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A B S T R A C T

Recent studies have demonstrated that carbon nano-onion (CNO) is a promising candidate

for high-power supercapacitors due to the nonporous outer shell, which is easily accessible

to electrolyte ions. However, the nonporous ion-accessible outer shells also limit the energy

density of the CNOs, which requires large specific surface area. Introducing porosity to the

outer shells of CNOs can effectively improve the specific surface area by exposing the inner

shells to electrolytes. In this study, the electrochemical performance of supercapacitor

electrodes based on CNOs is improved through the controlled introduction of porosity on

the outer shells of CNOs by chemical activation. The capacitance of the activated CNOs

is five times larger than the pristine ones with a measured power density of 153 kW/kg

and an energy density of 8.5 Wh/kg in a 2 mol/l potassium nitrate electrolyte. The capaci-

tance retention ratio of activated CNOs decreases slightly as the current density increases

from 0.75 to 25 A/g. About 71% of initial capacitance (at 0.75 A/g) is preserved for activated

CNOs at current densities up to 25 A/g.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

As an important energy storage device, supercapacitors, also

called electrochemical capacitors or ultracapacitors, fill the

gap between conventional dielectric capacitors and batteries

in terms of specific energy and power [1–4]. Due to the bene-

fits of high power density and long cycle life [5], supercapac-

itors have been used in a broad range of applications [5–11],

such as electric vehicles, digital communication instruments,

emergency doors on jet planes, and pulsed lasers. Superca-

pacitors store energy directly through the electrostatic charge

accumulated at the electrode/electrolyte interfaces. During

the charging process, cations and anions in the electrolytes
er Ltd. All rights reserved

.

are attracted to the cathode and anode, respectively and form

electrical double layers in the pores of the electrodes [10,11].

Carbon materials, including carbon nanotubes (CNTs) [6–9],

activated carbon [12], graphene [13,14], carbon aerogels [15],

carbon nanofibers (CNFs) [16], and templated porous carbon

[17], have been extensively studied for supercapacitor elec-

trodes because of their large specific surface area (SSA), high

conductivity, and chemical stability [5]. For carbon materials,

their SSA and porosity are essential to their electrochemical

performance in supercapacitors [18]. A large SSA provides a

high capacitance, promising a high energy density. Suitable

micro- and mesopore architecture can improve the electro-

chemical performance of the materials [19]. Carbon materials
.
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with abundant micropores can enhance the capacitance of

the materials. Especially when micropores have pore sizes

less than that of the solvated electrolyte ion size, the distor-

tion of solvation shell makes the ion center closer to the

electrode surface, and hence significantly improve the capac-

itance [20,21]. The mesopores provide low-resistant ionic

pathway, improving the accessibility of micropores to electro-

lytes. A pore network with large pores (>3 nm) ensures a high

charging rate, contributing to a high power density [11].

Therefore, carbon electrodes with high SSAs and proper pore

distributions are highly desired to construct supercapacitors

with high energy and power densities [22].

As an important member in the fullerene family, carbon

nano-onions (CNOs), also known as onion-like carbons,

which consist of multiple concentric graphitic shells to form

encapsulated structures, have been envisioned to be a prom-

ising supercapacitor electrode material with high power den-

sity due to nonporous outer shells which are easily accessible

to electrolyte ions [23–25]. Despite their attributes, CNOs have

not received sufficient attention as an electrode material for

supercapacitors [24–26]. In those studies [24–26], CNOs were

synthesized by annealing nanodiamond powder at high tem-

peratures (>1200 �C). The CNOs obtained from this method

show an SSA of �500 m2/g, significantly smaller than that of

activated carbon (1000–3000 m2/g). There is an opportunity

that the capacitance of CNOs could be improved by making

inner shells accessible to electrolytes, which increases the

SSA of the CNOs while keeps the easy ion transportation. A

direct approach to exposing the inner shells of CNOs to elec-

trolytes is to introduce porosity on the outer shells. The

micropores increase the capacitance, while the mesopores

improve the accessibility of micropores to electrolytes.

