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Gel electrolyte assisted AI3* ion capacitor with electrospun MoOs

2.1 Introduction

As discussed in the introduction chapter, electrochemical capacitors or
supercapacitors are the significant kind of electrochemical energy storage device.
They show enormous promise because of their capacity to store energy and exhibit
power densities similar to those of batteries and conventional capacitors [1-4].
Furthermore, electrochemical capacitors exhibit some of the most desirable
characteristics. For example, the capability to sustain relatively long cycle life, work
across wide temperature range, ability to fabricate in flexible, self healing [5-7].
Although the first Li* ion capacitor was reported in non-aqueous (LiPFe/acetonitrile)
electrolyte using LisTisO12 and activated as anode and as cathode respectively, but it
could offer energy density of only 18 Wh kg? [8]. It was mentioned in the
introduction chapter that lithium (Li) has the less abundance (~ 0.003 %) in the earth
crust and has the environmental safety issues. Therefore, research work is gaining
attention on other earth abundant electrochemically active ions such as K*, Na*, Mg?*,
AP etc. [9]. Among these, utilization of AI** has the advantages over other ions such
as three electron transfer per cation, smaller ionic radius, low cost, easy processing
and storage at ambient atmosphere. Thalji et al. described the outcomes of AI®* ion
asymmetric supercapacitor by using W1gO49 nanowire and reduced graphene oxide
which shows specific capacitance about 350 Fg™ at current density of 1 Ag? over
12,000 cycles [10]. Similarly, Li et al. studied the AI** ion storage behavior of an
asymmetric capacitor by utilizing W1gO49/SCNT and polyaniline/SCNT electrodes
[11]. Ma et al. described an AI** ion capacitor based on graphene and MXene as
electrodes [12]. It was also mentioned in the introduction chapter that electrolytes
play an important role in the electrochemical capacitors because the potential window
can vary in different electrolytes. In light of this, gel electrolyte can deliver wider
potential window as compared with aqueous electrolyte [13-17]. MoOz is a
technologically promising electrode material which has been investigated in various
applications purposes such as energy storage, photovoltaics, electrochromic devices,
catalysis, sensors etc. [18-24]. From the view point of multivalent guest ion insertion
in an electrochemical reaction, Mo is important because of its variable oxidation

states (-1l to +VI) [25]. There are studies of MoO3 being used as electrode material in
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electrochemical capacitors [26-35]. However, AI** ion insertion studies in MoOs are
very few [36, 37]. Keeping all the above discussed points in mind, the electrochemical
performance of an electrochemical capacitor with MoOs nanorod is illustrated in this

chapter.
2.2 Experimental Section
2.2.1 Materials

Polyvinyl alcohol (PVA) (Mw ~ 125,000, Sigma Aldrich), Ammonium
molybdate tetrahydrate ((NH4)sM07024.4H>0, Rankem, Avantor Performance
Materials India Ltd.), Graphite powder (Lobachemie Pvt. Ltd.), Ethanol and
Polyvinylidene fluoride (PVDF) (Sigma Aldrich), Aluminium chloride anhydrous
powder (Merck), Carbon black and N-methyl-2-pyrrolidone (Alfa aesar) and Distilled

water.
2.2.2 Synthesis
2.2.2.1 Synthesis of PVA/ammonium molybdate solution

The synthesis process is adopted from ref [38]. First, 10 wt % PVA solution
was made by dissolving 10 g of PVA in 90 ml of distilled water at 96 °C. After
cooling the mixture to room temperature, 20 ml of PVA solution was slowly dropped
in an ammonium molybdate tetrahydrate solution which is basically prepared by
mixing 0.5 g of (NH4)éM07024.4H,0 in 2 ml ethanol and 2 ml distilled water. The
overall mixture was stirred in a water bath at 60 °C for 5 h. Finally, a viscous
PVA/ammonium molybdate composite solution was obtained which was further used

