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The electrochemical stability of polycrystalline thin ®lm MoxN (x � 1 and 2) electrodes deposited
on previously nitrided polycrystalline Ti and bare Ti substrates and exposed to 4.4M H2SO4 elec-
trolyte has been investigated. The electrodes were prepared by a temperature programmed procedure
involving the reaction of MoO3 ®lms and NH3. Cyclic voltammetry and a.c. impedance spectroscopy
indicated that the range of electrochemical voltage stability in the electrolyte of the MoxN ®lms on
nitrided Ti substrates, referenced to a standard hydrogen electrode to be )0.01 to+0.69V. These
electrodes had a calculated capacitance of about 315F cm)3. The MoxN ®lms on Ti substrates were
electrochemically stable from )0.01 to +0.67V; however, they contained unconverted MoO2 which
acted to reduce the calculated capacitance to about 210F cm)3. At and above +0.70V and +0.68V
on nitrided Ti and Ti substrates, respectively, an electrochemical reaction occurred. The formation of
an amorphous phase in the reacted MoxN ®lms was indicated by X-ray di�raction (XRD). Sec-
ondary ion mass spectroscopy (SIMS) showed increases in the atomic concentrations of hydrogen,
oxygen and sulfur in the reacted ®lms. The voltage bias applied to the electrodes in¯uenced the
chemical composition of the reacted ®lms.
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1. Introduction

The numerous potential and realized applications of
conductive high surface area (HSA) materials, in-
cluding catalysts and electrodes in high energy density
electrochemical double layer capacitors, have
prompted research and development into growth of
these materials. At present, either HSA carbon pow-
der or ruthenium oxide is commonly used in the latter
application. However, low volumetric energy density
values and high equivalent series resistance values
limits the use of the former, and the latter material is
uneconomical. Alternative candidate materials in-
clude the transition metal nitrides MxNy (M � Mo,
Ti, Ni, V, Cr, or W), which have electrical conduc-
tivities exceeding 104 W)1 cm)1 and good resistance to
electrochemical decomposition in aqueous electrolytes
[1]. The material of interest in the present research is
molybdenum nitride due to its high electrical con-
ductivity and resistance to electrochemical decompo-
sition. To form high surface area ®lms (P30m2 g)1) of
this material, it is advantageous to make use of the
increase in the crystallographic density which occurs
during the conversion of MoO3 (q� 4.69 g cm)3) to
MoN (q� 9.05 g cm)3), and Mo2N (q� 9.50 g cm)3)

[2±5]. This change in density also results in a large
increase in surface area caused by the formation of
microcracks, pores and cavities since the conversion is
associated with a concomitant and signi®cant increase
in the bulk density of the nitride.

Several techniques have been used to deposit
MoxN ®lms [6±8]; however, they have not yielded a
material having a small grain size or high surface
area. By contrast, MoxN ®lms with grain sizes
�20 nm and high surface areas (>30m2 g)1) have
recently been achieved in the authors' laboratories
[9]. The availability of these ®lms in the form of
electrodes has allowed the determination of the elec-
trochemical stability and reaction products of MoxN
electrodes in H2SO4.

In this research, we have observed that MoxN thin
®lm electrodes have a capacitance to 315F cm)3 or
�35F gm)1 and an equivalent series resistance (ESR)
value of 0.04W. These ®lms are electrochemically
stable in a 4.4M H2SO4 electrolyte between )0.01 and
+0.69V, and )0.01 and +0.67V on nitrided Ti and
Ti substrates, respectively. Below and above these
values, electrochemical reactions resulted in the for-
mation of an amorphous material, as shown by X-ray
di�raction (XRD).
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2. Experimental details

As-received, 50 lm thick polycrystalline Ti substrates,
were cut into one inch squares, cleaned sequentially
in trichloroethylene, acetone and methanol, etched in
1.0M HCl at 90 °C for 10min to remove the surface
oxide, rinsed in methanol and dried. Surface nitr-
idation was accomplished by heating the prepared Ti
substrates to 700 °C for 1 h in NH3 ¯owing at
4 dm3min)1 in a quartz lined stainless steel tube
furnace which had been previously evacuated to
10)3 torr.

