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ABSTRACT:With the advantages of being lightweight,� exible,
and wearable, wire-shaped supercapacitors have received tremen-
dous attention in wearable and portable power sources in recent
years. Considering the demands for large-scale applications, it is
necessary to explore a facile and convenient preparation approach
for wire-shaped supercapacitors. Herein, we reported a simple
approach to fabricate wire-shaped electrodes by a dipping method,
which possessed a nitric acid-activated graphite� ber core and an
activated carbon-coating layer structure. Parallel and symmetric all-
solid-state wire-shaped supercapacitors (PWSCs) based on the
electrodes were fabricated. The as-fabricated PWSC showed high
energy density (6.60 W h/kg, 8.08 mW h/cm, and 1 mV/s) and
power density (253 mW/kg, 0.31 mW/cm, and 100 mV/s) and
excellent� exibility. Furthermore, this wire-shaped supercapacitor
may bring broader application prospects for energy storage devices in future wearable electronic areas.
KEYWORDS:wire-shaped supercapacitor, activated carbon, graphite� bers,� exible, wearable

� INTRODUCTION

Supercapacitors (SCs) are featured by the fast charge/
discharge capacity, long cycle ability, and ultrahigh power
density, which have been widely applied in the� elds of energy
harvesting, electronic textiles, micro-robotics, and epidermal
and implantable medical devices.1,2 However, conventional
SCs using liquid electrolytes sealed in bulky packaging
materials are often too large, heavy, and in� exible for portable
and wearable electronic applications.3,4 In this context, a new
family of SCs, the wire-shaped SCs have emerged as a
promising solution.5Š9 Similar to the traditional SCs, the
electrode materials of the� ber-shaped SCs mainly included
carbon-based materials,1Š3,5 conductive polymers,8,10Š12 and
metal oxides13Š18 and their composites.6,7,9,17,19,20 To obtain a
small volume, low density, and lightweight device, carbon-
based materials such as carbon nanotubes,6,21Š26 gra-
phene27Š30 or their derivatives,1,2,31,32 graphite� ber (GF),3,33

and porous activated carbon (AC)34,35 are often preferred as
electrode materials. Especially, because of the low-cost and
convenience to conduct, the GF and AC have been considered
as the most promising materials for cheap and large-scale

fabrication of SCs both in academic community and industry
circles.

GF consists of graphite� laments of about 5Š10 � m in
diameter, which possesses the common properties of� ber such
as the mechanical� exibility for knitting, while maintaining the
uniqueness such as low cost,lightweight, and ease of
functionalization in comparison with conventional carbon
� bers.33 Owing to its high electronic conductivity and good
mechanical properties, GF is widely used as the collector and
supporting materials in� exible SCs.31 However, the low
speci� c surface area (<10 m2/g) and poor porosity of pristine
GF demand for an activation process prior its utilization in
SCs.3 AC with large speci� c surface area, low cost, and
chemical stability is widely used as the electrode material in
electronic double layer capacitors.36Š39 Nevertheless, AC is
primarily used as electrode materials by pressing together with
the help of a binder in conventional planar SCs. Several
research studies have been devoted in developing AC powders
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into � ber electrodes.38,39 Gogotsi and his group fabricated
natural � ber welded yarns embedded with porous carbon
materials into knittable textile SCs, which have a speci� c
capacitance of 37 mF/cm.40 Zhu et al. reported a bottom-up
method to fabricate an AC� ber employing graphene oxide as
both the dispersant and binder, which displayed a capacitance
of 27.6 F/cm3 (43.8 F/g),39 even though further improvement
on simplifying the preparation method is still needed. Tight
adhesion between AC and GF is di� cult to achieve because of
the weak interaction force determined by the absence of polar
chemical groups on the surface of GF, and the demerit of a
loose and amorphous structure of AC, which remains a big
challenge in the preparation of composite electrodes by these
two materials. Therefore, despite the use of AC and GF as
electrode materials of SCs which has incomparable advantages
on price and performance, there has been no study reported on
AC coupled with GF� ber SCs. Many e� orts have been
reported about the activation of GF or AC, for example, Li’s
group employed an electrochemical oxidation strategy to
produce poriferous activated GF (AGF) with polar groups on
the surface.33 Yu and Chen et al. reported an approach to
directly transform pristine carbon� ber tows (CFTs) into� ber
SCs;3 however, the use of KMnO4/H 2SO4 and KI/AcOH for
treating CFTs was not atom-economic. In this regard, a green,
facile, and scalable approach to fabricate AC/GF composite
electrodes is needed.

