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Bio-inspired beehive-like hierarchical nanoporous carbon (BHNC) with a high specific surface area of 

1472 m2 g-1 and a good electronic conductivity of 4.5 S cm-1 is synthesized by carbonizing the industrial 

waste of bamboo-based byproduct. The BHNC sample exhibits remarkable electrochemical performances 

as supercapacitor electrode material such as high specific capacitance of 301 F g-1 at 0.1 A g-1 still 10 

maintaining that of 192 F g-1 at 100 A g-1, negligible capacitance loss after 20,000 cycles at 1 A g-1, and 

high power density of 26,000 W kg-1 at energy density of 6.1 Wh kg-1 based on active electrode materials 

in aqueous electrolyte system. Moreover, an enhanced power density of 42,000 W kg-1 at high energy 

density of 43.3 Wh kg-1 is obtained in ionic liquid electrolyte system, which places the BHNC-based 

supercapacitors in the Ragone chart among the best energy-power synergetic outputting properties in ever 15 

reported for carbon-based supercapacitors.  
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 25 

 
 

Introduction  

Stemmed from the climate change and depletion of fossil fuels, 
the market of green and sustainable energy storage systems (ESSs) 30 

with highly efficient, environmentally benign and low-cost 
characters are colossally increased.1-4 Among these ESSs, 
electrochemical capacitors (supercapacitors) have been attracting 
intense research interest lately and are widely applied in the 
portable electronics and hybrid electric vehicles,5, 6 owning to 35 

their fascinating performances such as high power density, good 
cyclic stability, fast charge/discharge processes and low 
maintenance.7, 8 The electrochemical performance of an ideal 
supercapacitor with excellent energy-power combination 
properties is highly determined by the adopted active electrode 40 

materials and electrolyte. At a given electrolyte, the design and 
optimal nano-morphology of the active electrode materials for the 
best equilibrium between energy and power properties is still a 
significant goal because of the energy and power characteristics 

competing with each other.9 Carbonaceous nanomaterials, such as 45 

nanoporous carbons and graphene, are the most common active 
electrode materials for supercapacitors owning to the tunable 
morphologies in nanosize, large specific surface areas, good 
conductivities and high chemical stability.10, 11 Graphene-based 
nanomaterials have been emerging as a new class of the ideal 50 

electrode candidates, such as curved/crumpled graphene,12, 13 
microwave-exfoliated graphene,14 laser-scribed graphene,8 liquid 
electrolyte-mediated graphene15 and functionalized graphene.16 
However, the produced cost of graphene-based nanomaterial is 
much more expensive than that of the nanoporous carbons 55 

derived from pyrolysis/hydrothermal of biomass,6 and the 
graphite from mineral deposits as main raw materials preparing 
graphene is very limited and will face the depletion with the 
prospective huge utilization on graphite-based electrode 
materials.17 60 

Bio-inspired porous carbon materials derived from biomass 
resources are renewable/eco-friendly and rapidly increasing 
interest for supercapacitor electrode materials, such as direct 
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pyrolysis of seaweeds,18, 19 egg whites and eggshell 
membranes,20-22 dead leaves,11 human airs23 and pistachio 
nutshells,24 and hydrothermal carbonization of eucalyptus wood 
sawdusts,25 pollens,26 corncobs and spruces27 and hemps.6 These 
carbon-based nanomaterials possess not only in regard to 5 

sustainable/economic advantages, but also in terms of the high 
specific surface area, rational average pore sizes and the optimal 
pore size distributions leading to high energy storage 
capabilities.9, 10 Based on sufficiently understanding the effect of 
pore size and surface area, a high capacitance can be obtained 10 

even at moderate specific surface area of about 1500 m2 g-1 by 
properly tailoring the pore sizes.11 The ideal narrow pore size 
distribution consisting of most smaller than 1 nm but exactly 
matching with the size of bare (desolvated) electrolyte ions, such 
as EMIM+ of 0.43 nm and TFSI- of 0.29 nm,28 could lead to 15 

significant enhancement of specific capacitance (C),25, 28 since the 
substantial electrolyte ions are extruded through the micropores 
under a given potential and meanwhile the distance (d) of 
electrolyte ion center to pore wall is also decreased, extremely 
agreed with the equation C = εA/d where ε is dielectric 20 

permittivity of electrolyte and A is surface area.29, 30 Compared to 
the reported metal carbide-derived carbon,29-31 zeolite-templated 
micropore carbon,32 and nanoporous carbons synthesized from 
chemical polymers such as potassium citrate,10 ploy(acrylamide-
co-acrylic acid) potassium,33 the synthesis of novel nanoporous 25 

carbons from natural biomass with rational design of specific 
surface area, average pore size and pore size distribution is a 
toxic-free, low-cost and dominant research field.  