for electrospinning.
2.2.2.2 Synthesis of reduced graphene oxide

At first, graphene oxide was prepared by using modified Hummer’s method
[39]. In a typical procedure, 1 g of graphite powder was pre-oxidized in 46 ml of
concentrated H>SO4 along with 1 g of NaNOs. Then the mixture was stirred in ice
bath for 4 h. After that, 6 g of KMnO4 was slowly added in to the mixture and stirred
for 1 h at 35 °C. Then after cooling to room temperature, added 90 ml of distilled
water and again stirred for 1 h. The mixture was then stirred for 2 h at around 90 °C
and added 200 ml of distilled water. Later, 30 ml of 30 % H>O> was added in the
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mixture. The mixture was then washed with 200 ml of 5 % HCI solution and kept for
2 days to settle down. To remove the impurities, the mixture was then washed with
distilled water for several times and collected by centrifugation. The material was
dried at 60 °C for 10 h to obtain graphene oxide. The graphene oxide was exfoliated
by dispersing 2 g of GO in 1000 ml distilled water and, subsequent ultrasonication for
2 h. The exfoliated GO was collected again by centrifugation. 400 mg of the prepared
exfoliated GO was further dispersed in 800 ml of distilled water and continuously
stirred at 95 °C for 4 days. Finally, the mixture was centrifuged and it dried at 60 °C to
obtain rGO.

2.2.2.3 Synthesis of rGO/PVA/ammonium molybdate solution

2 mg of rGO was dispersed in already described PVVA/ammonium molybdate
solution (10 ml) by sonication for 1 h. The homogeneously rGO dispersed

PVA/ammonium molybdate solution was used for further electrospinning.

2.2.2.4 Electrospinning of MoO3z and rGO/MoOs3
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Figure 2.1: Schematic diagram of electrospinning setup.

As shown in the above schematic diagram, PVA/ammonium molybdate
solution was loaded in a 3 ml plastic syringe and the flow of the solution was
maintained at a constant flow rate (0.5 ml/h). A voltage of 20 kV was applied to the
needle tip while performing. The distance between the tip of the needle and the
material collector was 10 cm. The collector was covered with an aluminium foil. The
material obtained after electrospinning was dried in oven at 70 °C for 10 h and finally
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calcined at 500 °C for 3 h. PVA and (NH4)sM07024.4H20 were used as the precursors
for electrospinning. The reason for using PVA is because it is a highly water soluble
polymer. On the other hand, (NH4)sM07024.4H20 is the primary source of MoOs.
When heated above 300 °C, (NH4)sM07024.4H20 decomposes to MoOs [40, 41]. In
addition, it is also highly water soluble salt. Therefore, the synthesis can be performed
avoiding organic solvents. rGO/MoOz was fabricated using the similar
electrospinning process keeping the parameters constant as the pristine MoOsa.
However, rGO/PVA/ammonium molybdate solution was loaded in to the syringe. The

obtained material was further calcined at 500 °C for 3 h.
2.2.3 Characterizations

The structural properties were analyzed by powder X ray diffraction (BRUER
AXS D8 FOCUS, Cu-K,radiation; A =1.54064) and Raman spectroscopy
(RENISHAW BASIS SERIES WITH 515 LASER, RENISHAW, UK). The surface
morphology was analyzed using scanning electron microscope (SEM, JEOL, 6390LV
and ZEISS, SIGMA). The thermal analysis was performed by thermogravimetric
analyser (TGA).

2.2.4 Electrochemical measurements

MoO3z and rGO/MoOs obtained via electrospinning were used to fabricate the
working electrode. MoO3z or rGO/MoQ3, carbon black and polyvinylidene fluoride
were mixed in 1-methyl -2 pyrrolidone (NMP) in 8:1:1 ratio to obtain a homogeneous
slurry which was drop-coated onto a piece of graphite paper current collector. The
electrodes were then dried at 120 °C for 12 h to evaporate the solvent. The
corresponding active masses on each electrode were noted down. The electrochemical
measurements were performed in aqueous 1 M AlClselectrolyte and gel electrolyte (1
M AICI3-PVA). The gel electrolyte (1 M AICIs-PVA) was prepared by mixing 15
wt% of PVA in 1 M AICIs aqueous electrolyte at 96 °C for 2 h. The digital
photographs of the prepared aqueous and gel electrolytes are shown in (Figure 2.2a
and 2.2b). For the three electrode electrochemical measurements, Ag/AgCl, Pt and
MoOs were used as the reference, counter and working electrode respectively. For
symmetric supercapacitor estimation, two electrode system with MoO3z or rGO/Mo0Os3
electrodes were used. The symmetric supercapacitors are designated as MoO3//MoOs
and rGO/MoOs//[rGO/M00O3z. The active masses of both the electrodes were
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maintained identical. The specific capacitance (Cs) was calculated using the equation:

__ 2xIxAt

Cs = — v Fg*, where 1 is the applied current (in A), At is the discharge time (in s),

m is the mass loaded on the single electrodes (in g), AV is the discharge potential

interval (in V).

