but remained 

transparent soon after the ITO substrate became covered by a blue film, indicating that 

there was a competition between deposition and partial dissolution of the growing film. 

A transparent dark blue film was obtained at the end of deposition. The solution could 

not be re-used in subsequent depositions since no deposit formation was further 

detected on the substrate under the same conditions (applied potential and time). The j-t 

curves recorded from the other baths (pH = 6 and pH = 9) display a different profile. 

Namely, a less or more pronounced maximum in the j-t curve is achieved soon after the 

potential is applied followed by a relaxation of the current toward more positive values 

(see inset of Figure 2). At each pH, more negative current densities were recorded in 

CTAB-free baths, likely because CTAB exerts some effect on the electrochemical 

double layer. Brown and dark brown films were obtained at pH = 6 and pH = 9, 

respectively, irrespective of whether CTAB was present or not in the bath. A metallic 
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luster was noticed at the film/ITO interface when looking at these samples from the 

backside. 

 

 

 

3.2 Morphological and structural characterization of molybdenum oxide films 

SEM images of the films revealed the occurrence of cracks throughout the surface, 

especially in films produced from CTAB-free baths (Figure 3a, 3b and 3d). The 

formation of cracks and their propagation was partly due or at least enhanced by the 

vacuum conditions of the SEM microscope. Delamination of the film was also observed 

in some regions. These phenomena were noticed in real time while visualizing the 

samples by SEM. This suggests that the as-deposited films are highly stressed and that 

this stress is relieved in the form of cracks and delamination when vacuum is applied. 

Nevertheless, this cracked surface has been observed many times in the literature, even 

for lower thicknesses [11,30]. Cracking has been attributed to the drying shrinkage of 

hydrous oxide films whose thickness is greater than 0.2 µm [11]. The sample obtained 

from CTAB-free bath at pH 1 (Figure 3a) is highly porous, which further confirms the 

occurrence of intensive hydrogen co-evolution during film growth. CTAB has a positive 

effect on cracking phenomena. Namely more adherent and less cracked films are 

obtained in the presence of CTAB in the bath (Figures 3c and 3e). It is worth 

mentioning that the selected CTAB concentration is rather optimal. For example, films 

deposited at pH = 9 with 0.001 M CTAB featured wider cracks between plates than 

films deposited with 0.01 M CTAB. A reduction of the crack width was noticed upon 

increasing the CTAB concentration. Fewer cracks, smaller crack widths and best film 

adhesion were indeed observed for 0.01 M CTAB. Further increase of the CTAB 
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concentration up to 0.1 M again increased crack density compared to 0.01 M CTAB. 

Interestingly, the film obtained at pH = 6 from the CTAB-containing bath is also highly 

porous compared to its CTAB-free analogue (cf. Figures 3c and 3b). This result 

indicates that CTAB is a convenient templating agent for the production of 3D 

molybdenum oxide foams at moderate pH values [35,36], which could be of interest in 

applications such as anode for lithium-ion batteries or electrocatalysis.  

X-ray diffraction analysis of the deposited films was carried out in order to determine 

their crystallinity degree and the phases present. As aforementioned, the deposition 

charge was adjusted in each case so that films of similar thickness (ca. 1.5 m) were 

achieved. The corresponding diffractograms indicate that the films are composed of up 

to four crystalline phases: orthorhombic α-MoO3, hydrated MoO3·H2O, and 

substoichiometric MoxO3x-1 (i.e. Mo8O23 and Mo4O11) phases (Figure 4). By lowering 

the ratio of oxygen to Mo content down to 2.9 and below, metastable suboxides like 

Mo8O23 and Mo4O11 can form. Notice that in Mo4O11, the oxidation state of Mo is +5. 

