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Heteroatom doped porous carbon flakes were prepared via carbonization of Chinese human hair fibers and
employed for high-performance supercapacitor electrode materials. The morphology and chemical
composition of the resultant carbon materials were characterized by electron microscopy (EM), energy-
dispersive X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy (XPS) measurements.
Human hair carbonized at 800 °C exhibited high charge storage capacity with a specific capacitance of
340 F g7t in 6 M KOH at a current density of 1 A g~* and good stability over 20 000 cycles. The specific
capacitance of 126 F g~! is also verified in a 1 M LiPFs ethylene carbonate/diethyl carbonate (EC/DEC)
organic electrolyte at a current density of 1 A g~*. The high supercapacitor performance could be due to
the micro/mesoporosity combined with high effective surface area and heteroatom doping effects,
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Broader context

The development and utilization of biomass waste materials could contribute to explore novel materials for long-term sustainable energy storage, enhance cost
competitiveness in energy supply markets, reduce environmental impacts and meet the urgent need for green and sustainable development strategies. Human
hair, a readily available biological material generated in barbershops and hair salons, has become commercially available to crop producers in the past few years.
In this paper, heteroatom doped porous carbon flakes were synthesized from Chinese human hair fibers through a green and low-cost chemical activation
method and employed for high-performance supercapacitor electrode materials. A lamellar structure was retained during the carbonization process and laminar
shaped carbon flakes were obtained. The as-prepared materials with rich heteroatoms show a high specific capacitance (340 F g~ ') and an excellent long-term
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stability. It is demonstrated that utilization of inexpensive precursors and universal resource acquisition from nature is a good route for the preparation of high-

performance supercapacitor electrode materials.

Introduction

Supercapacitors are energy storage devices that accumulate
energy in the form of electrical charge and bridge the gap
between dielectric capacitors and batteries.* They are attracting
attention because of their high power density, short charging
time, and long cycling life.>® Based on their charge-storage
mechanism, supercapacitors can be classified as pseudocapaci-
tors or electrical double-layer capacitors (EDLCs).”® Pseudoca-
pacitors store electrical energy faradaically by electrosorption,
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reduction-oxidation reactions, and intercalation processes.
However, practical applications of pseudocapacitors are limited
due to low electrical conductivity and poor cycle stability.*®

The energy storage of EDLCs is generally based on the
adsorption of electrolyte ions on large specific surface area
conductive electrodes, in which the surface charge is separated at
electrode/electrolyte interfaces. Therefore, high surface areas and
pores adapted to electrolyte ion sizes are required for EDLCs."®
Recently, nanostructured carbon materials, including activated
carbons," onion-like carbons,”” carbon nanotubes,”*** and
carbide-derived carbons,''® have shown high EDLC perfor-
mances. The pore size distribution, surface area, surface func-
tionality, and degree of crystallinity of porous carbons strongly
affect the performance of such supercapacitors.'®”*® In addition,
incorporation of heteroatom species, such as nitrogen,"*
sulfur,”* phosphorus® and boron,”??* can enhance the surface
wettability of these carbon materials and induce pseudocapaci-
tive behaviour. Such doping effects can significantly boost the
performance of supercapacitors.>?®

Recently, the synthesis of carbon materials derived from
organic waste for energy applications has been attracting much
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attention because of the increasing scarcity of fossil fuels. Waste
materials including agricultural wastes, foods, and even animal
products (such as animal bones and silks) have been utilized as
carbon precursors.”’*? For instance, activated carbons prepared
via carbonization of lotus pollens yielded a specific capacitance of
207 F g "' and a gravimetric energy density of ~88 W h kg *.°
High-performance activated carbons derived from plant leaves
exhibited a specific capacitance of 400 F g~ " and an energy
density of 55 W h Kg~ " in 1 M H,50,.% Jin et al. recently reported
the preparation of microporous carbons originating from
regenerated silk proteins.*® These carbonized materials exhibited
a specific capacitance of 264 F g~ in aqueous electrolytes and a
charge-discharge life of over 10 000 cycles. Compared with
traditional carbon sources such as coal, pitch and phenolic
resins, the advantages of low cost and environmental friendliness
promote the progress of biomass-based high performance
supercapacitors in practical applications.