The energy (E) and power (P) density were calculated by using the following
two equations (2.1) and (2.2) respectively.

_1 5 _ 1000 1

E =2Cy(AV)? X o2 Whkgh.......... (2.1)

P=2="2Y 51000 Wkg?ooooovoo (2.2)
At 2m

Figure 2.2: Digital photographs of (a) 1 M AICls aqueous electrolyte and (b) 1 M
AICI3-PVA gel electrolyte.

2.3 Results and discussion

Figure 2.3 shows the XRD patterns of the as prepared PVA/ammonium
molybdate nanofiber, MoOs and rGO/MoQOz nanorods. A broad peak around 26 = 19°
corresponding to the (101) plane of PVA could be seen in PVA/ammonium
molybdate nanofiber. After calcination, the PVA/ammonium molybdate nanofiber
converts to crystalline MoOs nanorod. All the diffraction peaks could be identified as
the pure orthorhombic phase of MoOs (a-MoOs, JCPDS No. 05-0508) for MoO3
nanorod and rGO/MoO3z nanorod. No prominent diffraction peaks of rGO were seen
due to trace amount of rGO in the composite. Thermogravimetric analysis confirms
presence of ~ 2.13 wt% of rGO in the rGO/MoO3z composite (Figure 2.4a). The
estimation is done by considering the difference in the weight loss from 575 °C. The
XRD patterns of graphene oxide (GO) as well as reduced graphene oxide (rGO) are

shown in (Figure 2.4b) which match well with the reported literature [42]. Raman
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spectra show peaks in the range 250-1050 cm™ which are attributed to the stretching
and bending of Mo-O bonds (Figure 2.5). These are identical to the previously
reported data [43]. However, an additional small intensity peak around 1624 cm™ was
observed in rGO/MoO3s which could be interpreted as the G band of rGO (inset of
Figure 2.5).
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Figure 2.3: XRD patterns of PVA/ammonium molybdate composite nanofibers,
MoO3z and rGO/Mo0QO3 nanorods.
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Figure 2.4: (a) Thermogravimetric analysis (TGA) curve of PVA/ammonium
molybdate composite nanofibers and rGO/PVA/ammonium molybdate composite
nanofibers and (b) XRD patterns of graphene oxide (GO) as well as reduced graphene
oxide (rGO).
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Figure 2.5: Raman spectra of MoOs and rGO/Mo0O3 nanorods with inset views in the
range of 1500 cm™ to 1800 cm™ to show the G band.

Figure 2.6: SEM images of (a) PVA/ammonium molybdate composite nanofibers, (b)
MoOsz nanorod after calcination, (c) rGO/PVA/ammonium molybdate composite

nanofibers and (d) rGO/MoO3 nanorod after calcination.

Figure 2.6a shows the SEM images of the prepared PVA/ammonium
molybdate composite nanofibers, where it is seen that the nanofibers are uniformly
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distributed. After calcination, the PVA/ammonium molybdate composite nanofibers
turn into MoOsz nanorod structure (Figure 2.6b). Similar structure could also be
observed for rGO/PVA/ammonium molybdate composite nanofibers and rGO/MoO3
(Figure 2.6¢ and 2.6d). The decomposition of PVA and ammonium molybdate and
subsequent recrystallization of decomposed ammonium molybdate during the
calcination process results in the structural change as was illustrated in an earlier
study [38].

