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Abstract

The potential for MoO; use as a supercapacitor electrode in aqueous electrolytes was investigated. a-MoO;
nanobelts were synthesized using a hydrothermal method and then thin-film electrodes were manufactured by
spray deposition. Electrochemical testing in several aqueous electrolytes showed significant charge storage in
1 M H,SO, with a complex electrochemical activity that was further investigated by X-ray photoelectron
spectroscopy and various electrochemical characterization methods. In a 0-1 V (vs Ag/AgCl) electrochemical
window, MoO; was reduced to a mixture of lower valence oxides with concentrations varying as Mo (5+) >
Mo (4+4) > Mo (6+), with MoO, as the main component at potentials below 0.185 V (vs Ag/AgCl). The degree
of redox reversibility was evaluated in order to optimize the electrochemical window for enhanced cyclability.
A moderate capacitance of 8.8 F g™ (64 uF cm™) was fully retained for 720 cycles in an optimized
electrochemical window of 0.26-0.43 V (vs Ag/AgCl).
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1. Introduction

Supercapacitors can store energy by two mechanisms: a charge
separation at an electrode-electrolyte interface known as double
layer capacitance and by Faradaic charge transfer at the surface
of the electroactive material known as pseudocapacitance. Tran-
sition metal oxides can be induced to exhibit pseudocapacitive
behaviour and ruthenium oxide is the most widely explored due
to its high theoretical and practically achievable pseduocapaci-
tance [1-4]. However, its high cost and toxicity has prevented its
widespread use and many alternative transition metal oxides have
also been studied [5,6] including manganese oxide [7-19], vana-
dium oxide [20-22], iron oxides [23-28], and molybdenum oxides
[29-34]. Of these, manganese oxide is the most studied and promis-
ing, although its performance is inferior to that of ruthenium oxide.
Molybdenum is a metal with a wide range of oxidation states from
+2to+7 existing in a variety of oxides and other compounds [35,36],
of which MoO5; and MoO, have been of interest for supercapacitor
applications due to a rich electrochemical activity, low cost, and
environmentally friendly nature [29-34]. @-MoO3 possess a lay-
ered orthorhombic crystal structure where each layer is linked to
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anadjacent layer by van der Waals forces along the [0 1 0] direction.
Each layer is composed of two MoOg octahedron nets where octa-
hedrons share O—0 edges along the [001] direction and corners
along the [100] direction [37,38]. @-MoO3 thus has the attraction
not only of multiple oxidation states but also its potential for ion
intercalation in between the crystal layers. However, a-MoO3 is
a semiconductor, the kinetics of Faradaic charge transfer is slow
and it has generally shown poor cycling behaviour in Li-ion battery
applications [39-41]. Careful selection of suitable nanostructure,
dimensions, and crystal orientation, especially if intercalation (and
associated strains) is present, can be used to improve the overall
energy density and the cyclability of transition metal oxides super-
capacitor electrodes [27,42]. Nanostructuring of ®-MoO3 increases
its electroactive surface area and shortens diffusion lengths to pro-
mote faster ion transport.

Nanostructured ¢-MoO3; and MoO, have been investigated for
their application as supercapacitor electrodes in half cell arrange-
ments in neutral (Na;SOy), basic (NaOH), and acidic electrolytes
(H,S04) [29-34]. Reports to date have described a variety of cyclic
voltammetry (CV) responses in different electrochemical windows
where attention has been paid mainly to the total capacitance
achieved with less emphasis on extended cycling performance
and elucidation of the underpinning reaction mechanisms. Reports
of MoO3 and MoO; tested in NaySO4 suggested both a double
layer capacitive and a Na* intercalation pseudocapacitive contri-
bution to overall capacitance but no attention was paid to the
cause of the observed irreversibility [30,31]. Shakir et al. [33] pro-
posed several charge storage mechanisms for @-MoOj; tested in



