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A number of transition metal nitrides and oxynitrides, which are actively investigated today as 

electrode materials in a wide range of energy conversion and storage devices, possess an oxide 

layer on the surface. Upon exposure to the ambient air, properties of this layer progressively 

change, in the process known as “ageing”. Since a number of electrochemical processes 

involve the surface or sub-surface layers of the active electrode compounds only, ageing could 

have a significant effect on the overall performance of energy conversion and storage devices. 

In this work, the influence of the ageing of tungsten and molybdenum oxynitrides on their 

electrochemical properties in supercapacitors is explored for the first time. Samples are 

synthesised by the temperature-programmed reduction in NH3 and are treated with different 

gases prior exposure to air in order to evaluate the role of the passivation in the ageing process. 

After the synthesis, products are subjected to the controlled ageing and are characterised by the 

low temperature nitrogen adsorption, X-ray photoelectron spectroscopy and transmission 

electron microscopy. Capacitive properties of the compounds are evaluated by performing 

cyclic voltammetry and galvanostatic charge and discharge measurements in 1M H2SO4 

electrolyte.  

 

 

 

 

1. Introduction 

 

In the recent years, transition metal nitrides and oxynitrides 

have been widely investigated as candidates for applications in 

the energy conversion and storage devices due to unique 

physico-chemical properties such as high intrinsic conductivity, 

electrochemical and Pt-like electrocatalytic activity, as well as 

the resistance to corrosion.1-36 The range of devices they can be 

potentially used in includes lithium-ion batteries, 

electrochemical supercapacitors, dye-sensitised solar cells, 

metal-air batteries and fuel cells. For instance, compounds such 

as CrN,2 CoN3,4 and (Ni0.33Co0.67)N
5 nanoparticles as well as 

thin films of VN,6 CrN,7 Co3N,8 Fe3N,8 RuN,9 Mn3N2
10 and 

V2ON11 have demonstrated reversible capacity values between 

323 mA h g-1 for Fe3N
8 and 1200 mA h g-1 for CrN7 through a 

conversion reaction mechanism as anode materials for lithium-

ion batteries. In supercapacitors, transition metal nitrides and 

oxynitrides have shown good rate capabilities, as opposed to 

many transition metal oxides which suffer from poor intrinsic 

conductivity, with typical specific capacitance values between 

30 and 350 F g-1.9,12-26 MoW(N,O) has demonstrated the ability 

to operate at a current as high as 20 A g-1, still retaining 43% of 

its initial capacitance measured at 0.05 A g-1,14 while TiN-VN 

core-shell mesoporous fibres have retained 64% of the initial 

capacitance upon increasing the current load from 2 to 10 A g-

1.15 Dye-sensitised solar cells with electrocatalytic counter-

electrodes containing Mo2N,27 W2N,27 VN,28 MoN,29 WN29 or 

Fe2N
29 have shown up to 92% of the photovoltaic performance 

of the solar cells with platinum counter-electrodes.27-29 

Furthermore, TiN,30-32 TaOxNy,
33 CoWON,34 Mo(N,O)35 and 

Co3Mo3N
36 appear promising as electrocatalysts for the oxygen 

reduction reaction.  

 In the energy conversion and storage devices, a number of 

electrochemical and electrocatalytic processes such as the 

pseudocapacitive charge storage or oxygen reduction reaction 

often involve the surface or sub-surface layers of the active 

electrode materials. In fact, it has been proposed that the origin 

of the specific capacitance of vanadium nitride could be 

attributed to the presence of vanadium oxides or oxynitrides on 

the surface, which participate in Faradaic processes with ions 
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from the electrolyte.26 Furthermore, the mechanism of the 

oxygen reduction reaction is influenced by the presence of the 

active sites for O2 adsorption and water desorption on the 

surface of the nitride or oxynitride electrocatalyst.32-34 The 

properties and composition of the surface are therefore critical  

for the performance of these compounds as electrode materials.  