Herein, we report a simple method to prepare� exible� ber
electrodes with good electrochemical and mechanical proper-
ties. To enhance the bonding interaction between the GF and
AC, the pristine GF was treated by“nitric acid chemical
activation (NACA) methods”, which was anticipated to
introduce oxygen-containing functional groups on the surface
of GF. Next, the as-prepared AGF was coated by an AC
cocktail solution, and the correlation between the quantity of
AC on the AGF surface and capacitance performance of the
� ber electrode was investigated. Finally, a parallel all-solid-state
wire-shaped SC (PWSC) was fabricated using the composite
electrodes with polyvinyl alcohol (PVA)/H2SO4 as the gel
electrolyte. The PWSCs revealed good� exibility and
durability, which might possess many applications in wearable
and portable electronics.

� RESULTS AND DISCUSSION
Hybrid Electrode Preparation. Figure 1showed the

preparation process of the� ber composite electrode. First of
all, AGF was fabricated by the NACA method. Brie� y, the
precleaned GF was dipped into nitric acid solution for
designated time and then cleaned with organic solvents.41 To
study the e� ect of nitric acid activation on the GF, several
characterizations were performed.Figure S1showed the X-ray
di� raction (XRD) patterns of the GF and AGF. The 2� peak at
26°(002) lattice planes of graphite, represented the degree of
crystallization. Compared with the GF, the AGF showed a
broader and weaker peak at 26°, which indicated a reduced
degree of crystallinity.33 Raman spectroscopy is often used for
the analysis of carbon-based materials. The D band (1349
cmŠ1) and 2D band (2696 cmŠ1), are attributed to the
structural imperfection on the carbon basal plane, the stacking
order and layer numbers of graphene. The G band located at
1599 cmŠ1 is known as the inplane vibration of sp2 carbon
atoms. Raman spectra of GF and AGF show great di� erence
(Figure S2). After activation (AGF), the 2D band almost
disappears, which can be interpreted as an increase in

structural disorder.29 In addition, the increase in the ratio of
ID/ IG after activation indicates the reduced crystallographic
degree of GFs, that is, more sp2-hybridized carbon atoms are
converted into defect states.29 Furthermore, Fourier transform
infrared (FTIR) spectroscopy spectra indicated that after
activation treatment, a large number of oxygen-containing
functional groups were generated on the surface of AGF, such
as CŠO (1324 cmŠ1) and OŠH (3400 cmŠ1).33 This result is
consistent with the higher intensity ratio ofID/ IG and the
disappeared 2D band of AGF in Raman spectra. To further
explore the e� ect of activation, X-ray photoelectron spectros-
copy (XPS) analysis was carried out to con� rm the state of
carbon (C) and oxygen (O). It can be perceived that GF and
AGF both display a strong signal about C and O at 287 and
535 eV from graphene (Figure 2a), whereas the C 1s peak
indexed to 287 eV of the AGF shows a broader shoulder peak
compared with the GF, which could be splitted into three
individual subpeaks designated to C� O (286.5 eV), CŠO
(285.4 eV), and CŠC groups (284.5) (Figure 2b,c),20,42

respectively.33 Oxygen spectra of the AGF/GF are shown in
Figure S4. The O 1s peak of the AGF is broader than that of
the GF, indicating the generation of new chemical groups.
Figure S4bshowed the deconvoluted O 1s� gure of the AGF.
It composed of four peaks at 531.4, 532.4, 533.4, and 534.4 eV.
The 531.0 eV is indexed to double bond oxygen and 532.4 eV
is associated with C/O and H2O. Additional contributions
include oxygen in alcohols, carbonyls, and ethers (533.4 eV),
and singly bonded oxygen in acids and esters (534.4 eV).42

These data further demonstrated the dramatically increased
polar groups on the surface of the activated AGF. Furthermore,
we could also observe the same trend about the increase of the
oxygen content from energy dispersive spectroscopy (EDS)
and elemental mapping analysis (Figure 2d,e). To this end, we
could draw a conclusion: oxygen-containing functional groups
were generated on the surface of GF successfully through
activation treatment.

