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Abstract: Nanostructured o-Fe,O; with
and without fluorine substitution were
successfully obtained by a green route,
that is, microwave irradiation. The
hematite phase materials were evaluat-
ed as a high-performance electrode
material in a hybrid supercapacitor
configuration along with activated
carbon (AC). The presence of fluorine
was confirmed through X-ray photo-
electron spectroscopy and transmission

Fe,O; (F-Fe,0;) exhibits an enhanced
pseudocapacitive performance com-
pared to that of the bare hematite
phase. The F-Fe,Oi;/AC cell delivered
a specific capacitance of 71 Fg™' at
a current density of 225 Ag! and re-
tained approximately 90% of its initial
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capacitance after 15000 cycles. Further-
more, the F-Fe,O5/AC cell showed
a very high energy density of about
28 Whkg ' compared to bare hematite
phase (~9 Whkg ™). These data clearly
reveal that the electrochemical perfor-
mance of Fe,O; can be improved by
fluorine doping, thereby dramatically
improving the energy density of the
system.

electron microscopy. Fluorine-doped

Introduction

Due to the increasing awareness of global warming and de-
pletion of oil resources, many efforts are being devoted to
find alternative energy sources, especially for hybrid electric
vehicles (HEVs) and large-scale consumer electronics appli-
cations."™ Lithium-ion batteries (LIBs) are currently the
best choice for such applications, but still several issues
remain unsolved such as poor power density, safety issues,
costs, performance, and the availability of lithium raw mate-
rials.'!" Electrochemical double-layer capacitors (EDLCs)
represent one of the greatest innovations in the field of elec-
trochemical energy storage.'>® Although EDLCs deliver
a high power density, their energy density is highly limited
because of the non-Faradaic reaction mechanism and water
splitting issues when employed in an aqueous medium.!
On the other hand, organic solutes provide a higher energy
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density; however, their poor conductivity and mobility ob-
struct the achievement of desirable values to drive such ve-
hicles. Another approach to increase the energy density is
the use of hybrid supercapacitors (HSCs), which consist of
a double-layer carbon material in one electrode and pseudo-
capacitive or Faradaic materials in the other electrode. An
example is the use of a pseudocapacitive electrode coupled
with activated carbon (AC); however, in such a system the
operating potential cannot be widened beyond 2V in an
aqueous medium.[® As a result, the obtained energy densi-
ty is not at the expected level. Therefore, we made an at-
tempt to use organic solutes for increasing the energy densi-
ty of an HSC. For such an assembly, AC is the unanimous
choice because of its inherent properties like high surface
area, high chemical and thermal stability, excellent conduc-
tivity, and low cost.*!”) Therefore, the search for pseudoca-
pacitance materials to replace the hydrous ruthenium oxide
(RuO,xH,0) electrode is highly warranted. Although such
an electrode offers a very high specific capacitance (~
720 Fg~') with an excellent stability for prolonged cycling,
the high cost of RuO, limits its use in large-scale applica-
tions.>'1 Hence, inexpensive metal oxide alternatives to
RuO, have become a major research area. Transition metal
oxides such as MnQO,, NiO, Co,0;, V,0s, and SnO, have
been identified as potential alternatives to RuQ,” " In
spite of their excellent capacitive behavior, the inherent
electronic conductivity and limited cycle life forbids their
practical use. Iron oxides have been proposed as one of the
attractive alternatives for HSCs because of their low cost,
abundance, and eco-friendliness.'>"™ Iron oxides such as
Fe;0, and y-Fe,0O; exhibit an excellent pseudocapacitive be-
havior with a specific capacitance in the range of 5-500 Fg™*