 It has been demonstrated, in the field of catalysis, that a 

number of transition metal nitrides and oxynitrides possess an 

oxide layer on the surface and properties of this layer are 

changing with time.37-39 For instance, the surface of the 

passivated tungsten oxynitride becomes progressively covered 

with tungsten trioxide WO3 upon exposure to air.37 

Furthermore, in the case of molybdenum oxynitrides,38,39 an 

increase of the oxygen content has been revealed by the 

chemical analysis38,39 or X-ray photoelectron spectroscopy 

(XPS) measurements39 after storing the samples in the ambient 

air. Interestingly, no variations in the bulk structure of the 

materials have been detected on the X-ray diffraction (XRD) 

spectra,37-39 indicating that ageing involves the surface or sub-

surface layers only. This evolution of the surface composition 

of transition metal nitrides and oxynitrides with time remains 

almost unexplored in the field of the energy conversion and 

storage devices. Despite the promise of these materials, there 

are no studies, to the best of our knowledge, correlating ageing 

of nitrides and oxynitrides with changes in their 

electrochemical properties.   

 Furthermore, a number of these compounds are usually 

passivated (i.e. exposed to a stream of a gas containing a small 

amount of oxygen) prior the exposure to air in order to form a 

protective oxide layer and avoid the strong oxidation of the 

surface. The role of the passivation in the ageing process is not 

understood well, and the changes in the passivated materials 

remain largely unknown. It is, in our view, important to 

investigate the influence of the ageing and passivation on the 

electrochemical properties of transition metal nitrides and 

oxynitrides in order to determine the optimal synthesis and 

storage conditions, as changes of the surface properties could 

have an influence on their performance in the energy 

conversion and storage devices. Such a study may also be 

relevant to other related materials such as transition metal 

carbides, which have physico-chemical properties similar to 

nitrides and are also emerging as promising electrode materials. 

For example, transition metal carbide electrodes have been 

recently reported to have impressive capacitances in 

supercapacitors,40 with volumetric capacitance values 

exceeding those for the activated graphene electrodes .  

 In this article, the influence of the ageing is investigated by 

comparing the performance of the fresh and aged molybdenum 

and tungsten oxynitrides as electrode materials in 

supercapacitors. Molybdenum and tungsten oxynitrides are 

synthesised by a temperature-programmed reduction in 

ammonia gas and exposed to the ambient air for different 

periods. In order to study the role of the passivation in the aging 

process, passivated and non-passivated tungsten oxynitrides are 

produced. Samples are characterised by the low temperature 

nitrogen (N2) adsorption, X-ray photoelectron spectroscopy 

(XPS) and transmission electron microscopy (TEM). Effect of 

the ageing on the electrochemical performance in 

supercapacitors is evaluated by performing cyclic voltammetry 

and galvanostatic charge and discharge measurements in 1M 

H2SO4 solution.  

2. Experimental 

2.1 Synthesis 

Molybdenum and tungsten oxynitride samples were prepared 

by a temperature-programmed reduction of the corresponding 

oxide precursors (MoO3 and WO3, respectively). The detailed 

temperature-programmed reduction procedure is described 

elsewhere.35 In brief, 0.5g of the oxide precursor were heated in 

ammonia flow (0.2 l min-1). The temperature was raised to 700 
oC at a rate of 3 oC min-1 and kept stable for 2h. Subsequently, 

the sample was allowed to cool down to room temperature 

while the ammonia flow was maintained. The synthesised 

samples are further denoted as Mo(N,O) and W(N,O). In the 

present experiment, the synthesised molybdenum and tungsten 

oxynitride samples were treated with high-purity Ar (Coregas) 

prior the exposure to air during one hour. In order to study the 

effect of the room temperature oxidation (ageing), the 

synthesised samples were stored in open containers for periods 

up to 48 days in a drawer of a cabinet in the laboratory. 

Additionally, to evaluate the influence of the passivation on the 

ageing of the oxynitrides and its effect on the electrochemical 

properties, some synthesised tungsten oxynitride samples are 

passivated with a special gas mixture (Ar + 0.1 vol.% O2) 

during one hour prior the exposure to air.  

Table 1. Description of tungsten oxynitride (W0-W48, WP0-WP48) and 

molybdenum oxynitride (Mo0-Mo48) samples exposed to the air for different 

periods. 

Sample Storage 
period 

(days) 

Sample Storage 
period 

(days) 

Sample Storage 
period 

(days) 

W0 0 (fresh) Mo0 0 (fresh) WP0 0 (fresh) 

W5 5 Mo21 21 WP5 5 

W21 21 Mo35 35 WP21 21 

W48 48 Mo48 48 WP48 48 

 

Table 2. Weight of the active materials on tungsten oxynitride (W0-W48, 

WP0-WP48) and molybdenum oxynitride (Mo0-Mo48) electrodes. 

