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ABSTRACT: In this contribution, we report a general surface engineering strategy to transform nonpolar nanocarbons (e.g.,
carbon nanotube and graphene) into amphiphilic nanocarbons with unique ultrahydrophilic@ultrahydrophobic surface
conﬁguration and hierarchical structure by grafting a thin layer of metal−organic frameworks followed by pyrolysis and leaching.
The outer ultrahydrophilic carbon layer features rich surface heterogeneity (B-/N-doping both up to ca. 10 at. %) and high
density of microporosity, while the inner nonpolar CNT or graphene provides a high electronic conductivity. The unique bipolar
surface and high heterogeneity as well as highly accessible hierarchical structures render this family of nanocarbons capable of a
high surface eﬃciency under both aqueous and organic conditions, as it is reﬂected in the behavior of the electrodes for
supercapacitors by comparing a wide range of highly porous nonpolar carbons. The bipolar hierarchical carbons’ eﬃciency in
terms of areal capacitance and energy density are 3−6 times and 2−3 times higher than that of typical benchmark materials (e.g.,
commercially popular YP-50F carbons, CNT, and graphene etc.). More importantly, the study of this series of model carbon
materials may help researchers to understand in-depth how carbon surface chemistry with a high density of doping sites
inﬂuences the wetting, transport, and electrosorption behavior of charged ions in aqueous and organic conditions.
biocatalysis,21 where hydrophilic surfaces were found to be
easily wetted and eﬀective to get highly dispersed catalysts.
As a further step in development, the next generation of
carbons materials with tailored surface chemistry are
amphiphilic surfaces, as they could enable applications under
more complex conditions, for instance, as a probe for
spectroscopic analysis and multicolor microscopic imaging of
membranes and living cells,22 and as functional electrode
materials in lithium−sulfur batteries to suppress the “shuttle
eﬀects” of polar discharge products and ensure long-term
stability.23 Furthermore, supercapacitors store charges at the
electrode/electrolyte interface, which also particularly require a
tailored surface readily being wetted by electrolyte (aqueous
and organic) and accessed by electrolyte’s ions.24−27 For

1. INTRODUCTION
Porous carbons are essential materials for research and
development as well as for industrial applications in the ﬁelds
of adsorption and separation, rechargeable energy-storage
systems, catalyst supports, and so on because of their
prominent features such as highly developed porosity, wellcontrolled pore systems (pore size and connectivity), and
excellent conductivity and stability, to name only a few.1−3 To
date, their pore structures can be well-tuned.4−11 However,
their surface chemistry is much less quantitatively controllable,
as most carbons are predominantly nonpolar showing a highly
hydrophobic surface. Surface oxidation by wet and dry agents
(e.g., nitric acid, H2O2, and O3),12−15 plasma treatment,16 and
N-doping17,18 are nowadays established for generating even
highly polar carbon surfaces. Carbon materials with hydrophilic
surface beneﬁt various applications, particularly that applied
under wet conditions, such as electrocatalysis19,20 and
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2. EXPERIMENTAL SECTION

example, electrolyte prewetting strategies were proposed to
maximize the surface wetting and materials’ eﬃciency.28,29 Such
a hydrogel-like structure is composed of skeleton nanomaterials
and fully exchanged electrolyte embedding all the active
skeleton units. Typical skeleton components are two-dimensional polar nanomaterials such as chemically converted
graphene with rich carboxylic groups,30,31 the surface functionalized MXene’ family (e.g., OH-, O-, and F-doped Ti3C2)32, and
so on, being capable of forming dense, wet ﬁlms driven by a
smart balance of these repulsive interactions (between surface
terminal functional groups such as carboxylic groups) and the
intersheet π−π attractions. Using such a strategy, the surface
even in the inner narrow pores can be wetted by electrolyte and
accessed by the electrolyte ions, thus increasing the surface
eﬃciency. However, the prewetting strategies are mainly
suitable for the aqueous conditions, and next generation carbon
materials with bipolar surface are required for application in
both aqueous and organic solutions.
Moreover, the heteroatom-doping has been widely found
eﬀective in contributing pseudocapacitance.33−39 Inevitably,
doping with heteroatoms also inﬂuences carbon surface
polarity, which may also inﬂuence their ﬁnal capacitive
behavior. For this issue, mostly it is estimated by qualitative
data in the available reports, and thus systematic study is highly
required to fully understand together with the existing ﬁndings
in the literature.27,34,37,38,40 In addition, pseudocapacitive eﬀects
are rather clear at low charging conditions but are much diluted
in the high current density region, where multiple factors are
involved such as the diﬀusion of electrolyte ions, the transport
of electrons, the charge transfer dynamics of the Faradaic
reaction, and so on.33,37 The latest ﬁndings reveal that the
charging proceeds with ion exchange by swapping of co-ions for
counterions, which is beyond the conventionally believed
counterion adsorption theory.41,42 This means counterions
diﬀusing in and co-ions diﬀusing out occur simultaneously,
which highly requires short pores to ensure a high power
capability. Considering these limiting factors, materials with
combined advantages to ensure fast diﬀusion or transport of
charged ions and electrons, and ﬁnally to complete the redox
reactions as much as possible are required to keep a high
surface eﬃciency at high power conditions.
Taking all these strategic goals into consideration, herein, we
describe a new strategy to design hierarchically porous,
ultrapolar@ultranonpolar amphiphilic nanocarbons by surface
engineering of ultrahydrophobic nanocarbons (e.g., carbon
nanotube (CNT) and graphene) with a thin layer of highly
hydrophilic carbon derived from metal−organic frameworks
(MOFs). MOFs are proven to be an excellent family of
precursor/template for preparation of tailored carbon materials
considering its crystalline structure, ordered pore structure, and
inherent presence of coordinated metal and heteroatoms.43−45
Inspired by the above concept, this work focuses on the control
of surface chemistry of carbon materials by employing
bipyridine-based MOFs as precursors of a hydrophilic carbon
layer,17 which is coated on hydrophobic nanocarbons. Then,
these unique type nanocarbon hybrids were employed as
electrodes for supercapacitors, which were investigated in both
aqueous and organic electrolytes. Particularly, the relationship
between surface properties and capacitive behavior was
analyzed in detail.