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


www.interscience.wiley.com

CHEMISTRY

AN ASIAN JOURNAL

in alkaline medium, depending on the surface morphology,
structure, and cell design. Recent studies clearly showed
that the good capacitance behavior of a-Fe,0O; is strongly in-
fluenced by its surface arrangements/morphology, which
completely depends on the preparation and processing pa-
rameters.'¥ Although the superior capacitive properties of
nanotubes and nanostructured a-Fe,O; resulted from a large
active surface area, which allows for more Faradaic reac-
tions (on the surface) and a shorter pathway for rapid ion
diffusion, the synthesis of those unique structures is quite
complex and difficult to control during scale-up."” More-
over, high rate capabilities of those materials are not in an
acceptable range, as the Fe-based materials exhibited a poor
electronic conductivity and metastability, thus leading to
large capacitance fading during prolonged cycling. Several
attempts have been made to improve the electrochemical
performance of a-Fe,O; through the preparation of carbon
composites, cationic doping, and the incorporation of a con-
ducting polymer matrix into the hematite structure.'*®! On
the other hand, computational studies indicate that the par-
tial replacement of oxygen by anions such as N*~, §*~, CI-,
and F~ can effectively improve the rate capability.*?! In
addition, anion doping for oxygen influenced the reduction
of impedance and lattice changes during cycling, and signifi-
cantly improved the cycle life as well.?! Fluorine, which has
a radius similar to that of oxygen, could be an adequate
anion dopant due to its lower lattice distortion compared to
the rest of the alternatives. Recently, many studies have
been conducted on fluorine doping into metal oxides in
order to enhance the electrochemical performance of LIBs
and solar cells.”®*?! Furthermore, the presence of F-doping
certainly suppresses the decomposition of the electrolyte
and the subsequent formation

of a thick solid electrolyte inter-
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powders. They agree with the formation of phase pure hem-
atite (a-Fe,O;) structures without any impurity traces. The
observed reflections are indexed according to the rhombo-
hedral structure and consistent with the JCPDS data (card
no. 33-0664). The observed sharp, intense reflections con-
firm the highly crystalline nature of the powders synthesized
by microwave irradiation and subsequent heat treatment.
The lattice parameter values calculated from the refinement
data were found to be a=5.047 A and ¢=13.854 A for
Fe,0; and a=5.038 A and ¢=13.774 A for F-Fe,0; phases.
The small variation clearly indicates the influence of F-
doping on the hematite phase and corroborates the stronger
M-F bond as compared to the M—O bond. In addition, the
small decrease in the lattice parameter values after F-doping
is mainly attributed to the smaller radius of F~ (1.33 A) ions
compared to O*~ (1.40 A). On the other hand, no noticeable
changes in the XRD patterns were observed, which may re-
flect a low fluorine content. The crystallite sizes of hematite
powders were calculated using Scherrer’s equation and
found to be about 20 and 40 nm for Fe,O; and F-Fe,O,
phases respectively. In order to confirm the presence of
F~in the hematite phase, the powders were analyzed by X-
ray photoelectron spectroscopy (XPS). The core-level spec-
tra of Fe 2p, O 1s, and F 1s for F-Fe,O; and Fe,O; phases
are presented in Figure 1b-d. The core-level spectra of Fe
2p exhibit two characteristics peaks with corresponding
binding energies of Fe 2p;, and Fe 2p;, at 711.1 and
724.2 eV, respectively, which correlate well with previously
reported values of Fe’* in a-Fe,0;”*" As shown in Fig-
ure 1c, the core-level spectra of O 1s showed a dominant
oxide peak at about 529.9 eV, which is the typical state of
O” species in the a-Fe,O; phase. The deconvoluted O 1s

phase (SEI), which certainly
improves the stability of the
electrolyte solution during pro-
longed cycling.” Nevertheless,
the enhancement of pseudoca-
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Figure 1. (a) XRD patterns of Fe,O; and F-Fe,O; materials prepared by using the microwave irradiation

