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C
arbon materials have shown ex-

cellent performance as electrodes,

catalysts, and supports for energy

devices such as supercapacitors, batteries,

fuel cells, photovoltaic cells, and hydrogen

storage materials.1�4 Recently, graphene,

which is composed of one atom thick sp2

carbon network, shows great potential for

industrial applications due to excellent elec-

trical properties and high surface area.2,3,5�8

Chemical doping is one of themost effective

methods to tailor the electronic properties

of graphene-based conductive materials.

N- or B-doped graphene-based materials

have shown enhanced electrical properties

relative to thematerials withoutdoping.9�11

There are a fewexamples of the production of

B-doped CMGs using high temperature pro-

cesses with gas-phase boron sources or auto-

clave treatments under inert gas.10,12,13

However, mass production of such B-doped

CMGs using a solution-based process could

be much more cost-effective than these

methods.

Recently, the use of chemically modified

graphene (CMG) nanoplatelets in superca-

pacitors has shown great promise for indus-

trial applications.3,14�21 CMGmaterials have

several advantages for use as supercapac-

itor electrodes such as high accessible sur-

face area, good electrical conductivity, fea-

sible mass production via solution-based

processing, and the low cost of graphite as

a startingmaterial. Supercapacitors are elec-

trochemical energy storage devices that

store and release energy by reversible ad-

sorption and desorption of ions at the in-

terfaces between electrode materials and

electrolytes.22 Stoller et al., first demon-

strated the use of CMG materials as super-

capacitor electrodes.15 Two general classes

of CMG-based electrodes have been stu-

died: (i) CMG materials with large surface

areas1,15,16,23,24 and (ii) hybrid systems com-

posed of CMGs and pseudocapacitor mate-

rials, such as metal oxides and conducting

polymers,1,25�29 which use fast redox reac-

tions at the large surfaces of such electrode
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ABSTRACT Chemically modified graphene (CMG) nanoplatelets have shown great promise in

various applications due to their electrical properties and high surface area. Chemical doping is one

of the most effective methods to tune the electronic properties of graphene materials. In this work,

novel B-doped nanoplatelets (borane-reduced graphene oxide, B-rG-O) were produced on a large

scale via the reduction of graphene oxide by a borane-tetrahydrofuran adduct under reflux, and

their use for supercapacitor electrodes was studied. This is the first report on the production of

B-doped graphene nanoplatelets from a solution process and on the use of B-doped graphene

materials in supercapacitors. The B-rG-O had a high specific surface area of 466 m2/g and showed

excellent supercapacitor performance including a high specific capacitance of 200 F/g in aqueous

electrolyte as well as superior surface area-normalized capacitance to typical carbon-based

supercapacitor materials and good stability after 4500 cycles. Two- and three-electrode cell measurements showed that energy storage in the B-rG-O

supercapacitors was contributed by ion adsorption on the surface of the nanoplatelets in addition to electrochemical redox reactions.
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materials for charge storage. However, further im-

provements in electrode materials and understanding

the relationship between electrode structure and

supercapacitor performance of such materials remain

a major challenge.

The surface area of electrode materials is one of the

critical factors that affect specific capacitance. How-

ever, it has been found that the electronic properties of

electrodematerials play an important role in determin-

ing capacitor performance.30 CMG materials doped

with electron-rich N atoms show good performance

as supercapacitor electrodes.1 However, the perfor-

mance of B-doped graphene-based materials in super-

capacitor electrodes has not been studied to date.

B-doping in other types of carbon materials has

enhanced the performance when used as supercapa-

citor electrodes.6,31�34 Cheng et al., reported a low-

level boron-doped mesoporous carbon (BMC).31 It was

found that the BMC exhibited higher capacitance

compared to the undoped mesoporous carbon, due

to the presence of B, with values of 110�130 F/g over a

range of current densities.

In this work, novel B-doped CMG nanoplatelets were

made by reduction of graphene oxide with a borane

(BH3)-tetrahydrofuran (THF) adduct under reflux via a

one pot synthesis using a liquid process on a large

scale. Such borane-reduced graphene oxide (B-rG-O)

contained small amounts of B components and

showed excellent supercapacitor behavior including

high specific capacitance values of 200 F/g with a good

rate performance using an aqueous electrolyte.