Sample Weight of 
the active 

material* 

(mg) 

Sample Weight of 
the active 

material 

(mg) 

Sample Weight of 
the active 

material 

(mg) 
W0 2.38 Mo0 2.33 WP0 2.14 

W5 2.31 Mo21 2.35 WP5 2.02 

W21 2.32 Mo35 2.36 WP21 2.27 

W48 2.4 Mo48 2.48 WP48 2.02 

* Total measurement uncertainty is 0.035 mg 
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Samples W0-W48 correspond to the non-passivated tungsten 

oxynitride and the samples Mo0-Mo48 correspond to the non-

passivated molybdenum oxynitride, exposed to the ambient air 

for different periods. Samples WP0-WP48 denote the 

passivated tungsten oxynitride (refer to Table 1). 

 
Figure 1. Nitrogen adsorption and desorption isotherms (a) and pore size 

distributions (b) for the non-passivated tungsten oxynitride samples. 

2.2 Nitrogen adsorption and TEM analysis 

Low temperature nitrogen adsorption measurements were 

performed on powder samples using Micromeritics Tristar 

3000. The surface area was calculated from the low temperature 

adsorption isotherm by Branauer-Emmett-Teller (BET) method. 

Pore size distribution was evaluated using Barrett-Joiner-

Helenda (BJH) method. TEM characterisation was performed 

with an FEI Titan, operating at the accelerating voltage of 300 

kV. Energy filtered TEM (EFTEM) imaging was performed 

using the three window method. 

2.3 Electrochemical testing 

Electrochemical performance of the samples in supercapacitors 

was evaluated by cyclic voltammetry and galvanostatic charge 

and discharge experiments in 1M H2SO4 electrolyte. Electrodes 

were prepared by coating a slurry, composed of the active 

material (90 wt. %), carbon nanopowder (Sigma-Aldrich, 

#699632) (5 wt. %), poly(vinylidene)fluoride (PVDF, Sigma-

Aldrich) (5 wt. %) and N-methyl-2-pyrrolidone (NMP, Sigma- 

Aldrich, anhydrous, 99.5 %) as a solvent, onto titanium foils. 

The coated foils were dried in vacuum at 90ºC in the 

conventional oven overnight. Pt wires were used as counter 

electrodes and Ag/AgCl electrodes were used as reference 

electrodes. The electrochemical cells were filled with 

electrolyte under vacuum. In order to accurately compare the 

cyclic voltammetry measurements of the samples, electrodes 

with nearly identical weights were selected (Table 2). 

 

2.4. XPS analysis 

 

Prior to the use of electrodes in the electrochemical 

experiments, X-ray photoelectron spectra were acquired from 

the electrodes with a Kratos AXIS Nova instrument (Kratos 

Analytical Ltd, Manchester, UK) equipped with a 

monochromated Al Kα X-ray source (hυ = 1486.6 eV) 

operating at 150 W. Mo 3d and W 4f spectra were recorded at a 

pass energy of 20 eV and 0.1 eV/step. The pressure was below 

6E–9 torr. The binding energy measured for the dominant 

component of the C 1s photoemission was 284.4 eV, which is 

typical of graphitic carbon.41 

3. Results 

3.1 Characterisation and electrochemical properties of the non-

passivated tungsten and molybdenum oxynitrides 

3.1.1 Characterisation of tungsten oxynitride 

Low temperature N2 adsorption and desorption isotherms for 

the non-passivated tungsten oxynitride samples (Figure 1a) 

present a hysteresis and correspond to type IV. BET surface 

areas of 54, 42, 44 and 48 m2 g-1 were measured for samples 

W0, W5, W21 and W48, respectively. Interestingly, after an 

initial drop of the surface area, no further decrease is observed 

upon the progressive ageing of the samples, contrary to the 

previous reports.37-39 In the present case, the maximum of the 

pore size distribution of the as-synthesised compound is centred 

around 5 nm (Figure 1b). After the exposure to air for 5 days, 

the maximum around 5 nm disappears, giving rise to two 

maxima centred around 3 and 7 nm, respectively. Upon ageing, 

the proportion of mesopores with 3 nm diameter increases, 

while pores with 7 nm diameter progressively disappear. Low 

temperature N2 adsorption results could therefore indicate that 

exposure of the samples to the ambient air leads to a 

progressive decrease of the diameters of mesopores. 
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 Table 3. Binding energies (Eb/eV) of W 4f peaks for samples W0-W48. 