Chemical activation [27,28] has been widely employed for

various carbon materials (e.g., CNFs [18], CNTs [22], and graph-

ene [29]) to significantly improve corresponding electrochemi-

cal performance. Merino et al. [18] reported that the

capacitance of CNFs increased from 1 to 60 F/g after chemical

activation using potassium hydroxide (KOH). The increase in

capacitance was ascribed to the increase in SSA and porosity

(micropores and mesopores) of CNFs after KOH activation.

Yang et al. [22] have demonstrated that KOH-activated CNT

electrodes doubled capacitances to approximately 50 F/g. The

increased SSA after KOH activation contributed to the increase

in capacitance. Recently, Zhu et al. [29] reported that KOH-acti-

vated graphene has achieved an energy density of 70 Wh/kg in

an organic electrolyte, which is ascribed to the increases in SSA

(up to 3100 m2/g) and porosity of graphene. However, the

resulting porous structures showed increased resistance

which compromised the final performance [22]. Therefore, to

maximize supercapacitor performance, chemical activation

must be optimized to balance the pore size distribution to

achieve high SSAs (to increase energy density) without com-

promising high conductivity (to keep power density) [22].

In this research, KOH activation was used to introduce

porosity on the outer shells of CNOs for improved electro-

chemical performance. CNOs were synthesized by a combus-

tion process in open air using laser resonant excitation of

ethylene molecules (see Fig. S1 in SupplementaryInformation)

[30]. Highly concentric CNOs (see Fig. S1c in Supplementary

Information) synthesized at a laser wavelength of 10.532 lm
were used as the pristine CNOs for KOH activation. The KOH

induced changes in structure, SSA, and pore size distribution

of CNOs have been investigated. The electrochemical perfor-

mance of the activated CNOs in aqueous electrolyte has been

studied with cyclic voltammetry, galvanostatic charge/dis-

charge, and ac impedance spectroscopy. The capacitance of

CNOs activated by 6 mol/l KOH solution is 122 F/g (about five

times larger than the pristine CNOs) with a measured power

density of 153 kW/kg and an energy density of 8.5 Wh/kg.
2. Experimental

2.1. Activation of CNOs

A standard procedure was used to activate CNOs synthesized

by laser resonant excitation of ethylene molecules [30]. CNOs

of 40 mg were dispersed in 20 ml KOH solutions with different

concentrations from 4 to 7 mol/l. After ultrasonication for 1 h,

the CNOs were impregnated in the KOH solutions for another

23 h under ambient conditions. The extra KOH was then re-

moved by vacuum filtration. The pH values of KOH solution

before and after filtration were measured to estimate how

much KOH was used for activation (see Table S1 in Supple-

mentary Information). The remaining mixtures were directly

put into oven for drying at 80 �C for 24 h. The activation pro-

cess was continued by heating at 800 �C for 1 h in a horizontal

tube furnace with a nitrogen flow of 100 sccm and a temper-

ature ramp rate of 10 �C/min. After cooling down to the room

temperature, the CNO samples were repeatedly washed with

deionized water until a pH value of 7 was reached. Finally, the

activated CNOs were dried for 12 h in air at 80 �C. Activated

CNOs prepared using n mol/l KOH solutions are identified

below with the symbol ‘‘ACNO-nM’’.

2.2. Characterization of CNOs

The CNOs were characterized by a field-emission TEM (FEI

Tecnai G2 F30, 300 kV) and a Renishaw inVia dispersive

micro-Raman spectrometer with a 514 nm excitation source.

The Brunauer–Emmett–Teller (BET) surface area and pore

volume were measured by N2 adsorption using an adsorption

apparatus (Micromeritics ASAP 2020, USA). A degassing pro-

cess was used to remove the impurities adsorbed onto the

samples. The degassing vacuum was 0.3 mmHg for 30 min.

The degassing temperature was 250 �C. The pore size distribu-

tions were calculated by applying the density functional the-

ory (DFT) to the N2 isotherms using the microactive

interactive data analysis software. Static water contact angle

measurement was carried out using a contact angle goniom-

eter (Powereach JC2000D, China).