Natural bamboo (Phyllostachys pubescens) is an eco-friendly, 
widely distributed and multifunctional plant. Currently, a mass of 30 

bamboo can be used as the raw materials to exact bioactive 
substances for medicinal applications such as di-C,C-
hexosylapigenin, O-Hexosyl-O-deoxyhexosyl tricin, and 6-C-
glucosylapigenin with high antioxidation, antibacterial, melanin 
inhibition, and antiallergic activities.34, 35 Large quantities of 35 

bamboo-based industrial byproducts of extraction residues are 
generated during the process (Fig. S1), waiting for value-added 
secondary-utilization as green energy storage materials. Here we 
have successfully prepared a novel bio-inspired beehive-like 
hierarchical nanoporous carbon (BHNC) employing bamboo-40 

based industrial byproduct as a model carbon precursor by a 
simple and scalable combined process of hydrothermal 
carbonization, activation and vacuum annealing. The resulting 
BHNC sample with high specific surface area and good 
electronic conductivity renders a remarkable electrochemical 45 

performance as supercapacitor electrode material.  

Experimental  

Chemical  

The bamboo (Phyllostachys pubescens)-based industrial 
byproduct used in the experiments were obtained from Yunnan 50 

province of China. 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide (EMIM TFSI) and 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfony) imide (BMPY 
TFSI) were purchased from Sigma-Aldrich. Potassium hydroxide, 
N-methyl-2-pyrrolidone (NMP) and all others reagents were 55 

purchased from Beijing Chemical Works, unless otherwise 

specified and were used without further purification. 

Synthesis of the material  

2.0 g of bamboo-based industrial byproduct was uniformity 
dispersed in 40 mL of distilled water containing 0.5 mL of 60 

sulfuric acid though ultrasound. The dispersion was placed in a 
100 mL stainless steel autoclave and was heated up to 200oC for 
12 h and then allowed to cool to room temperature. The resulting 
solid product (hydrochar) was recovered by filtration, washed 
with distilled water and dried overnight at 80oC. The hydrochar 65 

was activated using KOH at a mass ratio of 1:1 (hydrochar/KOH) 
mixed in an agate mortar and heated at 800oC for 1 h under argon 
flow with a heating rate of 5oC min-1 in a horizontal tubular oven. 
Finally, the samples were sufficiently washed with 10 vol% 
acetic acid solution to remove the residual inorganic impurities 70 

and then plenty of distilled water, followed by drying in an oven 
at 120oC for 5 h and annealed at 800oC for 1 h in a vacuum. In 
order to demonstrate the effect of the vacuum annealing, the 
control samples with unannealed (no 800°C in vacuum) process 
and annealing at 1000°C out the oxygen groups from the carbon 75 

surface were prepared, respectively, with other procedures as 
same as that of BHNC. To examine the effect of hydrothermal 
treatment to the morphology and porous structure of samples, 
another control sample was synthesized by direct pyrolysis of the 
bamboo-based industrial byproduct at 800oC for 2 h before the 80 

activation process.  

Structural characterization 

The composition of bamboo-based industrial byproduct was 
carried out by high-performance anion exchange chromatography 
(HPAEC) system (ICS-3000, Dionex). The morphologies and 85 

microstructures of the samples were observed by a field emission 
scanning electron microscopy (FE-SEM, JSM-7500F), 
transmission electron microscopy (TEM, JEM-2100) and high-
resolution transmission electron microscopy (HR-TEM, JEM-
2100F). Powder X-ray diffraction (XRD) patterns were 90 

determined by using an X-ray diffractometer (X-6000) with Cu 
Kα radiation (λ = 1.5406 Å). Raman spectra were performed by a 
microscopic confocal Raman spectrometer (LabRAM HR800) at 
a laser wavelength of 514 nm. The electrical conductivity of the 
BHNC powders was determined in a four-point probe method 95 

(Jandel RM3) by pressing the powders at a pressure of 10 MPa. 
The porous texture characters of the samples were measured by 
the nitrogen sorption isotherms at 77 K (Micromeritics ASAP 
2010), and the specific surface area and pore size distributions 
were analyzed by using the Brumauer-Emmett-Teller (BET) 100 

method and Non-Local Density Functional Theory (NLDFT) 
model using silt model. The surface elemental compositions were 
determined by X-ray photoelectron spectroscopy (XPS, Escalab 
250) and infrared spectrometer (IR, iN10MX).  