The fabrication process of the AGF@AC electrode (AGF
coated by AC) is shown inFigure 3a. AC solution was
fabricated by mixing AC, carbon black, and polyvinylidene
di� uoride (PVDF) (8:1:1 by mass) inN-methyl-2-pyrrolidone
(NMP) by magnetic stirring at room temperature over 8 h.

Figure 1.Schematic illustration of the fabrication of AGF@AC� ber
composite electrodes.
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The AGF was immersed in the AC mixture (see more details
in theMethods) for 20 min under ultrasonication and dried at
80°C overnight. To obtain the electrode with di� erent loading
masses, the AGFs were separated into three groups, and they
were immersed with the AC mixture once (AGF@AC-1),
twice (AGF@AC-2), and thrice (AGF@AC-3), as illustrated in
Figure 3a. The optical photographs of the AGF and AGF@AC-
1,2,3 are shown inFigure S5. The experiments were repeated
and the average loading mass of AC on the AGF is calculated
and summarized inFigure S6for these three groups. Then, the
as-prepared electrodes were characterized by scanning electron
microscopy (SEM). There were sporadic AC sheets growing
on the surface of AGF@AC-1 compared with the AGF as
shown inFigure S7e,f and a,b. Comparatively, the size of AC
particles in AGF@AC-2 signi� cantly enlarged in average (see
details inFigure S7f,h), but the total number of particles
showed little change (Figure S7e,g). Although in AGF@AC-3,
the AC covered the surface of the AGF completely and evenly,
which contributed to both augmentation of the particle size
and quantity (Figure S7i,j). To rationalize this phenomenon,
we found the mechanism of thin-� lm growth,43 which may be
operational in our case, that is, the original growth of AC on
the AGF was preferred to the active sites, and the growth at the
nonactive site will not occur unless the size of the particles
reach the threshold value. Besides, the GF without AC coating
(GF@AC) was also fabricated as shown inFigure S7c,d. It can
be seen that only a very small amount of AC adheres to the
surface of the GF. Compared to AGF@AC-1, the AC on the
surface of the GF is less uniform and with a smaller particle
size. These results indicated that the activation process will
bene� t the AC adhesion on the GF.

Electrochemical Characterization of the Hybrid
Electrode. To explore the electrochemical properties of
AGF@AC electrodes, electrochemical tests were performed
with a three-electrode system in 1 M H2SO4. Figure 3b showed
the cyclic voltammetry (CV) curves of AGF@AC-1,2,3
electrodes at a scan rate of 4 mV/s. Clearly, AGF@AC-1

showed the best performance among three electrodes with a
speci� c capacitance of 239 F/g (132 mF/cm) (Figure 3c),
whereas AGF@AC-2 showed the lowest speci� c capacitance of
116 F/g (90 mF/cm). This phenomenon may be ascribed to
the AC growth behavior on the AGF as mentioned above. For
AC@AGF-1, it may provide the largest value of surface area
versus mass, whereas for AC@AGF-2, its available surface area
versus mass is compromised actually. Furthermore, the
electrochemical impedance spectroscopy (EIS) spectra were
recorded as shown inFigure 3d. Electrochemical impedance
plots of the electrodes displayed small semicircles in middle
frequency regions, which were caused by the small electron/
ion charge-transfer resistance, and a rigid linear behaviour in
the low-frequency region, hinting a desired capacitive
behaviour of the electrode.44 It is worth noting that the
equivalent series resistance (ESR) and the Warburg region
portion of AGF@AC-1 were smaller and shorter than AGF@
AC-2, which manifested better ion di� usion e� ciency owing to
smaller contact resistance between the AC and AGF.44

Furthermore, CV curves of AGF@AC-1 were obtained at
di� erent scan rates ranging from 2 to 100 mV/s (Figure 3e).
The rectangular-like CV shapes indicated a very small ESR and
the fast di� usion of electrolyte ions into the porous composite
electrodes. Along with the increasing scan rate, the shape of
CV became fusiform type-like because of the de� ciency of ion
in the electrolyte.22 (More details about the electrochemical
performance of AGF@AC-1,2,3 are recorded inFigure S8).
According to the area of the CV curves andeq 1, gravimetric
capacitance of the AGF@AC-1 electrode was calculated at
di� erent scan rates (as shown inFigure 3f). Maximum and
minimum gravimetric capacitances were 238.5 and 93.17 F/g
at scan rates of 2 and 100 mV/s, respectively. At the same time,
energy density (E) and power density (P) of the composite
electrode were calculated according toeqs 3and4 (the exact
values were summarized inTable S1) and the Ragone plots
(displayed inFigure S9). Besides, cycling stability test of the
AGF@AC-1 electrode was performed under a scan rate of 40