Sample W6+ Wδ+ 

 W 4f5/2 W 4f7/2 W 4f5/2 W 4f7/2 

W0 37.8 35.6 34.5 32.5 

W5 37.9 35.7 34.5 32.5 

W21 38.0 35.8 34.5 32.5 

W48 37.9 35.7 34.3 32.4 

Table 4. W6+/Wδ+ ratios calculated from the areas of the W 4f7/2 peaks for 

samples W0-W48 (Figure 2). 

Sample W6+/ Wδ+ 

W0 0.47 

W5 0.75 

W21 0.80 

W48 0.70 

The surface composition of the tungsten oxynitride samples are 

determined from their W 4f photoemission spectra, shown in 

Figure 2. Acceptable fits to the experimental data were obtained 

 
Figure 2. XPS spectra and W4f deconvolution peaks for W0 (a), W5 (b), W21 (c) 

and W48 (d) samples. 

using two doublets, each with a separation of about 2 eV 

between the 4f7/2 and 4f5/2 component peaks (Table 3). The 

principal (4f7/2) peak of the doublet at higher binding energy is 

centred at approximately 35.7 eV for each sample, which is 

close to the range of values reported for WO3.
37,42 

Consequently, this component is labelled W6+, and is evidence 

for the presence of tungsten trioxide. The 4f7/2 peak of the 

doublet at lower binding energy is centred at approximately 

32.5 eV, from which it is concluded that a second tungsten 

phase is also present on the sample surfaces: one with W in a 
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lower oxidation state. The identity of this phase is uncertain, as 

the measured binding energies fall between those reported for 

the  

 
Figure 3. Bright-field TEM and the corresponding EFTEM maps of O and N 

elements (a) as well as a high-angle annular dark-field STEM image and the 

corresponding distribution of the O/N ratio (calculated from the electron energy 

loss data) along a line scan (in red) (b) for tungsten oxynitride sample exposed to 

air for 48 days.  

mixed nitride, W2N + WN (32.0 eV)37, and WO2 (33.0 eV),42 

and so the component is labelled Wδ+, where δ < 6 (Figure 2). 

When comparing the W6+/Wδ+ ratio for the fresh and aged 

samples (Table 4), it could be noted that upon exposure to air, 

the concentration of WO3 species on the surface increases. 

Interestingly, after an initial change of the W6+/Wδ+ ratio from 

0.47 to 0.75, no further significant increase of the ratio is 

observed. This result could indicate that tungsten oxynitride 

forms an oxide layer on the surface shortly after the exposure to 

the ambient air. 

In order to investigate the oxidation of the surface of 

tungsten oxynitride samples in more detail, advanced TEM 

characterisation of the aged sample (W48) was attempted. 

Bright-field TEM (Figure 3a) as well as high-angle scanning 

transmission electron microscopy (STEM) images (Figure 3b) 

demonstrate that the material maintains the porous morphology 

after 48 days of exposure to the ambient air. EFTEM maps of 

oxygen and nitrogen (Figure 3a) indicate that these elements 

are distributed throughout the samples and therefore confirm 

that the synthesised material is the oxynitride, similar to the 

previously reported data for the fresh tungsten oxynitride.13 

Upon the analysis of the variations of the O/N ratio throughout 

the sample in the STEM mode (line scans), it could be observed 

that the distribution of O and N elements is not homogenous 

(Figure 3b). It is, however, not possible to determine the 

locations of predominant oxidation. Conflicting trends in the 

variations of the O/N ratio were observed in a number of 

attempted line scans. Comparing the results with the previously  

 
Figure 4. Influence of the ageing on the electrochemical performance of 

tungsten oxynitrides. Cyclic voltammetry measurements (a), rate capabilities (b) 

and rate capabilities normalised to the initial capacitance (c) for the fresh and 

aged tungsten oxynitrides. 

reported TEM images of the as-synthesised tungsten 

oxynitride,13 any obvious difference between the fresh and aged 

samples is difficult to argue. We have therefore concluded that 

the scale of changes upon ageing occurs within a fine range of 

about 1 nm and could not be monitored reliably with the TEM 

equipment available to us. 
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3.1.2 Electrochemical properties of tungsten oxynitride 

Cyclic voltammetry (CV) curves of tungsten oxynitride 

samples in 1M H2SO4 electrolyte (Figure 4a) show a nearly 

ideal rectangular CV curve for the as-synthesised sample (W0), 

with the operating potential window of 0.9 V, between -0.4 and 

0.5 V vs Ag/AgCl. Upon exposure to ambient air, reversible  

 
Figure 5. Glavanostatic charge and discharge curves of tungsten oxynitride 

samples at the current load of 0.5 A g
-1

 (a) and 5 A g
-1

 (b). 

