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Abstract
Carbon-based materials are the most common and important supercapacitor electrode
materials, and have been attracting much attention for researchers. Although much work has
focused on increasing the gravimetric capacitance of carbon materials, it is highly needed to
obtain high volumetric capacitance for real compact device application. Therefore, a finely
tuned carbon material structure with both optimal gravimetric and volumetric capacitances has
been becoming a considerable challenge. In this work, we synthesized free-standing boron and
oxygen co-doped carbon nanofiber (BO-CNF) films for the first time. Both high gravimetric and
volumetric capacitances (192.8 F g�1 and 179.3 F cm�3 at 1 A g�1) can be obtained by an
optimized design with regulating the heteroatom content and packing density. Meanwhile, the
BO-CNF film with a relatively high packing density exhibits an excellent rate capability (78.5%
capacitance retention from 1 to 100 A g�1), which is due to the formation of continuous
electrolyte ion diffusion network as well as good electrical conductivity. Such BO-CNF film
provides an excellent platform for depositing polyaniline active materials and the boron dopant
can be recycled to reduce the cost for the possibly scalable application.
& 2015 Elsevier Ltd. All rights reserved.
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Introduction

Supercapacitors have been attracting much attention in elec-
trical energy storage devices, mainly owing to their more
outstanding power density and longer cycle life than that of
lithium-ion batteries [1,2]. Carbon-based materials are the
most common and important electrode materials, and have
been used in more than 80% of the commercially available
supercapacitors as a result of their low cost, excellent con-
ductivity, and ultrahigh power density [3–5]. Nevertheless, the
capacitance values of carbon materials are generally low,
leading to a limited energy density [6,7].

According to the geometric capacitor model that C=Aε0ε/d
(where A is the total area of the electrode/electrolyte inter-
face, d is the charge separate distance, ε0 and ε are vacuum
dielectric constant and the relative dielectric constant of
electrolyte, respectively), a straight forward way to increase
the gravimetric capacitance is to using carbon materials with
high specific surface area prepared by, for example, activation
in water vapor, KOH, or CO2 to enhance the gravimetric
capacitance [1,8,9]. However, the activated carbon materials
suffer from some disadvantages: (i) the activation process
generally results in a low carbon yield and needs high
equipment consume [10]; (ii) a highly porous carbon structure
breaks electron conductive pathways, thus decreasing the
electrical conductivity and power output [11,12]; (iii) the
powder nature of these carbon materials needs the addition of
polymer binder and conductive agent, which undergoes a
complex process and unavoidably causes an adverse effect on
the energy density [13]. Nevertheless, the most important
issue lying in porous carbon based supercapacitor electrodes is
the low packing density (usually less than 0.5 g cm�3) of the
carbon electrodes with the low volumetric capacitance, which
is difficult to achieve a compact electrode design for real
device application and leads to practically lower gravimetric
performance as well [4,14–20]. Therefore, it is a trade-off
between the gravimetric capacitance and the volumetric
capacitance since a loosely porous structure favors high
gravimetric capacitance; yet a relatively compacted structure
is necessary for improving volumetric capacitance.

With respect to the above considerations, a finely tuned
carbon material structure with both optimal gravimetric and
volumetric capacitance has become an open question in
supercapacitor research, and fabricating free-standing and
highly packed film electrodes has been a promising method
to meet these requirements [16,21–25]. Recently, Li and co-
workers have made great progress and developed liquid
electrolyte-mediated chemically converted graphene films
with a relatively high gravimetric capacitance of 170.6 F g�1

at 1 A g�1 at a packing density of 1.33 g cm�3 [22], while this
strategy may be more suitable for graphene film materials. A
universal approach to enhance gravimetric capacitance with-
out activation process is to incorporate pseudocapacitive
properties by introducing heteroatoms (e.g. N, B, O etc.) into
carbon structures [26–34]. Although heteroatom-doped car-
bon materials have exhibited excellent enhancement in the
capacitive performance [27,29,32,33], their volumetric capa-
citance and rate capability are still unsatisfying and further
improvements are needed.