RESULTS AND DISCUSSION

Suspensions of graphene oxide are currently the

most promising precursors to production of CMG

nanoplatelets on a large scale.5,34 A brown aqueous

suspension of graphene oxide was produced by soni-

cation of graphite oxide (GO) powder that produced by

oxidation of natural graphite using the modified Hum-

mers method.35 During the oxidation process, the sp2

network of graphite is significantly disrupted and a

wide range of oxygen functional groups is introduced,

including hydroxyl and epoxy groups on the basal

planes and carboxylic acid and ketone groups at the

edges.34,36,37 The resulting graphite/graphene oxides

are electrically insulating.

Borane was added into the aqueous graphene oxide

suspension at room temperature, and the resulting

aqueous suspension was stirred under reflux. Since a B

atom in BH3 does not satisfy the octet rule, it usually

exists as a gas-phase dimer, B2H6, or in an adduct form

with a Lewis base.38 In this work, we used a liquid

borane�THF adduct (Figure 1a) because it is more

easily adaptable to a liquid process comparedwith gas-

phase reagents such as B2H6. Black agglomerated

powders (B-rG-O) precipitated from the suspension

after reflux (reaction temperature, 100 �C), which is a

typical result when carbon networks of graphene oxide

are graphitized via removal of oxygen functionalities. A

powder conductivity measurement of the B-rG-O sam-

ples yielded 50 S/m.

We found that the graphene oxide was reduced by

the reaction with borane�THF under reflux. The sam-

ples used in this work were allowed to react for four

days under reflux; the reaction time and temperature

(100 �C) are critical parameters in this reduction system

(see Supporting Information (SI)). For example, when

the reaction was done on an oil bath set at 60 or 80 �C,

the product (B-G-O, see SI) had amuch lower degree of

reduction than the B-rG-O obtained under reflux.

Figure 1c shows SEM images of dried particles of

B-rG-O at different magnifications. The images show

how the surfaces of the B-rG-O particles, composed of

agglomerated individual layers, are exposed to the

electrolyte. The surface area of B-rG-O powders deter-

mined by Brunauer�Emmett�Teller (BET) measure-

ments using N2 absorption was as high as 466 m2/g

with that particular sample having an average pore size

of 2.13 nm. While the specific surface area is much

lower than the theoretical value (2630 m2/g) of a

pristine graphene sheet, the BET value of B-rG-O none-

theless suggests its potential for use as an electrode

material in supercapacitors with results from prior

work.

Incorporation of B components in B-rG-O was char-

acterized by X-ray photoelectron spectroscopy (XPS)

and also by inductive coupled plasma mass spectro-

metry (ICP�MS) of B-rG-O powder samples (see SI for

the ICP�MS analysis). While no trace of B was found in

an XPS spectrum of GO powder, small amounts (1.1

atom%and 0.7 atom% from two samples respectively)

of B were found near 192 eV in the spectrum of B-rG-O

(Figure 2a). The small peak could be assigned to be a

BC2 component,10,12,33,39,40 suggesting that boron was

attached on the B-rG-O nanoplatelets. Residual boron

compounds, such as boron oxides that are easily

Figure 1. (a) A borane�THFadduct, (b) a reaction schemeof
the reduction of graphene oxide with the borane�THF
adduct, (c) SEM images of B-rG-O powder at different
magnifications.

A
R
T
IC
L
E



HAN ET AL. VOL. 7 ’ NO. 1 ’ 19–26 ’ 2013

www.acsnano.org

21

generated by the reaction of borane and water, could

have been adsorbed on the product. Thus, we pre-

pared boron oxides by the reaction of BH3�THF in

water under reflux and an XPS spectrum of the boron

oxides showed a peak around 193 eV (data not shown

here). In the XPS spectrumof B-rG-O, therewas no peak

between 193 and 194 eV, corresponding to boron

oxides.12,40 The residual oxide forms, which may be

produced in this reaction, should be completely

washed out by water. The existence of free borane or

B�B species was also excluded because there was no

peak between 187 and 188 eV.10,40 To further confirm

no presence of boron residues, the B-rG-O powder was

washed with water five more times. The XPS spectrum

of this sample was almost the same as that of B-rG-O,

meaning that B components were incorporated into

the B-rG-O nanoplatelets. To the best of our knowl-

edge, this is the first report for the production of

B-doped CMG materials using a liquid process.