Hence, this compound can be described as a double Mo2O5 molecule coordinated via 

one oxygen atom [23]. In addition, an amorphous background located between 40º and 

50º is detected in all diffractograms, being more or less prominent depending on the 

deposition conditions. The hump centered at 2 = 25º arises from the glass/ITO 

substrate. All the reflections in the film obtained from the CTAB-free bath at pH = 1 

(Figure 4a) can be assigned to substoichimetric MoxO3x-1. Thinner (4-10 nm) films 

obtained potentiostatically at pH = 1 from 0.2 M MoO4
2– bath were shown to consist of 

two oxidation states, MoV and MoVI, by XPS [31]. Bluish molybdenum oxide films 

have been linked to MoVI/MoV, whereas brown-violet films have been typically ascribed 

to more reduced molybdenum oxides (MoVI/MoV/MoIV) [28]. At pH = 6 (Figure 4b), α-

MoO3 is the most abundant phase in the film deposited from CTAB-containing bath, 
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whereas the most intense reflections in the film deposited from CTAB-free solution 

match again substoichimetric MoxO3x-1 compounds. Mo4O11 films were also obtained by 

electrodeposition on stainless steel from 0.25 M ammonium molybdate (pH = 6.5–7.0) 

at current densities ranging from –3.5 to –7 mA cm–2 [45]. Finally, α-MoO3 also clearly 

predominates in the film deposited from CTAB-containing bath at pH = 9. Moreover, 

the α-MoO3 phase is strongly textured in the (020) plane (2 = 12.8º) in CTAB films 

produced at pH = 6 and pH = 9. Much less intense reflections ascribed to hydrated 

MoO3 and substroichiometric MoxO3x-1 are also identified in the diffractogram 

corresponding to the sample produced from CTAB-containing bath at pH = 9. 

Contrarily, a rather amorphous film is obtained when CTAB is not present in the bath. 

This is consistent with the work from Patil et al., who obtained a fully amorphous film 

by potentiostatic deposition onto F-doped SnO2 (FTO) from an ammonium molybdate 

bath at pH = 9 [11]. In our case, only very weak reflections superimposed to the 

amorphous background are identified. The obtained results suggest that CTAB 

significantly improves the crystallinity of the deposits, particularly at pH = 9. 

It should be noted that, compared to most of the previous works, the molybdenum oxide 

films are partly crystalline already in the as-deposited state. This can be in part ascribed 

to the larger thickness of the here-prepared films (1.5 m) as compared to the 

nanometer-thick films typically reported in the literature on ITO and FTO substrates. 

For example, McEvoy et al. prepared films of 100-200 nm in thickness [27] and 

Gacicuta et al. prepared films between 4 nm to 10 nm in thickness [31], both on ITO 

substrates. Likewise, Patil et al. obtained films ranging from 274 nm to 604 nm on FTO 

substrates [11]. The structure of the film during nucleation and initial growth stages is 

highly influenced by the substrate nature. Since glass/ITO is mostly amorphous, the first 

layers tend to grow in the amorphous state. At longer deposition times, the structure of 
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the deposit is no longer influenced by the substrate, but depends only on the 

electrodeposition conditions [46]. 

Molybdenum oxide films were also subjected to TEM characterization. Figure 5 shows 

representative high-resolution TEM images and corresponding selected area electron 

diffraction (SAED) patterns for some films. The interplanar distances match the phases 

previously encountered in XRD analyses.  

X-ray photoelectron spectroscopy (XPS) analyses were further conducted in order to get 

a deeper knowledge of the speciation of Mo compounds in the different films. Figure 6 

and Figure 7 show the experimental and deconvoluted Mo3d core electronic transitions 

for the films obtained without and with CTAB in the bath, respectively. Deconvolution 

was performed using 100% Gaussian functions. Table 1 lists the energies of the 

deconvoluted peaks for the CTAB-free films. The presence of MoVI and MoV was 

confirmed in all cases. Additionally, MoIV and Mo0 were also detected. Their relative 

abundance varied depending on both the pH and the presence of CTAB in the bath. 