Human hair, a readily available waste generated in barber-
shops and hair salons, has become commercially available to
crop producers in the past few years. The composition of hair, on
average, comprises about 51% carbon, 17% nitrogen, 21%
oxygen, 6% hydrogen, 5% sulfur, and trace amounts of iron,
magnesium, arsenic, chromium and various minerals.**** In this
study, we demonstrate the synthesis of heteroatom-doped carbon
materials via carbonization of human hair. Porous carbon
materials with high surface area induced by KOH activation
during carbonization were generated. These materials exhibit a
capacitance of 340 F g ' at a current density of 1A g ' in6 M
KOH, and thus possess potential advantages for applications as
supercapacitor electrodes with high energy and power density.

Experimental section
Materials

The hair fibers were collected from a healthy Chinese volunteer
in Soochow University. Potassium hydroxide, hydrochloric acid,
isopropanol, and N-methyl-2-pyrrolidone (NMP) were
purchased from Shanghai Chemical Reagents Co., Ltd. Poly-
tetrafluoroethylene (PTFE) solution and polyvinylidene fluoride
(PVDF) were purchased from Aladdin Chemistry Co., Ltd. LiPF,
(1 M) in ethylene carbonate/diethyl carbonate (EC/DEC, 1 : 1 by
volume) was purchased from Zhangjiagang Guotai-huarong
New Chemical Materials Co., Ltd. Acetylene black, super-p,
nickel foam and aluminium foil were used as purchased.
Distilled deionized water was used throughout the experiments.

Preparation of human hair derived micro/mesoporous carbon
(HMC)

The hair fibers were thoroughly washed with isopropanol and
dried at 80 °C. The cleaned fibers were cut to fine debris
(~5 mm long) and pre-carbonized at 300 °C for 1.5 h under an
argon atmosphere. The pre-carbonized materials were then
mixed with KOH (weightxop/weightcamon = 2), and pyrolyzed in
a ceramic crucible at 700, 800, or 900 °C for 2 h under an argon
atmosphere, respectively. A heating rate of 5 °C min~" was
applied for the carbonization. The resulting dark solid was
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ground to powder, washed with 1 M HCI solution, and then
thoroughly washed with distilled water. The residue was
collected and dried at 80 °C in a vacuum. The resultant
human hair derived micro/mesoporous carbon (HMC) mate-
rials are denoted as HMC-T, where T indicates the carbon-
ization temperature.

Electrochemical performance of HMCs in 6 M KOH

All electrochemical characterizations were carried out on a
CHI660c electrochemical workstation (Shanghai Chenhua
Instruments Co.) at room temperature. To prepare the testing
electrode, a viscous slurry containing 80 wt% HMC material,
10 wt% carbon black, and 10 wt% PTFE was mixed and pressed
onto a nickel foam current collector at 15 MPa. The as-formed
electrodes (with a thickness of approximately 100 pm and an
area of 1.0 cm”) were then dried at 100 °C in a vacuum oven.
The prepared HMC loaded on the electrode is 4.0 mg for each
electrode. In a three-electrode cell, the above loaded nickel
foam, a Pt wire and a Hg/HgO were used as the working,
counter and reference electrodes, respectively. Cyclic voltam-
metry curves were obtained in the potential range of —1.0-0 V
vs. Hg/HgO by varying the scan rate from 5 to 100 mV s~ ",
Electrochemical impedance spectroscopy (EIS) was measured
in a frequency range of 10 kHz to 10 mHz at open circuit
voltage with an alternate current amplitude of 5 mV. Charge-
discharge measurements were done galvanostatically at 0.3-80
A g~ " over a voltage range of —1.0-0 V vs. Hg/HgO. For quan-
titative considerations, the specific capacitance was calculated
from the galvanostatic charge-discharge values by using the
following equation:

IAt
= 1
mAV (1)

Where I (A) is the discharge current, AV (V) refers the potential
change within the discharge time At (s), and m (g) represents
the weight of active materials in the working electrode.