2.1. Materials Preparation. All chemicals/materials except
carbon nanotube (CNT) and graphene (G) were used as received.
The as-received CNT and graphene were chemically oxidized in
concentrated nitric acid for 48 h before use according to a previously
reported method.46 A certain amount (40 and 240 mg) of the oxidized
nanocarbons was ﬁrst dispersed in water/ethanol (v/v, 30 mL/(100
mL)) under ultrasonication for at least for 2 h. Then, 1.562 g of 4,4′bipyridine (denoted bpy) was dissolved in the above nanocarbon
colloids under stirring and diluted to 1000 mL by adding water. The
nanocarbon−bpy solution was under stirring overnight, allowing the
equilibrium adsorption of bpy on the oxidized sites of nanocarbon.
After this, 50 mL of CuCl2·2H2O solution (10 mM) was added into
the nanocarbon−bpy solution under strong stirring to ensure suﬃcient
mixing, and the products were formed in 30 min. Subsequently, the
collection of the resultant products was carried out through
centrifugation and washed thoroughly. After drying, carbonization at
900 °C, and leaching, the ﬁnal materials can be collected. More details
are given in the Supporting Information (SI).
2.2. Electrodes Preparation. A certain amount of carbon material
was ﬁrst mixed with poly(tetraﬂuoroethylene) (PTFE) binder and
conductive carbon black, resulting in a 85:5:10 (by weight) active
material:PTFE:carbon black mixture. The mixture was ground
extensively at 120 °C until the formation of a paste-like slurry,
which was rolled into a ﬁlm with thickness of around 60−80 μm, cut
into a round shaped ﬁlm (diameter of ca. 1.0 cm), and placed in a
vacuum oven at 120 °C overnight. Each electrode comprised ca. 3 mg
of active material. Two electrodes of the same material were assembled
in a symmetrical conﬁguration separated by a Macherey-Nagel MN
85/70 glass ﬁber soaked in aqueous electrolyte (1.0 M H2SO4) or by
Celgard 3501 separator in organic electrolyte (1.0 M TEA BF4/AN),
and assembled in a Swagelok-type test cell.
2.3. Materials Characterization. Scanning electron microscope
(SEM) and energy dispersive X-ray spectroscopy (EDS) mapping
investigations were carried out with a Hitachi SU8020 instrument.
Transmission electron microscopy (TEM) was examined with a FEI
Titan3 80-300 microscope. XPS spectra were obtained with an Escalab
spectrometer (250Xi, Waltham, MA, USA) equipped with an Mg Kα
monochromatic source. All of the spectra were calibrated using the C
1s neutral-carbon peak at 284.8 eV. A Shirley background was
subtracted prior to peak ﬁtting. The peak areas were normalized with
theoretical cross-sections to obtain the relative surface elemental
compositions. Water physisorption (298 K) measurements were
carried out on a Quantachrome Hydrosorb 1000 instrument. Nitrogen
adsorption isotherms were measured on a BELSORP adsorption
analyzer at 77 K. The Brunauer−Emmett−Teller (BET) method was
used to estimate speciﬁc surface area (SBET) based on adsorption
points in the relative pressure of 0.05 < P/P0 < 0.25. Pore size
distributions (PSDs) were derived from the adsorption branches of the
isotherms based on nonlocalized density functional theory (NLDFT;
nitrogen on carbon slit adsorption branch kernel). The thermal
response of the samples was measured on an optical calorimeter setup
(InfraSORP Technology by Fraunhofer/Rubotherm). n-Butane was
used as probe molecules. Prior to gas or vapor sorption measurements,
the samples were degassed at 423 K for at least 24 h.
2.4. Electrochemical Measurement. All of the electrochemical
measurements were carried out using an IviumSate electrochemical
interface and impedance analyzer (Ivium Technologies, Eindhoven,
The Netherlands). For the aqueous electrolyte, the cyclic voltammetry
(CV) was performed in the range of −1.0 to 1.0 V, and galvanostatic
charge−discharge test, in the range of 0 to 1.0 V at various density
from 1.0 to 100 A/g. For the organic electrolyte, CV was scanned in
the range of −2.5 to 2.5 V and galvanostatic charge−discharge test in
the range of 0 to 2.5 V at various densities from 1.0 to 100 A/g. All
electrochemical tests were carried out at room temperature (22 °C).
The calculation details for capacitance, energy and power density are
given in the SI.
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Scheme 1. Design and Fabrication of Bipolar Nanocarbon Hybrids with Hydrophilic@Hydrophobic Surface Conﬁguration