Some general trends can be drawn. At pH = 1, MoV state is predominant (Figure 6a), in 

agreement with XRD analyses and previous works in the literature [28,31]. The spectra 

also indicate the existence of MoVI and MoIV oxidation states. Although the detection of 

MoIV at such low pH is uncommon, it is also true that the here-prepared films are 

relatively thick. In other words, thickness might also play a role on the evolution of 

molybdenum oxidation states. MoVI and MoV are predominant in films obtained at pH = 

6 from CTAB-free bath (Figure 6b). The detection of MoV is consistent with XRD 

analysis. However, the XRD pattern does not show peaks attributed to -MoO3 or any 

other Mo(VI) species, whereas XPS peak deconvolution indicate that MoVI is present. 

This suggests that either Mo(VI) species are amorphous or partial oxidation of 

substoichiometric MoxO3x-1 toward Mo(VI) species at the utmost surface occurred. The 
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latter hypothesis seems more reasonable taking into account the brownish coloring, 

typical of reduced molybdenum oxide, of the deposit [23,30]. Bear in mind that X-rays 

penetrate deeper in the film, while only the utmost surface is explored by XPS. 

Additionally, MoIV is also relatively abundant in the homologous CTAB film (Figure 

7a). Since no diffraction peaks ascribed to MoO2 are present in the corresponding 

diffractogram, this would indicate that Mo(IV) species are amorphous. Indeed, the 

presence of reduced molybdenum oxides at quasi-neutral pH and higher has been 

widely reported in the literature [23,30]. Finally, MoVI and MoV are the prevalent 

oxidation states at pH = 9 with and without CTAB. Since no peaks ascribed to Mo(VI) 

compounds are detected in the XRD pattern of the CTAB-free bath this might again 

suggest that MoxO3x-1 underwent oxidation at the surface. Interestingly, the relative 

amount of MoIV is higher in the film obtained from CTAB-free bath (cf. Figure 6c –

shoulder ca. 229.8 eV– and Figure 7b). The results gleaned from XPS indicate that the 

addition of CTAB to the bath induces changes in the speciation of Mo compounds. In 

particular, the presence of CTAB in the electrolyte at pH = 9 seemingly favors the 

growth of less reduced molybdenum oxides. Finally, the detection of metallic 

molybdenum was quite surprising since it is believed that complete reduction of Mo(VI) 

toward Mo(0) from aqueous baths requires the presence of an inductor cation in solution 

(e.g. Co, Ni, Fe) and hydroxycarboxylic acids, which is not our case. However, Morley 

et al. succeeded in the deposition of metallic molybdenum from acetate-rich aqueous 

electrolytes [47]. It is believed that metallic Mo is formed during the first stages of 

deposition. It is conjectured that metallic Mo is not detected by XRD because either its 

relative amount in the overall film thickness is below the detection limit of the XRD 

technique (which is usually taken as 1-2 wt%), or the signal is masked by the 

amorphous background. As aforementioned, a metallic luster was seen from the 
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backside of ITO/glass substrate. Because the layers feature some cracks, Mo0 could be 

detected by XPS although it is likely located at the substrate/film interface.  

 

 

3.3. Mechanical properties of molybdenum oxide films 

The nanoindentation curves of the different molybdenum oxide films are plotted in 

Figure 8. The penetration depth reached at the end of the indentation segment varies 

depending on both the pH of the bath and the absence/presence of CTAB. This, in turn, 

means that hardness, H, and reduced Young’s modulus, Er, are sensitive to the Mo 

oxidation state, crystallographic structure, and porosity of the films. Table 2 lists the 

values of H and Er for the different films. In particular, the presence of CTAB in the 

bath leads to mechanically harder films. This is in part due to the decrease in the amount 

of cracks. The hardest film is the one produced from CTAB-containing bath at pH = 9, 

whereas the softest film stands for its CTAB-free homologous, which is almost fully 

amorphous (Figure 4c). Note that not only H increases when CTAB is added to the bath, 

but also Er does. It is well known that amorphous oxides tend to be mechanically softer 

than crystalline ones [48]. The real Young’s modulus (E) has been calculated by using 

the following equation: 

   
i

i

r EEE

22 111  



    (1) 

 

where Ei = 1140 GPa and i = 0.07 stand for diamond indenter. A Poisson’s ration  = 

0.28 has been assumed for molybdenum oxide [49]. The obtained E values are much 

lower than those of bulk MoO3 (Ebulk = 540 GPa) [50]. Such a decrease in the Young’s 
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modulus can be explained by taking the presence of cracks and porosity into account. 