Figure 1a shows the XRD pat-
terns of F-Fe,O; and Fe,O;
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method. High-resolution XPS spectra of (b) Fe 2p and (c) O 1s of both Fe,O; and F-Fe,O; materials. (d) XPS
spectrum of F 1s of F-Fe,O; with fitting.
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spectra showed the presence of Fe(OH), FeO(OH), C=0,
OH, and H,0, in the order of decreasing atomic percentages
(Figure S1, Supporting Information).” Figure 1d shows the
core-level XPS spectrum of F 1s of the F-Fe,O; powder.
Since the level of fluorine doping is low, it was expected
that the peak would not be detectable due to noise; howev-
er a peak was observed and fitting of the F 1s spectrum
clearly showed a binding energy at about 683 eV, which is
close agreement with that of other metal fluorides. General-
ly, NiF, and MnF, exhibit binding energies (F 1s) between
648.5 and 685.9 eV, and thus the F 1s spectrum of F-Fe,0;
verified that fluorine has been successfully incorporated into
the hematite lattice.”>*! The FT-IR spectra also support the
presence of F by exhibiting weak bands at 1023 cm™' for F-
Fe,O; compared to bare hematite phase (Figure S2, Sup-
porting Information).

The morphological features of bare and F-Fe,O; powders
were analyzed by transmission electron microscopy (TEM).
Bare Fe,O; exhibits an irregular particulate morphology and
uneven distributions ranging from 20 to 30 nm (Figure 2a),
whereas an increased particle size (40-50 nm) and well-de-
fined surface morphologies were observed for F-Fe,O; pow-
ders (Figure 2b). Similar changes in surface morphology

024)

Figure 2. TEM images of (a) Fe,O; and (b) F-Fe,O; materials. (c¢) SAED
pattern of F-Fe,O; nanoparticles. Recorded diffraction rings are indexed
with corresponding Miller indices.

were observed for F-doped spinel phase cathodes.”***! The
changes in morphology after F doping slightly increase the
agglomerated particles compared to bare Fe,Oj;, indicating
an increase in tap density which certainly provides the high
power capability of the system. The selected-area electron
diffraction (SAED) pattern of F-Fe,O; exhibits typical hex-
agonal characteristics, thus confirming that the fluorine-
doped hematite nanoparticles are well crystallized (Fig-
ure 2¢). In addition, elemental mapping and energy-disper-
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sive X-ray (EDX) spectroscopy also confirms the presence
of F in the hematite phase (Figure S3, Supporting Informa-
tion). This clearly reveals that microwave irradiation is
a suitable technique to enable homogeneous F-doping in
hematite phase. It is worth mentioning that charge imbalan-
ces created from the replacement of O?~ ions by F~ ions are
neutralized through the formation of surface-adsorbed hy-
droxy groups.

It is well known that the energy storage behavior of HSCs
mainly depends on the mass balance between the individual
electrodes since the applied current in an HSC will split
based on the separate capacitive performance of the electro-
des. Consequently, the mass balance between the electrodes
is adjusted during the fabrication® of HSCs based on the
electrochemical performance of such electrodes in a single
electrode configuration (Li/Fe,O; and Li/AC, where metallic
lithium acts as counter and reference electrode). Figure S4
in the Supporting Information shows typical charge-dis-
charge studies of Li/Fe,O; and Li/AC cells at 7C rate
(500 mA g, calculated based on the discharge time of the
half-cells). Based on the performance (a discharge capacity
of ~189 and ~69 mAhg™' was noted for F-Fe,O, and AC,
respectively), the mass loading of AC and F-Fe,O; has been
adjusted to 2.7:1. The electrochemical performances of bare
and F-Fe,O; were examined in HSC configurations along
with AC anodes using cyclic voltammetric (CV) analysis be-
tween 0-3 V at different scan rates. Figure 3a clearly depicts
the typical CV signatures of F-Fe,O3/AC and Fe,O3/AC cells
recorded at a scan rate of 100 mVs™'. The two HSC cells ex-
hibited almost rectangular profiles with mirror-image char-
acteristics, which is typical of ideal supercapacitors. In addi-
tion, the shape of CV curves for F-Fe,O3;/AC and Fe,Os/AC
cells revealed the capacitive characteristic of HSC cells dis-
tinct from an electric double-layer capacitor, which could be
attributed to the combination of different energy storage
mechanisms: a double-layer capacitance from the AC elec-
trodes and a pseudocapacitive behavior from the Fe,O; elec-
trodes.* The CV traces also show that the current re-
sponse of the cells remained constant during the anodic and
cathodic scans; furthermore, the curves are almost symmet-
rical, indicating an excellent reversibility of the cells at the
high scan rate of 100 mVs™'. This satisfactory kinetic reac-
tivity even at such a high scan rate makes these binary
oxides promising as electrode materials for high-perfor-
mance HSC applications.®! Moreover, the enclosed area
under the CV curves differs in that the F-Fe,O5/AC cell has
a stronger current response than the Fe,O5/AC cell, thus in-
dicating its superior energy storage property compared to
bare hematite phase. The higher current response of F-
Fe,O5/AC cell might be attributed to well-developed parti-
cles with largely exposed contact areas as well as a good
contact towards the current collector.’? The specific capaci-
tance values for HSC cells were also calculated from the CV
curves, and their relationship with the scan rates (Figure S5,
Supporting Information) is presented in Figure 3b. As ex-
pected, a monotonous decline in the specific capacitance of
the cells with increasing potential scan rates is clearly ob-
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Figure 3. (a) CV traces of Fe,05/AC and F-Fe,O;/AC HSC cells mea-
sured at a scan rate of 100 mVs~' in the range of 0-3 V in a conventional
organic electrolyte. (b) Plot of the specific capacitance as a function of
scan rate.