3. RESULTS AND DISCUSSION
3.1. Hierarchically Porous Nanocarbon Hybrids with
Bipolar Surface. The preparation principle is shown in
Scheme 1. The fabrication of the ultrahydrophilic component
was inspired by recent work,17 where an eﬀective method was
established to prepare hydrophilic carbons showing not only
record surface hydrophilicity proven by its unprecedented
water adsorption uptake (9.82 mmol g−1) at P/P0 = 0.2 and 25
°C but also a narrow micropore size distribution (ca. 0.8 nm) as
well as heavy heteroatom-doping (>20 at. %) even after
pyrolysis at 1000 °C.47 The obtained bipolar carbon hybrids
exhibit a high surface B-/N-doping both up to ca. 10 at. %,
which are distributed in highly accessible thin layers. The
enhancement of surface eﬃciency of this group of bipolar
materials was exempliﬁed as supercapacitor electrode in both
aqueous and organic electrolyte. This work provides a new
perspective of how the surface utilization in both aqueous and
organic solutions can be enhanced by designing hierarchical
bipolar surface structures with abundant heteroatom-doping.
The hybridization of the ultrahydrophilicity and ultrahydrophobicity was achieved through a coating strategy. First,
a thin layer of metal−organic framework complex (4,4′bipyridine-Cu) was grafted on the surface of oxidized
nanocarbons. After pyrolysis, nanocarbon hybrids with hydrophilic@hydrophobic surface conﬁguration was achieved. Their
XRD patterns in each step conﬁrm the successful grafting of
MOF layers and the formation of ﬁnal nanocarbon hybrids
(Figure S1). The TEM images (Figure 1a,b) show the coaxial
cable-like structure of the bipolar BNC-CNT materials: an
outer layer of ultrahydrophilic B-,N-doped carbon with
thickness of 10−30 nm and the inner hydrophobic CNT.
Similarly, the engineering based on graphene resulted in bipolar
BNC-G materials (Figure 1c,d) with an outer layer of
microporous carbon layer on both sides of the graphene
substrates. Rich micropores were observed to be homogeneously distributed in the outer hydrophilic layer (Figure 1b,d),
which may beneﬁt the adsorption of polar ions or molecules
with fast kinetics.

The surface hydrophilicity changes were quantitatively
analyzed by water vapor physisorption. The signiﬁcant changes
from hydrophobic (CNT, graphene) to hydrophilic properties
were observed on nanocarbon hybrids (BNC-CNT, BNC-G) at
low relative pressure regime (P/P0 < 0.4), whereas nonpolar
CNT and graphene show negligible uptake (Figure 1e) under
identical conditions. It has been experimentally and theoretically proven that water vapor uptake below P/P0 < 0.4 is
directly relevant to the surface hydrophilicity.48,49 Notably, the
water adsorption uptake of bipolar BNC-G is very close to that
of bulk BNC, indicating the rich polar pores in the hydrophilic
carbon layer on the graphene surface. Commercial activated
carbons, YP-50F, with highly developed pores also show a
rather hydrophobic nature. To visualize the diﬀerence, their
wetting properties were compared by dropping a droplet of
water or toluene onto diﬀerent carbon tablets. The bipolar
BNC-CNT can be wetted by water and toluene in 5 and 1 s,
respectively, whereas CNT material is hardly wetted by water
even in 60 s (Figure 1f). This observation is consistent with the
water vapor adsorption results as well as the water contacting
angle measurements (insets in Figure 1a,c,e).
Considering the fact that the water molecules preferably
adsorbed on the polar sites of pores, whereas the nitrogen
molecules can be adsorbed on both polar and nonpolar sites,
we can further estimate the volume ratio of polar sites of
samples by calculating the volume ratio based on water and
nitrogen adsorption uptake at certain relative pressure (here we
selected P/P0 = 0.3 to avoid the possibility of gas condensation)
(Figure 1e and Figure 2a). As expected, the volume ratio of
polar sites on ultrapolar carbon, bipolar BNC-CNT, and
nonpolar CNT was 60, 24, and 2%, respectively (Table S1),
which reﬂects the clear trend. Further, the trend of surface
polarity was explored by competitive adsorption of 1,4-dioxane
from binary mixtures (1,4-dioxane in dimethylformamide,
DMF, or n-heptane) and studied by 1H NMR spectroscopy
(see SI for clariﬁcation), which again conﬁrmed the polarity
sequence regarding ratio of polar sites (Table S1).
Nitrogen physisorption measurements were performed to
analyze the pore structure of the bipolar BNC-CNT and BNC8717
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Figure 1. (a, b) TEM images with low and high magniﬁcation of BNC-CNT; (c) SEM image and (d) TEM image of BNC-G; (e) water vapor
adsorption isotherm of BNC-CNT and BNC-G, and benchmark samples including bulk BNC, CNT, graphene, and YP-50F; (f) wetting properties
of BNC-CNT, bulk BNC and CNT showing by photographs the pressed tablet recorded at deﬁned times after water or toluene droplet contact.
Insets in panels a, c, and e show the water contacting angle on the surfaces of BNC-CNT, BNC-G, and CNT electrodes.