Electrochemical performance in 1 M LiPFg in EC/DEC

To construct symmetrical HMC-800 based supercapacitor
devices, the electrode composite materials were prepared by
mixing 80 wt% HMC-800, 10 wt% super-p (conducting carbon),
and 10 wt% PVDF binder, coating this mixture on aluminium
foil, and drying. The thickness of the loading composite on each
electrode was controlled to be ~100 um and the HMC material
is 4.0 mg for the devices. The two symmetrical electrodes were
separated using a celgard 2400 membrane soaked with elec-
trolytes (1 M LiPFs EC/DEC) in a CR2032 stainless steel coin cell.
The cyclic voltammetry and galvanostatic charge-discharge
tests for these devices were performed in the potential range of
0.01-3 V. Electrochemical impedance spectroscopy (EIS) was
also performed in the frequency range of 10 kHz to 10 mHz at
the open circuit voltage with an alternate current amplitude of
5 mV. The gravimetric capacitance for the single electrode was
calculated according to:

41At
C =

NG (2)
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Where I (A) is the current, AV (V) refers to the potential change
within the discharge time At (s), and m is the total mass (g) of
active materials in both electrodes. The energy density and
power density of symmetrical supercapacitor systems were
calculated by using the following equations:

E = %Cl(AV)Z 3)

P = E (4)
t
where E, (W h kg™ ") is the specific energy density, P, (W kg™ ") is
the specific power density of the symmetrical supercapacitor
system, C, (F g ') is the specific capacitance of the total
symmetrical system, AV (V) is the cell voltage for charging and
discharging, and ¢ (h) is the discharge time, respectively.

Characterization

The prepared carbon materials were examined using a Tecnai
G220 transmission electron microscope (TEM) with a CCD
imaging system with an acceleration voltage of 160 kV. Energy-
dispersive X-ray (EDX) fluorescence measurements were per-
formed with a spectrometer attached to a Hitachi Model S-4700
field-emission scanning electron microscope (SEM). X-ray
powder diffraction was conducted using a Philips X'Pert PRO
diffractometer with nickel-filtered Cu Ko radiation. Raman
spectra were obtained with a LabRAM HR800 from JY Horiba.
Nitrogen sorption analysis was carried out using an ASAP 2020
accelerated surface area and porosimetry instrument (Micro-
meritics), equipped with an automated surface area, at 77 K
using Brunauer-Emmett-Teller (BET) calculations for the
surface area. The pore size distribution plots were recorded
from the desorption branch of the isotherms based on the
Barrett-Joyner-Halenda (BJH) model. X-ray photoelectron
spectra (XPS) were obtained using an XPS-7000 spectrometer
(Rigaku) with an excitation source of Mg Ka. radiation.

Results and discussion

Scheme 1 illustrates a schematic diagram for the preparation of
human hair derived micro/mesoporous carbon (HMC) materials.
The cleaned and dried hair fibers were cut into a fine debris and
pre-carbonized at 300 °C for 90 min. This pretreated carbon
material was then mixed with KOH (weightxop : weightearbon =
2 : 1) and further carbonized at 700, 800, and 900 °C, respectively.

¥
.
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* Carbonization
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It is well known that the main structural components of hair
fibers are cuticle and cortex. The outermost part of the hair shaft
is the hair cuticle, which mainly consists of flat overlapping cells
(scales) that are attached to the fiber.>*** Fig. 1a shows a scanning
electron microscopy (SEM) micrograph of a hair fiber, the scaled
lamellar structure of hair is evident. It is interesting that such a
lamellar structure was retained during the carbonization process,
and laminar shaped carbon flakes were obtained (Fig. 1b and c).
These results might be due to the weak interaction between the
flat overlapping cells (scales), which thus can be easily broken
apart to form lamellar carbon flakes. These carbon flakes were
further characterized by transmission electron microscopy (TEM)
(Fig. 1d and e), and meso/micropores and channels can be clearly
seen. These mesopores and interconnections of the carbon
materials provided a favorable path for transportation and
penetration of electrolyte ions, which were important for fast ion
transfer.””**%” Therefore, these porous carbon materials derived
from human hair could be promising electrode materials for
supercapacitors.

