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Molybdenum oxides is of great technological interest due to their outstanding optical, electronic and 

catalytic properties. In this work, molybdenum dioxide (MoO2) thin films were deposited onto Si 

wafers and stainless steel substrates at different substrate temperatures. The growth of the films was 

achieved by using a vertical metal organic chemical vapor deposition reactor working in pulsed 

injection mode. A powder of molybdenum hexacarbonyl mixed in a toluene solution was used as 

precursor. An effective pulsed injection system to supply the precursor, usually used for fuel injection 

in internal combustion devices, delivers a precise amount of liquid precursor to the reactor through 

injectors, whose pulse intervals (injection frequency) are controlled by a computer-driven system. The 

use of a liquid solution as precursor along with the experimental parameters provide 

thermodynamically favorable conditions to fabricate a thin solid film, homogenously deposited onto 

the whole substrate. The MoO2 film structure and morphology were studied by X-ray diffraction, 

Raman scattering spectroscopy and scanning electron microscopy. Moreover, a comparative study was 

undertaken whereby the catalytic activity of stainless steel substrate for hydrogen evolution reaction 

was related to that of MoO2 thin film. 
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1. INTRODUCTION 

Molybdenum dioxide is of great technological interest due to its interesting, structural and 

electronic surface properties. Its high electronic conductivity, for example, which is comparable to that 
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of some metals [1-4], suggests that MoO2 can be used as an anode material for Dodecane-Fueled solid-

oxide fuel cells [5], partial oxidation of isooctane [6] and lithium ion batteries [7-10]. 

So far, several methods to grow MoO2 thin films have been explored including, sputtering 

deposition [11-13], hot-filament metal oxide deposition [14], aerosol assisted chemical vapor 

deposition [15], electrodeposition [16, 17], electrostatic spray deposition [5] and epitaxial growth [18]. 

The structure, phase and properties of the resulting films are in general, strongly dependent upon the 

deposition technique employed. 

In particular, the pulsed injection-metal organic chemical vapor deposition (PI-MOCVD) 

system is an attractive technique due to its excellent conformal coverage and low deposition 

temperatures. Moreover, the PI-MOCVD has the ability to cover large areas, high growth rates, step 

coverage possibility, and low cost [19-23]. A variety of metallic oxides have been produced using this 

system. However, the fabrication and characterization of MoO2 thin films by PI-MOCVD have not 

been investigated yet. 

In this study, we report the preparation of MoO2 thin films by PI-MOCVD. The structure and 

morphology were studied by Raman, XRD, and SEM. A comparative study was undertaken whereby 

the catalytic activity of stainless steel substrate for hydrogen evolution reaction (HER) was compared 

to that of MoO2 thin film.  

 

 

 

2. EXPERIMENTAL SECTION 

The growth of the films was achieved using a vertical MOCVD reactor working in pulsed 

injection mode. The reactor consists of a quartz tube and stainless steel parts interconnected by O-rings 

producing a linear path from the gas carrier and injectors-end to the vacuum pump-end. The pulsed 

injection mechanism that consists of an injector normally used in internal combustion engines, allowed 

us to control the exact dose of liquid precursor into the reactor, where the injection frequency is 

controlled by a computer program. Once the precursor is injected, the liquid solution instantaneously 

evaporates and the resulting vapor mixture is transported by a carrier gas (N2) to the reaction chamber, 

which is at high temperature, allowing the film growth on the hot substrate. The reaction chamber is a 

quartz tube surrounded by a resistance that can heat the substrate to 1000 °C. Circular stainless steel 

and rectangular silicon wafer with 1 cm diameter and 1.5 cm x 1 cm dimensions were used as 

substrates, respectively. The substrates were polished and cleaned prior to use by washing them with 

acetone and then ethanol in an ultrasonic bath for 10 min. Finally, substrates were dried in air. 

A liquid solution of 30 ml of toluene mixed with 0.2139 gr of molybdenum hexacarbonyl 

(C6MoO6) was used as precursor. The pressure in the system was kept at 600 Pa with a flow of carrier 

gas (N2) of 0.1 liters / min . Three experiments were performed by varying the substrate temperature at 

500, 700 and 800 ºC, lower temperatures inhibits the material stoichiometry and the substrate 

coverage, the evaporation zone along the transport was kept at 280 ° C. The deposition parameters, 

substrates and sample labels are summarized in Table 1 

The morphology and nanostructure of the films were studied by scanning electron microscopy 

(Hitachi SU8230) operated at 5 kV and X -Ray diffraction by using a Rigaku Ultima IV model using 
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the Cu  radiation ( , an accelerating voltage of 40 kV and a current of 30 mA. The 

Raman signals were collected using a Sentera Dispersive Raman Microscope. The excitation laser 

wavelength and power were 785 nm and 25 mW, respectively.  