Electrochemical measurements in 6 M KOH 105 

The aqueous supercapacitor performance was tested in 6 M KOH 
in three-electrode configuration and two-electrode symmetric cell. 
The work electrode was prepared that a slurry of 90% BHNC, 5% 
conducting carbon (Super-P) and 5% binder (PVDF) in NMP was 
pressed onto a nickel foam at 15 MPa and then dried at 100oC 110 

overnight in vacuum oven with a loading of about 2 mg cm-2. A 
platinum foil and an Ag/AgCl electrode were used as the counter 
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and reference electrode in the three-electrode configuration, 
respectively. Cyclic voltammetry (CV) and galvanostatic charge-
discharge curves were obtained on a CHI660D electrochemical 
workstation. The specific capacitance is calculated by It/m△E 

based on the charge-discharge curves in the three-electrode 5 

configuration, where I (A) is the discharge current, t (s) is the 
discharge time, m (g) is the mass of active electrode material, and 
△E (V) is the potential window. For the two-electrode symmetric 
supercapacitors, the devices were assembled by which two 
electrodes were separated by a porous polypropylene membrane 10 

soaked in 6 M KOH in CR2025-type coin cells. A CT2001E 
Battery Program Controlling Test System was used to measure 
the galvanostatic charge-discharge and the specific capacitance C 
was calculated by 2It/m△E, where m (g) is the active material 
weight of one electrode. 15 

Electrochemical measurements in neat EMIM TFSI 

To measure the non-aqueous symmetric supercapacitor 
performance in an neat ionic liquid of EMIM TFSI as electrolyte, 
the electrodes were prepared by pressing the above slurry 
containing the BHNC sample onto a conducting carbon substrate 20 

with a loading of about 5 mg cm-2. Two electrodes were separated 
by a porous polypropylene membrane soaked in neat EMIM TFSI 
in CR2025-type coin cells. The CV curves were obtained on a 
CHI660D electrochemical workstation and the galvanostatic 
charge-discharge was measured at the CT2001E Battery Program 25 

Controlling Test System over a voltage window 3.5 V tested at 
60oC. Electrochemical impedance spectroscopy (EIS) was tested 
at an open-circuit potential with the perturbation amplitude of 5 
mV. For the symmetrical supercapacitors, the energy density E 
(Wh kg-1) was calculated by CV2/(8×3.6) and the power density P 30 

(W kg-1) was calculated from E/t, where V (V) was the discharge 
voltage and t (h) is discharge time. 

Results and discussion 

Figure 1a illustrates the strategy of preparation approach for the 
BHNC sample from the bamboo-based industrial byproduct by 35 

combined processes of hydrothermal carbonization, activation 
and vacuum annealing. The bamboo-based industrial byproduct 
which originates from the bioactive-substance extraction residues 
as a model carbon precursor, comprises about 43.44 wt% 
cellulose (as glucan), 27.52 wt% lignin and 29.56 wt% 40 

hemicelluloses (28.42 wt% xylan, 0.83 wt% arabian and 0.31 
wt% galactan) based on the high-performance anion exchange 
chromatography (HPAEC) analyses. The hydrothermal treatment 
to prepare hydrochar caused the feedstock to carbonization, self-
assembled into nano-fragments and generation of no-open 45 

bottleneck macro/mesopores.25, 36 The resulting hydrochar owns 
uniform oxygen-containing groups.22 Then the succeeding 
activation using potassium hydroxide leaded to the formation of 
potassium carbonate by reacting with the oxygen-containing 
groups and carbon of hydrochar. These inorganic products were 50 

removed through acid and water washing to create micropores on 
the no-open meso/macropore walls. This process plays a crucial 
role to improve the available specific surface area and micropore 
porosity. Finally, the vacuum annealing resulted in further 
graphitization and thus improved the conductivity of samples. 55 

The morphology and microstructure of the BHNC sample were 

characterized by FESEM. The representative FESEM micrograph 
(Fig. 1b) clearly manifests that the BHNC owns the 
interconnected carbon nanosheet frameworks. The magnified 
FESEM image (Fig. 1c) suggests the existence of abundant pores 60 

in the interconnected carbon nanosheet frameworks. The high-
magnification FESEM (Fig. 1d) indicates that the BHNC 
possesses a beehive-like hierarchical nanoporous structure on the 
interconnected carbon nanosheet frameworks, where the slits or 
cylindrical micropores are developed on the bottleneck-like 65 

meso/macropore walls leading to a hierarchical porous network, 
which is further demonstrated by the TEM image (Fig. 1e). The 
HR-TEM image (Fig. 1f) confirms the partial graphitization 
observed from the distorted lattice fringe images of the BHNC 
sample. 70 
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Fig. 1 (a) Schematic synthesis procedures of the BHNC sample 
with beehive-like hierarchical nanoporous structures, where the 95 

micropores were formed on the meso/macropores walls of the 
interconnected carbon nanosheet frameworks, (b-d) FESEM and 
(e) TEM images of the beehive-like microstructures of the BHNC 
sample, and (f) HR-TEM image of the edge of the BHNC. The 
beehive-like hierarchical nanoporous carbon framework could be 100 

clearly showed with the structural model shown in (a) and 
demonstrated by in (b-d) and the yellow rings in (e). The partial 
graphitization could be found from the distorted lattice fringe 
images in (f) of the BHNC.  