served because of the kinetic and diffusion limitations. The
Fe,0;/AC and F-Fe,O5/AC HSC cells delivered a maximum
specific capacitance of 57 and 79 Fg™!, respectively, at
a slow scan rate of 5mVs~!. Furthermore, when the scan
rate was increased to 100 mVs™!, the capacitance of Fe,O5/
AC decreased to 29 Fg™!, whereas the F-Fe,0,/AC cell still
delivered a capacitance of 48 Fg™' at the same scan rate.
Possible reasons for the poor performance of the cell con-
taining the bare Fe,O; electrode may be a lower electronic
transport as well as comparatively sluggish reaction kinetics
on the surface at high scan rates.”® On the other hand, the
substitution of fluorine effectively suppressed the polariza-
tion of the electrodes and, therefore, an enhanced electro-
chemical performance is achieved with F-doping.?”!

The galvanostatic charge—discharge behavior of the HSC
cells was recorded at various current densities, and the de-
pendence of the capacitance as a function of current density
is presented in Figure 4and in Figure S6, Supporting Infor-
mation. As shown in these figures, the F-Fe,0s/AC HSC cell
delivered an improved electrochemical performance com-
pared to the HSC cell containing the bare hematite elec-
trode. A high-rate performance with a prolonged cycle life
is essential for any energy storage device for use in high-
energy and high-power applications like HEVs>*# Fig-
ure 4a shows the typical charge—discharge curves of HSC
cells between 0 and 3 V at a current density of 2.25 Ag™! in
1:1 ethylene carbonate (EC)/dimethyl carbonate (DMC)
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Figure 4. (a) Galvanostatic charge—discharge curves of Fe,O;/AC and F-
Fe,04/AC HSC cells recorded in the range of 0-3 V at a current density
of 2.25 Ag'. (b) Cycle life of the HSC cells.