Figure 2.Characterization of the GF and AGF. (aŠc) XPS survey of the GF and AGF. SEM images and the corresponding EDS elemental mapping
of C, O for GF (d) and AGF (e).
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mV/s as shown inFigure 3g. After testing for 5000 times, the
capacitance almost not decreased, which indicated the perfect
stability of the AGF@AC-1 electrode.

Preparation and Properties of the Wire-Shaped SC.
On the basis of the glorious capacitive performance of the
optimal AGF@AC-1 electrode, we manufactured a wire-
shaped PWSC. The solid-state SC was consisted of two� ber
electrodes and a PVA/H2SO4 gel, in which the gel served as
both the electrolyte and an e� ective separator (Figure 4a). As
expected, the rectangular-shaped CV curves of the PWSC at
scan rates ranging from 1 to 100 mV/s displayed within a
potential window from 0 to 0.8 V (Figures 4b andS10). The
galvanostatic charge/discharge (GCD) curves at di� erent
current densities (Figure 4c) demonstrated triangular shapes,
hinting prominent invertibility of the PWSC and good charge
transportation between the two� ber electrodes.45 The PWSC
showed the highest mass speci� c capacitance of 65.96 F/g
(80.81 mF/cm), which is much higher than those of the

graphene-based� ber SC (4.63 mF/cm)28 and � ber SC
assembled of GF@PEDOT electrodes (0.58 mF/cm).46 The
capacitance decreased along with the increase of scan rate
(Figure 4d), and this may be ascribed to the underutilization of
AC at a large current density.47 The ESR in the PWSC is about
12.7� (3.6 � /cm) ( Figure 4e), much smaller than that in
previous similar work (about 930� ).29 The energy density
and power density of the PWSC were calculated to be 6.6 W
h/kg (8.08 mW h/cm) and 8.2 mW/kg (101 mW/cm) at scan
rates of 1 and 100 mV/s, respectively, which outperformed
most previously reported values.11,23,28,33,39,48,49 (see more
details inFigure 4f and Table S2). Furthermore, the cycle
charge/discharge test at a current density of 2 A/g was
performed both on the PWSC (Figure 4g) and� ber-shaped
SC based on GF@AC (Figure S12). At the � rst 100 cycles,
cycling stability of the PWSC showed fast decrease, and this
phenomenon may be attributed to the part of AC peeled o�
the surface of AGF. After 5000 times charge/discharge, the

Figure 3.Preparation of AGF@AC electrodes and their electrochemical behaviours in 1 M H2SO4. (a) Schematic of the preparation procedure for
AGF@AC electrodes. (b) CV curves of the AGF@AC-1,2,3 electrodes at a scan rate of 40 mV/s. (c) Gravimetric capacitances, length capacitance
with respect to di� erent coating times of AC at a scan rate of 2 mV/s. (d) Electrochemical impedance plots of the AGF@AC-1,2,3 electrode, the
inset shows the equivalent Randles circuit. (e) CV curves of the AGF@AC-1 electrode at scan rates from 2 to 100 mV/s. (f) Gravimetric
capacitances of the AGF@AC-1 electrode at di� erent scan rates. (g) Cycling stability of AGF@AC-1 upon CV at a scan rate of 4 mV/s.
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Figure 4.Electrochemical characterization of the wire-shaped SC. (a) Schematic illustration of the structure of one SC and its optical picture. (b)
CV curves of the SC at scan rates from 1 to 100 mV/s. (c) GCD curves of the SC at current densities ranging from 10 to 100 mA/g. (d)
Gravimetric capacitances of the SC at di� erent scan rates. (e) Nyquist plot for the wire-shaped SCs. (f) Comparison of energy density and power
density of SCs in this work and others. (g) Cycling stability of wire-shaped SCs at a current density of 2 A/g.