The electrochemical test for hydrogen evolution activity was performed in a three-electrode 

cell arrangement using a thin platinum plate as the counter electrode, a saturated calomel electrode 

(SCE) as a reference electrode and the prepared samples as the working electrode. The voltage sweep 

potentials were provided by a computer controlled potentiostat/galvanostat (Princeton Applied 

Research, VersaSTAT 4 model). All the potentials described in the text were relative to the SCE. The 

linear polarization curves and electrochemical impedance spectroscopy (EIS) techniques were carried 

out in 0.5 M H2SO4 solution at room temperature. Before each experiment, the electrolyte solution 

was deaerated by bubbling nitrogen for 30 min, keeping an inert atmosphere during the whole 

measurement. The current density versus electrode potential curves were performed at a scanning rate 

of 10 mV/s. EIS measurements were carried out in the frequency range 1 to 10
5
 Hz at overpotential 

(η=-450 mV) with the perturbation amplitude of 10 mV. 

 

Table 1.  Deposition parameters of PI-MOCVD process, substrate and corresponding sample label. 

Sample Tsubstrate 

(
o
C) 

Tevaporation 

(
o
C) 

N2 flow rate           

(l min
-1

) 

Substrate 

T500-Si 500 280 0.1 Silicon wafer 

T700-Si 700 280 0.1 Silicon wafer 

T800-Si 800 280 0.1 Silicon wafer 

 T800-SS 800 280 0.1 Stainless steel 

 

 

 

3. RESULTS AND DISCUSSION 

Figure 1 shows the Raman spectra of MoO2 films deposited at: 500 
o
C, 700 

o
C and 800 

o
C. 

This range of temperature produced no change to the Raman spectra. All the Raman spectra are 

constituted by ten peaks located at 206, 229, 350, 364, 423, 468, 496, 569, 586, 743 cm
-1

, in good 

agreement with the spectrum of MoO2 previously reported by [24, 25]. No spectral evidence for 

crystalline or amorphous MoO3 was observed due to the high substrate temperature. 

Figure 2 shows the XRD pattern of MoO2 films deposited at different substrate temperatures of 

500, 700 and 800 
o
C. In Figure 2 the obtained diffraction peaks at 2θ (

o
) are around 18.5, 26, 31.8, 

37.02, 41.78, 49.56, 53.56, 60.3, 63.4, 66.6, 67.64, 70.02, 72.5, 73.36, 78.8, and 79.64. Unlike 

molybdenum oxide thin film prepared by MOCVD using molybdenum dioxide acetylacetonate as 

precursor in which the film consisted of α-MoO3 phase at deposition temperature of 560 
o
C [26], all 

the identified peaks from the presented set of samples can be indexed to the monoclinic phase MoO2 

(JCPDS card 32-0671) which is consistent with the Raman study. It is observed that the intensity of the 

sharp diffraction peak located at 2θ=26
o
 increases with the substrate temperature which suggests that 

the thin film is well crystallized and exhibits the presence of MoO2 dominant phase with a strong 

preferential orientation in (-1 1 1) direction for the highest substrate temperature (T=800 
o
C). The 
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calculated lower value of crystallite size by using the well-known Debey–Scherrer’s formula gives and 

estimation of 40, 49 and 46 nm for samples deposited at 500 
o
C, 700 

o
C and 800 

o
C, respectively. 

 

 
 

Figure 1. Raman spectra of the MoO2 films deposited at: 500 
o
C, 700 

o
C and 800 

o
C. 

 

 
 

Figure 2. XRD pattern of the MoO2 films for different substrate temperatures of 500 °C, 700 °C and 

800 °C. 
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Scanning electron microscopy (SEM) was used to examine the surface morphology of the films 

and measure the film thickness. Error! Reference source not found.(a), (b) and (c) show the SEM 

images for the samples deposited at 500 
o
C, 700 

o
C and 800 

o
C. The microstructure of the deposited 

films changes depending on the substrate temperature. The SEM image for a sample deposited at low 

substrate temperature (T=500 
o
C) revealed nanostructured thin films with an average grain size of 

38±7 nm while samples deposited at higher substrate temperatures exhibited an enhancement in the 

grain size, i.e. the average grain size of samples deposited at T=700 is 172±32 nm. The increase of the 

crystallite size corresponds to a coalescence of small crystallites as can be seen in Error! Reference 

source not found.(d) and this nanoparticle coalescence seems to be higher for samples deposited at 

800 
o
C. It is worth to mention that this morphology differs greatly from that of a MoO2 thin film 

obtained by aerosol assisted chemical vapor deposition at 500 
o
C [15] in which the coating is 

comprised of spherical and needle agglomerates of crystallites up to 1 μm. The film thickness of the 

samples is around 200 nm as measured by cleaving the sample and measuring in the SEM. 