Fig. 2 shows nitrogen sorption isotherms for our HMCs, and
the porous properties of the resultant carbon materials are
summarized in Table 1. It can be seen that the porosity of
the resultant carbon materials was significantly influenced by
the activation temperatures. Both HMC-700 and HMC-800
exhibited a type-I sorption isotherm with saturation at a relative
pressure (P/P,) of ca. 0.2, which is a typical result for micropo-
rous materials. However, the isotherms of HMC-900 changed to
that of a type-IV with an increasing slope at higher relative
pressures; this effect is commonly related to capillary conden-
sation in mesopores. A hysteresis loop extending from P/P, =
0.4 to 0.8 was observed for HMC-900 samples, indicating the
coexistence of both micropore and mesopore structures formed
in these materials. As the activation temperature increases from
700 to 800 °C, both the surface area and pore volume increase.
The specific surface areas of HMCs activated at 700 and 800 °C
were determined to be 1054 and 1306 m” g, while the pore
volumes are 0.38 and 0.90 cm® g™, respectively. However, both
the surface area and pore volume of HMC-900 are dramatically
lower, 669 m” ¢~ * and 0.45 cm® g™, respectively, probably due
to the collapse of pores and enhanced orientation during the
carbonization process.*® Fig. S1f depicts pore size distribu-
tions determined by N, adsorption for these HMCs (see ESIT).
The size of nanopores formed in HMC-700 and HMC-800 is
less than 3 nm, while the pore size of less than 8 nm was found
for HMC-900. This result is likely due to pore collapse during

-7

HMC-Ts Supercapacitor

Scheme 1 Flow diagram for the fabrication of HMCs. Hair fibers are pre-carbonized at 300 °C and then mixed with KOH (weightyon : weightcarmon =

2 : 1) and further carbonized at 700, 800, and 900 °C, respectively.
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Fig. 1 (a) Scanning electron microscopy (SEM) image of the surface topography of human hair fiber; (b) SEM image of the pretreated carbon
materials (carbonized at 300 °C); (c) SEM image of the carbon material carbonized at 800 °C; and (d and e) Transmission electron microscopy
(TEM) images of HCM-800 at different viewing angles and magnifications.
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Fig. 2 Nitrogen sorption isotherms of carbon materials derived from
human hair using different activation/carbonization temperatures.
Both HMC-700 and HMC-800 exhibit a type-I| sorption isotherm,
while the isotherms of HMC-900 change to a type-IV. The specific
surface areas obtained for HMCs activated at 700, 800, and 900 °C are
1054, 1306, and 669 m? g1, respectively.

the heating at 900 °C.** The higher surface area and narrower
pore size distribution of HMC-800 are advantageous in charge
storage.

Fig. 3a shows powder X-ray diffraction (XRD) in the wide-
angle region of these HMC materials. It can be clearly seen that
all of these materials possess a well-developed graphitic stack-
ing peak at 22.3°, and a weak peak at 43.8° due to the formation
of a higher degree of intralayer condensation, which should

Table 1 Pore characteristics of porous carbon materials

greatly improve the electrical conductivity.** The intensity
increase at the low-angle scattering peak indicates a high
density of micropores. The Raman spectroscopy results are
illustrated in Fig. 3b. The peaks located at around 1320 and
1590 cm~ " are assigned to the characteristic D (defects and
disorder) and G (graphitic) bands of carbon materials, respec-
tively. The D/G ratio of band intensities indicates the degree of
structural order with respect to a perfect graphitic structure.
Here, the D/G intensity ratios of HMC-700, HMC-800, and HMC-
900 were determined to be 1.46, 1.23, and 1.1, respectively.
Higher carbonization temperature leads to a higher structural
alignment. The relatively lower D/G intensity ratio for HMC-900
might indicate a reduced amount of heteroatom doping (such
as N, O, and S). The conductivities of HMC-700, HMC-800 and
HMC-900 are determined to be 44.8, 47.3, and 63.0 S m™?,
respectively. The highest conductivity of HMC-900 further
confirms the high degree of intralayer condensation of carbon
materials which will greatly improve the electrical conductivity
of carbon materials.