Figure 2.7a shows the CV profiles of MoOsin 1 M AICl3 aqueous electrolyte
at scan rate (= 2.5 mVs?). It could be seen that the material shows prominent
electrochemical activity. Three cathodic peaks named as A, B and C are noted at -0.33
V, -0.55 V and -0.80 V respectively. Subsequently, there exists three anodic peaks at -
0.09 V, -0.51 V and -0.64 V which are labelled as A/, B’ and C'respectively. This
electrochemical activity is similar to the previously reported literature [36]. Similar
electrochemical activity could also be seen for rGO/MoOs nanorod (Figure 2.7b). The
electrochemical activity of rGO/MoOs nanorod was also investigated in the gel
electrolyte (1 M AICI3-PVA) and the composite shows similar redox behaviors
(Figure 2.7c). At present, we do not have direct evidence of the changes occurred
during the electrochemical process. However, an analogy could be drawn from the
known fact of Li* ion insertion in a-MoOs where multistep (mostly two-step)
electrochemical reactions occur [44-46]. It is verified that Li* ion can intercalate
between the weakly bound (vdW interaction) [MoOe] octahedra interlayer and
between [MoQOs] octahedra intralayer [44-46]. These two Li* ion intercalation
processes result in two pairs of redox peaks. Again, it was also observed that the (020)
diffraction peak of MoOs completely vanished with concomitant appearance of a new
diffraction peak at around 11.42° due to Li" ion intercalation [44]. Similar effect but
with appearance of two additional diffraction peaks could also be noticed in the case
of AI** ion insertion in MoOs as per previous study [36]. Therefore, it could be
commented that the occurrence of three pairs of highly reversible cathodic and anodic
redox peaks in the case of AI** ion insertion in MoOs suggests complicated multistep
electrochemical reactions which may involve AIP* ion intercalation in between

[MoOs] octahedra interlayer and inside [MoOg] octahedra.
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Figure 2.7: CV curves of (a) MoO3z nanorod and (b) rGO/MoOz nanorod in 1 M
AICl3 aqueous electrolyte, (c) rGO/MoOs in gel electrolyte (1 M AICIz-PVA).

Now, the CV experiments were conducted for MoOsz nanorod in a symmetric
electrochemical capacitor configuration in 1 M AICIs aqueous electrolyte. The
potential window of the MoOs//M0oO3z symmetric cell was optimized by performing a
series of CV experiments at a scan rate of 2 mVs™. The initial potential window was
(0-1.3) V (Figure 2.8a). As could be seen, there are two redox peaks. The cathodic
peak is at 0.44 V and the anodic peak is at 0.98 V. When the potential window was
increased to 1.5 V (Figure 2.8b), the CV profile is different than the obtained CV
profile in the voltage range of (0-1.3) V. There are now two prominent cathodic scan
peaks at 0.07 V and 1.10 V. A broad peak could be seen around 0.66 V. Similarly,
three anodic scan peaks at 0.24 V, 1.20 V and 1.43 V could be noticed. As could be
verified from the CV profiles for the potential windows in the range (0-1.7) V (Figure
2.8¢) and (0-1.9) V (Figure 2.8d), these profiles are almost identical to the profile
obtained in the potential window of (0-1.5) V. Therefore, rest of the experiments were
performed within this range. Experiments were also performed with
rGO/MoOs//rGO/Mo0Os symmetric cell and the characteristics of the CV profile

(Figure 2.9(a-c)) in this case is almost similar to MoO3s//MoQO3 symmetric cell.
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Figure 2.8: CV curves of MoO3s//MoOs symmetric cell in 1 M AICIs aqueous

electrolyte in the potential window of (a) (0-1.3) V and (b) (0-1.5) V, (c) (0-1.7) V
and (d) (0-1.9) V.
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Again, CV experiments were performed with the gel electrolyte for
rGO/MoOz//rGO/Mo0O3 symmetric arrangement (Figure 2.10a). In this case, it could
be noticed that the current response of the redox peaks at 0.07 V and 0.24 V is much
higher than the redox peaks obtained in the (1-1.5) V region. This feature is in
contrast to the CV profiles obtained in pristine aqueous electrolyte (Figure 2.8b). It is
interesting to note here that when the potential window is increased to 2 V (Figure
2.10Db), there is a shift of the low potential redox peaks by an amount of 0.4 V towards
the positive side. Similar behavior could also be noticed for the potential window of
(0-2.2) V (Figure 2.10c) except a sharp increase of current at higher potential region
(~ 1.5-2.2 V). On the other hand, when the potential window is changed to (0-2.4) V,
the obtained CV profile (Figure 2.10d) is quite different than the previous cases.
Considering this point, further experiments with gel electrolyte were performed in the
potential window of (0-2) V. Another striking feature is noticed at high scan rates.
The CV profiles at high scan rates (for example at 100 mVs™?) is of quasi-rectangular
shape for both MoO3//M0O3z and rGO/MoOs//rGO/MoOs cells in pristine aqueous
electrolyte (Figure 2.11f and 2.12f). In contrast, quasi-rectangular feature could not be
noticed in the gel electrolyte, rather peaks at 0.47 V and 1 V could be prominently
visible (Figure 2.13f).
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Figure 2.10: CV curves of rGO/MoO3//rGO/M0o0O3s symmetric cell in gel electrolyte
(1 M AICI3-PVA) in the potential window of (a) (0-1.5) V, (b) (0-2) V, (c) (0-2.2) V
and (d) (0-2.4) V. The scan rate is 2 mVs™.
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Figure 2.13: CV curves of rGO/Mo00Oz//rGO/MoOs cell in the potential range of (0-2)
V at scan rate of (a) 3 mVs?, (b) 5 mVvs?, (c) 7 mvs?, (d) 10 mVs?, (e) 50 mVs?and
(f) 100 mVs in gel electrolyte (1 M AICI3-PVA).