The production of MoO3 ®lms was accomplished
in a resistively heated, pancake-style, atmospheric
spray pyrolysis deposition system containing a thin
layer chromatography (TLC) sprayer to deliver the
liquid molybdenum source (5 g of MoCl5/100ml DI
H2O+50ml methanol) to the substrate. The sub-
strates (nitrided Ti or Ti) were heated to 500 °C, and
the process sequence initiated by ¯owing nitrogen at
14 dm3min)1 over the liquid inlet of the TLC sprayer.
At this ¯ow rate the liquid source was siphoned up
the inlet tube, dispersed into ®ne droplets, and de-
posited on the substrate. The pyrolysis of the liquid
source in air produced MoO3 on the substrate. The
process route for the growth of MoO3 ®lms employed
an on/o� cycle involving the deposition of MoO3 for
30 s and the cessation of the ¯ow of nitrogen (and the
deposition) for 30 s. This process was repeated 15
times to prepare 15 lm thick MoO3 ®lms.

To achieve the conversion of the MoO3 ®lms to
MoxN, the former were placed in a quartz lined
stainless steel tube furnace and evacuated to
10)3 torr. The system was seven times sequentially
back-®lled with UHP (99.999%) nitrogen to atmo-
spheric pressure and evacuated to 10)3 torr to reduce
the oxygen level in the system to a minimum. To
eliminate any detectable MoO2 in the MoxN ®lms on
nitrided Ti substrates, the following temperature
programmed reaction sequence was developed by the
authors and conducted at atmospheric pressure and
an NH3 ¯ow rate of 7 dm3 min)1: 325 °C h)1 from
room temperature to 325 °C, 20 °C h)1 from 300±
580 °C, 160 °C h)1 from 580±750 °C and a ®nal soak
at 750 °C for 2 h. The resulting MoxN ®lms were
cooled to room temperature at a rate of 340 °C h)1

and passivated for 24 h in nitrogen ¯owing at
2 dm3min)1 to prevent rapid oxidation due to their
high surface areas.

The structural, chemical, and surface microstruc-
tural properties of the MoxN ®lms were analyzed
prior to and after electrochemical reaction using
several techniques. X-ray di�raction (Rigaku model
A) was used to identify the bulk phases. Secondary
ion mass spectroscopy (Cameca ims-3F) depth pro-
®ling was employed to determine the presence of el-
ements in low concentrations with an MoxN ®lm
calibrated for H, Mo, N, O, and S via ion implan-
tation being used as the standard for SIMS. Scanning
electron microscopy (SEM) (Jeol 6400FE) at 5 kV
was used to determine the e�ects of the electro-

chemical reaction on the surface microstructure of
the ®lms.

The electrochemical evaluation of the MoxN
electrodes in H2SO4 was conducted using cyclic vol-
tammetry (CV) and a.c. impedance spectroscopy in
4.4M H2SO4 on 1 cm2 samples. The former mea-
surements were taken using a standard hydrogen
reference electrode, a platinum counter electrode and
an EEG (model 173) potentiostat in tandem with an
EEG (model 175) programmer at a scan rate of
10mV s)1. The capacitance of each of these ®lms was
determined by integrating the rectangular area of the
CV curves and dividing this value by twice the scan
rate. This gives a more accurate and useful capaci-
tance value than instantaneous capacitance mea-
surements, which tend to overestimate the useable
capacitance of a given electrode. Capacitance values
are reported in F gm)1, F cm)2 and F cm)3. This last
unit allows for the comparison of this electrode ma-
terial with other electrode materials of di�erent den-
sities. After the stability limits of the electrodes were
determined by CV, a two electrode `test cell' was
constructed from identical but untested samples.
These electrodes were then used to perform SIMS
depth pro®ling and XRD studies. This provided a
more accurate description of the capacitive behavior
of these electrodes in a two electrode cell. A Solotron
1250 frequency analyser and an EEG (Model 273)
potentiostat were used for the a.c. impedance studies.
These studies were conducted to observe the electro-
chemical reactions at and near the electrochemical
stability limits of the electrodes.