2.3. Electrochemical measurements

CNO electrodes were fabricated by electrophoretic deposition

(EPD) into Ni foams (95% porosity, 500 g/m surface area den-

sity, MarkeTech International) [24]. CNOs were dispersed in

ethanol containing 0.03–0.05 wt.% of Al(NO)3 for stabilizing

the CNOs. A DC voltage of 80 V/cm was then applied between

a Ni foam and a gold electrode to deposit the CNOs. After the
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EPD process, CNO electrodes were dried at 80 �C in a furnace

for 2 h. All electrochemical measurements, including cyclic

voltammetry (CV) and galvanostatic charge/discharge (GCD),

were carried out in a 2 mol/l KNO3 electrolyte using a three-

electrode configuration on a CHI 760D (Shanghai Chenhua,

China) electrochemical workstation. The 1 · 1.5 cm2 CNO/Ni

foam electrodes, a platinum gauze electrode, and an Ag/AgCl

electrode were used as the work, counter, and reference elec-

trodes, respectively. The impedance behavior of the CNO elec-

trodes was tested in a frequency range of 10 mHz–100 kHz

with an ac potential amplitude of 5 mV.

3. Results and discussion

Fig. 1a shows a schematic of a CNO before and after chemical

activation. The pristine CNOs used for KOH activation have

sizes ranging from 5 to 50 nm (see Fig. S1d in Supplementary

Information). Fig. 1b–e shows the transmission electron

microscopic (TEM) images of CNOs before and after KOH acti-

vation. The pristine CNOs show concentric structures con-

taining long-range ordered graphitic striations on each

shell. The structure of the CNOs changed significantly after

KOH activation. Defects are observed in the outer shell of

ACNO-4M, though the concentric structure is still maintained

(Fig. 1c). As the KOH concentration increases to 6 mol/l, the

surfaces of outer shells become increasingly rough, indicating

the creation of pores. When the KOH concentration further

increases to 7 mol/l, the concentric structures of the CNOs

are destroyed.

The electrochemical performance of a carbon material is

generally determined by its electrolyte-accessible SSA and

the pore structure [18]. The SSA and pore size distribution

of the CNOs before and after activation were examined using

BET method. Fig. 2a shows the BET SSA and pore volume of

the CNOs as a function of the KOH concentration. When other

process parameters (e.g., the amount of CNOs used for activa-

tion, the volume of KOH solution) are kept constant, the
Fig. 1 – (a) A schematic showing the chemical activation of CNOs

6M (d), and ACNO-7M (e). ‘‘ACNO-nM’’ denotes the activated CN
amount of KOH used for CNO activation can be controlled

by the KOH concentration (see Fig. S2 in Supplementary Infor-

mation). The KOH loading on CNOs was almost linearly

dependent on the concentration of the KOH solution (Fig. S2

in Supplementary Information). By increasing the KOH con-

centration or KOH loading on CNOs, the SSA increases dra-

matically, reaching a value of 804 m2/g for ACNO-6M, before

the CNO cage structure collapses at 7 mol/l (Fig. 1e). Mean-

while, as the KOH concentration increases, the pore volume

of the CNOs increases from 0.80 for pristine CNOs to

1.27 cm3/g for ACNO-6M. Fig. 2b shows the DFT pore size

distribution of the CNOs at different KOH concentrations.

The KOH activation process introduces microporoes and mes-

oporoses on the CNOs. The pristine CNOs show a dominant

pore size distribution from 3 to 100 nm and have fewer small

pores less than 2 nm. After KOH activation, CNOs demon-

strate more porosity than pristine CNOs. The mesopores lar-

ger than 3 nm are largely increased, which provide low-

resistant ionic pathway, improving the accessibility of

micropores to electrolytes. Moreover, micropores less than

2 nm are introduced on the surface of the CNOs by KOH acti-

vation, as shown in Fig. 2b. The micropore SSA arrives the

maximum value of 200 m2/g, when 6 mol/l KOH was used to

activate the CNOs (see Table S2 in Supplementary Informa-

tion). Those micropores introduced by KOH activation can

enhance the capacitance of the CNOs [19]. In addition, the

chemical activation turned the hydrophobic surfaces of the

pristine CNOs to hydrophilic in the KNO3 electrolyte (see

Fig. S4 in Supplementary Information), thus further improv-

ing electrolyte access to the CNO electrodes [31].