(PSDs; Figure 2b) based on the NLDFT theory is located at ca.
0.7 and 1.3 nm for BNC-CNT and 1.0 nm for BNC-G; whereas
the commercial YP-50F shows the narrow PSDs located at ca.
1.0 nm.
Next, the adsorption/desorption kinetics and resulting pore
recovery were analyzed by thermal response measurements
using n-butane as probe molecules.51,52 For example, bulk
BNC, YP-50F, and bipolar BNC-CNT were investigated. The
cycle starts with the adsorption in the fresh activated samples
and the subsequent desorption (Figure 2c). In one measured
cycle, the ﬁrst peak corresponds to the adsorption process
(Aads1), while the second peak indicates the desorption process
of the adsorbed n-butane and then the second cycle with
adsorption (Aads2) and desorption peak. The integrated area
ratio of Aads2 to Aads1 reveals how much pores can be
recovered, indicating the percentage of porosity recovery in the
desorption cycle, an important feature in swing adsorption
processes. Remarkably, the Aads2/Aads1 ratio of the bipolar
BNC−CNT is high up to 0.95, which is much higher than that
of bulk hydrophilic BNC materials (0.71) and commercial
activated carbons (0.84), indicating the highly accessible pore
system of the hybrid nanocarbon. The high reusable surface

G, and benchmark samples including bulk BNC, CNT,
graphene, and YP-50F (Figure 2a). The BNC-CNT and
BNC-G shows a combined type I and type IV isotherm with a
high uptake at very low pressure (P/P0 < 0.01) and an abrupt
increase at a high relative pressure region (P/P0 > 0.8),
indicating the coexistence of small micropores and large
macropores. The CNT sample exhibited a similar isotherm;
however, the N2 uptake at low relative pressure is much less,
indicating the lack of microporosity, which is consistent with
the structure of CNTs reported in other work;50 while the
graphene material showed a slightly lower N2 uptake at low
pressure regime but much higher N2 uptake at high relative
pressure region (P/P0 > 0.8) indicating its rich interlayer
macroporosity. However, the commercial YP-50F shows a
purely microporous nature, with much higher speciﬁc surface
area up to ca. 1566 m2 g−1. By comparing the isotherms of
bipolar nanocarbon hybrids, CNT and graphene, one can ﬁnd
that coating a layer of MOF-derived hydrophilic carbon also
increases the microporosity. This was also proven by the
increase of speciﬁc surface area (Table 1, e.g., 294 and 524 m2
g−1 for CNT and graphene, 690 and 798 m2 g−1 for BNC-CNT
and BNC-G, respectively). The peak pore size distribution
8718
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Figure 2. (a) N2 adsorption isotherms at 77 K and (b) corresponding pore size distribution and (c) adsorption kinetics measurement using
InfraSORP techniques and n-butane as probe molecules. The curve of bulk BNC in panel a is vertically oﬀset by 50 cm3 g−1 as well as BNC-CNT
and bulk BNC in panel c are horizontally oﬀset for a better vision.