1M H3S04: (1) Faradaic-like processes involving proton (H*) and
coupled electron insertion in a similar fashion to that found in
RuO, [43,44]; (2) proton adsorption/desorption; and (3) interca-
lation of ions into the layered structure of MoO3. However, there
was no compelling experimental evidence providing an insight
into one or more of the proposed mechanisms. Similarly, Farsi
et al. [29] proposed a combination of a double layer capacitance
combined with electron/proton insertion (mechanism 1) for elec-
trodeposited molybdenum oxides tested in a mix of Na,;SO4 and
H,S04 but in a different electrochemical window than suggested
by Shakir et al. [33] and with no justification of their choice of elec-
trolyte and electrochemical window. The multiple oxidation states
of Mo provide MoO3 with a rich redox activity in acidic electrolytes
[36,45]. At the electrode surface, Mo (6+) is reduced to Mo (5+)
in 1M H3S04. Pentavalent molybdenum oxide is a unstable com-
pound with a characteristic blue colouration [46]. Stabilization of
its crystal structure has been found to occur through the creation
of oxygen vacancies followed by crystal relaxation [47,48] rather
than the formation of molybdenum bronzes [49-52]. The reduc-
tion of Mo (5+) to Mo (4+) has been described as occurring through
an intermediate unknown species by a combination of chemical
and electrochemical reactions [47]. Overall the attractive richness
of Mo oxidation states creates difficulties in elucidating the under-
lying mechanisms of Mo based oxide electrochemical activity in
supercapacitor applications, and significant uncertainties remain.
In this work «-MoO; nanobelts with a crystalline nanostructure
were synthesized using a hydrothermal method, and binder-free,
nanometer-thick electrodes with enhanced mechanical stability
were fabricated using a spray deposition technique. The &-Mo03
nanobelts electrodes were tested in several electrolytes finding an
enhanced charge storage in 1M H3S04 where a series of cathodic
and anodic peaks underscored the complex redox activity described
above. Insights into the redox activity were gained by using X-ray
photoelectron spectroscopy (XPS) combined with electrochemi-
cal characterization methods, and led to an improvement of the
performance of @-MoO3 as a supercapacitor electrode.

2. Experimental
2.1. Materials

Elicarb single walled carbon nanotubes (SWNTs) were supplied
by Thomas Swan and Co. Ltd (UK); Mo powder (99.9 %), and hydrogen
peroxide (30 %) by Sigma Aldrich (UK); poly(ethyleneimine) (PEI,
Mw =70,000) by Alfa-Aesar (UK). Deionized water (10 M2 cm) was
used for all processing.

2.2. @-MoOj3 nanobelt synthesis

@-MoO3 nanobelts were synthesized by a hydrothermal method
previously described by Hu et al. [53]. A colloidal suspension of
peroxomolybdic acid was obtained by gradually adding Mo powder
(4g,41.7 mmol) to Hy0; (30%, 40 ml) under gentle agitation and ice
cooling. The colloidal suspension was then transferred to a teflon
lined autoclave and maintained at 180°C for 48 h. Subsequently
the autoclave was cooled down to room temperature and the solid
product was extensively rinsed with deionized water while vacuum
filtrating. The solid was then collected and dried at 60 °C in vacuum
oven.

2.3. @-MoOs3 nanobelt aqueous suspensions

An aqueous suspension of @-MoO3 (0.1-0.5 mg ml~!) nanobelts
was produced by ultrasonication (100W, 30kHz, small tip) for
5 min.

2.4. Electrode manufacture

Electrodes of 1 cm?2 area were spray-deposited onto indium tin
oxide (ITO) coated glass substrates (7 £2/sq sheet resistance) by a
method described elsewhere [54,55]. Briefly, suspensions of elec-
trochemically active material were fed into a industrial spray head
where an atomizing air flow produced a suspension mist that was
deposited onto a substrate maintained at a temperature suitable for
the immediate volatilization of the fugitive carrier liquid (water).
The spray head was moved at a constant spray height and speed
in a single direction above the target substrates to produce films
of uniform thickness over the entire substrate area. Prior to the
spray deposition of electroactive material, substrates were pre-
coated with a 5 nm layer of 0.1 %, w/w PEI solution to improve
adhesion of the electroactive material to the substrate. Films of «-
Mo0O; nanobelts were manufactured by spray deposition of 150 ml
of a 0.13 mg ml-! aqueous supension. The average mass and thick-
ness of @-Mo0Q3 nanobelts electrodes were 0.08-0.15 mg, and 500
nm respectively.