The electrochemical properties of ACNO-nMs were studied

by CVand GCD curves measured in a KNO3 electrolyte solution

of 2 mol/l. Fig. 3a shows the CV behaviors of the CNO elec-

trodes at a potential scan rate of 50 mV/s. The pristine CNOs

demonstrate a narrow rectangular curve, which corresponds

to a low capacitance due to their small SSAs, low pore vol-

umes, and hydrophobic surfaces (see Fig. S4 in Supplementary
in KOH. TEM images of pristine CNO (b), ACNO-4M (c), ACNO-

O prepared using n mol/l KOH solution.



Fig. 3 – Electrochemical performance of CNOs using a three-

electrode cell in 2 mol/l KNO3 electrolyte: (a) CV curves at a

potential scan rate of 50 mV/s; (b) GCD curves at a current

density of 3 A/g; (c) the capacitance as a function of the KOH

concentration.

Fig. 2 – (a) The BET SSAs and the pore volumes of CNOs as functions of the KOH concentration. (b) The DFT pore size

distribution of CNOs activated with different KOH concentrations.

C A R B O N 5 1 ( 2 0 1 3 ) 5 2 – 5 8 55
Information). After activation, the CNO electrodes continue to

exhibit simple capacitive behaviors manifested by nominally

rectangular CV curves. The specific capacitance of the CNO

electrodes from CV was calculated by the following equation:

C ¼
R

idV
m

mDV
ð1Þ

where i is the response current, m is the mass of CNOs, DV is the

potential range of CV, m is the potential scan rate, respectively.

The capacitance increases continuously with the increase in

the KOH concentration (Fig. 3a). The largest capacitance of

111 F/g was obtained for ACNO-6M at the scan rate of 50 mV/

s. Fig. 3b shows the GCD curves of the CNO electrodes at a con-

stant current density of 3 A/g. All of the discharge curves are

nearly linear in the potential range, indicating a purely capac-

itive nature [32]. The specific capacitance from GCD was calcu-

lated using the following formula:

C ¼ i
mðdV=dtÞ ð2Þ

where i is the constant current and m is the mass for the CNO

electrodes, and dV/dt is the slope of the discharge curve. The

capacitances evaluated from the GCD curves are shown in

Fig. 3c. The largest capacitance of 115 F/g was obtained for

ACNO-6M, which is almost five times larger than that of the

pristine CNOs (24 F/g). The significant improvement of CNO

capacitance is ascribed to the increased SSA, optimized poros-

ity, and hydrophilic surface after KOH activation [6]. Since the

CNO cage structures collapsed when treated in the 7 mol/l

KOH solution, the capacitance of the CNOs did not show any

improvement.

The capacitance retention ratio was investigated at differ-

ent potential scan rates and different charge/discharge current

densities. Fig. 4a shows CV curves for ACNO-6M recorded at

scan rates from 10 to 5000 mV/s. At a low potential scan rate

of 10 mV/s, the CV curve exhibits a rectangular shape, indicat-

ing a typical electric double-layer capacitive behavior. With in-

creased potential scan rates up to 5000 mV/s, ACNO-6M CV

curves remain highly rectangular, indicating facile charging

and discharging events for ACNO-6M. The inset in Fig. 4a shows

the log of peak current versus log of scan rate for the ACNO-6M.

The slope is�0.9, which is closer to 1, indicating an idea capac-

itive behavior of the electrode [33]. As shown in the inset of

Fig. 4a, the capacity starts to be limited at 5 V/s. Fig. 4b shows



Fig. 4 – Electrochemical performance of ACNO-6M using a three-electrode cell in 2 mol/l KNO3 electrolyte: (a) CV curves at scan

rates from 10 to 5000 mV/s (The inset shows the log of peak current versus log of scan rate); (b) the capacitance as a function

of the scan rate; (c) capacitances and (d) capacitance retention ratios of ACNO-6M and pristine CNOs as functions of the

current density.
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the capacitance of the activated CNOs as a function of the

potential scan rate. ACNO-6M demonstrates the highest capac-

itance at all scan rates. At 10 mV/s, the capacitance of ACNO-

6M is 122 F/g, which is almost five times larger than the pristine

CNOs (25 F/g). When the scan rate increases to 5000 mV/s,

ACNO-6M still shows a capacitance of 76 F/g corresponding

to a 62% remaining capacitance, not much smaller than the

retention ratio of 82% for pristine CNOs. The rate capability of

ACNO-6M was further studied at different charge/discharge

current densities (Fig. 4c and d). The capacitance of ACNO-6M

decreases from 126.3 to 89.6 F/g as the current density

increases from 0.75 to 25 A/g, corresponding to about 71%

capacitance retention. In contrast, the pristine CNO has a

capacitance retention of 77% but a much smaller capacitance

of 25.8 F/g at 0.75 A/g. These results demonstrate that the

chemically formed porosity promote charges/discharges at

the electrode surfaces. The mesopores increase the ion acces-

sible surfaces and the micropores contribute to the increase in

capacitance of the activated CNOs [19].