redox peaks could be observed in cyclic voltammograms 

around -0.1 V for samples W5-W48, resembling the peaks 

observed for the amorphous, mesoporous tungsten oxide.43 

This result is consistent with XPS measurements indicating the 

increase of WO3 concentration on the surface of tungsten 

oxynitride. It could also be noted that the specific capacitance, 

measured by galvanostatic charge and discharge tests, increases 

from 57 F g-1 (106 µF cm-2) for the fresh sample (W0) to 75 F 

g-1 (156 µF cm-2) for the sample exposed to air for 48 days 

(W48). Interestingly, this increase of the capacitance is not 

accompanied by the fade of the rate capability (Figure 4b), 

indicating that the intrinsic conductivity is not affected by the 

ageing of the samples. In fact, for the fresh sample (W0), 29.6 

% of the initial capacitance is retained upon increasing the 

current load from 0.05 to 20 A g-1 (400-fold). The exact same 

value is calculated for the sample exposed to air for 48 days 

(W48) (Figure 4c). 

 The shape of the galvanostatic charge and discharge curves 

(Figure 5a) is close to triangular for all samples, with an 

increased IR drop measured at a higher current load (Figure 

5b). It could, however, be observed that the ageing of tungsten 

oxynitride leads to a decrease of the Coulombic efficiency, 

which could be seen from the distortion of the shape of CV 

curves of the aged samples as well (Figure 4a). In fact, the  

 
Figure 6. Nitrogen adsorption and desorption isotherms (a) and pore size 

distributions (b) for molybdenum oxynitride samples.  

Coulombic efficiency calculated from the galvanostatic charge 

and discharge curves at the current load of 0.05 A g-1 decreases 

from 94% for W0 to only 77% for W48. The changes in the 

shapes of the electrochemical curves and the decreased 

Coulombic efficiency may be related to water splitting and 

hydrogen evolution developing close to -0.4 V vs. Ag/AgCl.  

Overall, it can be concluded that the progressive change of the 

oxide layer composition over time leads to an increase in the 

specific capacitance, while the rate capability, which is defined 

by the conductivity of the sample, remains the same as the bulk 

of the sample is not affected by the exposure to air. The ageing, 

however, degrades the Coulombic efficiency, indicating a 

presence of irreversible processes.  
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3.1.3 Characterisation of molybdenum oxynitride 

N2 adsorption isotherms for molybdenum oxynitride samples 

possess a hysteresis (Figure 6a) and correspond to type IV, 

typical for mesoporous materials. Surface areas of 123, 39, 60 

and 67 m2 g-1 are measured for samples Mo0, Mo21, Mo35 and 

Mo48, respectively. Interestingly, after the initial drop from 

123 to 39 m2 g-1, an increase of the surface area is observed 

upon progressive ageing. The maximum of the pore size 

distribution in centred around 3 nm (Figure 6b). However, as 

opposed to tungsten oxynitride, no apparent shift of the  

 

Figure 7. XPS spectra and Mo 3d deconvolution peaks for Mo0 (a), Mo21 (b), 

Mo35 (c) and Mo48 (d) samples. 

Table 5. Binding energies (Eb/eV) of Mo 3d peaks for samples Mo0-Mo48. 

Sample Mo6+ Moδ+ 

 Mo 3d3/2 Mo 3d5/2 Mo 3d3/2 Mo 3d5/2 

Mo0 235.5 232.4 231.8 228.7 

Mo21 235.7 232.6 231.8 228.7 

Mo35 235.8 232.7 231.8 228.7 

Mo48 235.8 232.7 231.8 228.7 

 

 
Figure 8. Influence of the ageing on the electrochemical performance of 

molybdenum oxynitrides. Cyclic voltammetry measurements (a), rate capabilities 

(b) and rate capabilities normalised to the initial capacitance (c) for the fresh and 

aged molybdenum oxynitrides. 

Page 7 of 13 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

Table 6. Mo6+/Moδ+ ratios calculated from the areas of the Mo 3d5/2 peaks for 

samples Mo0-Mo48 (Figure 7). 

Sample Mo6+/Moδ+ 

Mo0 0.15 

Mo21 0.33 

Mo35 0.42 

Mo48 0.42 

 

 

 

maximum is observed for molybdenum oxynitride upon 

exposure of the sample to the ambient air. 