2.5. Equipment and characterization techniques

Transmission electron microscopy (TEM) images were obtained
with a JEOL 2010 operated at 200 kV; scanning electron microscopy
(SEM) images were obtained in a field emission FESEM JEOL 840 F
operated at 5 kV and a 15 mm working distance; X-ray diffraction
(XRD) was performed in a Siemens D5000 powder diffractome-
ter equipped with a monochromatic Cu Ko radiation source
(A =0.15406 nm) and a secondary monochromator. XRD patterns
were collected between 5 © < 26 < 75 °, with a step size of 26=0.05
° and a count time of 12 s/step. X-ray photoelectron spectroscopy
(XPS) was performed in a Kratos Axis Ultra spectrometer equipped
with a monochromatic Al K (1486.6eV) as the source and with a
spot size 0.7 x 0.3 mm?2. The C15 (sp?) binding energy (284.9 eV) was
used as reference for XPS spectra calibration. The XPS spectra were
analyzed and fitted using CasaXPS software. A mixture of Gaussian
and Lorentzian functions was used for the least-squares curve fit-
ting procedure. Ultrasonication was performed in a ultrasonicator
UP100H, Hielscher (100 W, 30kHz), and a Sonics Vibra cell VC-600-2
probe (600 W, 20 kHz). Electrode thickness was determined by step
height measurements in a Dektak 6M profilometer (Veeco Instru-
ments, Inc.) and the weight of deposited films was measured using
a Sartorius microbalance with 0.01 mg readability.

2.6. Electrochemical characterization

a-MoOs3 based thin film electrodes were tested in a three-
electrode electrochemical cell configuration using a Reference
600/EIS300 Gamry potentiostat/galvanostat, Ag/AgCl electrode as
reference - all potentials are reported vs Ag/AgCl, although in some
cases and for the sake of comparison with the literature, potentials
are reported both vs Ag/AgCl (0.197 V vs NHE) and another ref-
erence electrode such as Hg/Hg>S04 (0.68 V vs NHE) or NHE -, a
platinum sheet as counter electrode, and 1 M H,S0,4 as the elec-
trolyte (initial tests were also performed in 1 M Na;S0y4, K;S04, and
Li;SO4 aqueous solutions). Most of the cyclic voltammetry experi-
ments were performed in a potential range from 0to 1V vs Ag/AgCl
where oxido-reduction process of interest take place.

3. Results and discussion
3.1. Material characterization
Fig. 1a shows the X-ray diffraction pattern of the as prepared

material. The indexing of the distinct and sharp peaks identified
highly crystalline and pure ¢-MoO3 phase with an orthorhombic
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Fig. 1. (a) XRD pattern and (b) SEM image of as made a-MoO; nanobelts.

layered crystal structure (ICDD-JCPDS card No. 05-0508). The
strong diffraction peaks from planes (0 k0) showed a characteristic
anisotropic growth of the «-MoO3 phase [38,56]. Fig. 1b shows
corresponding SEM images of the @-MoOj indicating largely a 1D
elongated morphology with average dimensions of 300-400 nm
width and 8-18 pm length. Because the width of the @-MoO;
nanostructures was larger than the thickness, the nanocrystals
were designated as nanobelts rather than nanorods. A TEM image
and corresponding selected area electron diffraction (SAED) pattern
of an individual «-MoO3 nanobelt are shown in Fig. 2a and b. The
SAED pattern, recorded perpendicular to the growth axis, was iden-
tified as the [0 1 0] zone axis indicating that growth of the nanobelts
was primarily along the [00 1] direction. The HRTEM image in 2¢
indicated interplanar distances of 0.4 and 0.36 nm for the (100)
and (001) lattice planes respectively. As shown in Fig. 1b, the
combination of sonication followed by spray deposition allowed
for the manufacture of electrodes consisting of a highly intercon-
nected open network of ®-MoO3; nanobelts. The surface area of the
@-Mo03 was determined as 13.7 m? g-! by nitrogen adsorption
isotherms using the Brunauer-Emmett-Teller (BET) method.

3.2. Cyclic voltammetry

Fig. 3 shows a typical cyclic voltammogram (CV) of a spray-
deposited a-MoO; electrode in 1 M H,SO,4 at 10 mV s~!, where a
capacitance of 12.7 F g~! was obtained. There was a complex elec-
trochemical activity with several anodic (a) and cathodic (c) peaks:
a, (487.3mV), a, (391.2mV), a3 (242mV); and ¢; (454.1mV), ¢,
(354.7 mV), ¢3 (195.2 mV). Sulphuric acid was selected here as the
electrolyte that provided the larger charge storage after electrodes
were tested in other electrolytes including Na;SO4, K2SO4, and

Fig. 2. (a) TEM image of a single @-MoO; nanobelt and (b) corresponding SAED
pattern. (c) HRTEM image of enclosed nanobelt area showing interplanar distances
along the [00 1] and |1 00] directions.