The capacitance of ACNO-6M at different operating fre-

quency was studied by the electrochemical impedance spec-

troscopy. Fig. 5a shows the Nyquist plots of ACNO-6M. At a

low frequency, the imaginary part of the impedance increases

sharply, exhibiting a nearly vertical line as a characteristic of

capacitive behavior. For a given capacitive material, a high

knee frequency, which is associated with a small relaxation

time constant, is desired. The knee frequency of ACNO-6M

is obtained from the admittance plot (Fig. 5b) with a value

of 825 Hz, which is higher than the activated graphene sheets
(382 Hz) [29]. Fig. 5c and d shows the frequency response of

the real and imaginary parts of the capacitance. The relaxa-

tion time constant (s0 = 1/f0), which defines the limit between

the resistive and the capacitive behaviors, can be obtained

from the peak frequency in Fig. 5d. [34–36] ACNO-6M shows

a relaxation time constant of 82.5 ms.

The energy and power densities of ACNO-6M and pristine

CNO were shown in Fig. 6(a). The energy and power densities

of the CNO electrodes were estimated by the following

equations:

E ¼ CðDUÞ2

2m
ð3Þ

P ¼ ðDUÞ2

4�mR
ð4Þ

where DU is the discharge potential after the iR drop, and R is

the internal resistance which can be obtained from the GCD

curves. The maximum energy density of 8.5 Wh/kg was

obtained at a power density of 153 kW/kg for ACNO-6M. This

energy density is almost six times larger than that of the pris-

tine CNOs (1.5 Wh/kg). ACNO-6M has a lower maximum power

density than that of the pristine CNOs, due to the increased

internal resistance in CNOs after KOH activation. Nevertheless,

at a current density of 5 A/g, ACNO-6M still maintains a power

density of 289 kW/kg. A total of 4000 complete charge/dis-

charge cycles were carried out at a constant current density

of 5 A/g to investigate the lifetime and durability of ACNO-

6M, as shown in Fig. 6b. After 4000 cycles, approximately 89%

of the initial capacitance is preserved. The KOH activation



Fig. 5 – Electrochemical impedance spectra of capacitive behavior of ACNO-6M in a 2 mol/l KNO3 electrolyte: (a) Nyquist plots,

(b) admittance plot, and (c and d) the frequency response of the real and imaginary parts of the capacitance.

Fig. 6 – (a) Ragone plots of the ACNO-6M and pristine CNOs. (b) Retention ratio of ACNO-6M in 4000 charge–discharge cycles at

a constant current density of 5 A/g.
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process introduces oxygen functional groups on the surface of

the CNOs (see Fig. S4 in SupportingInformation), which can re-

sult into the deterioration of capacitance [37].
4. Conclusions

In summary, we have demonstrated that the chemical activa-

tion is effective in creating porosity in outer shells of CNOs to

improve the energy density and preserve the power density in

CNO electrodes. After activating CNOs using a 6 mol/l KOH

solution, a maximum specific capacitance of 122 F/g, power

density of 153 kW/kg, and energy density of 8.5 Wh/kg were

achieved. The same parameters for pristine CNOs are 25.8 F/

g, 123 kW/kg, and 1.5 Wh/kg, respectively. The enhanced

electrochemical performance of CNOs is the result of the
introduction of porosity (increased SSA) and the improved sur-

face hydrophilicity due to the KOH activation. The activated

CNOs display high charge/discharge rates at scan rates up to

5000 mV/s. A high capacitance retention ratio of 71% is pre-

served as the current density increased from 0.75 to 25 A/g.

Additionally, the activated CNOs have a high knee frequency

(825 Hz) and a smaller relaxation time constant (82.5 ms).
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