The porosity fraction (P) has been estimated from equation (2) [51]: 
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where E is the Young’s modulus of the material under investigation and Ebulk the 

Young’s modulus of the bulk, and from equation (3, 4) [52]: 
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where C1 is a geometric constant close to 1 and ρ/ρbulk the relative density of the 

material under study. The resulting values of porosity (P), expressed in 100%, are also 

listed in Table 2. These values are roughly approximate because equations (2) and (3) 

assume that the decrease in the elastic modulus is fully due to the existence of porosity 

and neglect cracking, residual stress or surface roughness effects, which are also present 

in our case. Therefore, P(%) values are probably overestimated, particularly for samples 

with a large amorphous fraction. Note also that the Young’s modulus of amorphous 

molybdenum oxides is probably lower than that of their crystalline counterparts, as 

observed in other systems [48]. 

 

 

3.4. Preparation of ordered arrays of molybdenum oxide submicrometer 

structures and their mechanical properties 
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Following films preparation, attempts were made to fabricate ordered arrays of 

molybdenum oxide submicrometer structures on e-beam patterned Au/Ti/Si substrates 

from the electrolyte at pH = 9. Figure 9a shows a fabrication scheme of the 

molybdenum oxide submicrometer structure arrays. In order to avoid overplating, the 

deposition time was fixed to 25 s for an applied potential of –1.4 V. Figure 9b shows an 

on-top SEM image of an array of molybdenum oxide pillars (500 nm in diameter) 

before resist removal; the corresponding EDX mapping analyses confirmed the presence 

of oxygen and molybdenum elements in the cylindrical cavities. A tilted view of an 

array of pillars (200 nm in diameter) is shown in Figure 9c. The pillars presented good 

adherence to the Au surface and preserved their integrity after resist removal. The same 

holds for the stripes shown in figure 9d. The mechanical properties of 500 nm-thick 

stripes were also evaluated by nanoindentation. The results indicated that they were 

mechanically softer than the film analogues. Namely, H and Er were around 0.7 and 13 

GPa, respectively, for stripes up to 2 m in width. This is probably due to the enhanced 

surface roughness of the patterned structures as compared to the continuous films. H 

and Er values of wider stripes tend to be larger, approaching the values of the films. 

 

4. Conclusions 

Molybdenum oxide films with varying morphology, crystallographic structure, and 

mechanical properties have been obtained potentiostatically onto glass/ITO substrates. 

Such tuning of properties has been accomplished by simply changing the pH of the 

electrolyte and through the addition of a cationic surfactant (CTAB) to the bath. CTAB 

not only improves the adherence of the films and reduces the cracking phenomena, but 

also increases films’ crystallinity and brings about changes in the distribution of 

molybdenum oxidation states. The mechanical properties of the films produced from 
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CTAB-containing baths are also enhanced. Finally, the successful growth of crack-free, 

well-defined, ordered arrays of molybdenum oxide structures onto submicrometer 

patterned pillar and stripe motifs is demonstrated and the resulting mechanical 

properties assessed.  
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Figure captions 

Figure 1 Cyclic voltammetries recorded from 0.2 M Na2MoO4 (“no add”) and 0.2 M Na2MoO4 + 

0.01 M CTAB (“CTAB”) electrolytes at pH = 1, pH = 6 and pH = 9. Scan rate: 50 mV s–1. 

Figure 2 j-t curves recorded during the potentiostatic deposition of molybdenum oxide films from 

0.2 M Na2MoO4 (“no add”) and 0.2 M Na2MoO4 + 0.01 M CTAB (“CTAB”) electrolytes at pH = 1 

(–0.9 V), pH = 6 (–1.4 V), and pH = 9 (–1.4 V). The inset shows a zoomed detail of the curves 

during the first stages of deposition. 