Li; SO, and in which cases, there was only double layer capacitance
(<5Fg-1)inthe same electrochemical window of 0-1 V. A negative
electrochemical window rendered either a lower charge storage
and/or increased irreversibility (see Section 3.4).

3.3. XPS surface characterization of the electrodes

In order to investigate further the electrochemical activity of
«-Mo0; electrodes in 1 M H,;S04 in the 0-1 V electrochemical
window (vs Ag/AgCl), XPS studies were performed in conjunction
with cyclic voltammetry and chronoamperometry. This method
was used successfully to elucidate the charge storage mechanisms
in MnO; thin film electrodes for electrochemical capacitors [16].
Prior to XPS measurements, electrodes were subjected to polariza-
tion: cyclic voltammetry was performed at 20 mV s~! from open
circuit potential (OCP ~:0.34 V) up to the polarization potential 0 < E
<1V (either in reduction or oxidation) at which point the electrode
was held at constant potential via chronoamperometry until the
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Fig. 3. Representative cyclic voltammogram of an ¢-MoOs electrode in 1M H;S04
at a scan rate of 10mVs '. Labels identify anodic (a) and cathodic (c) redox peaks.



Table 1

Percentage concentration (+ 3.0 %) of the spin-orbit components in the Mo 3d XPS binding energy region for electrodes polarized at various potentials E. R and O indicate

polarization in reduction and oxidation respectively.

E(V vs Ag/AgCl) o* 0.13% 0.185% 0.26% 0.415% 0.3° 0.46° 19
Mo 3d 5/2 (4+) 22.7 233 19.0 8.7 53 6.8 48 6.8
Mo 3d 5/2 (5+) 293 283 37.8 45.7 50.9 431 48.7 47.5
Mo 3d 5/2 (6+) 29 39 25 75 41 11.5 6.8 7.2
Mo 3d 3/2 (4+) 21.2 19.7 16.3 45 40 41 36 35
Mo 3d 3/2 (5+) 19.5 222 21.7 28.05 293 25.1 317 32,6
Mo 3d 3/2 (6+) 46 26 2.8 5.7 62 93 44 24

current (I)-time () response reached a nearly steady state with I ~
0. The chosen polarization potentials E (vs Ag/AgCl) are indicated
in Fig. 6b and summarized in the headings of Table 1. A different
sample was used for each polarization potential.

The polarization procedure of the electrodes can be understood
by following Fig. 6b where anodic/cathodic peaks and polarization
potentials are shown. For the case of polarization in reduction (red
dots in Fig. 6b), and considering for instance the polarization at
E=0.415 V, a CV was run from OCP up to 1V in oxidation, then
down to the polarization potential E=0.415 V in reduction (clock-
wise direction from OCP) at which point the chronoamperogram
was run, hence the overall test involved as, a;, and ¢; peaks in that
sequence. In the case of the polarization in oxidation (blue dots in
Fig. 6b), for polarizationat E=0.3 V forinstance, the CV was run from
OCP to E=1 V in oxidation, then down to E=0 V in reduction, and
thenup to E=0.3 Vin oxidation overall involving az, a;,c;,¢2,¢3,and
a; peaks in that sequence. Summarizing, each polarization exper-
iment describes: (1) the electrochemical activity occurring during
the CV scan from OCP up to the particular polarization potential in
question and (2) the particular event of reduction or oxidation at
the specific polarization potential.

Fig. 4 shows the XPS spectrum in the Mo 3d binding energy
region for an as prepared sample of ®-MoO3 nanobelts with two
well resolved spectral lines which after curve fitting were identified
as the characteristic Mo 3d spin-orbit doublet peaks of MoO3: Mo
3ds); 6+at 232.6 eV and Mo 3ds); 6+at 235.7 eV [57,58]. This spec-
trum confirmed the purity of the -MoO3 phase of as-manufactured
electrodes and provided a useful baseline against which the effect
of various polarizations could be assessed.

For the @-Mo0O3 electrodes then polarized at the different poten-
tials E given in the headings of Table 1, curve fitting of XPS spectrum
in the Mo 3d binding energy region suggested the presence of three
spin-orbit doublets corresponding to three species. Fig. 5 shows the
Mo 3d XPS spectra for ®-MoOj; electrodes polarized at E=1 V and

Mo 3d 5/2 (6+)
(232.6)
Mo 3d 3/2 (6+)
(235.7)

Intensity [a.u.]