Recently, in our group, a hydrothermal carbonization method
by using Te nanowires as the template and glucose as the
carbon source has been developed to synthesize carbonaceous
nanofibers and hydrogel/aerogel with large volume (up to 12 L)
[35,36]. Herein, we adopted our as-obtained carbonaceous
nanofibers as the precursor to prepare high packing density
boron and oxygen co-doped carbon nanofiber (BO-CNF) films for
the first time. With the increase of heteroatom content, the
gravimetric capacitance is increased from 76.5 to 225.9 F g�1

at 1 A g�1 while the packing density is decreased. We found
that the carefully balanced porous microstructure created
during the doping process, pseudocapacitance contributed from
the dopants, and the packing density are the keys to simulta-
neously achieve a gravimetric capacitance of 192.8 F g�1 and a
volumetric capacitance of 179.3 F cm�3 at 1 A g�1 with spe-
cific surface area of 594.6 m2 g�1 and packing density of
0.93 g cm�3. Exceptionally, owing to the formation of contin-
uous electrolyte ion diffusion network as well as good electrical
conductivity, the BO-CNF film delivers a remarkable rate
capability (78.5% capacitance retention with charge/discharge
current densities increasing from 1 to 100 A g�1). We also show
that the BO-CNF film is an optimal platform for depositing
polyaniline nanoparticles to obtain a higher volumetric capaci-
tance (359.1 F cm�3 at 1 A g�1). Meanwhile, it is interesting to
find that the boron source used in our synthesis process can be
recycled with a recovery ratio of about 50%, which is beneficial
to industrial application.

Materials and methods

All of the chemicals were analytical grade and commercially
available from Shanghai Chemical Reagent Co. Ltd. and used
as received without any further purification.

Preparation of BO-CNF films

The carbonaceous nanofibers were prepared according to the
previous study in our team [35,36], and were dispersed in
ethanol with a concentration of about 6 mg mL�1. Different
masses of boric acid (0, 10, 20, 40, and 80 mg) were dissolved
into 1 mL ethanol, followed by addition of 4 mL of the above
carbonaceous nanofibers with vigorous stirring to form a
homogeneous suspension. The suspension was cast onto a
round Teflon substrate (5 cm in diameter), and a free-
standing film could be obtained after drying at ambient
temperature for about 12 h. The free-standing film was then
annealed at 800 1C for 2 h under Ar atmosphere. Finally, the
carbonized film was washed in deionized water of 100 1C to
remove the boric oxide. The corresponding films with 0, 10,
20, 40, and 80 mg of initial boric acid were denoted as CNF
and BO-CNF-1, 2, 3, 4 films, respectively.

Preparation of BO-CNF@PANI films

A piece of BO-CNF-2 film was immersed in 20 mL of 1.0 M
HClO4 solution with 0.1 mL of aniline monomer and 0.06 g of
(NH4)2S2O8 (APS, the oxidant) was dissolved in 15 mL of
1.0 M HClO4 solution. The two solutions were precooled at
0–5 1C for 2 h. Then, the APS solution was added to aniline
monomer solution dropwise with continuous shaking and the
mixture was stored at 0–5 1C for polymerization. After
reaction, the composite film was rinsed with ethanol and
deionized water, and dried at 60 1C. BO-CNF-2@PANI-2 h,
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4 h, 6 h films were prepared at different polymerization
times of 2 h, 4 h, and 6 h, respectively. The weight fraction
of PANI nanoparticles in BO-CNF-2@PANI-2 h, 4 h, 6 h films
were 10.6 wt%, 28.2 wt%, and 33.5 wt%, which was obtained
by weighing the film before and after polymerization. From
our results in Figures S10 and S11, the BO-CNF-2@PANI-4 h
film showed the best electrochemical performances and the
best reaction time was 4 h. The CNF@PANI-4 h film was also
prepared with a weight fraction of PANI of 26.8 wt%.