 105 

The carbonization and graphitization degree of the BHNC 
sample was characterized by the XRD pattern (Fig. 2a). It can be 
clearly observed that the BHNC possesses two peaks which are 
consistent with graphitic carbon, albeit with incomplete. The 
broad peak at around 22o corresponds to the (002) reflection of 110 

the graphitic stacking, and the weak peak at about 43o which is 
the superposition of the (100) and (101) reflections, i.e., (10) 
reflection, originates from the interlayer condensation and 
efficiently enhances the conductivity.23, 24 The Raman spectrum 
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(Fig. 2b) also shows two peaks around 1340 cm-1 (D-band) and 
1590 cm-1 (G-band). The G-band peak at 1590 cm-1 stemmed 
from E2g phonon vibrations of sp2-bonded carbon atoms is a 
characteristic feature of graphite layers, and the D-band peak at 
1320 cm-1 attributed to the breathing mode of κ-point phonons 5 

with A1g symmetry is related to the defective graphitic structure 
and disordered carbon (sp3-rich phase).33, 37 The intensity ratio 
(IG/ID) depended on the degree of graphitic structure,21 is 1.01 
which is obviously higher than that of the commercial activated 
carbon (0.52).6 The BHNC sample also exhibits a large graphitic 10 

domain size of 4.04 nm calculated from the IG/ID.6 These 
observations from HR-TEM, XRD and Raman analyses further 
suggest that the BHNC owns partial graphitization structure 
leading to a good electronic conductivity of the samples. The 
electronic conductivity of the BHNC measured by a four-probed 15 

method is 4.5 S cm-1 at a pressure of 10 MPa, which is well 
comparable with that of the commercial activated carbon (super 
50) of 4.3 S cm-1 for supercapacitors10 and higher than that of the 
reported carbon nanosheets derived from hemp (2.1-2.3 S cm-1).6 
While the control sample with the unannealed process show the 20 

lower electronic conductivity of 2.9 S cm-1. The good electronic 
conductivity of BHNC can be attributed to the post-synthesis 
vacuum annealing of high temperature, and the high cellulose 
contents of bamboo fibers from the HPAEC analyses which can 
form the order structures during this approach. 25 

 
 
 
 
 30 
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Fig. 2 (a) XRD pattern, (b) Raman spectrum, (c) Nitrogen 
adsorption-desorption isotherm with (d) the pore size 50 

distributions as well as (e) C1s and (f) O1s XPS spectra of the 
BHNC sample. Insert of (d) is the cumulative pore volume 
deduced by the NLDFT method.  

 
The porous texture of the BHNC was measured by nitrogen 55 

adsorption-desorption at 77 K. Figure 2c shows that the BHNC 
exhibits a type-I isotherm with a sharp adsorption knee at low 
relative pressures and well-developed plateaus, indicating that it 

is a typical microporous material and owns a narrow pore size 
distribution. The specific surface area of 1472 m2 g-1 based on the 60 

standard BET method suggests that the BHNC is suitable as a 
supercapacitor electrode material. The pore size distributions 
calculated by the NLDFT model show hierarchical pore 
structures with three narrow micropore systems and a wide 
meso/macropore system (Fig. 2d). Most pore diameters are less 65 

than 1.5 nm consisted by three narrow micropore systems mainly 
around 0.54 nm and small part at about 0.79 nm and 1.09 nm. 
While a small fraction of meso/macropores with a wide pore 
diameter range from 10-60 nm may originate from the 
bottleneck-like pores. The pore volume distribution is shown in 70 