240 238 236 234 232 230 228
Binding Energy (eV)

Fig. 4. XPS spectrum in the Mo 3d binding energy region of as made «-Mo0O;
nanobelts.

E=0 V. For the @-Mo0O; electrode polarized at E=1 V, spin-orbit
components were assigned as: 230.0 eV (Mo 3dsp, 4+), 231.2 eV
(Mo 3ds), 5+),231.8 eV (Mo 3ds; 6+),233.0 eV Mo 3d3; 4+), 234.3
eV (Mo 3d3j; 5+) and 235.1 eV (Mo 3d3;; 6+). For the 2-MoOj elec-
trode polarized at E=0V, spin-orbit components were assigned as:
229.7 eV (Mo 3ds; 4+), 231.1 eV (Mo 3ds, 5+), 231.5 eV (Mo 3ds;
6+),232.8eV(Mo3d;p; 4+),234.3 eV(Mo 3d3p, 5+)and 235.6eV (Mo
3d3; 6+). Aspin-orbit component corresponding to S2s at 231.1eV
was also identified, attributed to SO~ ions (see below the analysis
of the O 1s binding energy region) and with a percentage peak area
< 5 % and therefore considered negligible for the following analy-
sis. For @-MoO3 electrodes polarized at each of the other potentials,
the Mo 3d XPS spectrum showed spin-orbit components at similar
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Fig. 5. XPS spectra in the Mo 3d binding energy region of «-Mo0O; electrodes polar-
ized at (a) E=1V and (b) E=0 V. Spin-orbit components are shown in green for Mo
3d (6+), red for Mo 3d (5+), and blue for Mo 3d (4+). (For interpretation of refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 6. (a) Plot showing the percentage concentration of Mo (x+) at the surface of
polarized a-MoOQ; electrodes vs polarization potentials E. The percentage concen-
tration of each Mo (x+) species has been calculated from the area integration of the
corresponding Mo 3ds; (x+) XPS spin-orbit component. Dashed lines joining the
data points are for visual guide. The electrodes have been scanned from open circuit
potential OCP, shown for reference as a dashed black line, up to polarization poten-
tial E either in reduction (R, circles) or oxidation (O, squares). Error bars showa+3%
error, (b) cyclic voltammogram showing polarization potentials E in reduction (red)
and oxidation (blue), also summarized in Table 1, and OCP (yellow). The limits of a
selected electrochemical window (0.26-0.43 V) are indicated by black solid lines in
(a)and (b). The cyclic voltammogram is also shown in (a) in dashed lines in order to
correlate the changes in oxidation state with cathodic and anodic peaks. (For inter-
pretation of references to colour in this figure legend, the reader is referred to the
web version of this article.)

binding energies. Table 1 shows the percentage concentration of
each spin-orbit component for all the polarized electrodes.

The percentage concentration of the different Mo oxidation
states were estimated by integration of the area under the Mo 3ds;
and Mo 3ds); peaks separately. There were similar trends for both
Mo 3d spin-orbit components. Fig. 6a shows data for the Mo 3ds;
spin-orbit component where Mo(4+)/Mo(5+)/Mo(6+) concentra-
tion percentages were 11.0 £ 3.0 %/77.2 £ 3.0 %¥/11.8 £ 3.0 %, and
413 £3.0%/53.4+£3.0%/5.2+3.0%forE=1Vand E=0V, respec-
tively. At E=1V, the major species was Mo (5+), whereas at E=0
V a decrease of concentration of Mo (5+) was accompanied by an
increase in the concentration of Mo (4+). As shown in Fig. 5, a shift
by 0.3 Vofthe XPS Mo 3d spectra of the electrode held at E=0V pro-
vided further supporting evidence for the reduction to Mo (4+). The
CV at 10 mV s-! in Fig. 6a (dashed) and further detailed in Fig. 6b
is shown to correlate the oxido-reduction events with anodic and
cathodic peaks. The increase of concentration percentage of Mo (4+)
coupled to a decrease in concentration percentage of Mo (5+) wasa
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Fig.7. XPSspectrainthe O 1s binding energy region of @-MoOjs electrodes polarized
at(a)E=1Vand (b) E=0V.

trend observed for polarization potentials in reduction < E=0.26 V
and was clearly enhanced for potentials E=0.185 V, E=0.13 V, and
E=0.0 V indicating that the cathodic peak ¢; was involved in such
reduction process. Polarizations in oxidation at E=0.3 V, E=0.46
V, and E=1.0 V all showed the same trend of concentration per-
centages of Mo oxidation states as Mo (5+) > Mo (6+) > Mo (4+)
suggesting that the anodic peaks as, a;, and a; were involved in
the oxidation of Mo (4+) to Mo (5+).