Table 2 summarizes the chemical compositions for these
HMC materials characterized by energy-dispersive X-ray (EDX)
fluorescence and X-ray photoelectron spectroscopy (XPS) (see
Fig. S2, ESIt), respectively. The chemical compositions of these
HMC materials were found to consist of C, N, O and S. The
contents of these heteroatoms (N, O, and S) gradually decrease
with increasing carbonization temperature. Fig. S2f shows

SgeT Smicro Smeso SLangmuir Vpore Vmicro Vimeso Dayer
Samples [m*g™"] [m*g™] [m*g™"] [m*g™"] [em’ g™'] [em’ g™] [em’ ] [nm]
HMC-700 1054 284 771 1619 0.38 0.08 0.30 2.13
HMC-800 1306 103 1203 2062 0.90 0.28 0.62 2.05
HMC-900 669 38.2 631 939 0.45 0.06 0.39 3.13
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Fig. 3 (a) XRD pattern of the HMCs. Two diffraction peaks at about
22.3 and 43.8° were observed, representing the degree of graphiti-
zation. The intensity of the peaks increased with increasing carbon-
ization temperature. (b) Raman spectra of HMCs. The peaks located at
around 1320 and 1590 cm ™! are ascribed to the characteristic D and G
bands of these carbon materials.

Table 2 Chemical composition of HMC materials determined by
energy-dispersive X-ray spectroscopy (EDX) measurements and X-ray
photoelectron spectroscopy (XPS)

EDX (wt%) XPS (atom%)

C N (6] S C N o S

HMC-700 8290 5.62 8.99 2.49 8520 512 7.45 2.23
HMC-800 88.20 4.74 5.53 1.54 88.72 4.38 5.39 1.51
HMC-900 91.32 2.33 4.98 1.37 9230 1.96 4.28 1.46

high-resolution C1s, N1s, O1s, and S2p XPS spectra. A narrow
trend is observed with increasing temperature in the XPS C 1s
spectra of the HMCs, indicating an enhanced degree of
graphitic order.*® In the Ni1s spectra, the binding energies
centered at 398.0 eV and 400.1 eV belong to pyridinic and
pyrrolic nitrogen species are assumed to be the main configu-
rations contributing to the pseudocapacitance.** Meanwhile,
the peak located at 400.8 eV is assigned to quaternary nitrogen
which could enhance the electrical conductivity of carbon
materials.** The peak fitting analysis reveals that the vast
majority of quaternary nitrogen atoms are embodied in
HMC-900. Two distinct peaks around 531.5 and 533.5 €V in the
O1s spectra reveal the presence of oxygen atoms in carbonyl
groups and various other oxygen groups, which participate in
Faradaic reactions to give improved pseudocapacitance and
enhance wettability of carbon materials.*** The remnant
sulfur appears at approximately 163.8 eV (C-S-S-C-) and
165.2 eV (C=S) may contribute to the pseudocapacitance.*

This journal is © The Royal Society of Chemistry 2014
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The performance of these HMC materials as supercapacitor
electrodes was characterized by cyclic voltammetry (CV)
measurements in KOH aqueous solution at room temperature
(Fig. 4). All the samples exhibit rectangular shaped voltammetry
scans (typical capacitive behaviour) from —1.0 to 0 V at various
scan rates, indicating an ideal double-layer capacitor nature of
the charge-discharge process. It should be noted that some
Faradaic humps were observed at ~0.45 V in these CV curves at
low scan rate (Fig. 4a), probably due to redox reactions of the
doped heteroatoms such as pyridinic and pyrrolic nitrogen
species.”® Compared with HMC-700, HMC-900 samples main-
tain the appearance of roughly rectangular-like shapes at high
scan rates (Fig. 4 and S3a and b in ESIf). This might be due to
bigger size pores in HMC-900 that promote ion diffusion.
Among the materials studied, HMC-800 exhibited the highest
current density (Fig. 4), indicating that HMC-800 is the most
promising material for supercapacitor electrodes. The lower
effective specific surface area and pore volume of HMC-700
contribute to an inferior cyclic voltammetry character. The
HMC-900 also has lower specific surface area and fewer
heteroatoms per unit mass to promote conductivity.