Figure 2d. The total pore volume is 0.61 cm3 g-1 and above 79 % 
pore volume is attributed to micropores. The moderate pore size 
distribution and total pore volume lead to a rational density of the 
BHNC (0.56 g cm-3) higher than that of the commercial activated 
carbons, which are beneficial to improve the volumetric energy 75 

and power characteristics of the BHNC-based supercapacitors. 
The chemical composition of the BHNC sample was 

determined by XPS. The XPS data suggest that the material 
contains 94.56 mol% carbon, 4.79 mol% oxygen and a small 
amount of 0.65 mol% nitrogen. The XPS C1s spectrum (Fig. 2e) 80 

exhibits mainly single peak consisting of sp2-bonded carbon 
(284.6 eV) with a small tail containing sp3-bonded carbon (285.6 
eV), C-O (286.7 eV), C=O (288.4 eV), O=C-O (289.1 eV) and a 
satellite peak of π→π* (291.5 eV) at the higher-binding energy 
region,38-40 which indicates the formation of the abundant 85 

conjugated systems to improve its conductivity. The XPS O1s 
spectra (Fig. 2f) can be de-convoluted by three peaks representing 
C=O (531.6 eV), C-O (532.4 eV) and O-C=O (535.4 eV). These 
results are further demonstrated by the IR analysis (Fig. S2). The 
oxygen-containing groups and a small amount of nitrogen on the 90 

material surface can enhance the wettability of the electrodes with 
the electrolytes,18, 33 and the electron-rich nitrogen can also 
enhance the conductivity of the carbon materials.20, 23, 41 
Moreover, these surface heteroatom-doped functional groups can 
act as the active sites for the additional pseudocapacitance leading 95 

to an enhanced electrochemical performance of BHNC as 
supercapacitor electrode.15-20  

Electrochemical performance  

The BHNC-based aqueous supercapacitors were measured in 
both three-electrode configuration and two-electrode symmetric 100 

cell in 6 M KOH solution as electrolyte at the potential window 
of 1 V. To understand the intrinsic electrochemical behavior of 
the BHNC, the CV curves were recorded at different scan rates 
from 2 to 400 mV s-1 (Fig. 3a). It can be seen that the CV curves 
maintain an almost symmetric rectangular shape with weak-105 

broadened humps even at high scan rate of 400 mV s-1, indicating 
a dominant electric double-layer capacitance behavior with a 
strong synergistic effect of reversible pseudocapacitance from 
limited surface oxygen groups (4.79 mol% oxygen) including 
C=O/C-O as supported by XPS.15, 16  110 

In order to further confirm the unique beehive-like nanoporous 
structure of BHNC contribution to the electrochemical 
performance, the galvanostatic charge-discharge curves were 
measured at different current densities with 0.1-100 A g-1 (Fig. 
3b). The almost linear and symmetric triangular-type appearances 115 

of galvanostatic charge/discharge curves also manifest the 
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dominant double-layer capacitance behaviors. The discharge 
curves only show a small voltage drop implying a low equivalent 
series resistance leading to a large power delivery. The specific 
capacitances are calculated from the discharge curves of 
galvanostatic profiles at different current densities (Fig. 3c). At a 5 

current density of 0.1 A g-1, the specific capacitance of 301 F g-1 

was obtained which is superior to some of advanced carbons 
electrodes such as microporous carbon from carbonization of 
chemical polymer33 and the seaweeds,19 activated carbon from 
waste newspaper,42 sunflower seed shell,43 and well comparable 10 

those nitrogen-doping carbons such as human hair-based 
carbons,23 and argan seed shells44 in aqueous electrolyte system. 
Compared with these predecessors, the high specific capacitance 
of BHNC is attributed to not only the reversible 
pseudocapacitance from limited surface oxygen groups but also 15 

the unique hierarchical pore size distribution with a narrow pore 
size around 0.53 nm matching with the aqueous electrolyte ions 
as supported by NLDFT analysis. Even at 100 A g-1, a specific 
capacitance of 192 F g-1 retaining 63.8% initial capacitance was 
maintained, indicating an excellent rate performance, which can 20 

result from the high electronic conductivity of 4.5 S cm-1 as well 
as the beehive-like hierarchical nanoporous structures that the 
wide meso/macropores range from 10-60 nm could buffer amount 
of electrolyte ions and promote the ion transfer into interior pore 
surface of microporous at high discharge rates leading a high rate 25 

performance and high power density.  
The CV and galvanostatic charge/discharge of the BHNC-

based symmetrical supercapacitors in 6 M KOH were also 
measured (Fig. S3), which further indicate quick ion/charge 
transports and dominant electric double-layer capacitor behaviors. 30 

The long-term cyclic stability of aqueous symmetrical 
supercapacitors was evaluated by galvanostatic charge/discharge 
at several current densities. As shown in Figure 3d, the cell still 
retains near 100% of initial capacitance after 20,000 cycles at 1 A 
g-1 evidencing the wonderful stability even at high discharge rates. 35 

 
 
 
 
 40 

 
 
 
 
 45 

 
 
 
 
 50 

 

 

Fig. 3 (a) CV curves, (b) galvanostatic charge-discharge curves 
and (c) charge/dicharge rate performance of the BHNC-based 
electrode in three-electrode configuration with 6 M KOH solution 55 

as electrolyte. And (d) the long-term cyclic stability at different 
current densities for the BHNC-based electrode in 6 M KOH.  