Recycling of boron source

The BO-CNF film after carbonization was boiled in a sealed
beaker with 20 mL deionized water at 100 1C for 10 h to ensure
the reaction between boric oxide and water completely. After
the sealed beaker was cooled down, the boric acid aqueous
solution was poured into the Teflon substrate (the detaching of
boric acid is much easier from Teflon than glass substrate).
Thereafter, the Teflon substrate was moved to a vacuum oven
at 60 1C until the deionized water evaporates completely and
boric acid powder was obtained, which could be used for
recycling of BO-CNF film. We can obtain about 13.5 mg carbon
film from 24 mg carbonaceous nanofibers, leading to about 56%
yield for carbon. For the yield of boric acid dopant, we obt-
ained the weight ratio of B atom with 0.96, 1.40, 1.73, and
1.93 wt% for BO-CNF-1, 2, 3, 4 samples from the result of atom
ratio (Table 1). Thus, the B atom masses of BO-CNF-1, 2, 3,
4 samples incorporated in carbon skeleton were 0.13, 0.19,
0.23, and 0.26 mg, respectively. Based on the initial mass of 10,
20, 40, and 80 mg boric acid dopant for BO-CNF-1, 2, 3,
4 samples, the yields of dopant were 7.4%, 5.4%, 3.3%, and
1.9%, respectively. Such low doping ratio verifies that it is highly
essential to recycle boron source for the possibly commercial
application.

Characterizations

Scanning electron microscopy (SEM) images were carried out on
a field emission scanning electron microanalyzer (Zeiss Supra
40) at an acceleration voltage of 5 kV. For the thickness eval-
uation of each film, we prepared three cross-sectional SEM
samples from three independent films and the thickness was
obtained by averaging the different SEM samples. X-ray photo-
electron spectra (XPS) were done on an X-ray photoelectron
spectrometer (ESCALab MKII) with an excitation source of Mg Kα
radiation (1253.6 eV). Raman scattering spectra was conducted
on a Renishaw System 2000 spectrometer using the 514.5 nm
line of Ar+ for excitation. The powder X-ray diffraction (XRD)
studies were carried on a Philips X'Pert Pro Super X-ray
diffractometer equipped with graphite monochromatized Cu
Table 1 The physical properties of CNF and BO-CNF-1, 2, 3, 4

Sample C (at%) (from XPS) O (at%) B (at%) SBET (m

CNF 96.01 3.99 0 461.5
BO-CNF-1 93.57 5.36 1.08 568.9
BO-CNF-2 89.88 8.52 1.60 594.6
BO-CNF-3 90.02 8.01 1.97 613.5
BO-CNF-4 88.94 8.86 2.20 725.7
Kα radiation (λ=1.541841 Å). N2 (77 K) and CO2 (273 K) sorption
analysis was determined with an ASAP 2020 accelerated surface
area and a porosimetry instrument (Micromeritics). Sheet
resistance was obtained from a four-probe conductivity test
(ST-21, Guangzhou Four-Point Probes Technology).

Electrochemical measurement

Our supercapacitor cells were assembled in a two-electrode
system using 1.0 M H2SO4 aqueous solution as electrolyte and
platinum plate as current collector. The sizes of all films were
about 1.0 cm� 1.0 cm and the areal mass densities of CNF and
BO-CNF films were 1.3–1.5 mg cm�2. The electrochemical
performances were evaluated by the cyclic voltammetry (CV)
at different scan rates and galvanostatic charge–discharge at
different current densities in a CHI 760D electrochemical
workstation. Electrochemical impedance spectroscopy (EIS)
was performed under a frequency range of 10 mHz to 100 kHz
with an alternate current amplitude of 5 mV.

The gravimetric and volumetric capacitances of film
electrodes were calculated from the galvanostatic dis-
charge curves using the following equations [22]:

Cs ¼
2Is � Δt
m� ΔU

ð1Þ

Cv ¼ Cs � ρ ð2Þ
where Cs (F g�1) and Cv (F cm�3) correspond to gravimetric
and volumetric capacitances of films, m (g) and ρ (g cm�3)
refer to the mass and packing density of single electrode, Is
(A) is the constant current, Δt (s) is the discharge time, and ΔU
(V) is the potential window.