Table 1. Texture Parameters of This Series of Porous Carbons with Distinct Surface Properties
ID

SBET (m2 g−1)a

Vmicro (cm3 g−1)b

Vtotal (cm3 g−1)c

Dpeak (nm)d

density (kg L−1)e

sheet resistance (Ω/□)f

BNC-CNT
bulk BNC
CNT
BNC-G
graphene
YP50F

690
814
294
798
524
1566

0.137
0.182
0.050
0.181
0.102
0.630

1.53
1.40
1.39
1.43
2.28
0.82

0.7 and 1.3
0.6 and 1.3
1.2
1.0
1.1
1.0

0.321
0.413
0.331
0.348
0.352
0.487

3733
4000
19
3620
52
474

a
Speciﬁc surface area based on adsorption points in the range of 0.05 < P/P0 < 0.2 according to BET theory; bCumulative micropore (<2 nm) based
on the NLDFT theory, cCumulative mesopore volume (<40 nm) based on the NLDFT theory. dPeak pore size distribution based on NLDFT
theory. eDensity is estimated by dividing mass with volume of electrode ﬁlms. Table S2 shows the calculation details. fSheet resistance based on four
probe method. Each sample (diameter, 2 cm; thickness, 100 ± 10 μm) was measured three times; the average value was shown in the table.

eﬃciency of BNC-CNT is probably ascribed to the short
diﬀusion path of the pores in the hierarchical coaxial structure
as well as the rich macropores due to the random stacking of
the coaxial tubes resulting in a high desorption rate and thus
high porosity recovery.
Further, the surface elemental composition and their
chemical state of the bipolar BNC-CNT materials as well as
the CNT sample before coating was analyzed by XPS. The
peaks located at ca. 189, 285, 399, and 532 eV in the XPS
survey spectrum correspond to B 1s, C 1s, N 1s, and O 1s,
respectively (Figure 3a). The calculated atomic content of N
and B for BNC-CNT is ca. 10.8% and 6.9%, respectively
(Figure 3b), which is comparable with that of bulk BNC
(11.6% N and 9.6% B). The N/C and B/C ratios are 0.15 and
0.1 for BNC-CNT, indicating a relatively high surface
heterogeneity. High resolution N 1s and B 1s XPS spectra

(Figure 3c,d) elucidated the chemical state of N- or B-moieties
present in the BNC-CNT material. The Gaussian multipeak
ﬁtting is employed for each plot. Based on the ﬁtting, graphiticN bonded to three sp2 carbon atoms and pyridinic-N bonded
to two sp2 carbon atoms as well as N bonded to one B and one
sp2 C are dominant with the atomic contents of ca. 25.6, 27.6
and 34.3%, respectively (Figure 3c),17,33 while the B-species are
mainly bound to C and N in the graphene layer and O in the
edge of carbon basal plane (Figure 3d).36,37 The elemental
distribution of BNC-CNT was further examined by EDX
elemental mapping (Figure S2), which is consistent with the
XPS results. All of these data conﬁrmed the heavily doped
surface composition of these unique bipolar nanocarbons.
Because the compositional heteroatoms show diﬀerent electronegativity as compared to carbon atoms, they introduce
additional dipoles, being the origin of the surface polarity.
8719
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Figure 3. (a) XPS survey spectra of CNT, BNC-CNT, and bulk BNC, (b) atomic content of surface compositions, and (c) high resolution N 1s and
(d) B 1s spectra.