Fig. 5a shows a Nyquist plot of HMC-T carbon electrode
materials in 6 M KOH in a frequency range from 10 kHz to 10
mHz. The equivalent series resistances are 1.1 ©, 0.92 Q and
0.90 Q for HMC-700, HMC-800, and HMC-900, respectively,
showing good conductivity in aqueous electrolytes. An almost
vertical line was obtained that represents the dominance of
double-layer charge-storage at low frequencies. The inset in
Fig. 5a shows a magnified high frequency region for HMC-800.
Diffusion control dominates when a phase shift of 45° is the
typical feature for porous carbon electrodes with respect to
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Fig. 4 Cyclic voltammetry (CV) measurements of HMC-700, HMC-
800 and HMC-900 in 6 M KOH aqueous solution over a potential
range from —1.0 to 0 V at a scan rate of (a) 5 mV s™%, (b) 20 mV s7%, (c)
50 mVs~tand (d) 100 mVs~%, respectively. The lower effective specific
surface area and pore volume of HMC-700 contribute to an inferior CV
character at higher scan rates. The rectangular-like shapes at high scan
rates of HMC-900 might be due to bigger size pores that promote ion
diffusion, while lower specific surface area and fewer heteroatoms per
unit mass lower the conductivity.
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Fig. 5 Electrochemical performance characteristics measured in a
three-electrode system in the 6 M KOH electrolyte. (a) Electro-
chemical impedance spectra (inset: magnified 0.5-3 Q region) under
the influence of an ac voltage of 5 mV. (b) Cyclic voltammograms of
HMC-800 at different scan rates. (c) Charge—discharge curves
of HMC-800 at different current densities. (d) Specific capacitances of
HMC-700, HMC-800, HMC-900 at different current densities.

Warburg impedance in the middle frequency region.**** Pivotal
parameters such as porosity, thickness, wettability for the
diffusion of ions into the bulk through the porous network of
the electrode act on this phase. The short lengths of these slope
regions of all the HMCs indicate the low resistance encountered
by the ion transportation in the aqueous electrolyte. Fig. 5b
shows that HMC-800 still exhibited typical capacitive behaviour
with rectangular shaped voltammetry characteristics even at a
high potential scan rate of 100 mV s~ .

Cyclic voltammetry and electrochemical impedance spectra
of an HMC-800 based symmetrical 2-electrode system in the 6 M
KOH electrolyte were studied. The cyclic voltammetry of HMC-
800 shows a rectangular shape, implying quick dynamics and
good charge propagation (Fig. S4at). The vertical line in the
Nyquist plot (Fig. S4bt) represents the good EDLC behavior.
Fig. S4ct shows the Bode plots of HMC-800 measured from EIS
data. At high frequency region, the phase angle is almost zero.
In the middle region, a constant increase of the phase angle
with decreasing frequency is observed. The phase angle shifts to
negative values reaching —83.8° in the low frequency limitation
region which approaches that of an ideal capacitor (—90°).

In order to further investigate the performance of HMCs,
galvanostatic charge-discharge experiments were done at
various current densities in a three-electrode configuration
(Fig. 5c and S3c and d in ESIt). The inflections to the extent at
~0.4 V of HMC-700 and HMC-800 imply the impact of pseu-
docapacitance due to the effect of doped heteroatoms.*®
However, the HMC-900 samples display the quasi-linear
appearance indicating the enhancement of graphitization and
increment of conductivity.*® The specific capacitance values are
calculated at different current densities ranged from 0.3 to 80 A
g~ '. Ata current density of 0.5 A g™, the specific capacitances of
382, 445 and 362 F g~ ' were obtained for HMC-700, HMC-800,
and HMC-900, respectively (Fig. 5d). At higher current density
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the specific capacitance slightly decreased due to an inadequate
time for electrolyte diffusion into the inner pores. However, at a
current density of 10 A g~', HMC-700 and HMC-800 still
maintained specific capacitances of 196 F g ' and 227 F g,
respectively (Fig. 5d). Even at 80 Ag ™', a capacitance of 128 Fg ™
was retained for HMC-800. This result might be due to the
doping of heteroatoms which increased the hydrophilicity and
polarity of carbon materials and thus induced pseudocapacitive
behaviour. In addition, the mesopores formed in the carbon
materials are vital for furnishing a smooth and convenient ion-
transfer pathway and thus enhanced electrolyte accessibility to
the microporous area.