As shown in Figure 2b, an XPS spectrum of GO

powders in the C1s region showed the existence of

oxygen-containing components: a peak around 287 eV,

corresponding to C�O moieties such as epoxy and

hydroxyl groups on the basal planes, and a small tail

around 289 eV, corresponding to CdOmoieties such as

carboxyl and ketone groups at the edges. A peak at

284.6 eV corresponds to graphitic carbons.41,42 After

treatment of graphene oxide with a borane�THF

adduct, the peaks corresponding to C�O moieties

were significantly diminished in intensity. This means

that a large portion of the hydroxyl and epoxy groups

on the basal planes was removed by the borane�THF

treatment. The tail around 289 eV was still observed

in an XPS spectrum of the B-rG-O. Although there

has been no report on the reaction between borane

species and graphene oxide, it is well-known that

oxygen functionalities such as ketone, carboxylic acid,

and hydroxyl groups can be removed by eletrophilic

boranes via reductive deoxygenation for small organic

molecules.43�45

We also performed combustion-based elemental

analysis as the C/O ratio has been used to evaluate

the degree of reduction in rG-O-typematerials. While a

typical C/O ratio of GO is about 1.3,35,46 the C/O ratio of

B-rG-O was about 7.8, indicating a high degree of

reduction of the B-rG-O material. The Fourier trans-

formed infrared (FT-IR) spectrum (Figure 2c) of GO

showed CdC, CdO, and C�O stretches as previously

assigned.41 The intensity of the CdC stretch relative to

the CdO stretch increased after borane treatment of

graphene oxide. An FT-IR spectrumof GO showed C�O

stretches of epoxy and hydroxyl groups between 1100

and 1200 cm�1, and the spectrum of B-rG-O also

showed broad peaks in this region. Thesemodesmight

be contributed by a combination of single bond

stretches between C, O, and B atoms.47

As a control experiment to study the role of borane

as a potential reducing agent, an aqueous suspension

of graphene oxide was stirred under reflux for 4 days

without the borane�THF adduct, which yielded re-

duced graphene oxide (“4d-rG-O”). The C/O ratio (5.0)

of 4d-rG-O obtained by elemental analysis showed that

its degree of reduction was lower than that of B-rG-O

(see SI for further details of the analysis of the 4d-rG-O

sample). The results taken together suggest that gra-

phene oxide was reduced by both the combination of

the borane species and by the long time reflux.

As illustrated in Figure 2d, thermogravimetric anal-

ysis (TGA) curves show that B-rG-O powder was more

thermally stable than GO powder. Both GO and B-rG-O

showed significant weight loss before 100 �C due to

evaporation of water molecules. However, the weight

loss (7 wt %) of B-rG-O was much smaller than that

(17 wt %) of GO in this region, suggesting that the

water content in B-rG-O was much smaller than that in

GO.46,48 The second weight loss event was observed

between 100 and 200 �C due to a loss of CO and CO2

by thermal decomposition of labile oxygen function-

alities and possibly, evaporation of remaining water

molecules.48 The weight loss of B-rG-O (12 wt%) in this

temperature region is significantly smaller than that of

GO (∼40 wt %). As described above, these chemical

analyses evidently show the successful reduction of

graphene oxide by a borane�THF adduct and suggest

that the resulting B-rG-O material, which has a high

surface area and has B-doped sp2 carbon networks,

could be a good candidate for various applications

such as an electrode material in supercapacitors and

p-type doped electronic devices.

As an example of a possible application of B-rG-O

nanoplatelets, the electrochemical performance of the

B-rG-O nanoplatelets as supercapacitor electrode ma-

terials was studied using two-electrode and three-

electrode configurations (see SI for images of

Figure 2. (a) B1s XPS spectrum of B-rG-O and (b) C1s XPS
spectra, (c) FT-IR spectra, and (d) TGA curves of GO and
B-rG-O.
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electrodes) using an aqueous KOH solution (6M) as the

electrolyte. Table 1 shows values of specific capac-

itance of B-rG-O electrodes in both two- and three-

electrode systems at various current densities. Cyclic

voltammetry (CV) testing with a two-electrode symme-

trical supercapacitor cell was performed at various scan

rates as shown in Figure 3a. The B-rG-O had a specific

capacitance value of 200 F/g in aqueous electrolyte

(Figure 3b).