Figure 4. Surface utilization evaluation of this family of materials in (a) 1.0 M H2SO4 electrolyte and (b) 1.0 M TEABF4/AN electrolyte. Insets in
panels a and b show the wetting properties of the electrode ﬁlm after immersing in electrolyte for a deﬁned time. (c, d) Micropore utilization where
the speciﬁc capacitance was normalized by micropore volume.
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The galvanostatic charge−discharge (GC) proﬁles reﬂect the
energy and power performance of supercapacitors close to
more actual conditions.55 Thus, we evaluated the surface
eﬃciency based on the speciﬁc capacitance of the electrode
calculated from the GC proﬁles. Figure S8 shows the GC
curves of the bipolar and monopolar electrodes at current
densities from 1.0 to 100 A/g in 1.0 M H2SO4. The speciﬁc
capacitance (Cspec) was listed in Table S3. Normalizing Cspec by
its speciﬁc surface area or micropore volume gave the areal
capacitance (Careal) and micropore normalized capacitance,
which reﬂect materials’ surface and micropore utilization
eﬃciency (Figure 4a,c).
The ultrapolar sample (bulk BNC) and bipolar nanocarbon
hybrids show much higher Careal (0.2−0.5 F m−2) in
comparison with nonpolar CNT, graphene, and YP-50F
(0.02−0.09 F m−2) as well as TiC-CDC-600 with similar
pore size distribution (ca. 0.14 F m−2). Overall, the trend of
Cspec is consistent with their wetting behavior (Figure 4a, inset).
Careal of polar bulk BNC and bipolar BNC-CNT and BNC-G is
even 3.0, 1.8, and 2.2 times higher than that of the recently
reported hydrophilic N-doped carbon nanocages with remarkable areal capacitance (0.174 F m−2) at 1.0 A g−1 in aqueous
electrolyte.40,56 At 1.0 A g−1 with H2SO4 electrolyte, the bulk
BNC showed even higher Careal (0.52 F m−2) than that of the
state-of-the-art, N-doped ordered mesoporous graphene,
OMFLC-N (0.40 F m−2), while the bipolar BNC-CNT and
BNC-G also show comparable Careal with that of OMFLC-N
(0.31 or 0.38 vs 0.40 F m−2), indicating the relatively high
surface eﬃciency of this series of highly doped carbons with
favorable surface wettability.57 At low current density the bulk
BNC gave the highest Careal up to 0.52 and 0.49 F m−2 at 1.0
and 5.0 A g−1, respectively; however, it sharply decreased to
0.08 F m−2 at 20 A g−1 probably due to the lower electronic
conductivity and long diﬀusion path for charged ions. However,
bipolar nanocarbon hybrids show remarkable retention under
high current density even up to 100 A g−1 (Figure 4a) due to
the combined structural advantages including deﬁned wettability, stable heterogeneity, short diﬀusion paths, and excellent
electronic conductivity (Table 1). The micropore eﬃciency
showed a similar trend (Figure 4c), where the YP-50 F with
pure micropores and nonpolar surface gave the poorest surface
and pore eﬃciency probably due to (1) the poor wetting of the
nonpolar surface by aqueous electrolyte; (2) the existence of
long tortuous pore channels (slow kinetics), thus being less
electrochemically active; and (3) the lack of pseudocapacitance.
When 1.0 TEABF4/AN electrolyte was applied (Figure S9),
Careal of most polar bulk BNC decreased, whereas that of the
nonpolar CNT and graphene increased clearly (Figure 4b,
Table S4). Even though no visible diﬀerence can be observed in
the wetting pictures (inset in Figure 4b), some rational trend
analysis is feasible. With organic electrolyte, we expected a
higher surface eﬃciency of nonpolar CNT, graphene, and YP50 at low charging condition, which is followed by the bipolar
carbons. To our surprise, the bipolar carbons still stay at a
higher level, followed by bulk BNC, whereas the nonpolar
carbons still performed poorly. For instance, the highest Careal is
observed on bipolar BNC-G with the value up to 0.17 and 0.15
F m−2 at 1.0 and 5.0 A g−1, respectively; while BNC-CNT show
even better retention with a Careal value of 0.12 F m−2 at 50 A
g−1, which are 2 and 5 times higher than that of bulk BNC and
YP-50F, respectively. A closer inspection of pore structure
analysis (Figure 2b, Table 1) and the areal capacitance (Figure
4b) reveals a number of important mechanistic implications.

Furthermore, B-doping was proven to be capable of enhancing
the material’s long-term stability since the B-species can be
transformed into an oxide surface ﬁlm preventing further
corrosion.53
3.2. Inﬂuences of Surface Wettability on Capacitive
Behavior in Aqueous and Organic Electrolytes. As
mentioned above, the charge−discharge process of the
supercapacitor is based on adsorption/desorption of solvated
charged ions in nanopores or reversible faradaic redox reactions
occurring on the pore surface. Thus, a high wettability by
electrolyte is highly required for complete pore utilization and
rapid diﬀusion of charged ions to the nanopore surface to
match electrons in the circuit, which further accelerates the
Faradaic reactions and contributes extra pseudocapacitance in
addition to the double layer capacitance. Considering this
nature, the hierarchical bipolar carbons were expected to show
a high surface eﬃciency in both aqueous (1.0 M H2SO4) and
organic (1.0 M TEABF4/AN) electrolyte. Furthermore, the
surface eﬃciency is thoroughly compared by screening a large
range of typical polar and nonpolar materials. Notably, to
reduce any uncertainty stemmed from the test conditions, the
comparison is based on our experimental data obtained under
very close condition.
Figure S3a shows the CV test performed at a scan rate of 10
mV s−1 of supercapacitors in a symmetrical two-electrode
conﬁguration using 1.0 M H2 SO4 as electrolyte. The bipolar
nanocarbon hybrids and bulk BNC samples delivered CV
curves with combined shape of typical electrical double layer
capacitors and pseudocapacitors. It can be diﬀerentiated into
two components. The internal rectangular area is relevant to
the electrical double layer capacitance (Cd), while the external
hump area can be recognized as pseudocapacitance (Cp)
because of the appreciable amount of B-/N-doping that is
preferable for proton electrosorption. The electron donor
eﬀects of N-species, particularly the pyridinic-N at edges of
graphene layers have been proven eﬀective in attracting protons
to the pore surface of the electrode, and thus initiated the
pseudocapacitive behavior.54 The ratio of Cp/Cd is calculated to
be ca. 36%, indicating a relatively high contribution of the
proton-involved pseudocapacitance to the overall capacitance
associated with the heteroatom-doped sites. To our surprise,
even at a higher scan rate (50 mV/s, even 500 mV/s),
pseudocapacitive behavior was still obviously observed on the
bipolar nanocarbon hybrid (Figure S4). In contrast, the
nondoped CNT, graphene, and YP-50F with nonpolar surface
show rectangular shape reﬂecting the ideal electrochemical
double layer property. The comparison clearly reﬂects the
contribution of the high density of nitrogen and boron atoms
decorated on the surface in contributing extra capacitance.
Under similar procedures, supercapacitors with 1.0 M TEA
BF4/AN as electrolyte were investigated, and their CV curves
were shown in Figure S3b (10 mV/s) and Figure S5 (50 and
500 mV/s). In contrast to measurements that were observed in
1.0 M H2SO4, the CV curves in organic electrolyte are mainly
in the rectangular shape, indicating their double layer capacitive
behavior of both the bipolar carbons and monopolar carbons.
Notably, the BNC-CNT material reached its full capacity
already during the ﬁrst cycle indicating a superior wetting
behavior and no pore blocking eﬀects (Figure S6 in aqueous
electrolyte, Figure S7 in organic electrolyte) on bipolar BNCCNT material, which again indicated the easily wetted surface.
This is consistent with the wetting properties observed for
electrodes by immersing in electrolyte for 30 s (Figure 4a,b).
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Figure 5. Ragone plots of the symmetric supercapacitor cell based on the total mass/volume of the two electrodes in (a, c) 1.0 M H2SO4 electrolyte
and (b, d) 1.0 M TEABF4/AN electrolyte.