Furthermore, the long-term cyclic stability of the HMC-800
electrode was investigated using galvanostatic charge-discharge
measurement at a current density of 2 A g~' within a potential
window of —1.0-0 V vs. Hg/HgO. Fig. 6 shows only a slight variation
of specific capacitance with cycle number. It is interesting that the
specific capacitance increases after slightly decreasing during this
cyclic charge-discharge process. This variation may be due to
the effects from doped heteroatoms or in situ activation of the
electrode to expose additional surface area.”** The long term
performance maintains at about 98% of the initial specific capac-
itance and amounts to about 280 F g~ over 20 000 cycles, which
shows that this HMC-800 electrode displays excellent stability.

The electrochemical performance of HMC-800 based super-
capacitors was evaluated in a fully assembled two-electrode cell
with the 1 M LiPF¢ EC/DEC electrolyte. At a relatively low scan
rate, the cyclic voltammogram curves are nearly rectangular-like
(Fig. 7a). However, the curves were deformed with an increase of
the scan rate mainly due to the slow charge-discharge kinetics
of HMC-800 materials in the organic electrolyte; that is, ion
diffusion was unable to adequately access the surface of
HMC-800 in such short time at high scan rates.*** A Nyquist
plot for this supercapacitor is similar to that obtained in the
aqueous electrolyte (Fig. 7b). Nevertheless, the magnified high
frequency region shows major differences. The bigger semi-
circle indicates a lower ionic conductivity of the organic elec-
trolyte, and the relatively longer length of 45° phase shift
segment implies a higher Warburg impedance.>® The poor
compatibility between active materials and the organic elec-
trolyte prevented the electrolyte from adequately accessing the
external surface and inner volume of carbon materials, which
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Fig. 6 Cyclic stability of HMC-800 at a charge—discharge current
density of 2 A g~ for 20 000 cycles in the 6 M KOH electrolyte. Inset:
galvanostatic charge—discharge cycles.
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Fig.7 Electrochemical properties of an HMC-800 based device in the
1 M LiPFg EC/DEC electrolyte. (a) Cyclic voltammetry curves recorded
at different scan rates over a potential range from 0.01 to 3 V. (b)
Nyquist plots in the frequency range from 10 kHz to 10 mHz. (c)
Specific capacitances at different current densities. (d) Ragone plot of
symmetrical HMC-800 based supercapacitors.

resulted in limited outer-surface accessibility. The shift of the
Nyquist plot towards the real axis is due to a 9.5 Q equivalent
series resistance. In addition, Bode plots (Fig. S5T) show that
the performance in the organic electrolyte is poorer than that in
the aqueous electrolyte. However, the phase angle at —71° in the
lower frequency limitation region indicates good capacitive
behavior. The specific capacitance of 107 F g~ ' at a current
density of 2 A g~ is higher than that of the carbons derived
from leaves (88 F g ').?° Fig. S6t shows the galvanostatic
charge-discharge profiles at a current density of 1 A g~'. The
symmetrical and stable capacitance behavior was observed.
Fig. 7c shows the specific capacitances at different current
densities. It can be seen that specific capacitance decreased
with the current density increase. The Ragone plot for the
symmetrical HMC-800 based device (Fig. 7d) shows that the
specific energy density is about 45.33 W h kg™" at a current
density of 0.1 A g~ " which is superior to the commercial devices
(<3 W h kg™ ").*> The power density and energy density values
were found to be 2243 W kg™ ' and 29 W h kg™, respectively, at a
current drain time of 45 s. These results indicate that hetero-
atom doped carbon materials could reach high capacitance in
aqueous solution, however, the contribution in the organic
electrolyte remains to be further improved.

Conclusions

In summary, heteroatom doped porous carbon flakes were
synthesized via carbonization of human hair. These materials
carbonized at 800 °C exhibit high charge storage capacity with a
specific capacitance of 340 F g~ in 6 M KOH at a current density of
1 A g " and good stability over 20 000 cycles. The specific capaci-
tance of 126 F g~ ' is also verified in the 1 M LiPFg EC/DEC elec-
trolyte at a current density of 1 A g~*. This high supercapacitor
performance can be attributed to micro/mesoporosity combined
with high effective surface area and heteroatom doping effects,
combining double layer and Faradaic contributions.

This journal is © The Royal Society of Chemistry 2014
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