electrolyte containing 1M LiPF,. From Figure 4a it is evident
that charge and discharge curves of both cells are nearly
symmetrically trilateral in shape, which indicates an excel-
lent electrochemical reversibility of the cells irrespective of
the applied current density. The slight distortion in the
curves of the HSC is attributed to the combined characteris-
tics of both redox and double-layer capacitors.” In addition,
the HSC is experiencing a slight drop in potential (IR drop)
that arises from the internal resistance of the electrodes and
is known as ohmic drop. This ohmic drop involves the sepa-
ration of an electrochemical double layer across the elec-
trode/electrolyte interface and the redox component associ-
ated with the Faradic reaction of Fe,O; electrodes.”” More-
over, the F-Fe,O;/AC HSC cell showed a longer discharge
time compared to Fe,0,/AC, thus suggesting that F~ doping
effectively improved the electrochemical performance of the
native hematite phase. The enhanced electrochemical be-
havior of the F-Fe,O;/AC HSC cell also resulted from the
lower IR drop (Figure S7, Supporting Information), and the
magnitude of the ohmic drop increased with increasing cur-
rent density; for instance, an ohmic drop of 0.88 and 2 V is
noted for F-Fe,O5/AC and Fe,O5/AC cells, respectively, at
a current density of 2.25 Ag~'. The specific capacitance was
calculated from the galvanostatic studies and its dependence
on the cycle number is shown in Figure 4b. The F-Fe,Os/AC
HSC delivered a specific capacitance of about 71 Fg™' at
a current density of 2.25 Ag! and retained approximately
90% of initial value (i.e., ~63 Fg™') after 15000 cycles. On
the other hand, the Fe,05/AC HSC delivered about 30 Fg™*
and maintained about 85% of the initial capacitance under
the same testing conditions. The influence of fluorine
doping on the electrochemical performance of the Fe,O;
electrode is illustrated by the following facts: 1) an increase
in the electronic conductivity of the hematite phase (Fig-
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ure 5b), 2) a more stable structure under high current test-
ing owing to the strong M—F bond, and 3) an improved dif-
fusion of Li* by fluorine doping (only on the surface, not to
the bulk). Since the ionicity of F~ is high, it contributes to
enhance the ionic motion in the F-Fe,O; material.?*?!! The
presence of fluorine on the electrode surface provides addi-
tional protection from attack by HF and thus decreased the
electrolyte decomposition and subsequent formation of
a thick SEI layer, which enhanced the cycling behavior at
high current rates.?*!!
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Figure 5. (a) Ragone plot of Fe,05/AC and F-Fe,0;/AC HSC cells at dif-
ferent current densities. (b) Nyquist plots of Fe,0;/AC and F-Fe,05/AC
HSC cells recorded at an open circuit voltage between 100 kHz and
100 mHz.

Figure 5a presents the Ragone plot of the HSC cells with
bare and F-Fe,O; electrodes. Obviously, the F-Fe,O5/AC
HSC exhibited a remarkable rate performance compared to
the Fe,O5/AC cell. The F-Fe,0;/AC HSC delivered an
energy density of about 28 Whkg™' with a corresponding
power density of 0.55 kWkg ™!, whereas an energy density of
16 Whkg ™' was only obtained for bare Fe,Os. Furthermore,
the electrochemical parameters obtained for the F-Fe,Os/
AC HSC cell is much higher than that of the Fe,O5/
MWCNT (MWCNT =multi-walled carbon nanotube) cell
reported by Zhao et al.™ and that of other configurations
such as LiCrTiO/AC (energy density of ~23 Whkg™),*
V,04/AC (18 Whkg™),P!l' LiTi,(PO,),/AC (14 Whkg "),
LiCoPO,/carbon nanofoam (13 Whkg™"),*! TiP,0,/AC
(13 Whkg™"),*! and TiO,-B/CNTs (12.5 Whkg').’"! Fig-
ure 5b shows the Nyquist plots of the F-Fe,O;/AC and
Fe,0,/AC HSC cells recorded at open circuit voltages be-
tween 100 mHz and 100 kHz. As expected, the Nyquist plots
exhibited two main regions: a semicircle in the high-fre-
quency region and an inclined line in the low-frequency
region. The former is derived from the charge-transfer pro-
cess across the electrode/electrolyte interface and is also

Chem. Asian J. 2014, 9, 852-857
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known as the charge-transfer resistance (R,). The latter is
associated with the diffusion-controlled process and called
Warburg resistance.” The F-Fe,0,/AC cell displayed
a much smaller R value than the bare hematite phase elec-
trode (9.5 vs. 19.3 Q). The lower R, value is attributed to
the fluorine doping into the Fe,Oj; lattice, which contributed
to the formation of uniform-sized particles, thereby improv-
ing the reaction kinetics and enhancing the electrochemical
performance of F-Fe,O;/AC HSC. This clearly demonstrates
that the substitution of fluorine plays an important role in
increasing the electrical conductivity of the electrode mate-
rial, which alleviates cell polarization during the cycling pro-
cess. These results agree well with the data obtained in the
CV and charge—discharge studies and also suggest the possi-
bility of adopting fluorine-doped Fe,O; as high-performance
electrode in HSC applications.