Energy density (E, W h L�1) and average power density
(Pav, W L�1) of supercapacitor cells were obtained from the
following equation:

E ¼ Cv � ðΔUÞ2=8 ð3Þ

Pav ¼
E
Δt

ð4Þ

The maximum power density (Pmax, W L�1) was calcu-
lated using the formula:

Pmax ¼
ΔUð Þ2 � ρ

4ð2mÞ � Rs
ð5Þ

where Rs value was calculated via the formula: Rs=Udrop/
(2Is).

According to a series-RC circuit model, the equiv-
alent capacitances (Ceq, F g�1) were calculated from
alternating-current frequency response using the following
equation [37,38]:
films.

2 g�1 ) Film thickness (μm) Packing density (g cm�3)

11.370.3 1.1970.02
13.070.3 1.0170.02
15.170.5 0.9370.03
24.871.7 0.6070.05
62.3715.6 0.2370.09
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Ceq ¼
�1

2πfZ''
U

4
2m

ð6Þ

where f (Hz) is frequency and Z" is the imaginary part of the
impedance.

Results and discussion

A schematic illustration of the synthesis route of BO-CNF films
is shown in Scheme 1. First, we synthesized the carb-
onaceous nanofibers through a hydrothermal carbonization
(HTC) method within a 1.6 L Teflon autoclave. The low and
high magnification scanning electron microscopy (SEM) images
reveal that the uniform carbonaceous nanofibers with smooth
surface have an average diameter of about 80 nm (Figure 1a
and the Supporting information Figure S1a). The carbonaceous
nanofibers can be highly dispersed in ethanol because of the
presence of oxygen-containing groups on the nanofiber surface
[39]. Next, 1 mL boric acid ethanol solution was mixed with
4 mL (ca. 6 mg mL�1) carbonaceous nanofibers to form a
homogeneous suspension. After a simple casting and solvent-
evaporation-induced self-assembly process [35,39], a brown
paper-like composite film was fabricated. The size of the film
can be arbitrarily extended with a larger Teflon substrate.
Lastly, the film was carbonized at 800 1C for 2 h, leading to
the generation of the BO-CNF film containing residual boric
oxide. The boric oxide was dissolved in hot water to tran-
sform into boric acid, which could be used for cyclic utilization
in the next boron doping. The final black film was mechani-
cally robust and could be directly used as a free-standing
electrode for the electrochemical measurements (Figure S2
and Scheme 1). In order to adjust the content of heteroatom
doping, different masses of boric acid (0, 10, 20, 40, and
80 mg) were added, and the corresponding films were denoted
as CNF and BO-CNF-1, 2, 3, 4 films, respectively.

The SEM images in Figure 1b–d and Figures S3 and S4 show
the surface and cross-section of CNF and BO-CNF films. On
account of the slight shrinkage after the decomposition of
some oxygen-containing groups (such as –OH and –COOH)
during the high temperature process, the diameter of carbo-
nization nanofibers is decreased to about 70 nm (Figure S1b).
The CNF, BO-CNF-1, and BO-CNF-2 films have a similar and flat
surface morphology (Figure 1b and Figure S3). However, the
BO-CNF-3, 4 films exhibit interconnected macropores with
honeycomb-like structure, and the amount of honeycomb-like
structure in BO-CNF-4 film (Figure 1c and d) is more than that
in BO-CNF-3 film (Figure S3). We anticipate that the different
surface structure is derived from the removal of excess boric
oxide from the carbonization of composite films. Increased
boric acid mass ratio blended in CNF film leaves more boric
Scheme 1 A schematic to fabrica
oxide crystal after carbonization, which generates more pores
in the BO-CNT film after dissolving excess amount of boric
oxide in hot water. The cross-sectional SEM images of CNF and
BO-CNF-1, 2, 3, 4 films provide further information about the
structure difference (Figure S4). The BO-CNF-3 and BO-CNF-4
films with obviously enlarged interspace are thicker than CNF,
BO-CNF-1, and BO-CNF-2 films. Thus, the packing densities of
CNF and BO-CNF-1, 2, 3, 4 films were calculated as
1.1970.02, 1.0170.02, 0.9370.03, 0.6070.05, and 0.237
0.09 g cm�3, respectively (Table 1), indicating lower packing
density with increased boric acid content. Based on the sheet
resistance and thickness of CNF and BO-CNF-1, 2, 3, 4 films,
the electrical conductivities were calculated as 521, 403, 277,
114, and 35 S/m, respectively (Figure S2d).