3. Results and discussion

The successful fabrication in this research [9] of
MoxN ®lms on previously nitrided Ti substrates with
very low oxygen concentrations has been paramount
to the investigation of the electrochemical stability
and any resultant reaction products of these ®lms
when exposed to 4.4M H2SO4. This is due to the in-
stability of molybdenum oxides in H2SO4. A repre-
sentative XRD pattern of these ®lms prior to
electrochemical reaction is shown in Fig. 1(a). The
®lms consisted of �60% c-Mo2N and �40% d-MoN.
The peak broadening is due to the very small (�10
nm) average grain size. A representative XRD pat-
tern of a ®lm following conversion on a Ti substrate,
which had not been nitrided, is shown in Fig. 1(b) for
comparison. A bulk MoO2 phase is present in the
latter ®lm due to the incomplete conversion of MoO3

to Mo2N near the ®lm/substrate interface. This was
found to be related to the formation of TiO on the Ti
substrate during the MoO3 deposition process. It was
discovered that once titanium oxides (TiO2 and TiO)
were formed on the substrate, it was thermodynam-
ically impossible at the reaction temperatures and
pressures employed to convert these oxides to Ti2N
or TiN. As the Gibbs free energy of formation of
MoO2 possesses a more negative value than TiO at
temperatures below 730 °C, the presence of TiO was
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found to inhibit the conversion of MoO3 to MoxN.
Above this temperature, TiO is thermodynamically
more stable than MoO2. However, attempts to pre-
pare low oxygen concentration MoxN ®lms on Ti
substrates, which had not been nitrided, were un-
successful even when the ®lms were held at 790 °C for
10 h after the conversion reaction.

Representative cyclic voltammogram (CV) curves
determined for 1 and 50 cycles for an MoxN ®lm on a
nitrided Ti substrate biased at (a) +0.70V and (b)
+0.69V are shown in Fig. 2. The splitting of the lines
between cycles 1 and 50 in (a) indicate a reduction in
capacitance which is directly related to a decrease in
®lm thickness due to an electrochemical reaction and
resultant etching. In contrast, the overlapping lines of
cycles 1 and 50 in (b) indicate that MoxN ®lms are
electrochemically stable in 4.4M H2SO4 at and below
+0.69V. Although not shown here, subsequent
XRD analysis of ®lms exposed below +0.69V after
500 cycles con®rmed that the MoxN ®lms were elec-
trochemically stable at this voltage. The rectangular
shape of the CV curves indicates that the MoxN ®lms
are capacitive with a calculated value of
�0.50F cm)2, 35 F g)1 and 315F cm)3. In Fig. 3, a
cyclic voltammogram of an MoxN ®lm on a Ti sub-
strate which had not been nitrided biased at (a)
+0.68V and (b) +0.67V is shown. In (a) the split-
ting of the lines indicate an electrochemical reaction

on the ®lm and a reduction in capacitance. In (b) the
®lm is electrochemically stable after 50 cycles and no
reaction was observed in this ®lm. These ®lms had
lower capacitance values (�0.35F cm)2, 22 F g)1 and
210F cm)3) than ®lms deposited on nitrided Ti sub-
strates. This reduced value and a related reduction in
electrical conductivity are a result of the reduced
surface area of the ®lm due to the presence of unre-
acted MoO2.

The electrochemical characteristics of MoxN ®lms
on nitrided Ti and Ti substrates determined by a.c.
impedance spectroscopy are shown in Fig. 4(a) and
(b), and Fig. 5(a) and (b). In Fig. 4(a), the magnitude
of the impedance [Z], and capacitance (C), of the
MoxN electrodes biased at +0.69V is plotted against
frequency. As this Figure indicates, the capacitance
of a two-electrode MoxN cell at low frequencies ap-
proaches 0.70 F cm)2, 49 F g)1 and 443 F cm)3. These
values do not agree with the capacitance values ob-
tained using cyclic voltammetry. This di�erence is a
result of the use of the rectangular method, which
underestimates the capacitance especially in instances

Fig. 1. X-ray di�raction patterns of (a) a low oxygen concentra-
tion MoxN ®lm on a nitrided Ti substrate and (b) a MoO2 con-
taminated MoxN ®lm on a Ti substrate prior to exposure to
H2SO4.

Fig. 2. Cyclic voltammogram for cycles 1 and 50 for MoxN elec-
trodes on nitrided Ti substrates in 4.4M H2SO4 biased at (a)
+0.70V and (b) +0.69V. Scan rate 10mV s)1.