 

 
 60 
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 75 

Fig. 4 (a) CV curves, (b) galvanostatic charge-discharge curves, 
(c) charge/dicharge rate performance and (d) the long-term cyclic 
stability at different current densities in neat ionic liquid of 
EMIM TFSI as electrolyte for the BHNC-based electrode.  

 80 

The practical application of the aqueous supercapacitors is 
gravely limited due to the low potential window of 1 V leading to 
the low energy storage.  In order to improve the energy density, 
we therefore measured the non-aqueous symmetrical 
supercapactors in a neat ionic liquid electrolyte of EMIM TFSI 85 

with a wide potential window of 3.5 V as tested at 60oC. Figure 
4a and b show the CV curves with almost rectangular form in all 
the scan rates and the galvanostatic charge/discharge curves with 
symmetric triangular-type shapes for the ionic liquid symmetrical 
supercapactors, both which indicate a dominant electric double-90 

layer capacitor formation at the interface of electrode and 
electrolyte. The specific capacitance calculated by the same 
method for the aqueous system is represented in Figure 4c. The 
highest specific capacitance of 146 F g-1 at 0.2 A g-1 was obtained, 
and 74% capacitance value (i.e., 108 F g-1) was retained at 50 A 95 

g-1. These values are superior to that of the reported carbon 
derived from chemical polymer,33 leaves,11 and human hair23 in 
the organic electrolyte system. After 5,000 cycles at 1 A g-1 the 
devices show a 95% of initial capacitance (Fig. 4d), due to the 
degradation of partial electrolyte on the oxygen-containing 100 

surface but very limited. Compared with these predecessors in 
organic/ionic liquid systems, the good electrochemical 
performances of BHNC result from the high specific surface area 
and ideal hierarchical pore size distribution with a narrow pore 
size mainly around 0.53 nm exactly matching with the size of the 105 

electrolyte ions (EMIM+ of 0.43 nm),6, 25 leading to a significant 
enhancement of specific capacitance because the plentiful 
electrolyte ions are extruded through the micropores and build the 
ion monolayer inside of micropore under a given potential even at 
high discharge rates where diffusion limitation is non-110 

significant.22, 25-28 Moreover the bottleneck-like meso/macropores 
could noticeably improve the ion transport kinetics by means of 
buffering amount of electrolyte and furnishing a convenient ion 
transfer approach to increase the accessibility of electrolyte ions 
with microporous areas and decrease the diffusion distances for 115 

electrolyte ions to the interior pore wall at high discharge rates.22 
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The process is showed in the inset of Figure 6a. In addition, the 
ionic liquid symmetrical supercapactors were tested at 60oC when 
the electrolyte of EMIM TFSI owns high ionic conductivity and 
transport (melting point of EMIM TFSI is about -15oC), which 
can effectively alleviate the phenomenon of the ion “traffic jam” 5 

in pores of comparable dimensions.3, 22 The interconnected 
porous carbon nanosheet frameworks with high electronic 
conductivity of BHNC can also be more advantage of ion 
transport than that of the reported carbon particles22 at high 
discharge rates. Both of which can lead to an energy and power 10 

synergetic outputting property of BHNC-based symmetrical 
supercapactors in ionic liquid system.  

After eliminating the surface oxygen groups by vacuum 
annealing at 1000oC, the sample exhibits better rate performance 
at high discharge current densities due to the higher electronic 15 

conductivity of 5.6 S cm-1 than that of BHNC (Fig. S4), but 
possess almost identical specific capacitance values due to the 
high annealing temperature possibly resulting in part 
microstructures collapsed.25 In addition, to further demonstrate 
that the good match the size of electrolyte ions with pore sizes 20 

can enhance the electrode performances, a BHNC-based 
symmetric supercapacitor using another ionic liquid of BMPY 
TFSI (BMPY+ of 1.1 nm)6 as electrolyte was discussed. Figure 
S5 shows that the cells in BMPY TFSI system exhibits the 
distorted CV curves and low specific capacitance compared with 25 

that of in EMIM TFSI system at the same conditions, due to the 
larger cationic ion diameter than most of pore sizes of BHNC 
which leads to inefficient electrolyte ion transport and a high 
equivalent series resistance. 