X-ray photoelectron spectroscopy (XPS) was carried out
to determine the surface chemical properties of CNF and
BO-CNF samples. Figure 1e and Figure S5 present the
detailed high-resolution XPS data of the B 1s and C 1s peaks
with deconvolution. The XPS spectrum of the B 1s can be
fitted into three peaks with binding energies of 189.5 eV
(BC3), 191.0 eV (BC2O), and 192.3 eV (BCO2) [33,40]. There
are no peaks at 187–188 eV or at 193–194 eV, excluding the
existence of B–B species and boric oxides, respectively [33].
Our BO-CNF-1, 2, 3, 4 samples show a significant boron
content ranging from 1.08 to 2.20 at% (Table 1), which is
higher than previously reported B-doped carbon materials
(usually lower than 1 at%) [27,32,33]. For C 1s XPS spectra
(Figure S5b), a main peak for C–C (at about 284.4 eV) and a
minor peak for C–O (at 286 eV) can be easily distinguished.
The oxygen content is increased from 3.99 to 8.86 at% as the
boron content is increased (Table 1), which is consistent
with the work reported by Cheng and may be due to the
introduction of oxygen by boric acid [32].

Subsequently, we performed powder X-ray diffraction (XRD),
Raman spectroscopy, and N2 adsorption–desorption analysis to
characterize the change of physical properties after heteroa-
tom doping. The XRD patterns display that the CNF and BO-CNF
samples have a pronounced and broad diffraction peak cen-
tered at 2θ of around 231 that can be assigned to graphitic
carbon (Figure S6a), and no peaks could be assigned to boric
oxide or boron carbide. From the CNF sample to BO-CNF-4
sample, the peak at 231 becomes weaker, indicating the
gradual loss of long-range structural order of carbon. For all
samples, two distinct peaks at 1330 and 1590 cm�1 in the
Raman spectra (Figure S6b) can be assigned to the D and G
bands of carbon, respectively. It is considered that the ID/IG
value (relative intensity ratio of the D band to G band) is
related to defects or disorder of carbon lattice [31,41].
Heteroatom doping introduces imperfections and defect sites
into carbon lattice, inducing a high ID/IG value.
te free-standing BO-CNF film.



Figure 1 (a) SEM image of carbonaceous nanofibers fabricated by a HTC process. (b) SEM image of undoped CNF film after
carbonization. (c) Low and (d) high magnification SEM images of the BO-CNF-4 film. (e) High-resolution B 1 s XPS spectra for BO-CNF-
1, 2, 3, 4 samples.
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The nitrogen isotherms of CNF and BO-CNF-1, 2, 3, 4 samples
(Figure S7a) are characteristic for a microporous structure with
type I sorption isotherm. The microporous structure is created
by the evaporation of volatile species during the pyrolysis
process [42]. The Brunauer–Emmett–Teller (BET) specific sur-
face area (SBET) is summarized in Table 1. A higher heteroatom
content results in a larger SBET value and the BO-CNF-4 sample
demonstrates the largest SBET of 725.7 m

2 g�1. In order to study
the micropore structure (below 1 nm), CO2 sorption was
performed and the data was obtained based on a slit pore
density functional theory model (Figure S7c and d) [9]. The
cumulative pore volume is increased from CNF to BO-CNF-4
samples. The pore size distribution curves show the enhanced
pore width after the doping, which is due to the etching
process of carbon skeleton by boric acid during the high
temperature carbonization [43]. All these results suggest that
we have successfully prepared the BO-CNF films with adjusta-
ble heteroatom content, variable micropore structure and
tunable packing density. The heteroatom might contribute to
pseudocapcitance, and the increased micropore volume and
pore size may be favored for ion adsorption so as to yield a
high gravimetric capacitance. Meanwhile, the tunable packing
density of the BO-CNF film provides an opportunity for
optimizing the volumetric capacitance. Therefore, these fea-
tures make our material system an interesting candidate to
explore its potential for supercapacitor applications.