Conclusions

The influence of fluorine doping in Fe,O; materials for
hybrid supercapacitor applications was investigated in com-
bination with an activated carbon (AC) anode in a non-
aqueous medium. The F-Fe,0;/AC HSC cell delivered
a maximum specific capacitance of about 71 Fg™' and an
energy density of about 28 Whkg 'at a current density of
2.25 Ag™'. Furthermore, it was observed that the F-Fe,O5/
AC HSC cell retained 90% of its initial value after
15000 cycles at the aforementioned current rate. The en-
hanced rate performance could be attributed to the lower
impedance arising from fluorine doping, a lower ohmic
drop, and an increase in the active sites for electrochemical
reaction. This study thus suggests that F-doping by a green
approach (i.e., microwave irradiation) is an appropriate way
to tune a transition metal oxide into an electroactive materi-
al with high energy density. This green approach could
likely be extended to other oxides.

Experimental Section

F-doped hematite (F-Fe,O;) nanoparticles were synthesized in aqueous
solution using microwave irradiation. In a typical procedure, appropriate
amounts of iron nitrate (Junsei, Japan), ammonium fluoride (Alfa Aesar,
USA), and urea (Junsei, Japan) were dissolved in distilled water (10 mL)
and continuously stirred for 30 min at room temperature. The solution
was heated heated in a microwave oven (700 W, Daewoo, Korea) for
15 min and cooled down to room temperature. The resulting brownish-
black solid product was washed with deionized water and dried at 60°C
for 12 h. Finally, F-Fe,O; was obtained by heating the powders in a box
furnace at 350°C for 2 h. For comparison, bare Fe,O; was also prepared
using the same method without adding ammonium fluoride. The amount
of fluorine in the F-Fe,O; sample was measured using XPS analysis to be
about 1.5 atomic percent.

The crystallographic structures of the samples were analyzed by X-ray
diffraction (XRD) using Cuyg, radiation (Rint 1000, Rigaku, Japan). X-
ray photoelectron spectroscopy (XPS) was conducted with monochro-
matic Alg, radiation (hv=1486.6 ¢V, MultiLab 2000, Thermo Scientific,
UK). Morphological features of the samples were observed by transmis-
sion electron microscopy (TEM, TecnaiF20, Philips, Netherlands). Fouri-
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er transform infra-red (FT-IR) spectroscopy was conducted using an IR-
Prestige-21 spectrometer (Shimadzu, Japan).

The electrochemical performance of HSC cells was measured using
CR2032 coin cells in the range of 0-3 V using a battery tester (WBCS
3000, Won-A-Tech, Korea). Composite cathodes were formulated with
75% of active materials (F-Fe,O; or Fe,0;), 15% of Ketzen black (KB),
and 10% of teflonized acetylene black (TAB) using ethanol. The slurry
was then pressed on a 200 mm?® nickel steel mesh current collector and
dried at 160°C for 4 h in a vacuum oven. The same procedure was re-
peated to fabricate AC electrodes. The test cells were constructed in an
argon-filled glove box by compressing the F-Fe,O; or Fe,O; electrode
and AC counter electrode separated by a porous polypropylene film
(Celgard 3401, USA) and filled with 1M LiPFg in 1:1 ethylene carbonate
(EC)/dimethyl carbonate (DMC) as electrolyte solution. Cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS) studies
were performed using a SP-150 electrochemical analyzer (Bio-Logic,
France). The specific capacitance, internal resistance, energy density, and
power density of the HSC were calculated using the following standard
formulas:B!-3+3¢!

Specific capacitance (Fg ') =4 (I x t/V x m)
Internal resistance (Q) = (Vcharge — Vdischarge ) /1
Power density (Wkg™') =1 x V/m

Energy density (Whkg™') = power density x ¢/3600

where Ve and Vigienaree are the potentials at the end of charging and at
the beginning of discharging after the potential drop, respectively, I is the
applied current, V is the average cell potential (04+3/2=1.5V), t is the
discharge time, and m is the total mass of the active materials.
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