Figure 3 SEM images of molybdenum oxide films grown on ITO/glass substrates at (a) pH 

= 1 “no add” bath, Q = 4.8 C cm–2; (b) pH = 6 “no add” bath, Q = 711 mC cm–2; (c) pH = 6 

“CTAB” bath, Q = 426 mC cm–2; (d) pH = 9 “no add” bath, Q = 400 mC cm–2; and (e) pH 

= 9 “CTAB” bath, Q = 593 mC cm–2. 

Figure 4 XRD patterns of molybdenum oxide films grown on ITO/glass substrates at (a) 

pH = 1 without CTAB in the bath, (b) pH = 6 and (c) pH = 9 without (no add) and with 

CTAB in the bath. 

Figure 5 HRTEM images of molybdenum oxide films obtained by (a) CTAB-free bath at 

pH = 6, (c) CTAB-free bath at pH = 9 and (e) CTAB-containing bath at pH = 9. (b, d and 

f) are the corresponding SAED patterns.  

Figure 6 Experimental and deconvoluted Mo 3d XPS bands corresponding to molybdenum 

oxide films produced in CTAB-free baths at (a) pH = 1, (b) pH = 6 and (c) pH = 9.  

Figure 7 Experimental and deconvoluted Mo 3d XPS bands corresponding to molybdenum 

oxide films produced in CTAB-containing baths at (a) pH = 6 and (b) pH = 9.  

Figure 8 Load-unload indentation curves of the molybdenum oxide films grown on 

glass/ITO substrates. 
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Figure 9 (a) Schematic picture of the fabrication of arrays of molybdenum oxide pillars and 

stripes on e-beam lithographed Si/Ti/Au substrates. (b) On-top SEM image of 

molybdenum oxide pillars (left) and corresponding EDX mapping (right) before resist 

removal. (c) and (d) 70º tilted SEM images of arrays of molybdenum oxide pillars (200 nm 

in diameter) and stripes (1 m x 15 m), respectively. The inset of Figure 9d shows 

narrower stripes of 100 nm width (scale bar is 200 nm). The submicrometer structures 

were grown from CTAB-free bath at pH = 9 at E = –1.4 V for 25 s ( = 100 rpm). Note 

that the previously evaporated Au layer showed some growth defects in the form of 

protrusions as indicated with an arrow in Figure 9d. 
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Tables 
Table 1. Binding energy (in eV) for the 3d3/2 and 3d5/2 doublets of Mo 3d XPS core-level spectra 

obtained from the deconvolution of experimental curves shown in Figure 6 (films obtained from 

CTAB-free electrolyte) 

 Binding energy (eV) 

Sample 

(no add) 

Mo6+ Mo5+ Mo4+ Mo0 

3/2 5/2 3/2 5/2 3/2 5/2 3/2 5/2 

pH = 1 236.9 232.0 235.8 232.8 234.3 * 231.1 * 

pH = 6 236.8 232.3 235.5 233.0 234.6 * 231.0 * 

pH = 9 236.6 231.7 234.9 232.9 234.2 229.8 231.0 228.2 

*of very low intensity (nearly negligible contribution) 
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Table 2. Values of H and Er determined from nanoindentation curves. Young’s modulus, 

E, has been calculated assuming a Poisson’s ratio of 0.28. Films’ porosity has been 

estimated using equations (2) and (3) and considering Ebulk = 540 GPa [50]. 

Film H (GPa) Er (GPa) E (GPa) 
P (%) 

Eq. 2 

P (%) 

Eq. 3 

pH1 

no add 
1.300.07 22.460.76 20.300.70 73 81 

pH6 

no add 
1.670.04 20.240.38 18.330.35 75 82 

pH6 

CTAB 
2.070.04 24.950.27 22.500.25 72 80 

pH9 

no add 
0.670.04 16.360.47 14.860.43 77 83 

pH9 

CTAB 
2.370.07 29.960.58 26.900.53 70 78 
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