Figure 5.Performance of wire-shaped SCs. (a) CV curves of straight SCs (1), red-cross symbol (2), M symbol (3), and N symbol (4) at a scan rate
of 4 mV/s. (b) CV curves of the SC under di� erent bending states obtained at a scan rate of 40 mV/s. GCD curves of single/two/three SCs
connected in series (c) and in parallel (d). The inset in (c) shows a lighting LED powered by three devices linked in series.
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capacitance retention reached 88% of the original value.
Compared with PWSCs, the SC based on GF@AC show faster
drop of about 25% of capacitance at� rst 500 cycles, and only
61.6% of capacitance was retained at the 5000th test. The
di� erence mainly caused by the weak interaction between the
GF and AC.

To verify the� exibility of the PWSCs, the SCs were shaped
into red-cross symbol (2), M symbol (3), and N symbol (4)
(corresponding optical photographs can be seen inFigure
S13). Its CV curves (Figure 5a) almost unchanged at a scan
rate of 4 mV/s compared with that in straight conformation
(1). At a larger scan rate of 40 mV/s, the CV curves of the SC
under di� erent bending angles kept constant, too (Figure 5b).
Meanwhile, the cyclic charging/discharging test was also
carried out at a current density of 2 A/g after 500 times
bending at di� erent angles (0°, 60°, 90°, and 120°) in turns
(Figure S14). The PWSCs were assembled in parallel or in
series to satisfy the needs of power and voltage of di� erent
electronic devices. The two or three tandem PWSCs could
export 1.6 or 2.4 V voltage window, much higher than the
single one operated at 0.8 V (Figure 5c). In the two and three
devices parallelly assembled, the output current is double or
triple as much as the original value. Meanwhile, the discharge/
charge time is half or one-third of the single PWSC’s when
operated at the same current density (Figure 5d). It is
noteworthy that the remarkable performance was obtained
without equipping a voltage balancer, which is often used in
tandem connection to keep the electric device in a safe and
proper situation. These PWSCs connected in series could be
easily used to lighten a luminous diode [also called a light-
emitting diode (LED)] with a minimum voltage of 1.8 V. For
example, three 3.5 cm-long PWSCs connected in tandem were
able to power a red LED for over 60 s (the inset inFigure 5c).

The wire-shaped SCs can be utilized in many applications.
Here we showed three applicable situations for reference. For
example,Figure 6a showed a co-woven cloth using a 10 cm
long PWSC packaged with a para� lm. The PWSC was� exible
enough to travel back and forth without breaking. In another
way, PWSCs could be connected in a combination of cascade
and multiple, which could power a name card consisting of 14
LEDs connected in parallel for over 60 s, as shown inFigure
6b,c andMovie 1. As the PWSCs were stitched inside a lab
gown, so they could be used in our life but not a� ect aesthetics
(the logical circuit used in the system consisted of name card

and PWSCs is shown inFigure S15). In the third example as
shown inFigure 6d,e, three PWSCs were connected in series
to power an electronic watch (1.5 V), and could make it work
over 30 s (see more details inMovie 2andFigure S16).

� CONCLUSIONS
In summary, we reported an accessible and versatile method to
fabricate a wire-shaped SC using AGF@AC composite
electrodes. We successfully integrated AC and nitric acid
AGF together to fabricate� exible, stable, and high capacitance
SCs for the� rst time. We demonstrated that polar oxygen-
containing functional groups were introduced on the surface of
GF through nitric acid activation, which was anticipated to
promote the bonding interaction between the AC and AGF.
The � ber electrode, which consisted of the AGF coated with
AC mixture by a simple dipping method, exhibited a high
speci� c capacitance of up to 239 F/g (132 mF/cm) in the
aqueous H2SO4 electrolyte measured in a three-electrode
system. Then, the parallel all-solid-state SC was assembled with
two � ber electrodes in the PVA/H2SO4 gel electrolyte. The as-
made PWSCs revealed a long cycle life and superior
capacitance performance (65.96 F/g, 80.81 mF/cm) compared
with the previous similar work and a high energy density
(6.596 W h/kg, 8.08 mW h/cm, 1 mV/s). More importantly,
the � exibility of PWSCs is excellent, and their electrochemical
performance was almost unchanged when the PWSCs were
subjected into N, M, red-cross shapes, and di� erent bending
angles. Thus, the bendable, wearable all-solid-state SC is
expected to achieve e� cient energy storage in� exible
electronics and smart textiles. Signi� cantly, considering the
low cost, accessible preparation process and harmlessness to
human body owing to the all-carbon structure, PWSC may
have extensive applications on electronic textiles, micro-
robotics, and epidermal and implantable medical devices.