Fig. 7 shows the O 1s XPS spectra for electrodes held at
E=1 V and E=0 V. Curve fitting showed four species with bind-
ing energy peaks at 529.20eV, 529.7eV, 530.7eV and 531.7eV
assigned to Mo—0, Mo—0, S—0, and Mo—OH bonds respectively.
Molybdenum—oxygen bonds are known to appear at 529-530eV
[57,59] with similar binding energies for MoO; and MoO, respec-
tively [57). The presence of a metal—hydroxyl bond at - 531 eV has
been reported not only for molybdenum oxides (Mo—OH) [59] but
also for iron oxides (Fe-OH) [60], and manganese oxides (Mn—OH)
[16]. The presence of sulphur on the samples was detected on the
survey spectrum as the S 2p orbital at 168.0 eV and was attributed
to the presence of soﬁ— ions coming from the electrolyte, hence the
consideration of a S—0 bond component in the O 1s spectrum.

In summary, spectro-electrochemical experiments showed that
during cyclic voltammetry in 1 M H,SO,4 from 0 to 1V, MoO; was
partially reduced to a mix of oxides of lower oxidation states with
relative electrode surface concentrations: Mo (5+) > Mo (4+) > Mo
(6+). There was a reduction to Mo (4+) at potentials E=0.185 V
and E=0 V and this was in agreement with data provided by the
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Pourbaix diagram [45] for the Mo-water system at pH=0 where
the prevalent Mo compound at 0.32V (vs NHE)/0.12 V (vs Ag/AgCl)
is MoO,. Earlier investigations based on cyclic voltammetry at
5mVs-! determined an electrochemical reduction of Mo (6+) to
Mo (5+) at —240 mV vs Hg/Hg,S04 (237 mV vs Ag/AgCl) with the
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Fig. 9. (a) Cyclic voltammogram of an @-MoOs electrode in 1 M H504 at a scan rate

of 20mV s ! showing cycles 1, 2, 100, 200, 500 and 720 and (b) capacitance vs cycle
number. The arrows indicate the scanning direction.

appearance of a dark blue colouration attributed to an oxygen-
deficient oxide rather than the formation of hydrogen molybdenum
bronzes (HxMoO3) [47,48]:

2Mo0; + 2H" + 2e~ - Mo,05 + H,0 (1)

The formation of hydrogen molybdenum bronzes HyMoO3 -
leading to dissolution in 0.5 M H,S0,4 - has been reported within a
80mV to —555mV (vs Ag/AgCl) electrochemical window with the
appearance of four different phases at scan rates below 2mVs-1,
above which the associated redox peaks disappeared [49-51,61].
Since the scan rate here used was 20mVs~! along with a 0-1V (vs
Ag/AgCl) electrochemical window, the formation of even phase II
(H1.04Mo003) at 80 mV (vs Ag/AgCl) was unlikely.

It has been also reported that direct reduction of Mo (5+) to
Mo (4+) (brown) was not possible and that the existence of an
intermediate species, likely to be Mo (3+) (also dark blue), occurred
at —400mV vs Hg/Hg>S04 (77 mV vs Ag/AgCl) with oxidation to
MoO, at —475mV vs Hg/Hg,S04 (2mV vs Ag/AgCl) [47,48). The
detection of MoO; by XPS along with the observation of a dark
blue colouration in electrodes polarized at potentials E=0V,
E=0.13Vand E=0.185V in the present work, are supportive of the
oxido-reduction processes described above [47,48]. In the case of
Mo (6+), there was a low concentration that was approximately
constant at all polarization potentials which may indicate a partial
reoxidation in air to Mo (6+) or that there was an underlying layer
of Mo (6+) in the electrode, still detectable by XPS, that remained
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electrochemically inactive. Further spectro-electrochemical stud-
ies will be needed to establish a complete reaction mechanism
unambiguously, but the current work provides considerable sup-
port for the oxido-reduction processes previously reported [47,48).