The electrochemical capacitive performances of our free-
standing film electrodes (1.3–1.5 mg cm�2, 1.0� 1.0 cm2)
without any binder or conductive agent were evaluated
in 1.0 M H2SO4 aqueous electrolyte using a two-electrode
configuration. We first performed cyclic voltammetry (CV)
measurements and the typical CV curves at 50 mV s�1 for all
different samples are showed in Figure 2a. The CNF film
exhibits a nearly rectangular curve with a smaller CV
integrated area compared to other BO-CNF films, while the
CV curves of BO-CNF films are roughly rectangular in shape
including a few humps because of the pseudocapacitive process
[12]. The electrical double-layer (EDL) capacitance and the
pseudocapacitance can be separated from the CV curve with
the largest rectangle area and the remaining area, respectively
(Figure S8) [44,45]. The EDL capacitance and the pseudocapa-
citance increased by 232% and 948% from CNF to BO-CNF-4,
respectively, suggesting an increased electric charge storage
capacity due to not only the effective specific surface area but
also the heteroatom doping.

Further, it is well accepted that the galvanostatic charge–
discharge test is a more reasonable method than CV test for
determining the specific capacitance [6]. Hence, we carried
out galvanostatic charge–discharge tests at various current
densities in detail. The profiles of charge–discharge plots at
current densities of 1 and 10 A g�1 (Figure 2b and Figure S8c)
are almost linear and symmetrical, indicative of a high
Coulombic efficiency. It can be observed that the discharge
time is increased from CNF film to BO-CNF-4 film, which agrees
with the observation of above CV tests. Figure 2c shows that
the gravimetric capacitances of CNF and BO-CNF-1, 2, 3, 4 films
at 1 A g�1 are 76.5, 159.5, 192.8, 204.3, and 225.9 F g�1,
respectively. The gravimetric capacitance value of BO-CNF-4
film is improved by a factor of about 3 compared to that of CNF.
In addition, the gravimetric capacitance values are comparable
with most of B-doped carbon and heteroatom-doped carbon
nanofibers (see Supporting information Table S1).

As emphasized by Gogotsi et al. the volumetric perfor-
mance is more significant than the gravimetric one in order to
realize compact supercapacitor devices with high packing
density [4,14]. Thus, the volumetric capacitance values are
calculated by multiplying the gravimetric capacitances with
the corresponding packing densities, and are plotted in



Figure 2 Electrochemical characterization of CNF and BO-CNF-1, 2, 3, 4 films in a two-electrode system. (a) CV curves at
50 mV s�1, and (b) galvanostatic charge–discharge curves at 1 A g�1. (c) Gravimetric and volumetric capacitances at 1 A g�1.
(d) Volumetric capacitances at different current densities.

Z.-Y. Yu et al.240
Figure 2c. With the electrode ranging from CNF film to BO-
CNF-2 film, the volumetric capacitance increases from 91.0 to
179.3 F cm�3 at a charge/discharge current density of 1 A
g�1, which is due to the strong increase of the gravimetric
capacitance. However, because the packing density decreases
rapidly from BO-CNF-2 film to BO-CNF-4 film in spite of the
slight increase of gravimetric capacitance, the corresponding
volumetric capacitance drops from 179.3 to 52.0 F cm�3,
showing a maxima volumetric capacitance of the BO-CNF-2
film (packing density of 0.93 g cm�3 and gravimetric capaci-
tance of 192.8 F g�1). Although many porous carbon materi-
als, such as graphene foams and hydrogels/aerogels, exhibit a
very high gravimetric capacitance, they have a low packing
density and the void space of the carbon electrodes is flooded
with electrolyte, increasing the weight of the whole device
without improving capacitance value [4,14]. Therefore, the
devices practically suffer from lower gravimetric performance
and high volumetric performance with compact electrode
design is highly needed for real device application. In our
material system, the packing density is decreased from 1.19 to
0.23 g cm�3 while the gravimetric capacitance is increased
from 76.5 to 225.9 F g�1 varying from CNF film to BO-CNF-4
film. The BO-CNF-2 film delivers the largest volumetric
capacitance of 179.3 F cm�3 as well as maintains relatively
high packing density and gravimetric capacitance (Figure 2c).
Surprisingly, the BO-CNF-2 film retains a high volumetric
capacitance of 158.9 F cm�3 and 140.7 F cm�3 at charge/
discharge current densities of 10 and 100 A g�1, respectively
(Figure 2d), corresponding to a 78.5% capacitance retention
with the working current densities increasing 2 orders of
magnitudes. It is noteworthy that the volumetric capacitance
values of our BO-CNF-2 film are among the best reported
values of carbon-based materials so far (Table S2).