It is important to note down here the electrolyte stability. For this purpose, CV
experiments were performed at different potential range in a symmetric Ti-Ti cell
with 1 M AICIs aqueous electrolyte and gel electrolyte (1 M AICI3-PVA). The reason
for choosing Ti is that our previous study indicates that it is an almost inactive current
collector [47]. Figure 2.14 shows the CV profiles obtained from Ti-Ti cell in the
potential range of (0-1.3) V to (0-2.2) V for 1 M AICI3z aqueous electrolyte. It could
be noticed that there is a sharp rise of current in the positive potential range as the
potential window extends from 1.3 V to 2.2 V. This possibly indicates the instability
of the electrolyte. However, a comparison of the CV profiles (Figure 2.15(a, b)) of Ti-
Ti and MoOs//MoO3z symmetric cells in 1 M AICIs aqueous electrolyte indicates that
the redox activity of MoOs is considerably higher than the current response obtained
from the pristine electrolyte of Ti-Ti cell. Similar effect could also be noticed for the
gel electrolyte (1 M AICI3-PVA) as shown in figure 2.15 (c, d). However, an
important point is revealed here. The rise of current could be seen from 1 V onward in
case of 1 M AICIz aqueous electrolyte (Figure 2.14). Contrarily, this rise is noticed
from 1.5 V onward in case of the gel electrolyte (1 M AICIs-PVA) (Figure 2.16). It
indicates that the electrochemical stability of the gel electrolyte (1 M AICIs-PVA) is
better than the 1 M AICIs aqueous electrolyte. Overall, it could be fairly assessed that
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the redox activity of MoOs is not severely affected by the electrolyte instability.
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Figure 2.14: Electrolyte stability test. CV curves obtained from a Ti-Ti cell in 1 M

AICI3 aqueous electrolyte at scan rate of 2 mVs™? in the voltage range of (a) (0-1.3) V,
(b) (0-1.5) V, (c) (0-1.7) V, (d) (0-2.2) V. (e) comparison of all the CV profiles.
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Figure 2.15: Electrolyte stability test. CV curves of (a) Ti-Ti cell and MoOs//MoOs3

cell in 1 M AICls aqueous electrolyte at scan rate of 2 mVs™, the magnified version of
(@) is shown in (b). CV curves of (c) Ti-Ti cell and rGO/MoO3//rGO/MoOs cell in gel
electrolyte (1 M AICI3-PVA), the magnified version of (c) is shown in (d).
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Figure 2.16: Electrolyte stability test. CV curves obtained from a Ti-Ti cell in gel
electrolyte (1 M AICIs-PVA) at scan rate of 2 mVs™ in the voltage range of (a) (0-2)
V and (b) (0-2.4) V. (c) comparison of all the CV profiles.

