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Abstract The double-activated porous carbons (DAPCs)
with unique bimodal pore structure were prepared by
activating commercial microporous carbon (CMCs) twice
through KOH (double activation) at high temperature. The
as-prepared DAPCs show larger surface area (833 m*.g™ "),
and the pores are composed of micropores (size of
~ 1.8 nm) and mesopores (size of ~4.5 nm). Such special
hierarchical porous structures integrate the dual advantages
of micropore and mesopore, having not only the high
energy storage of the micropores but also the high-rate
performance of the mesopores for supercapacitors (SCs).
As a result, the optimized DAPCs-3-1 exhibits a high
specific capacitance of 277 F-g~' at 1 A-g~', enhanced
rate performance of 197 F-g~ ! at a high current density of
10 A-g™', and excellent cycling stability with 94.2%
capacity retention after 10,000 cycles in the 1 mol-L™"
Na,SO, electrolyte. The facile double activation could be a
promising method to prepare suitable porous carbons with
exceptional electrochemical properties for SCs.

Keywords Double activation; Activated carbon;
Hierarchically porous carbons; Supercapacitor

1 Introduction

In recent years, carbon-based materials such as carbon

nanoparticles [1-3], carbon nanotubes [4—6], graphene [7-9]
have attracted intensive attention in fields of electrode
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materials for supercapacitors (SCs) because of their unique
advantages, including high specific surface area (SSA), good
electrical and mechanical properties, and porous structure
[10-15]. In particular, activated carbons (ACs) generally
exhibit very good electrochemical performance in this
application. However, conventional activated carbon mate-
rials have narrow microporous channels which lead to the
sluggish ion transport and low capacitance retention at high
charge—discharge rates [16, 17]. In addition, the pore struc-
ture of activated carbon also affects the performance of the
capacitors obviously.

To overcome these issues and further improve the
electrochemical performance of ACs, it is extremely nec-
essary to develop novel ACs with large specific surface
area and suitable pore size distribution [18-21]. In general,
the electrochemical performance of ACs depends on not
only the high specific surface area but also on the pore size
distribution and architectures. It has been demonstrated that
micropores (<2 nm) are primarily responsible for the
capacitance, while large pores or channels such as meso-
pores (2-50 nm) and macropores (>50 nm) are associated
with high-rate capacitive performance [22-25]. For
example, Kang et al. [22] has fabricated porous carbon
with small mesopores with size of 2-4 nm by using “egg-
box” model, which shows high specific capacitance and
excellent high-rate capacitive performance. Wei et al. [26]
reported functional hierarchically porous carbons (HPCs)
prepared from poly-N-phenylethanolamine and polyaniline
conducting polymers through pyrolysis, chemical activa-
tion, and oxidation processes and studied their electro-
chemical behavior for SCs. It exhibits a high specific
capacitance of 370 F-g~' at 0.5 A-.g”' and good cycle
durability, resulting from an appropriate selection of the
surface chemistry, a reasonable pore size distribution, and a

@ Springer


http://orcid.org/0000-0002-0866-0076
www.editorialmanager.com/rmet
http://crossmark.crossref.org/dialog/?doi=10.1007/s12598-017-0896-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12598-017-0896-7&amp;domain=pdf

450

J. Sun et al.

moderate Brunauer—Emmett-Teller (BET) surface area.
Thus, HPCs with optimized pore size distribution are
highly desired for high-performance SCs. Despite the
previous listed advantages of HPCs [27], optimized pore
architectures are still difficult to efficiently achieve.

To date, a template-assisted method is one of the
promising methods for preparation and synthesis of the
HPCs. However, the process of synthesis of HPCs mate-
rials by template-assisted method is very fussy, and the
condition of experiment is so harsh [28, 29], which hinders
the further development of HPCs with optimized pore
structures for SCs. Therefore, it is imperative to develop a
facile, cost-effective, and tailored synthesis strategy for the
fabrication of HPCs with superior electrochemical perfor-
mance, which can not only boost the energy density but
also improve the kinetic process of ion diffusion and
enhance the power density.