Rate capability is an important parameter to assess high-
rate supercapacitors for fast charging/discharging application
[46,47], so we attempt to explain the reason that accounts
for such a remarkable rate capability of BO-CNF-2 film. For
comparison, a powder electrode was prepared by adding 5 wt
% poly-(vinylidene fluoride) (PVDF) binder to the BO-CNF-2
and the electrochemical performances were measured as the
same method with film electrode. It can be seen from
Figure 3a that the BO-CNF-2 film and powder electrodes show
a similar charge–discharge characteristic at 1 A g�1, while the
difference of charge–discharge curves becomes pronounced
at a high current density of 100 A g�1 (the inset), giving a
shorter discharge time and a larger potential drop (Udrop) for
the BO-CNF-2 powder sample. So the BO-CNF-2 powder
exhibits a rate capability of 65.3% inferior to the BO-CNF-2
film (78.5%), but it is still better than CNF film with only 44.1%
retention (Figure 3b).

Furthermore, these results can be explained by the
electrochemical impedance spectroscopy (EIS) in Figure 3c
and equivalent capacitances versus frequency response in
Figure 3d. The equivalent series resistances of the CNF film,
BO-CNF-2 film, and BO-CNF-2 powder electrodes are
obtained from high-frequency region of Nyquist plots (the
inset of Figure 3c) and are about 0.40, 0.43, and 0.48 Ω,
respectively, which indicates that the addition of PVDF
binder causes the deterioration of electrical conductivity
and that the heteroatom doping has a small effect on
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conductivity. In the low-frequency region, the BO-CNF-2 film
exhibits the steepest slope of all samples, demonstrating an
ideal capacitive behavior and the lowest electrolyte diffusion
resistance. This can be attributed to the existence of
continuous electrolyte ion transport channels, which were
formed during the removal process of boric oxide by washing
with hot water. Therefore, the BO-CNF-2 film with high
electrical conductivity and efficient ion transport channel
delivers the outstanding rate capability (larger than 75%
retention from 1 to 100 A g�1), exceeding most of other
reported carbon-based powder electrodes and film electro-
des (Table S3). At the meantime, it is worth mentioning that
the capability retentions of other BO-CNF-1, 3, 4 films are
76.0%, 76.1%, and 77.3%, respectively (Figure 2d), close to
that of BO-CNF-2 film, which also are reflected in the steep
slope of Nyquist plots in the low-frequency region (Figure
S9a). All BO-CNF films with excellent rate capability reveal
that the ion diffusion network is retained in the compact
films in despite of the absence of obvious macropores in the
SEM images of B-CNF-1, 2 films. The equivalent capacitance
values based on a series-RC circuit model (Figure 3d) also
confirm that the B-CNF-2 film exhibits the slowest gravi-
metric capacitance loss over the entire frequency range.