 30 
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 45 

 
 
 
Fig. 5  Nyquist plot for the BHNC-based electrodes (a) in 6 M 
KOH and (b) in EMIM TFSI, with a magnification for the high-50 

frequency region in the inset (a and b), respectively. And (c) the 
impedance phase angle versus frequency for the BHNC-based 
electrodes. 

 
Electrochemical impedance spectroscopy measurement was 55 

employed to study the electron/ion transport process and further 
demonstrated the favorable performance for the BHNC-based 
electrodes in symmetric supercapacitors. Figure 5a and b show 

the Nyquists plots for both aqueous and ionic liquid symmetric 
supercapacitors. Almost vertical lines normal to the real axis (Z’) 60 

at a low frequency region distinctly show the ideal capacitance 
behaviors with very low diffusion resistance Rd.

45 The data in the 
magnified high frequency regions are shown in the insert of 
Figure 5a and b. The Ohmic resistance R0 of the devices is 
obtained from the corresponding value of the first intercept of the 65 

plots with the real axis, including intrinsic resistance of the active 
electrode materials, the substrate and electrolyte, and the contact 
resistance of the electrodes with the external circuit.13, 46 The 
devises own very low R0 of 1.04 and 1.29 Ω for the aqueous and 
ionic liquid system, respectively. The small semicircles in the 70 

high to medium region in the insert of Figure 5a and b reflect the 
low charge transfer resistance Rct. Low Rct and the short Warburg 
region at the 45o sloped curves effected by the porosity, 
wettability and thickness of electrode materials,23, 47 indicate the 
efficient charge transfer process in the BHNC-based electrodes. 75 

The equivalent series resistance Resr is 1.89 and 3.09 Ω for the 
aqueous and ionic liquid system, respectively, further suggesting 
the excellent conducting performance of the samples. Importantly, 
these values are considerably lower than that of the recently 
reported carbons by direct pyrolysis of chemical polymer 33 and 80 

dead leaves11. 
Figure 5c shows the Bode plots of the frequency response. The 

characteristic frequency fo for a phase angle of -45° is 0.95 and 
0.61 Hz for the aqueous and ionic liquid system, respectively. 
The corresponding relaxation time constant τo (1/fo) is 1.05 85 

(aqueous) and 1.64 s (ionic liquid), which are well comparable 
with that of the activated graphene (1.67 s),48 and obviously 
lower than that of the commercial active carbon (10-100 s),8, 25 
metal carbide-derived carbon29, 30 and advanced microporous 
carbon from the carbonation of chemical polymers.10, 33 The fast 90 

frequency response further confirms the superiority of the 
beehive-like nanoporous carbon as supercapacitors electrode for 
high discharge rates with good capacitance retention and high 
power delivery.  

In order to assess the overall energy and power characteristics 95 

of the BHNC-based symmetric supercapacitors, the Ragone plots 
are given in Figure 6a based on the mass of active electrode 
materials. The BHNC-based aqueous symmetric supercapacitors 
exhibit a high energy density of 9.5 Wh kg-1 at gravimetric power 
density of 25 W kg-1, whereas the energy density still remains 6.1 100 

Wh kg-1 at high power density of 26,000 W kg-1. In ionic liquid 
system, the energy density is increased to 58.6 Wh kg-1 at power 
density of 166 W kg-1 due to the potential window extended to 
3.5 V, more importantly 73.9% energy density of 43.3 Wh kg-1 is 
remained at extractable power density of 42,000 W kg-1, which is 105 

better than that of the reported microporous carbide-derived 
carbon (23.8 Wh kg-1),29 hierarchical porous graphitic carbon 
(22.9 Wh kg-1)49 and interconnected carbon nanosheets (40 Wh 
kg-1)6 based on the active electrode materials. These results 
indicate that BHNC-based supercapacitors can deliver a great 110 

mass of energy-power densities at the same time owning to 
ultrafast electron/ion transports, suggesting the increase of power 
density without obviously compromising the value of energy 
density. In addition, we compare the energy-power characteristics 
of BHNC-based electrodes with those of state-of-the-art porous 115 

carbons synthesized from natural biomass6, 23, 27 and chemical 
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polymer,10, 33, 50 metal carbide-derived carbon,29 carbon 
nanotube,51 graphene12, 13, 52 and other advanced carbons49, 53-55 
based on the total active mass of both electrodes (Fig. 6b). The 
BHNC-based electrodes locate among the best energy-power 
characteristics in ever reported for carbon-based supercapacitors. 5 