Herein, a facile and efficient double-activation strategy
which is activating commercial microporous carbons
(CMCs) twice through KOH at high temperature was
reported for constructing a well-tailored porous carbon
with optimized bimodal pore size distribution, exhibiting
high specific capacitance and rate capability. As for such
double-activated porous carbons (DAPCs), optimized
bimodal pore size distribution is not only the high energy
storage of the micropore but also the high-rate performance
of the mesopore for SCs. As a result, the optimized DAPCs
exhibit a high specific capacitance, enhanced rate perfor-
mance and excellent cycling stability.

2 Experimental
2.1 Preparation of double-activated porous carbons

The commercial microporous carbons (CMCs) were
obtained from Shanghai Lingfeng Chemical Reagent Co.,
Ltd, China. The first activated porous carbon (FAPC) was
prepared by the KOH activation firstly. Typically, the
CMCs and KOH were mixed in a mass ratio ranging from
4:1 to 1:2, and then the mixtures were ground uniformly in
an agate mortar. The obtained mixtures were put into a
horizontal tube furnace and heated at 600 °C for 2 h under
an argon flow of 600 ml-min~'. The temperature was
ramped from room temperature to 600 °C at a heating rate
of 5°C-min~"'. The obtained samples were washed thor-
oughly with 5 mol-L™" hydrochloric acid and deionized
water until pH 7. The producing samples were named as
FAPCs-4-1, FAPCs-3-1, FAPCs-2-1, FAPCs-1-1, and
FAPCs-1-2 corresponding to the CMCs and KOH mass
ratio ranging from 4:1 to 1:2. Optimal FAPCs (FAPCs-2-1)
were selected, and a series of similar experiments were
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carried out to prepare the double-activated porous carbons
(DAPCs). The obtained samples were denoted as DAPCs-
4-1, DAPCs-3-1, DAPCs-2-1, DAPCs-1-1, and DAPCs-1-
2.

2.2 Material characterization

The FAPCS-2-1 and DAPCS-3-1 were analyzed by scan-
ning electron microscope (SEM, FE-SEM, Quanta 250,
FEI) and transmission electron microscope (TEM, JEM-
2100F, JEOL) observations. Pore structures were charac-
terized using N, adsorption—desorption at 77.4 K, (ASAP
2020). The SSA of the samples was calculated using BET
method with a p/py (p is partial pressure of the nitrogen and
Do is saturated vapor pressure of the nitrogen at the tem-
perature of the liquid nitrogen) value between 0.1 and 1.0
with N, adsorption data. The average micropore size and
mesopore size were determined by the density functional
theory (DFT) method. Before all the gas adsorption mea-
surements, the samples were degassed at 150 °C for 4 h.

2.3 Electrochemical characterization

All the samples were tested by a three-electrode system.
The working electrodes were fabricated as follows. The as-
prepared materials were mixed with acetylene black and
polyvinylidene difluoride (PVDF) with a weight ratio of
8:15:5 in N-methyl pyrrolidone (NMP) solvent. The
resulting slurry was coated onto the nickel foam substrate
(1 cm x 1 cm) with a spatula, followed by drying at
110 °C for 12 h. Finally, the electrode was pressed under a
pressure of 10 MPa for 30 s. The mass load of each elec-
trode plate was about 2.0 mg. All electrochemical mea-
surements were carried out in 1 mol-L™! Na,SO,
electrolyte.

Cyclic voltammetry (CV), galvanostatic charge—dis-
charge (GCD), and electrochemical impedance spectrum
(EIS) were measured on an electrochemical station (Zen-
nium, Zahner). The voltage window for aqueous electrolyte
was set to be 0-1 V. The scan rate was in a range
5-200 mV-s~'. GCD measurement was conducted under a
current density ranging from 1 to 10 A-g~ ', and the voltage
was set to 0—1.0 V for the aqueous system. EIS was col-
lected with frequencies ranging from 100 kHz to 100 mHz
with an alternative current (AC) amplitude of 5 mV.