Figure 2.17 shows the galvanostatic charge discharge profiles for
MoOs//MoO3 and rGO/MoOs//rGO/M0o0Os symmetric cells at different current
densities in 1 M AlClz aqueous and gel (1 M AICI3-PVA) electrolytes. The features in
the charge-discharge profiles are in corroboration with the CV profiles. In the case of
pristine aqueous electrolyte, a short discharge plateau at 1.15 V and a kink at 0.1 V
could be noticed (Figure 2.17a and 2.17b). While during charging, a very short
plateau at 0.3 V and a broad plateau at 1.20 V appear. On the other hand, for gel
electrolyte, two noticeable discharge plateaus at 1.7 V and 0.5 V could be seen and
while charging, two charge plateaus appear at 0.7 V and 1.6 V (Figure 2.17c). The
specific capacitance values for the initial cycle of MoOs//MoOs; and
rGO/MoO3//rGO/Mo0O3 at different current densities for both aqueous and gel
electrolytes are given in table 2.1. It is observed that although the charge-discharge
and the CV profiles are almost identical for MoO3z//Mo0O3 and rGO/MoOs//rGO/Mo0Os

cells, the introduction of rGO resulted in better specific capacitance.
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Figure 2.17: Galvanostatic charge-discharge curves of (a) MoOs//MoOs cell in 1 M
AIClz aqueous electrolyte, (b) rGO/MoOz//rGO/MoOs cell in 1 M AICIs aqueous
electrolyte and (c) rGO/MoOs//rGO/MoOs in gel electrolyte (1 M AICIz-PVA).
Table 2.1: Specific capacitance of MoO3//MoOz and rGO/MoQO3//rGO/Mo0Os

cells in aqueous and gel electrolytes at different current densities.

Specific - ) - _
] Specific capacitance of | Specific capacitance of
Current capacitance of
_ _ | rGO/M00Os//rGO/M0o0O3 | rGO/MoOs//rGO/Mo0O3
density MoOs3//MoO3  in | )
inaqueous electrolyte | in gel electrolyte
(Ag?) aqueous electrolyte 4 .
1 (Fg™) (Fg™)
(Fg™)
1 255 425 290
2 166 290 280
3 106 180 180
5 60 136 141
7 38 108 116
10 28 76 79
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Figure 2.18 shows the rate performance of MoOs//MoOs; and
rGO/MoOz//rGO/MoO:s cells as a function of cycle number. The specific capacitance
decreases as the current density increases. It could be commented that the cell in gel
electrolyte shows better performance since it regains the initial specific capacitance.
Figure 2.19a shows the long-term cycle life for MoO3//MoOs and
rGO/MoOs//rGO/MoOs cells at current density of 1 Ag™ up to 1000 cycles. The
specific capacitance values at 1000™" discharge cycle are estimated to be 56 Fg™* and
73 Fg! for MoOs//MoO3z and rGO/MoOs//rGO/MoOs respectively in the pristine
aqueous electrolyte, while the same in case of gel electrolyte is 76 Fg* for
rGO/MoOz//rGO/MoOs cell. Figure 2.19b compares the energy density with power
density. The energy density and power density values were calculated for the 1% cycle
for each current density. The current densities were taken in ascending order i.e. 1 Ag
12 Agt 3 Agt 5AgY, 7 Agt and 10 Ag?. The maximum energy density delivered
by MoOs//MoO3 and rGO/MoOs//rGO/MoOs cells are about 79 Wh kg™ and 132 Wh
kg™ respectively with corresponding power density of 7.5x10> W kg? (at current
density of 1 Ag™) for the aqueous electrolyte. In the case of gel electrolyte, the energy
density for rGO/MoOs//rGO/MoOs at current density of 1 Ag™! was estimated to be
161 Wh kg* corresponding to power density of 102 W kg. At high current density
(10 Ag?), the energy densities reach to ~ 8 Wh kg?! and ~ 23 Wh kg with
corresponding power density of 7.5 x 10° W kg! for MoOs//MoOs and
rGO/MoOz//rGO/MoOs respectively. In the case of gel electrolyte, the energy density
is still ~ 43 Wh kg* with the corresponding power density of 10* W kg™ (at current
density of 10 Ag™?) for rGO/MoQs//rGO/MoOs. A comparison of the energy and
power density with some of the already reported values is shown in table 2.2. It is
noted here that these values are not extraordinarily high in the present case, however,

this type of study is important for exploration of AI** ion electrochemical capacitors.
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Figure 2.18: Rate performances of MoOs//M00Oz and rGO/MoO3//rGO/MoQ3 cells in

aqueous and gel electrolytes.
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Figure 2.19: (a) Long-term cycle performance at current density of 1 Ag™ up to 1000

cycles and (b) plot of energy density vs power density at different current densities.
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Table 2.2: Comparison of energy density and power density of our present work

with literature.