The near-rectangular CV curve obtained at a high

scan rate of 100 mV/s (Figure 3a) indicated a low

resistance of B-rG-O electrodes to mass transfer and

good charge propagation of ions at the interfaces

between the electrolyte and the B-rG-Omaterial. Com-

pared to porous materials of high surface area, the

surface area of CMGnanoplatelets does not depend on

the distribution of a pore size. CMG nanoplatelets,

which are compliant, and high aspect ratio platelets

even when agglomerated, can physically “move” or

conform to improve accessibility of their surfaces to

electrolytes.2,15 Thus, ions in the electrolyte can mi-

grate throughout the interstices of the agglomerated

CMG network to access the large internal surface area

of the B-rG-O particles. The interstitial network of

agglomerated CMG nanoplatelets may provide a less

tortuous diffusion path for ions than conventional high

surface area porous materials, resulting in the high

energy storage capability as well as good power

delivery of CMG-based supercapacitor electrodes.

The rate-dependent specific capacitance and sur-

face area-normalized capacitance is shown in Figure 3b.

The specific capacitance decreased slightly from 200 to

160 F/g when the current loading was increased 10-fold

from 0.1 to 1 A/g, indicating an excellent rate response

of the B-rG-O electrode. This behavior could be ex-

plained by the kinetics of ion diffusion in the B-rG-O

electrode, which was investigated using electro-

chemical impedance spectroscopy. Figure 3c shows a

Nyquist plot obtained over the frequency range from

1000 kHz to 0.01 Hz, with an expanded view of the high

frequency region in the inset. The near-vertical slope in

the plot over the low frequency region indicates good

capacitor behavior of the cell. The equivalent series

resistance obtained from the x-intercept of the Nyquist

plot (Figure 3c inset) is quite small at about 0.8 Ω,

suggesting that the B-rG-O electrode has a low resis-

tance. The midhigh frequency Nyquist plot intersects

the real axis at a 45� angle, which is due to the transport

of ions within the electrode. A short 45� slope portion

of the plot indicates fast diffusion of the electrolyte

ions within the B-rG-O electrode.

More importantly, the BET surface area-normalized

capacitance (CSA, see the Methods section) is as high

as 43 μF/cm2 at a low current density of 0.1 A/g

(Figure 3b), much higher than the capacitance that

could be realizedpurely fromEDLon the carbon surface,

which is typically in the range of 10�30μF/cm2.14,21 The

CSA consistently remained above 30 μF/cm2 over the

entire range of scan rates. It suggests that the B-rG-O,

which contains B-doped graphene networks with some

oxygen functionalities such as hydroxyl and carboxylic

acid groups, could have additional mechanisms con-

tributing to its capacitance beyond just EDL capaci-

tance. Additionally, the CV curve at a low scan rate of

20 mV/s as shown in Figure 3a is not close to a

rectangular shape. Consequently, we examined the

B-rG-O systems with three-electrode cell systems to

study the pseudocapacitance characteristics of the cur-

rent electrode material.

Figures 3 panels d and e show the CV curves of B-rG-O

with low scan rates of 5 and 10 mV/s and galvanostatic

TABLE 1. Specific Capacitance of B-rG-O Electrodes (F/g)

cell configuration 0.1 A/g 0.5 A/g 1 A/g 3 A/g 5 A/g

two-electrode 200 177 160 146 140

three-electrode 193 165 155 144

Figure 3. The electrochemical performance of a B-rG-O
electrode in 6 M KOH solution using a two-electrode con-
figuration, showing (a) CV curves at various scan rates, line
segments connecting points added as a guide to the eye, (b)
gravimetric capacitance and surface-area normalized ca-
pacitance at various scan rates, and (c) a Nyquist plot show-
ing the imaginary part versus the real part of impedance
(the inset of Figure 3c shows the high frequency region of
the Nyquist plot), (d) CV curves at various scan rates using a
three-electrode configuration, (e) galvanostatic charge/dis-
charge curves under different current densities, (f) cycling
performance using a two-electrode configuration (inset
shows the CV curves at the scan rate of 50 mV/s before
and after the cycling test, 4500 cycles).
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charge�discharge plots at different current densities

obtained by three-electrode cell measurement using a

6MKOHelectrolyte. A pair of anodic and cathodicwide

humps was observed, with much more pronounced

redox humps apparent at the lower scan rates. These

humps are an indication of the presence of reversible

faradic reactions that are associated with electroche-

mically active functionalities on the electrode surface.