The samples’ gravimetric capacitance (C) was calcu-
lated from the GCD discharge curves, according to the
following equation:

C = IAt/AVm (1)

where [ is the current, Ar denotes the discharging time, and
AV is the voltage, respectively. In both cases, m is the mass
load of the activated material on one electrode plate.

Rare Met. (2017) 36(5):449-456



Double-activated porous carbons for high-performance supercapacitor electrodes 451

3 Results and discussion

The double-activation process and detailed structure of the
DAPCs are schematically illustrated in Fig. 1. In the pro-
cess of activation, the carbon/KOH reaction mechanism,
according to the global reaction: 6KOH + C «— 2 K +
3H, + 2K,CO3, can effectively develop micropores for
different kinds of ACs [30-32]. The CMCs were firstly
activated with KOH, producing the first activated porous
carbons (FAPCs) with unimodal micropores. The opti-
mized FAPCs (FAPCs-2-1) were activated by KOH again,
obtaining the DAPCs with bimodal pore structure (micro-
pores and mesopores). During the second KOH activation,
KOH inside the micropores not only has pore-reaming
effect, but also creates a huge number of new micropores in
the original pore wall under the thermal annealing, leading
to bimodal pore structure (micropores and mesopores). The
generated mesopores provide affluent channels to transfer
ion into the interior micropores for energy storage and
effectively increase the ion transport rate. Compared to
FAPCs, the obtained DAPCs offer high ion-accessible
micropores, large specific surface area, and affluent chan-
nels for ions to transport into interior micropores. There-
fore, an excellent electrochemical behavior with a high
specific capacitance and high-rate performance has been

Mesopore

Fig. 1 Illustration of formation of DAPCs with bimodal pore
structure
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obtained, indicating that the double-activation strategy
reported here is effective for constructing optimized pore
architectures for energy storage.

The FAPCs (DAPCs) with different mass ratios of
CMCs (FAPCs) and KOH were synthesized. The optimized
products (FAPCs-2-1 and DAPCs-3-1) were selected and
discussed below(Fig. 2a, b). The morphologies of as-pre-
pared FAPCs-2-1 and DAPCs-3-1 were examined by SEM
and TEM. Compared with that of FAPCs-2-1 (Fig. 3a—d),
the texture of DAPCs-3-1 (Fig. 3e-h) is rougher due to the
producing mesopores [33]. In the double-activation pro-
cess, the FAPCs can provide a larger accessible surface
area for active agents (KOH) than CMCs. Thus, the DAPCs
have a large amount of micropores and affluent mesopores,
which could improve charge store and ion transport
simultaneously for SCs. The microstructures of FAPCs-2-1
and DAPCs-3-1 are further confirmed by the low-magni-
fication TEM image and HRTEM (Fig. 4). Clearly,
FAPCs-2-1 is mainly composed of micropores, whereas
DAPCs-3-1 contains micropores and mesopores. Distorted
lattice fringes are visible throughout both samples, indi-
cating a partial graphitization texture. It has been demon-
strated that such graphitized texture can provide excellent
conductivity.

The specific surface area and pore size distribution of
FAPCs-2-1 and DAPCs-3-1 were characterized using N,
adsorption/desorption (77.4 K) measurements. The N,
isotherms of FAPCs-2-1 and DAPCs-3-1 (Fig. 5) reveal the
details of various N, adsorption/desorption stages. For both
FAPCs-2-1 and DAPCs-3-1 samples, the micropore filling
occurs at the low-pressure region, indicating the presence
of micropores. However, the hysteresis loops at high
pressure range are more pronounced for DAPCs-3-1, which
suggests the formation of mesopores [34—36]. The specific
surface areas of FAPCs-2-1 and APCs-3-1 calculated using
Brunauer—-Emmett-Teller (BET) method (Sggr) are 652
and 833 mz-g_1 (Table 1, where V. is the volume of
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Fig. 2 a CV curves of a FAPCs-4-1, FAPCs-3-1, FAPCs-2-1, FAPCs-1-1, and FAPCs-1-2 at voltage scan rate of 100 mV-s~! and b DAPCs-4-1,
DAPCs-3-1, DAPCs-2-1, DAPCs-1-1, and DAPCs-1-2 at voltage scan rate of 100 mV-s~!
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Fig. 4 TEM images of samples: a, b FAPCs-2-1 and ¢, d DAPCs-3-1