 Mo 3d spectra of the molybdenum oxynitrides are shown in 

Figure 7. These, like the W 4f spectra of the tungsten 

analogues, are fitted with two doublets, with that at higher 

binding energy having a 3d5/2 peak centred between  

 
Figure 9. Glavanostatic charge and discharge curves of molybdenum oxynitride 

samples at the current load of 0.5 A g
-1

 (a) and 5 A g
-1

 (b). The difference in the IR 

drop between the fresh (Mo0) and aged (Mo48) samples is highlighted for the 

higher current load (b).  

232.5 and 232.7 eV (Table 5). This is within the range of values 

reported for MoO3,
44-47 and so the component is assigned to the 

Mo6+ ion. The two peaks of the doublet at lower binding energy 

have a pronounced asymmetry, with the maximum of the 3d5/2 

component located at 228.7 eV for all four samples. In several 

earlier reports of XPS data acquired for Mo oxynitrides, this 

asymmetry has been modelled by fitting two peaks, separated 

by about 1 eV, to each component, and assigning these to 

additional Mo phases: one containing the Mo4+ ion, and another 

with Mo in a lower, but indeterminate, oxidation state, 

designated Moδ+.47-49 An alternative explanation is that the 

doublet is associated with a single Mo species, with an 

oxidation state lower than that of MoVI, and that the asymmetry 

is a consequence of multiplet splitting; that is, of the interaction 

of unpaired 4d electrons with the 3d hole. Such an explanation 

has been given for the asymmetry observed in the Mo 3d 

spectrum of MoO2.
44 Which of these two possibilities properly 

describes the Mo oxynitrides in this study cannot be resolved 

from the XPS data alone, and so for the spectra in Figure 7, 

each component of the doublet at lower binding energy is fitted 

with a single asymmetric peak, labelled Moδ+, representing the 

contribution from at least one Mo species with 0 < δ ≤ 4. The 

Mo6+/Moδ+ ratios (Table 6) increase for the samples exposed to 

air, indicating the progressive oxidation, from 0.15 for the 

sample Mo0 to 0.42 for the sample Mo35. There appears to be 

no change after 35 days. 

3.1.4 Electrochemical properties of molybdenum oxynitride 

Electrochemical characterisation of molybdenum oxynitride  

samples (Figure 8) shows the operating potentials between -0.5 

to 0.5 V vs Ag/AgCl in 1M H2SO4 electrolyte and multiple 

redox peaks present on the surface of the cyclic voltammetry 

curves (Figure 8a). The maximum specific capacitance of 149 F 

g-1 (121 µF cm-2) is measured for the fresh sample (Mo0) while 

for the sample exposed to air (Mo48), this value is 152 F g-1 

(227 µF cm-2), indicating an increase of the specific capacitance 

per unit of electrode area. As opposed to tungsten oxynitride, 

the ageing has an effect on the rate capability (Figure 8 b, c). 

Upon increase of the current load from 0.5 to 20 A g-1, the fresh 

sample shows a significant drop in the specific capacitance, 

with only 2.7 % of the initial capacitance remaining at 20 A g-1  
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Figure 10. Low temperature adsorption isotherms (a) and pore size distributions 

(b) of the passivated tungsten oxynitride samples exposed to air for different 

periods.  

(Figure 8c). After exposure to air for 48 days, the rate 

capability increases progressively and reaches 17.2 % of the 

initial capacitance retention for the sample (Mo48).  

 When comparing the shapes of galvanostatic charge and 

discharge curves of molybdenum oxynitride samples (Figure 9), 

no apparent difference is observed at the current load of 0.5 A 

g-1 (Figure 9a). At the higher current load, however, it can be 

noted that the IR drop for the aged sample (Mo48) decreases 

significantly when compared to the fresh sample (Mo0) (Figure 

89). This could indicate faster kinetics of the electrochemical 

processes for the sample Mo48. 

3.2 Effect of the passivation on the ageing: comparison of the 

passivated and non-passivated tungsten oxynitride samples 

In order to study the effect of passivation on the ageing, 

passivated tungsten oxynitride samples exposed to ambient air 

for different periods (WP0-WP48) are characterised by low 

temperature nitrogen adsorption (Figure 10) and XPS 

measurements (Figure 11). The as-synthesised, passivated 

tungsten oxynitride sample (WP0) presents a type IV low 

temperature N2 adsorption isotherm (Figure 10a). The 

maximum of the pore size distribution is, however, shifted 

towards higher values and is centred around 7 nm (Figure 10b).  