Fig. 3. Cyclic voltammogram for cycles 1 and 50 for MoxN elec-
trodes on Ti substrates in 4.4M H2SO4 biased at (a) +0.68V and
(b) +0.67V substrates. Scan rate 10mV s)1.
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where the CV plot is not purely rectangular and has
increasing current with potential. The a.c. impedance
values were obtained by the calculation of the data
points which gives a total capacitance that includes
portions that are not included in the rectangular CV
capacitance calculations. The slope of the impedance
line is ()1) for both the anode and cathode which is
typical of a porous capacitive electrode. In addition,
neither the anode nor the cathode has a slope change
at low frequencies which indicates electrochemical
stability. In Fig. 4(b) the voltage and current of the
two electrode cell approaches )90° out of phase at
low frequencies, which is ideal capacitive behaviour.
In Fig. 5(a) an electrochemical reaction is indicated
by the splitting of the lines between the MoxN anode
and cathode on Ti substrates biased at +0.69V. The
capacitance of these electrodes appears to be much
larger than those represented in Fig. 4(a), but these
values are misleading due to the electrochemical re-
action. The slopes of the anode and cathode lines in
Fig. 5(a) are not ()1), change rapidly at the lowest
frequencies and do not have the same values. Further
evidence of the electrochemical reaction in these ®lms
is indicated by examining the plot of angular depen-
dence against frequency plot in Fig. 5(b). These ®lms
do not approach the ideal capacitor value of )90° but
show a sudden decrease in angular dependency at low
frequencies.

The plot of the real and imaginary impedance as a
function of frequency gives useful information re-
garding the electrode(s) resistance in the electrolyte.
The resistance or equivalent series resistance (ESR) is
determined by the intersection of the real and imag-
inary impedance with the x or real axis. This is shown
in Fig. 6 for an MoxN electrode deposited on a nit-
rided Ti substrate and biased at 0.0 and 0.69V vs
SHE. The intersection with the real axis indicated
that the resistance in 4.4M H2SO4 was �0.04W. The

Fig. 4. AC impedance spectroscopy plots of MoxN electrodes bi-
ased at +0.69V on nitrided Ti substrates in 4.4M H2SO4 showing
(a) magnitude of the impedance [Z] and capacitance, and (b) cur-
rent±voltage phase against frequency.

Fig. 5. AC impedance spectroscopy plots of MoxN electrodes
contaminated with MoO2 on Ti substrates in 4.4M H2SO4 and
biased at +0.69V of (a) magnitude of the impedance [Z] and ca-
pacitance and (b) current±voltage phase against frequency.

Fig. 6. Real and Imaginary impedance plotted as a function of
frequency for MoxN ®lms deposited on nitrided Ti substrates and
biased at +0.69 and 0V vs SHE.
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slope of the line at high frequencies indicated that the
electrodes were porous and the change to a more
vertical slope at lower frequencies indicated ideal
capacitor resistance behaviour. The values for elec-
trodes biased at 0.0 and 0.69V overlap. Similar re-
sults were also observed for MoxN ®lms on bare Ti
substrates; however, the ESR for these ®lms were
higher, �0.053W, due to a lower electrical conduc-
tivity resulting from MoO2 contamination in the
®lms.

The bulk e�ects of electrochemical reactions
on the MoxN ®lms above their voltage stability
limits on a nitrided Ti substrate are shown in the
XRD patterns in Fig. 7(a) and (b). These patterns
indicate the formation of an amorphous product
phase. However, there was more amorphous phase
(i.e., more electrochemical reaction present) in the
positively biased electrode than in the negatively
biased electrode. This is indicated by the small peaks
present in Fig. 7(a) which correspond to the (200)
MoN, (111) c-Mo2N, (200) c-Mo2N, and (202)
MoN, respectively. Although not shown here, there
was no discernible di�erence between the XRD
patterns of the reacted MoxN ®lms on nitrided Ti
and Ti substrates.

The results of chemical analyses via SIMS depth
pro®ling of the MoxN ®lms on nitrided Ti substrates
prior to and after exposure to H2SO4 at +0.70V are
shown in Table 1. There was considerably less ni-
trogen in the exposed MoxN electrodes than in the
non-exposed MoxN electrodes. There was also much

less nitrogen present in the electrodes which were
positively biased compared to those which were
negatively biased. Concentrations of oxygen, hydro-
gen, and sulfur levels were found in both electrodes,
however, they were all higher in the positively biased
electrodes. This indicates that nitrogen/oxygen ex-
change was the principal reaction mechanism in these
electrodes. The relatively high concentrations of sul-
fur, hydrogen, and oxygen and the low concentra-
tions of nitrogen in the positively biased electrodes
indicate that MoxN is more susceptible to attack by
SOÿ3 than by H3O

+. The SIMS data for the MoxN
®lms on Ti substrates indicated the same reaction
behaviour under positively and negatively bias as the
MoxN ®lms on the nitrided Ti substrates. It should be
noted that the concentrations of elements in the
nonexposed and exposed electrodes did not vary ap-
preciably as a function of depth and were reproduc-
ible; however, all electrodes had slightly greater
(<1%) oxygen and hydrogen concentrations on the
surface. This is most likely due to the physical ad-
sorption of water and the cleaning of the surface of
the ®lms with methanol.