micropores), respectively, indicating that the double-acti-
vation process greatly increases the specific surface area
due to the creation of additional pores and widening of
micropores. Apart from surface area, pore size distribution
was determined by density functional theory (DET)
method using adsorption data (Fig. 5b). As expected, pore
size distribution of FAPCs-2-1 falls in the micropores
range. And DAPCs-3-1 exhibits two distinct peaks at 1.8
and 4.5 nm which lie in the microporous and mesoporous

@ Springer

range, respectively. It is well known that the presence of
such small mesopores will enhance the supercapacitance
behavior of the carbonaceous electrode [33, 37]. Therefore,
enhanced electrochemical performance is expected for
DAPCs, resulting from a large accessible surface area for
energy storage and affluent mesopores for ion transport.
The electrochemical performance of FAPCs-2-1 and
DAPCs-3-1 were studied by CV and GCD measurements
in three-electrode system with 1 mol-L™! Na,SO,4
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Fig. 5 Nitrogen adsorption isotherms of FAPCs-2-1 and DAPCs-3-1 a and pore size distribution of FAPCs-2-1 and DAPCs-3-1 using DFT
model b

Table 1 Characteristics of pores in CACs, FAPCs-2-1, and DAPCs-3-1

Samples Sper/(m? g h Diameter/nm Vimic/(cm®- g b}
Micropore Mesopore
FAPCs-2-1 652 1.1 - 0.288
DAPCs-3-1 833 1.8 4.5 0.331
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Fig. 6 CV curves of a DAPCs-3-1 and b FAPCs-2-1 and GCD curves of ¢ DAPCs-3-1 and d FAPCs-2-1
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electrolyte. The CV curves of DAPCs-3-1 show rectangu-
lar shape from 0 to 1 V at a wide range of voltage scan
rates (Fig. 6a), implying an ideal electric double-layer
performance. A negligible small shape distortion in CV
curves is observed for DAPCs-3-1 as the scan rate
increases from 5 to 200 mV-s~', indicating the strong ion
transport ability of the hierarchical pore structure from the
double-activation. The CV curves of FAPCs-2-1 (Fig. 6b)
are similar to a rectangle. However, the CV curves of
FAPCs-2-1 have an obvious polarization phenomenon, and
the symmetry is lower than that of DAPCs-3-1, which
indicates that DAPCs-3-1 possesses much better electron
and ion transfer rate. The discharge curves of DAPCs-3-1
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Fig. 7 Capacitance retention versus current density of FAPCs-2-1
and DAPCs-3-1
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electrode at different charge/discharge currents are shown
in Fig. 6¢. The voltage drop is negligible, demonstrating
high conductivity of DAPCs-3-1 due to the increasing
graphitization by double activation. The capacitance values
of DAPCs-3-1 calculated from discharge curves are 277,
268, 258, 246, and 238 F-g_1 at a current density of 1, 2, 3,
4, and 5 A-g ', respectively (Fig. 6¢). By contrast, the
shorter discharging time of FAPCs-2-1 (Fig. 6d) represents
the lower capacitance than DAPCs-3-1, indicating that the
capacitance values of DAPCs-3-1 are significantly higher
than those of FAPCs-2-1, which further demonstrate that
DAPCs-3-1 has higher store energy.