The rectangular-like shape along with a pair of redox

humps suggested that the capacitive response comes

from a combination of pseudocapacitance and EDL

capacitance. Pseudocapacitance, which is the product

of electrochemical redox reactions on the surface,

may come from both B- and/or O-functionalities of

B-rG-O.17�19,31�33,49,50 In addition, it has been re-

ported that electron-deficient boron doping in the

other types of carbon materials increases the pseudo-

capacitance.31,33

To further understand the effect of boron doping,

we tested the electrochemical performance of the

4d-rG-O sample (see above and SI for discussion of

its synthesis and analysis). Various characterizations

showed that the 4d-rG-O sample has similar physical

and chemical properties to that of the B-rG-O sample

(BET surface area of 403 vs 466 m2/g, C/O ratio of 5.0 vs

7.8, and effective series resistance of 1 ohm vs 0.8 ohm

for samples 4d-rG-O and B-rG-O, respectively) except

for boron doping. The electrochemical performance of

the 4d-rG-O sample as a supercapacitor electrode was

evaluated under the same test conditions as that used

for B-rG-O and the results are shown in SI, Figures S8

and S9. The CV curves of the 4d-rG-O electrode in a

three-electrode configuration (Figure S8) showedwide

redox humps, indicating the presence of the O-func-

tionalities in the 4d-rG-O electrode. The redox humps

are more pronounced in the 4d-rG-O electrode than in

the B-rG-O electrode, implying a larger concentration

of O-functionalities in the 4d-rG-O sample. Though

O-functionalities are present in both 4d-rG-O and

B-rG-O electrodes, the specific capacitance of 4d-rG-

O ismuch lower than that of the B-rG-O electrode (96 vs

177 F/g at a current density of 0.5 A/g for 4d-rG-O and

B-rG-O, respectively). In addition, the BET area-normal-

ized capacitance for 4d-rG-O is 23 uF/cm2, which is

smaller than that of the B-rG-O electrode. Taking

consideration of a similar or higher O content in the

4d-rG-O material, the significant enhancement of the

specific capacitance of the B-rG-O electrode is thus

likely from the B-doping effect.

It is known that the introduction of electron�donor

and/or electron�acceptors into graphene can signifi-

cantly change the electronic structure of few-layer

graphene.10Our recent study has clearly demonstrated

that a small amount of N-dopant in graphene changes

the electronic structure and density of state (DOS)

significantly, modifies the quantum capacitance, and

leads to larger values for the interfacial capacitance.51

Cheng et al., also reported that low-level boron doping

can improve the interfacial capacitance compared to

boron-free carbon of a similar morphology and type.31

The boron doping of graphene-based nanoplatelets as

described here likely also changes the electronic structure,

leading to an enhancement of capacitance of the B-rG-O.

The cycling performance of the B-rG-O electrode in

6MKOH electrolyte (with two-electrode configuration)

at a current density of 1 A/g is displayed in Figure 3f.

More than 95% of the original capacity was retained

after 4500 cycles, and no distortion of the CV curves

was observed after the cycle test, indicating a stable

electrode material under the environment used in this

work. The Ragone plot (SI, Figure S10) also shows the

B-rG-O electrode has good power densities and mod-

erate energy densities.

The hybrid systems of EDL capacitance and pseudo-

capacitance have been studied to enhance the capa-

citance of electrode materials; some examples are

composites composed of CMGs and metal oxides or

polymers.1,25�29 However, the performance of compo-

site electrodes can vary significantly depending on

morphological characteristics such as particle disper-

sion, giving this single-component CMG platelet sys-

tem an advantage for reproducibility. Overall, the B-rG-

O nanoplatelets possess a significantly improved ca-

pacitance compared with other CMG materials, and

also exhibit good rate and stability performance.

In this work, we used a new reducing agent, borane,

for graphene oxide. In a separate control experiment

where only THF instead of a borane�THF adduct is

present in the system, therewas no reduction of graphene

oxide (data not shown here). Although sodium borohy-

dride (NaBH4), which contains a boron atom, has been

reported as an effective reducing agent for graphene

oxide,52,53 B-doping in graphene-basedmaterials reduced

using NaBH4 has not been reported. It has been thought

that a nucleophile-type hydride form, BH4
�, acts as a

reducing chemical species for graphene oxide with the

use ofNaBH4. Whenborane�THF adducts are dissolved in

water, the borane usually dissociates from the THF.38 Since

isolated borane is not satisfied by the octet rule, it is a

highly electrophilic species. Consequently, electron-rich

oxygen groups of the graphene oxide might be removed

from the graphene oxide by the borane via reductive

deoxygenation.34,36,37 This reduction could be an elec-

trophile-assisted reduction of graphene oxide, which is

unique given that most common reducing agents for

graphene oxide are nucleophilic.