Pote | Specifi | Energ
. Power
Electrode ntial | c y | Ref
] | Electrolyt | _ | densit
Electrode configurati wind | capacit | densit W eren
e
on ow | ance y (Wh Z ) ce
) ) g
V) | (Fgh) | kg?)
AC/MoOs//AC/ M
Symmetric 1.8 27 225 26
MoOs3 NaxSO4
Nio@Ni(OH).-
a- MoOs// R S R PR
) ) Symmetric | 1 M KOH | 0.6 24 3100 |27
Nio@Ni(OH)-
a-MoO3
MoOa// MoOs | Symmetric | Li,SOs  [2.0 | 78 1000 |28
MoOs@CuO// _ | LIOH/PV | | ...
Symmetric 0.8 7.9 8726 29
MoOz;@CuO A gel
Mxene/MoOs// |1 M| ]
Symmetric 0.9 13.4 535 30
Mxene/MoOs H2S04
rGO/MoOs// | H2SO4P |
Symmetric 1.0 14 500 31
rGO/MoO3 VA gel
Ag@MoOs// M
Symmetric 1.4 15.5 3943 32
Ag@MoOs3 Na>SOq4
MoO3/Ppy/rGO
il |1 mol L?
I Symmetric 1.2 | ... 19.8 301 33
Na>SO04
MoOs/Ppy/rGO
a- MoOs// a- M
Symmetric 2.2 ~ 22 301 34
MoO3 NazSO4
MoOs- |
| PVA/KO
CNF//MoO:3- Symmetric H 1 16.7 340 35
CNF
MoOz// MoO3z | Symmetric | 1M AICIz | 1.5 255 79 750 This
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rGO/MoOs// ) 425
Symmetric | IM AIClz | 1.5 132 750
rGO/MoO3
1M
rGO/MoOs// )
Symmetric | AICIs/PV | 2.0 | 290 161 1000
rGO/MoO3z
A gel

wor

Another crucial parameter for any energy storage device is the ability to

maintain, if not zero, but low self-discharge rate. The self-discharge characteristics for
the MoO3//Mo0Oz and rGO/MoOs//[rGO/MoOz were also investigated in both the
pristine aqueous and gel electrolyte (Figure 2.20). The open circuit potentials of
MoO3//M0o0O3 and rGO/MoOs//rGO/Mo0Os cells in the pristine aqueous electrolyte
were measured after charging them up to 1.5 V. In the case of gel electrolyte, the cell
was charged up to 2 V. It could be seen that the potential drops to 0.36 V and 0.07 V
after 12 h for MoOz//M003 and rGO/MoOz3//rGO/MoOs cells respectively. In contrast,
the cell with gel electrolyte exhibits slower rate of self-discharge. The potential drops
to only 0.75 V after 21 h (Figure 2.20). It indicates that gel electrolyte may inhibit the

self-discharge rate.
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Figure 2.20: self-discharge curves in aqueous and gel electrolytes.
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2.4 Conclusion

In summary, an electrochemical investigation for symmetric electrochemical
capacitors with MoOsz nanorod and rGO/ MoOz nanorod electrodes is described. The
investigation was carried out in aqueous electrolyte (1 M AICl3) and gel electrolyte (1
M AICI3-PVA). It is found that the electrochemical behavior of MoO3 in the gel
electrolyte is different than the pristine aqueous electrolyte. For example, there is a
shift of the redox peaks and quasi-rectangular feature could not be noticed in the gel
electrolyte at high scan rates. The rGO/MoOs//rGO/Mo0O3 cell shows energy and
power density of 43 Wh kg and 10* W kg? in the gel electrolyte, whereas these
values are only 8 Wh kg™ and 7.5 x 10° W kg* for MoO3//MoOs cell in the pristine
aqueous electrolyte. In addition, the use of gel electrolyte could significantly reduce
self-discharge. The rGO/MoOs//rGO/Mo0s cell retains 38 % of charge potential after
21 h in gel electrolyte, while only 5 % could be retained by MoO3s//MoOs cell after 12

h in pristine electrolyte.
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