 

 
 

Figure 3. SEM images of MoO2 films for different substrate temperatures: a) T500-Si; b) T700-Si; c) 

T800-Si; and d) show a different zone of sample deposited at 700 
o
C captured with a higher 

magnification (M=150k). 

 

A comparative study was undertaken whereby the catalytic activity of stainless steel substrate 

for HER was related to that of MoO2 thin film deposited at 800 
o
C (T800-SS), this sample presented 

the larges difference compared with the stainless steel substrate. Figure 4 shows the polarization curves 

for the stainless steel substrate and MoO2 coating. Current densities (j) were normalized to the 

geometric area of the exposed surface. The catalytic property of the electrode for HER was 

significantly enhanced by the MoO2 thin film deposition onto the surface of the stainless steel. The 

MoO2 coating showed higher current density than the stainless steel substrate. The obtained results are 
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comparable to that shown by Y. Zhao et al. [27] showing the increase of HER with the addition of 

MoO2. The improved electrocatalysis exhibited by the MoO2 coating suggests that smaller activation 

energy is required for HER. 

 
 

Figure 4. Linear sweep voltammetry polarization curves for the stainless steel substrate and the MoO2 

thin film deposited at 800 
o
C onto stainless steel (T800-SS). 

 

The EIS of the electrode is also an important parameter and can be used to evaluate the HER. 

Figure 5 shows the representative Nyquist plots of the stainless steel substrate and the MoO2 coating at 

the overpotential -450 mV. The diameter of the semicircle is attributed to the interfacial charge transfer 

resistance of electrochemical reactions. The decrease of semicircle of Nyquist plots suggests an 

increase in the current density i.e. an increase in the rate of hydrogen evolution, attributed to the 

increase in the effective electrochemical interface by improved electron supply. This phenomenon 

facilitate the fast change transfer between the electrolyte and the MoO2 coating. Similar results are 

shown in measurements made by B. W. Kwon et al. [5] where a reduction in the resistance of the cell 

is observed when working with MoO2. Both impedance curves reflect a distribution of reactivity that is 

commonly fitted by using a simplified Randles equivalent circuit [28-30]. The equivalent electrical 

circuit  consists of an active electrolyte resistance RS in series with the parallel combination of a 

constant phase element (CPE) and an active charge transfer resistance Rct (see the inset of Figure 5). Its 

impedance (Z) is described as: 

 

(1) 

where C is the CPE capacitance parameter and α is the CPE exponent. From the fitting 

parameters of the EIS data, Rs values are 6.5 Ω and 8 Ω for stainless steel substrate and T800-SS, 

( )
1 ( )

ct
s

ct

R
Z R

i C R
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respectively, manifesting excellent conductivity of electrolyte. Additionally, Rct decreases from 964 

Ohm∙cm
2
 to 102 Ohm∙cm

2
 for stainless steel substrate and T800-SS, respectively (Table 2) all the 

values are for an area of 0.384 cm
2
. This suggests that MoO2 coating enhances the electrocatalytic 

activity of the stainless steel substrate. Other work involving MoO2 coatings exhibits a reduction in Rct 

values from 114 Ohm∙cm
2
 (uncoated) to 7 Ohm∙cm

2
 (coated) [5], validating the behavior obtained in 

the present work. The EIS results obtained are in reasonable agreement with those obtained from the 

linear polarization curves.  

 
 

Figure 5. Electrochemical impedance spectra at η=-450 mV for sample T800-SS and substrate 

 

Table 2. The kinetic parameters for substrate and T800-SS sample 

 

Parameters Substrate M800-SS MoO2 coating [5] 

RS (Ω∙cm
2
) 2.50 3.07 - 

Rct (Ω∙cm
2
) 964 102 7 

C  (μF) 19 142 - 

α 0.83 0.83 - 

 

 

 

4. CONCLUSION 

Molybdenum dioxide thin films were grown by PI-MOCVD controlling the substrate 

temperature. Raman and XRD results confirm the presence of a monoclinic phase of MoO2 in all the 
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samples. The structure and morphology of the MoO2 thin films are highly dependent on the substrate 

temperature. The thin films are well crystallized and exhibit the presence of MoO2 dominant phase 

with a strong preferential orientation in (-1 1 1) direction for the highest substrate temperature (T=800 
o
C). It was observed that the average grain size increases with substrate temperature from 40 nm to 200 

nm approximately. It is worth to mention that this morphology differs greatly from that of MoO2 thin 

films reported previously by other techniques. The catalytic properties of a MoO2 thin film were 

evaluated using linear scan voltammetry and EIS. The results showed that the catalytic properties of 

the electrode for HER were significantly enhanced by the presence of MoO2 thin film deposition onto 

the surface of the stainless steel. 
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