density up to 5 kW kg−1, followed by bipolar BNC-G and
BNC-CNT, respectively. These data reveal that a good match
of pore surface and electrolyte is beneﬁcial for achieving a
higher surface eﬃciency and, further, materials eﬃciency. More
interesting, the combined advantages in terms of matched
surface chemistry, hierarchical structure, and superior conductivity of bipolar BNC-CNT lead to a relatively high energy
(5.6 W h kg−1) even at 100 A g−1, which is 6 times higher than
that of YP-50F with a speciﬁc surface area of 1566 m2 g−1. With
organic electrolyte (Figure 5b), the hierarchical bipolar
materials show the leading energy density and power density.
Notably, the most polar bulk BNC decreased its order while
YP-50F increased clearly as compared with their aqueous
performance. This observation is in our expectation, since bulk
BNC showed most polar surface, long ions diﬀusion path and
lower conductivity, while YP-50F showed a large surface area
with predominantly hydrophobic surface, which can greatly
increase its energy density. Overall, the energy density of the
bipolar carbons is 1.3−1.7 times higher than that of YP-50F at
low charging condition and 2 times higher under high rate
charging (e.g., 50 A g−1). Taking the density of electrode into
account (Table S2, Figure 5c,d), the advantages of bipolar or
polar materials in aqueous electrolyte are still obvious,
particularly at lower charging condition, while in organic
electrolyte, bipolar BNC-G also performs best, outperforming
the commercial YP-50F which even showed 1.4 and 2.0 times
higher electrode density and speciﬁc surface area than that of
BNC-G, respectively. From a volumetric point of view, the lead
of bipolar carbons can be further extended by increasing its
packed density, which will be focused on in future work.

For example, polar bulk BNC shows doping properties and
PSDs similar to that of bipolar BNC-CNT. However, the Careal
of BNC-CNT is higher than that of bulk BNC from very low
(at 1.0 A g−1: 0.16 vs 0.11 F m−2) to much higher charging
current (at 50 A g−1: 0.12 vs 0.06 F m−2). Three possible
factors that may lead to the diﬀerence are (1) surface
wettability, (2) ions diﬀusion kinetics, and (3) electron
conductivity (Table 1). At 1.0 A g−1, the electron conductivity
seems not to be the controlling factor, which is indicated by the
observations in the aqueous system where a sharp decrease was
found when current density was higher than 5.0 A g−1. Thus, by
comparing BNC-CNT and bulk BNC, at low charging
condition, it is more likely that the surface eﬃciency is
controlled mainly by surface wettability and ionic diﬀusion
factor; whereas, at higher charging condition, the ionic diﬀusion
and electron transport/hopping play a bigger role in
determining the surface eﬃciency. Further comparing BNCCNT and YP-50F, we found the importance of hierarchical
structure with short diﬀusion paths in achieving a high
utilization eﬃciency, which is consistent with the above
InfraSORP data of pore utilization for BNC-CNT and YP50F (95% vs 84%, Figure 2c). Therefore, the combined features
in terms of favorable surface properties, highly accessible
structure, and favorable electron conductivity of BNC-CNT or
BNC-G also ensured them a high performance in surface and
pore volume eﬃciency (Figure 4d).
A key advantage of the bipolar carbons is revealed by
comparing the energy density and power density of this range
of materials. With aqueous electrolyte (Figure 5a), the most
polar bulk BNC show the highest energy density until powder
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4. CONCLUSIONS
In summary, surface engineering of nonpolar nanocarbons such
as CNT and graphene with a thin layer of metal−organic
frameworks-derived hydrophilic carbon was found to be a
general and eﬀective strategy to transform nonpolar nanocarbons into bipolar nanocarbon hybrids with a unique
ultrahydrophilic@ultrahydrophobic surface. The enhancement
of surface eﬃciency was exempliﬁed as a supercapacitor
electrode in both aqueous and organic electrolytes through a
profound comparison with a wide range of typical carbon
materials with distinct surface chemistry under the same
conditions. The combined features of the unique bipolar
surface, highly accessible structures and high conductivity, lead
to a higher portion of easily wetted and electrochemically active
surface and ﬁnally increase the surface eﬃciency. This work
provides a novel concept toward controlling surface polarity
parameters of carbon materials, and oﬀers new clues and
strategies on how to increase the surface utilization eﬃciency
and diﬀusivity in hierarchical pore structures in parallel. The
insight into bipolar surface design may also be important to
other electrochemical energy storage systems such as Li-ion/
sulfur batteries and fuel cells and as useful model materials for
catalysis and separation where deﬁned wettability and surface
polarity are required.