The volumetric energy and power densities, as two key factors
of the supercapacitor performance, are summarized in the Ragone
plots based on the volume of electrode materials (Figure S9b).
Among CNF and BO-CNF-1, 2, 3, 4 film electrodes, the BO-CNF-2
film demonstrates the highest volumetric energy density. The
value of volumetric energy density is about 6.2 W h L�1 at a
power density of 116.1 W L�1 and still maintains 3.8 W h L�1 at
20.5 kW L�1 (100 A g�1). The maximum volumetric power density
Figure 3 (a) Galvanostatic charge–discharge curves of BO-CNF-2 film
(inset). (b) Capacity retentions at different current densities, (c) N
response for three electrode materials. (e) CV curves at 50 mV s�

image of BO-CNF-2@PANI film. (f) Volumetric capacitances at differ
of as high as 197.0 kW L�1 was calculated from the Udrop against
the current density (Figure S9c), and is much larger than those
reported values [15,22,37,48]. In addition, the BO-CNF-2 film
shows a good cycling stability with a capacitance loss of only 6.4%
after 5000 cycles (Figure S9d).

Owing to the suitable platform provided by the BO-CNF film
networks, a further enhancement of the supercapacitor per-
formance can be obtained by loading other redox-based
materials onto the network. As a proof of concept, polyaniline
(PANI) with low cost and large pseudocapacitance was chosen
[49,50]. The SEM images (inset of Figure 3e and Figure S10)
show that PANI nanoparticles are uniformly anchored on the
one-dimensional nanofibers, leading to a great increase in their
capacitance values (Figure 3f and Figure S11). The BO-CNF-
2@PANI film with an optimal PANI content delivers a volumetric
(gravimetric) capacitance of 359.1 F cm�3 (278.4 F g�1) at
1 A g�1, which is much higher than that of BO-CNF-2 and
CNF@PANI films. Figure 3f also shows a high rate capability of
the BO-CNF-2@PANI film, indicating the incorporation of PANI
without affecting the continuous electrolyte ion networks.

The above results present the outstanding volumetric per-
formance and high rate capability of the synthesized BO-CNF
film, which may be a promising electrode material. Never-
theless, for the practical commercial application, the cost of
dopant must be taken into account since the synthesis of Te
nanowires and carbon nanofibers can be easily scaled up by
increasing the autoclave volume and the high-cost Te nanowires
can be recycled with more than 80 wt% [51,52]. Despite boric
acid has been widely utilized as boron source for B-doped
carbon materials [32,41,43,53,54], the utilization ratio of boron
atom is very low (see theSection 2). We considered boric acid
and BO-CNF-2 powder (with 5% PVDF) at 1 A g�1 and 100 A g�1

yquist plots, and (d) equivalent capacitances versus frequency
1 for CNF@PANI and BO-CNF-2@PANI films. The inset is the SEM
ent current densities for three samples.
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recycle through a simple yet effective way by hot water
washing, which yielded the boric acid with purity comparable
to commercial ones confirmed by XRD measurement and a
recovery ratio of approximately 50% (Figure S12). We also
performed the electrochemical tests of BO-CNF-2 film prepared
with the recycled boric acid. The CV and galvanostatic charge–
discharge tests (Figure S12) show that no fading of capacitive
performance is observed when using the recycled BO-CNF-
2 film.

Conclusions

In summary, a new type of free-standing boron and oxygen co-
doped carbon nanofiber film was prepared in a facile method, as
the conductive agent- and binder-free electrode materials,
which exhibited a balanced gravimetric capacitance and volu-
metric capacitance (192.8 F g�1 and 179.3 F cm�3 at 1 A g�1),
outstanding rate capability (78.5% capacitance retention with
current density increasing from 1 to 100 A g�1), and good
cycling stability (93.6% retention after 5000 cycles). We suggest
that a thin film structure with reasonable packing density in
macroscale, a continuous interconnected network in microscale,
and a finely tunable heteroatom doping in nanoscale are the
keys to an improved electrochemical performance in multiple
factors. In addition, an even higher volumetric capacitance
(359.1 F cm�3 at 1 A g�1) was obtained after depositing poly-
aniline on the BO-CNF film. The recycling of boron source was
proven to be efficient and had no influence on the electro-
chemical performance. Hence, our heteroatom-doped carbon
nanofiber film not only possesses great potential as high-
performance supercapacitor material but also acts as an
inspiration for finely tuning and designing electrode material
structures to optimize supercapacitor performance.
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