In order to extrapolate the practical energy and power densities of 
the packaged cells in ionic liquid system, the normalized values 
based on total cell mass is obtained from 1/4 of the performance 
values based on active electrode materials, according to the active 
electrode materials representing about 30% weight ratio of whole 10 

mass of all cell components. 6, 14, 48, 52, 56, 57 Figure 6c shows the 
Ragone plots of BHNC-based packaged cell in ionic liquid 
system based on the total devices compared with commercial 
electronic energy storage devices.1 The normalized energy 
densities of the assumed packaged cell are expected for about 15 

10.8~14.6 Wh kg-1 which are about 2~3 higher than that of the 
commercial AC-based supercapacitors.6, 10 The normalized 
maximum power density of the devices is about 10 kW kg-1, 
suggesting that the devices could recharge completely in only 3.6 
s. These results show that BHNC-based packaged cell can 20 

successfully cross the performance gap between the 
electrochemical capacitor and Ni-metal hydride (NiH) batteries. 

 
 
 25 

 
 
 
 
 30 
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 40 

 

 

 

 

Fig. 6 (a) Ragone plots for the BHNC-based symmetrical 45 

supercapacitors in different electrolytes (insert of (a) is the 
schematic representation of the possible electrolyte ions transport 
mechanism of BHNC-based electrodes), and (b) performance 
comparison of the BHNC versus literature reported values for 
state-of-the-art carbon materials (hollow: aqueous electrolyte, and 50 

solid: non-aqueous electrolyte) based on the total active mass of 
both electrodes. And (c) performance comparison of BHNC-
based devices with the commercial electronic energy storage 
devices (Data from ref. 1). 

 55 

The prominent performances such as high specific capacitance 
and rate capability, excellent long-term cyclic stability, low 
equivalent series resistance and fast frequency response of the as-

prepared BHNC-based electrodes are attributed to the unique 
beehive-like nanoporous structures on the interconnected carbon 60 

nanosheet frameworks with the high specific surface area and 
hierarchical pore size distributions. In order to further confirm the 
key role of the beehive-like nanoporous structures on the 
interconnected carbon nanosheet frameworks with hierarchical 
pore size distribution to the electrochemical application, a control 65 

sample with only narrow pore size distribution of about 0.54 nm 
(96% micropore volume) was prepared. The corresponding data 
is shown in Figure S6. It can be clearly seen that the control 
sample displays significant distorted CV curves at high scan rates 
and a lower capacitance response compared with BHNC both in 70 

aqueous and ionic liquid systems under the same conditions. 
These results are attributed to that the control sample only 
possesses a narrow micrpore system without the meso/macropore 
system to buffer vast electrolyte ions and thus owns an 
inefficiently ion transfer process at high scan rates.  In order to 75 

demonstrate the effective of post-synthesis vacuum annealing, the 
control sample without the treatment of vacuum annealing at 
800°C exhibits lower specific capacitance and larger equivalent 
series resistance than that of BHNC in either electrolyte due to 
low electronic conductivity (Fig. S7). It should be noted that the 80 

activation parameters (mass ratio of KOH/carbon, activation 
temperature and time) of BHNC were optimized (Fig. S8), which 
are attributed to the comprehensive effect of complex activation 
reactions and district carbon precursor of bamboo fibers.58-60 

Conclusions 85 

A novel beehive-like hierarchical nanoporous carbon BHNC has 
been successfully prepared from an industrial waste of bamboo-
based bioactive-substance extraction residues, using a low-cost 
and environmentally benign bio-inspired approach. The BHNC 
sample possesses a unique beehive-like hierarchical nanoporous 90 

structure on the interconnected carbon nanosheet frameworks and 
good electronic conductivity differed from other reported 
biomass-derived carbons and chemical polymer-derived carbons, 
which are attributed to the unique natural hierarchical texture 
structures and high cellulose composition of bamboo-based 95 

precursor as well as the distinct synthesis approach. The BHNC 
exhibits the prominent performances as supercapacitor electrodes 
(high specific capacitances, rate capabilities, excellent long-term 
cyclic stabilities, low equivalent series resistances and fast 
frequency responses) both in aqueous and ionic liquid systems 100 

because of the unique beehive-like nanoporous structures 
facilitating ultrafast electron/ion transport. Furthermore, On the 
Ragone chart the BHNC-based supercapacitors possess high 
energy-power synergetic outputting property among the best ever 
reported for carbon-based supercapacitors. The packaged BHNC-105 

based devices in ionic liquid system can cross the performance 
gap between the electrochemical capacitor and Ni-metal hydride 
batteries. These promising results reveal a green value-added 
secondary-utilization window for biomass-based industrial 
byproducts to produce advanced carbons as high performance 110 

energy storage electrode materials. 
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