The specific capacitance versus current density for
FAPCs-2-1 and DAPCs-3-1 electrodes are shown in Fig. 7.
It can be seen that the specific capacitance of FAPCs-2-1
decays fast as the current density increases. In contrast,
DAPCs-3-1 shows excellent rate performance (197 F-g™")
at high rate (10 A-g™"), resulting from affluent mesopores
as ion channels. The Nyquist plots of FAPCs-2-1 and
DAPCs-3-1 illustrate vertical curves at low frequencies
(Fig. 8a), indicating an ideal capacitive behavior of elec-
trode materials. Compared with that of FAPCs-2-1, the
curve of DAPCs-3-1 is more vertical due to the abundant
mesopores generated by double-activation, which is con-
ducive to the rapid transport of electrolyte ions in the
electrode. In high frequencies, the intersection of semicir-
cle and x-axis in Fig. 8a represents the equivalent series
resistance (ESR), which is 2.17 and 1.76 Q, respectively.
In addition, the ZSimpWin software was used to stimulate

L 2 FAPCs-2-1
° DAPCs-3-1

1 1 1 1 1
0 2000 4000 6000 8000 10000
Cycle number

Fig. 8 Nyquist plots for FAPCs-2-1-Msd, FAPCs-2-1-Cal, DAPCs-3-1-Msd, and DAPCs-3-1-Cal a, equivalent circuit model b, and cyclic
stability of FAPCs-2-1 and DAPCs-3-1 in 1 mol-L™' Na,SOy electrolyte at a current density of 1 A-g~"' ¢

Table 2 Parameters of equivalent circuit for different electrodes

Samples RJ/Q Rcr/Q W,/Q CpL/F Ce/(107* F)
Measured Calculated

FAPCs-2-1 2.17 2.197 0.5782 0.4781 0.4468 1.356

DAPCs-3-1 1.76 1.816 0.4042 0.3274 0.4359 1.389
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the EIS of FAPCs-2-1 and DAPCs-3-1, and the equivalent
circuit model and the simulated results are shown in
Fig. 8a, b and Table 2. Both the measured and calculated
EIS data match well with each other using the equivalent
circuit model. R; which represents the equivalent series
resistance (ESR) is obtained from the intercepts in the
Nyquist plot, corresponding to the electrolyte resistance,
the internal resistance of the electrode, and the contact
resistance. The semicircular behavior in the high- to mid-
frequency region corresponds to the parallel connection of
the interfacial charge transfer resistance (Rct) and the
double-layer capacitance (Cp). And W, is the finite-length
Warburg diffusion element [38—40]. The ESR of DAPCs-3-
1 is significantly reduced, indicating better conductivity of
DAPCs-3-1 due to the increasing graphitization, which is
consistent with the results of GCD measurements. Cycling
performance of FAPCs-2-1 and DAPCs-3-1 was conducted
at a current density of 1 A-g™' for 10,000 cycles in
1 mol-L ™! Na,SO,. As shown in Fig. 8c, there is nearly no
capacitance fading after 5000 cycles, and the capacitance
retention is 94.2% after 10,000 cycles, but the capacitance
retention of FAPCs-2-1 is 91.3% after 10,000 cycles,
indicating that DAPCs-3-1 has superior stable cycle
stability.

The high capacitance, excellent rate capability, and
good cycle performance delivered by DAPCs-3-1 electrode
can be elucidated by unique bimodal pore structure and
high graphitization. DAPCs-3-1 electrode not only stores
high energy by micropores but also provides affluent
mesopores as ion transport channel. In addition, the dou-
ble-activation can effectively improve the conductivity of
CMC:s electrode. All of the above results clearly demon-
strate that the as-developed DAPCs-3-1 by double-activa-
tion method has significantly improved electrochemical
performance compared with FAPCs-2-1 generated by sin-
gle activation.

4 Conclusion

A facile and efficient double-activation strategy was
developed to prepare the DAPCs with bimodal pore
structure. The as-prepared DAPCs show larger surface area
(833 m*g "), in which the pores are composed of micro-
pores (size ~ 1.8 nm) and mesopores (size ~4.5 nm). The
mesopores can facilitate ion transfer, and the micropores
can store high energy, so that the DAPCs-3-1 has a high
specific capacitance of 277 F-g~' at a current density of
1 A-g~" and enhanced rate performance of 197 F-g~' at a
high current density of 10 A-g~'. Meanwhile, there is
nearly no capacitance fading after 5000 cycles, and the
capacitance retention is 94.2% after 10,000 cycles.
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