3.4. Optimization of electrochemical window and cycling
behaviour

On the basis of the XPS studies, optimization of the electrochem-
ical window for improved reversibility was carried out. As shown
in Fig. 6, potentials in the range 0V < E < 0.26V lead to irreversible
reduction to MoO;. Anelectrode tested by cyclic voltammetry in the
potential range 0.26 V < E < 0.8 V showed a progressive decrease in
charge storage capacity during 150 cycles, as shown in Fig. 8. The
optimum reversibility — rather than absolute charge storage capac-
ity on the first cycle - was achieved in the electrochemical window
0.26V < E < 0.43V involving redox peaks ¢, and a,. Fig. 9 shows
a cyclic voltammogram of an @-MoO3 electrode swept within this
electrochemical window with near constant capacitance and null
charge storage capacity degradation after 720 cycles. A maximum
capacitance of 8.8 Fg~! was obtained which is equivalent to 64 wF
cm~2 when normalized per surface area (as measured by the BET
method).

Cyclic voltammetry in the optimized electrochemical window
at increasing scan rates allowed for further understanding of the
electrochemical activity. Fig. 10a shows a linear dependence of the
currents associated with anodic and cathodic peaks with the square
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Fig. 11. (a) Cyclic voltammogram of an ¢-MoOQs electrode in 0.005M H,S04 +0.095
M Na, SO0, at a scanrate of 5mVs~! showing cycles 2, 5, 10, 15, 20, 30, 40, 50 and 60.
The current increases from cycles 2 to 20 (dashed lines), and decreases from cycles
20 to 60 (solid lines) and (b) capacitance vs cycle number. The arrows indicate the
scanning direction.

root of the scan rate describing a process dominated by linear diffu-
sion. If the electrochemical reactions were under diffusion control,
it was likely that less accessible reaction sites in the interior of
the electrode remained electrochemically inactive, and this may
further support the earlier XPS findings of persistent non-reduced
MoOs.

The reversibility of the system was evaluated further consider-
ing the peak-to-peak potential difference of anodic and cathodic
current peaks, AEpp, as function of the logarithm of scan rate. In
an ideally reversible system AE pp ~ 57mV and is independent
of scan rate [62]. As shown in Fig. 10b AEp, < 57mV for all scan
rates and was approximately constant (= 20 mV) for scan rates <
10mV s~. Since MoOs is a n-type semiconductor, the rate of elec-
tron transport kinetics (measured by the standard electrochemical
rate constant k°) is limited and thus the rate of mass transport my
« V12, where v is the scan rate, becomes dominant at low scan
rates leading to irreversibilities - in a reversible process k*/my = 15
[62]. However, a stable charge storage capacity at20 mV s~ for 720
cycles, as demonstrated above, was indicative of a quasi-reversible
behaviour at this scan rate.

Previous work reported electrodeposited molybdenum oxide
tested by cyclic voltammetry in a 0.005 M H2S04 +0.095 M Na2S04
electrolyte in a —0.55 to 0.0V vs Ag/AgCl electrochemical window
where the charge storage mechanism suggested was a combina-
tion of redox pseudocapacitance and double layer capacitance [29].
As shown in Fig. 11, testing of an @-Mo0Q; electrode in the same
electrochemical window and the same electrolyte showed a com-
paratively high capacitance obtained nevertheless at the expense
of an obvious irreversible behaviour and consequently there was a
marked capacitance degradation after only 60 cycles.

4. Conclusions

The suitability of @-Mo0O3 nanobelts for supercapacitor appli-
cations was examined in various aqueous electrolytes, finding the
greatest charge storage and a rich redox activity in 1M H;S04. A
combination of XPS with various electrochemical characterization
methods revealed a partial reduction of MoOs to a mix of lower
valence oxides with concentrations varying as Mo (5+) > Mo (4+) >
Mo (6+) in a 0-1V (vs Ag/AgCl) electrochemical window, and with
MoO; as the species found at potentials below 0.185 V (vs Ag/AgCl).
In the light of the redox changes occurring, the electrochemical
window was optimized for enhanced reversibility obtaining a sta-
ble capacitance of 8.8 Fg~! (64 wF cm~2) that was maintained up to
720 cycles. Thus for using ®-MoOs as an electrochemical capacitor
device, the potential window has to be drastically decreased at the
expense of the absolute capacitance. Similarly, opening the poten-
tial window increased the capacitance but drastically lowered the
cycling ability of the electrode.
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