CONCLUSION

We synthesized B-doped CMG nanoplatelets (B-rG-O)

using a liquid process, via the reaction of an aqueous

colloidal suspension of graphene oxide with a borane�

THF adduct under reflux. During the reaction, the

graphene oxide was reduced by the treatment of the

borane adduct and a small amount of B atoms were
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incorporated into the CMGnanoplatelets, as confirmed

by XPS, TGA, FT-IR, ICP�MS, and elemental analysis.

This example could open new routes to produce

B-doped graphene nanoplatelets using a liquid-phase

process. Additionally, the B-doped graphene nanoplate-

lets could be useful for applications such as sensors,

polymer composites, and electric devices.

The B-rG-O nanoplatelets had a high specific surface

area of 466m2/g andwere tested as an electrodematerial

in supercapacitorswith two-electrode and three-electrode

configurations. B-rG-O showedexcellent performance as a

supercapacitor electrodematerial in aqueouselectrolyte (6

MKOH). The specific capacitance of B-rG-Owas as high as

200 F/g. The B-rG-O electrode had a low resistivity for

ion movement, exhibited good stability after 4500

cycles, and showed a good rate response. These results

illustrate the promise of B-rG-O systems for use as

supercapacitor electrode materials.

METHOD

Preparation of B-rG-O. GOwas synthesized fromnatural graph-
ite (SP-1, Bay Carbon, MI) by the modified Hummers method as
previously reported.35 GO powder (500 mg) was loaded in a
250 mL round-bottom flask and purified water (167 mL) was
added. A suspension (3 mg of GO/1 mL of water) was produced
by sonication of GO powder with a Bransonic 8510 ultrasonic
cleaner (250 W) until it became clear without visible GO
particles. A solution of borane�THF adduct (1.5 mL, Sigma-
Aldrich) was added to the suspensionwith stirring. The flaskwas
then immersed in an oil bath, and the brown suspension was
stirred under reflux with a magnetic stirring bar for 4 days. The
resulting black solid product (B-rG-O) was filtered and dried
under vacuum at room temperature for 12 h.

Measurements of Specific Capacitance. A two-electrode cell con-
figuration was used to measure the performance of B-rG-O as a
supercapacitor electrode in 6 M KOH solution. Polytetrafluoro-
ethylene (PTFE, Sigma-Aldrich; 60 wt % dispersion in water) was
added to the B-rG-O powder (B-rG-O/PTFE = 95:5 byweight) as a
binder. The B-rG-O powder was mixed into a paste using a mortar
and pestle, rolled into sheets of uniform thickness ranging from40
to 50 μm thick (from sheet to sheet) and punched into 0.5 in.
diameter electrodes after drying at 100 �C under vacuum. Two
nearly identical (by weight and size) electrodes were assembled in
a test cell consisting of two current collectors, two electrodes, and
an ion-porous separator (Celgard 3501) supported in a test fixture
consisting of two stainless steel plates. Themass of each electrode
is between 1.5 and 2.5 mg.

For the three-electrode cell configuration, the slurry con-
taining PTFE and B-rG-O (B-rG-O:PTFE = 95:5 by weight) was
pressed onto a nickel form (1 cm � 1 cm) and dried at 100 �C
under vacuum for use as the working electrode. The three-
electrode cell consisted of a Pt sheet and saturated calomel
electrode as the counter and reference electrodes, respectively.

Gravimetric capacitance for a single electrode was calcu-
lated from the discharge curve in a two-electrode cell as

Csingle ¼

4IΔt

mΔV

where I is the constant current andm is the total mass for both
carbon electrodes, Δt is the discharge time, and ΔV is the
voltage change during the discharge process.

Gravimetric capacitance in a three-electrode cell was ob-
tained as

Csingle ¼

IΔt

msΔV

where I is the constant current andms is themass of theworking
electrode,Δt is the discharge time andΔV is the voltage change
during the discharge process.

The surface area normalized capacitance CSA (μF/g) was
estimated from

CSA ¼

Csingle

SBET
� 100

where SBET is the specific surface area (m2/g) derived from

the N2 adsorption and Csingle is the gravimetric capacitance
in F/g.
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