Representative SEM micrographs of a typical
MoxN ®lm on nitrided Ti substrates prior to and after
electrochemical exposure between )0.01 and +0.70V
are shown in Fig. 8. The large cracks visible on the
surface in 8a were observed throughout the volume of
the ®lm. These cracks were due to the increase in
density of the individual grains during their conver-
sion from MoO3 to MoxN. The microstructure of the
positively biased electrode shown in Fig. 8(b) indi-
cates that the cracks around the islands of material
became substantially larger as a result of the etching
of these areas of higher surface energy. The micro-
structure of the negatively biased MoxN shown in
Fig. 8(c) shows that a crack structure similar to that
of the unexposed electrode was present after the
electrochemical reaction.

Transition metal hydroxides or oxides are usually
predicted by Pourbaix diagrams to be the reaction
products when their associated metal nitrides are
exposed to H2SO4. These diagrams for molybdenum
indicate that this pure metal is immune to attack or
dissolution at negative voltages over the entire pH
range [10]. However, at positive voltages, molybde-
num dissolves in solvents over the entire pH range,
except for the pH range from 5.5 to 7.0 at low volt-

Fig. 7. X-ray di�raction patterns of a (a) negatively biased reacted
MoxN electrode on a nitrided Ti substrate and (b) a positively
biased reacted MoxN electrode. The peaks in (a) are indexed as
follows: (a) (200) MoN, (b) (111) c-Mo2N, (c) (200) c-Mo2N and
(d) (202) MoN.

Table 1. Secondary ion mass spectroscopy data of MoxN ®lms on

nitrided Ti substrates prior to and after electrochemical reaction

during exposure to H2SO4 at +0.70V

Elements Approximate atomic concentration percentages

Standard ()) Electrode (+) Electrode

Mo 60.02 59.97 59.96

N 39.48 12.00 2.04

O 0.30 26.45 31.97

H 0.10 1.55 2.59

S 0.10 0.03 3.44
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ages where it is passivated to MoO2. Pourbaix dia-
grams of molybdenum nitride are not available;
however the most likely reaction product of unbiased
MoxN electrodes in H2SO4 is either Mo(OH)x or
MoOx. However, as indicated by Pourbaix diagrams
for Mo, Mo(OH)x is not electrochemically stable at
the voltages employed in cyclic voltammetry and a.c.
impedance spectroscopy studies used in this research.
As shown in Figs 2 and 3, there is a reduction in
capacitance between cycles 1 and 50 of electrodes
biased at +0.70V. However, after 50 cycles at
+0.69V, the electrodes remain capacitive. This in-
dicates that a conductive MoOx phase is most likely
formed on the surface of the electrodes. This explains
the decrease in the capacitance between cycles 1 and
50. The negatively biased electrodes have higher lev-
els of nitrogen and some polycrystalline MoxN
phases present after 50 cycles. This indicates that
MoxN is less susceptible to H3O

+ attack when

negatively biased than SOÿ3 attack when positively
biased.

4. Conclusions

The electrochemical voltage stability of MoxN
(x � 1 or 2) electrodes on previously nitrided Ti and
Ti substrates in a 4.4M H2SO4 electrolyte has been
determined to be +0.70V ()0.01 to +0.69V) and
+0.68V ()0.01 to +0.67V), respectively. At voltages
below +0.69, cyclic voltammetry and a.c. impedance
spectroscopy showed that MoxN electrodes on nit-
rided Ti substrates were capacitive. Above +0.69V
an electrochemical reaction of the ®lms was observed.
Similar electrochemical behavior was observed in
MoxN ®lms on Ti substrates; however, these ®lms
had less capacitance and a lower voltage stability due
to the presence of MoO2. X-ray di�raction patterns
of the reacted ®lms revealed that an amorphous
phase had formed. Chemical analysis via SIMS in-
dicated that the amorphous phase of the positively
and negatively biased electrodes contained primarily
molybdenum and oxygen. Scanning electron micro-
graphs showed that the nonreacted (polycrystalline)
and reacted (amorphous) electrodes had similar sur-
face morphologies; however, those of the latter elec-
trodes contained widened cracks.
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