Considering the possible deterioration of heavy heteroatomdoping of the bipolar materials, we further checked their
capacitive stability with either aqueous or organic electrolyte.
For example, BNC−CNT-based supercapacitors showed a
remarkable cycling stability up to 25000 cycles at a current
density of 20 A g−1 (Figure S10) with a capacitance retention
up to 99%. The impedance curves (Figure S10a, inset) before
and after the long-term cycling did not show visible changes,
which also demonstrates the stable and reverse capacitive
behavior of the BNC-CNT materials. After the long-term
cycling, we retested the CV curve at 200 mV s−1 and GC proﬁle
at 20 and 100 A g−1. To our surprise, the rectangular shape of
the CV curve as well as the characteristic redox peaks are still
well-retained, while the shape of the GC proﬁles are also wellmaintained (Figure S10b,c). Similarly, with organic electrolyte,
the excellent cycling stability up to 20000 cycles was also
observed on BNC-CNT-based supercapacitors (Figure S11a),
showing a capacitance retention even higher than 98%. The CV
was rescanned at 500 mV s−1 after the long-term cycling
(Figure S11b). The rectangular shape of the CV curve is wellretained, with less than 2% loss in speciﬁc capacitance. In
addition, we also considered the self-discharge issue, which
occurs spontaneously when supercapacitors are held in the
charged state due to multiple reasons such as charge redistribution, ohmic leakage, and parasitic Faradaic reactions.58
Self-discharge was exempliﬁed on BNC-CNT as well as the
benchmark sample of YP-50F based on three-electrode
conﬁguration test in 1.0 M H2SO4 electrolyte. After polarization
at 1.0 V, the open circuit potential (OCP) of BNC-CNT
electrode declines to 0.51 V in 10 h, while that of YP-50F can
still remain 0.73 V. The severe self-discharge of BNC-CNT may
arise from the extensive parasitic Faradaic reactions due to the
heavily doped heteroatoms in the hydrophilic layer, which
needs to be further understood in future study.
All in all, the above comprehensive results from many aspects
reveal the folllowing. (1) The novel bipolar surface beneﬁt from
excellent surface wettability in both aqueous and organic
electrolyte, which not only oﬀers more accessible sites for the
electrosorption of free electrolyte ions on pore surfaces but also
increases electric and ionic conductivity at electrode−electrolyte interfaces. This result is consistent with other ﬁndings of
either nonpolar carbons (such as mesoporous CDC,59−61
grapheme ﬁlm,62 porous grapheme powders or monoliths,63−65
and biomass-derived highly porous carbons,66,67 etc.) in organic
electrolyte,68 or polar carbons (oxygenated graphene hydrogel
structures,28,69 N-doped porous carbons,68,70 N-doped ordered
mesoporous graphene,57 and acid-oxidized CNT,71etc.) in
aqueous electrolyte. (2) The thin microporous layer coated
on the conductive nanocarbons (e.g., CNT and graphene) can
function as transport shortcuts for accelerating the transport of
electrons and electrolyte ions, beneﬁting a high rate performance. Due to such unique structure and surface chemistry, the
bipolar nanocarbons achieve a higher surface and pore volume
utilization ratio, enhancing the materials eﬃciency. In addition
to the experimental comparison of various carbon materials in
this work, we also compared the surface eﬃciency of this set of
bipolar materials with a wide range of highly porous carbon
materials in the literature, where the key parameters as well as
test conditions were listed in Table S5, where the advantages in
surface eﬃciency of the bipolar carbon materials is obvious.
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