 
Figure 11. XPS spectra and W4f deconvolution peaks for WP0 (a), WP5 (b), WP21 

(c) and WP48 (d) samples. 

Furthermore, the shape of the isotherm is different from the one 

reported for samples W0-W48 (Figure 1). Upon ageing, the 

maximum of the pore size distribution shifts towards higher 

values, and reaches approximately 12 nm (Figure 10b), possibly 

indicating the blockage of the smaller pores upon the room 

temperature oxidation. The specific surface areas for the 

samples WP0, WP5, WP21 and WP48, calculated with BET 

method, are 44.6, 40.1, 42.3 and 28.5 m2 g-1, respectively. This 

decrease in the surface areas, different from the non-passivated 

samples (Figure 1), is similar to the previously reported data,  
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Figure 12. Cyclic voltammograms of the passivated tungsten oxynitride samples 

measured with the scan rate of 5 mV s
-1

.  

where the surface area of the passivated tungsten oxynitride 

decreased to 30 m2 g-1 after the exposure to air for 40 days.37 

These differences between the passivated and non-passivated 

tungsten oxynitrides indicate that passivation could have an 

influence on the structure of the pores.  

Table 7. Binding energies (Eb/eV) of W 4f peaks for samples WP0-WP48. 

Sample W6+ Wδ+   

 W 4f5/2 W 4f7/2 W 4f5/2 W 4f7/2 

WP0 37.8 35.6 34.5 32.5 

WP5 37.9 35.6 34.6 32.6 

WP21 37.9 35.7 34.5 32.5 

WP48 37.9 35.8 34.6 32.6 

 

Table 8. W6+/ Wδ+ ratios calculated from the areas of the W 4f7/2 peaks for 

samples WP0-WP48 (Figure 11). 

Sample W6+/Wδ+ 

WP0 0.49 

WP5 0.51 

WP21 0.64 

WP48 0.76 

 

 W 4f spectra of the passivated tungsten oxynitride samples 

(Figure 11), like those of the non-passivated samples 

(Figure 2), are each composed of two doublets, attributed to 

W6+ and Wδ+ (Table 7). The relative ratios of these are listed in 

Table 8, from which it is evident that this ratio increases 

steadily with ageing. When comparing the ratios of W6+ and 

Wδ+ species for the non-passivated (W0-W48) and passivated 

(WP0-WP48) samples, it could be observed that for the as-

synthesised tungsten oxynitrides, this ratio is slightly lower for 

W0 (0.47) when compared to WP0 (0.49) (refer to Table 4 and 

Table 8). Upon ageing, the W6+/Wδ+ ratio for samples W5-W48 

increases sharply after the exposure to air for only five days and 

reaches a saturation (Table 4), while for the passivated samples, 

a progressive increase is observed (Table 8). For samples W48  

 
Figure 13. Comparison of the galvanostatic charge and discharge curves of the 

non-passivated and passivated tungsten oxynitride samples at the current load 

of 0.5 A g
-1

 (a) and 5 A g
-1

 (b). 

and WP48 the W6+/Wδ+ ratios are 0.70 and 0.76, respectively. 

These results could indicate that although the passivation of the 

synthesised tungsten oxynitride slows down the oxidation in the 

ambient air, it does not prevent it.   

 Cyclic voltammetry measurements of the passivated 

tungsten oxynitride samples exposed to air for different periods 

(Figure 12) indicate a nearly ideal rectangular shape of the CV 

curves for the freshly synthesised samples. Upon ageing, 

reversible redox peaks start to appear around -0.1 V, similar to 

the results observed for the non-passivated samples (Figure 4a). 

This distortion of the CV shapes for both passivated and non-

passivated materials upon exposure to air correlates with XPS 

results, and indicates that the passivation does not prevent the 

increase of the amount of tungsten oxide on the surface of the 

materials, which leads to changes in their electrochemical 

properties.  