� METHODS
Activation of GF. GF was purchased from Toray (Japan). Before

activation, the GF was cleaned with organic reagents, such as alcohol,
acetone and deionized water in turn. After drying for over 8 h in the
oven, GF was immersed in nitric acid (65Š68% HNO3 by mass) 3
days for chemical activation. After activation, the GF was cleaned with
organic reagent again and then dried in the oven.

Preparation of the Hybrid Electrode. AC (JCAC-1800, speci� c
surface area: 1800 m2/g) was purchased from Nanjing JCNANO
Tech Co. Ltd. Carbon black and PVDF were purchased from Aladdin.

Figure 6.Possible applications of the wire-shaped SC in wearable devices. (a) Long PWSC packaged with a para� lm was woven with cotton yarns.
(b) Name card powered by PWSCs. (c) PWSCs stitched inside the lab-gown connected in a combination of series and parallel. (d and e) Three
PWSCs connected in series to power an electronic watch with a rated voltage of 1.5 V.
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The AC, carbon black, and PVDF with a mass ratio of 8:1:1 were
mixed together in NMP to prepare the slurry by magnetic stirring at
room temperature for over 8 h. The AGF was immersed in the
mixture for 20 min under ultrasonication and dried at 80°C
overnight. The weight di� erence of the electrodes before and after
coating AC was measured through a microbalance. Same procedures
were repeated to obtain AGF@AC-2 and AGF@AC-3.

Preparation of All-Solid-State Wire Shaped SCs.The PVA/
H2SO4 gel electrolyte was prepared by mixing H2SO4 (30 mL, l M)
and PVA (3 g,Mw 89 000Š98 000) and heated at 90°C for 1 h under
magnetic stirring. The all-solid-state wire-shaped SC was assembled
with two AGF@AC electrodes and the gel electrolyte. First, the
electrodes were immersed in the gel electrolyte for 30 min and then
dried for 10 min in the oven at 80°C. After that, two electrodes were
assembled face to face and more electrolyte was added. Finally, the
wire-shaped SC was dried in the hood overnight.

Characterization. The morphology, microstructure, and nano-
structure of composite electrodes were characterized by SEM and
EDS (SU8020, Japan). FTIR was performed using a Bruker/
VERTEX80v FTIR spectrometer. The XRD study was performed
using PANalytical X’Pert3 Powder. The XRD patterns were recorded
in the 2� range from 10° to 80° using Cu K� radiation (� = 1.5406 Å)
operated at 40 kV and 40 mA. The Raman measurement was carried
out on a Renishaw inVia micro-Raman spectroscope equipped with a
HeŠNe laser of excitation of 532 nm. The XPS data were obtained
using a Thermo MultiLab 2000 system.

The CV test and GCD test were carried out using a CHI 650E
electrochemical workstation. For the individual working electrode
sample, the performance was conducted in a three-electrode system
with a Pt foil as the counter electrode and a saturated calomel
electrode as the reference electrode in 1 M H2SO4. For the SCs, the
performance was examined with the two-electrode method. EIS
spectra were obtained using Princeton PARSTAT 4000 employing a
range of 100 kHz to 0.01 Hz with an ac amplitude of 10 mV at open
circuit.

Electrochemical Measurement.The electrochemical perform-
ances of the AGF@AC electrode and all-solid-state SC were tested in
the three-electrode cell and two-electrode con� guration with PVA/
H2SO4 as the solid electrolyte. Gravimetric capacitance was calculated
by

C
m V

i V
1

2
d

V

V

M,electrode
1

2�
�

=
� (1)

where� V is the cut o� voltage (i.e., 0.8 V),� is the scan rate,mis the
active material weight of the tested electrode, and 2 is referred to the
single electrode. The gravimetric capacitance of the wire-shaped SC
was derived by
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i V
1

d
V

V
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1
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=
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wherem is the active material weight of the all-solid-state SC. The
mass energy density and power density of the wire-shaped SC were
obtained by

E
m

C V
1
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(3)

P
E
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wheret is the scan time calculated from CV curves.
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