 When comparing the galvanostatic charge and discharge 

behaviour of the fresh and aged samples at different current 

loads (Figure 13), the curves of the passivated and non-

passivated samples nearly superpose at the current load of 0.5 

A g-1 (Figure 13 a) The specific capacitance values of the as-
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synthesised samples (W0 and WP0) are 42.3 and 43.6 F g-1, 

respectively. Upon ageing, the specific capacitance values  

 
Figure 14. Comparison of the specific capacitance values for the passivated and 

non-passivated tungsten oxynitride samples exposed to air for different periods 

at the current loads of 0.5 and 5 A g
-1

.  

increase to 57.8 and 58.3 F g-1 for samples W48 and WP48, 

respectively. At a higher current load of 5 A g-1 (Figure 13 b), 

although the as-synthesised, passivated sample (WP0) 

demonstrates a slightly higher specific capacitance value of 

35.6 F g-1 when compared to the non-passivated sample (31.7 F 

g-1), both of the aged samples show similar capacitance values 

of 44.4 F g-1 and 44.2 F g-1 for W48 and WP48, respectively.  

 The progressive changes of the specific capacitance values 

for the passivated and non-passivated tungsten oxynitride 

samples with time are depicted on figure 14. For the non-

passivated samples, a sharp increase of the specific capacitance 

is observed after five days of exposure to air at the current loads 

of 0.5 and 5 A g-1, followed by a plateau. For the passivated 

samples, a different behaviour is observed, with the specific 

capacitance values increasing progressively with time. After 48 

days of exposure, however, both non-passivated and passivated 

samples reach similar specific capacitance values. These results 

indicate that the change in the electrochemical properties of the 

non-passivated samples happens soon after exposure to air, 

followed by the saturation, while for the passivated samples, 

these changes occur progressively, thus correlating with XPS 

measurements. 

4. Discussion 

 

Results presented in this work demonstrate that properties of 

molybdenum and tungsten oxynitrides are changing with time 

upon exposure to the ambient air. More specifically, an increase 

of the amount of the oxide species on their surface is observed 

from the XPS measurements, while changes in the surface areas 

and pore size distributions are measured with the low 

temperature N2 adsorption. The progressive oxidation of the 

surface leads to significant variations of the electrochemical 

properties when transition metal oxynitrides are used as active 

electrode materials for supercapacitors. For instance, for 

tungsten oxynitrides, although an increase of the specific 

capacitance is observed upon exposure to air, ageing leads to 

the distortion of the cyclic voltammetry curves, and decreases 

the Coulombic efficiencies. For molybdenum oxynitrides, 

however, an increase of the rate capability is observed. These 

results indicate that ageing is material-specific and could lead 

to different consequences: the presence of irreversible 

electrochemical processes, as it is the case with tungsten 

oxynitride, or an improvement of the rate capability, as it is the 

case with molybdenum oxynitride. It could therefore be 

recommended, in view of applications of transition metal 

nitrides and oxynitrides in the energy conversion and storage 

devices, to evaluate the influence of the ageing on the 

properties of a specific compound in order to select the optimal 

storage conditions (controlled ageing or storage in an inert gas 

atmosphere).  

 Passivation of transition metal oxynitrides prior the 

exposure to air after the temperature-programmed reduction is a 

common practice, and it is performed in order to avoid the 

oxidation of the samples. Results presented in this article 

demonstrate that although the passivation has an effect on the 

properties of the as-synthesised samples and slows down the 

oxidation in the ambient air, it does not prevent the ageing. In 

fact, after long storage periods, both passivated and non-

passivated tungsten oxynitride samples show similar changes in 

the properties and electrochemical behaviour. It could therefore 

be suggested to perform the passivation when ageing leads to 

degradation of the electrochemical performance in order to 

slow down this process.  

 In summary, results presented in this work demonstrate that 

passivation prior exposure to air as well as storage conditions of 

transition metal oxynitrides have a significant influence on their 

electrochemical properties. It is therefore recommended to 

evaluate and carefully control these parameters when using 

transition metal oxynitrides in the energy conversion and 

storage devices. Otherwise, ageing could affect the 

electrochemical performance, the reproducibility of the 

measurements, or the comparison of the results to data reported 

in the literature.   

Conclusions 

In this article, ageing of molybdenum and tungsten oxynitrides 

is explored, and its influence on in their electrochemical 

properties in supercapacitors is investigated. Results indicate 

that upon ageing, the progressive oxidation of the samples leads 

to material-specific changes of the electrochemical properties. 

For tungsten oxynitride, for instance, ageing leads to an 

increase of the specific capacitance but decreases the 

Coulombic efficiency, while for molybdenum oxynitride, an 

improvement of the rate capability is observed. Furthermore, it 

is demonstrated that although the passivation of the samples 

prior the exposure to air slows down the ageing, it does not 

prevent it. Recommendations are therefore made regarding the 

preparation and storage conditions of transition metal 

oxynitrides.  
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