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a b s t r a c t

Because of their capability of rapid lithium uptake/release and robust capacitive energy storage, hier-
archically porous carbon frameworks are widely regarded as promising electrode materials for lithium-
ion capacitors. The current technologies for their syntheses involve either a heavily corrosive KOH
activation or harsh template-removing processes exerting heavy environmental burdens. To surmount
these drawbacks, we, herein, report the production of such an architecture by simply carbonizing pe-
troleum asphalt with KHCO3 contributing to hierarchically porous frameworks with high specific surface
area in a non-corrosive condition. The microporous carbon nanosheets are curved to give mesopores and
interconnected for macropores. Because of these structural merits, the rate-capable lithium storage is
realized and the capacitive performance is three-times higher than that of widely used activated carbon
cathodes. Furthermore, the lithium-ion capacitors simultaneously using these materials as the anode and
cathode can deliver a high energy density of 112 Wh kg-1 at a power density of 260 W kg� and present an
energy density of 48 Wh kg�1 at a high-power density of 52 kW kg-1. The versatile capabilities provided
by the mild and low-cost carbon materials may find an alternative strategy for the real application of
lithium-ion capacitors and other hybrid devices.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

To reduce the heavy fossil fuel dependence, renewable energy
sources, such as solar and wind power, have been largely deployed
in the past decades [1]. In contrast to the traditional energy tech-
nologies, renewable energy is supplied intermittently and its effi-
cient utilization requires high-performance energy storage devices
[2e7]. Among them, lithium-ion batteries (LIBs) and super-
capacitors (SCs) have deeply penetrated into our increasing elec-
trified society for long-lasting use and power-demand application,
respectively [8e11]. Nevertheless, many of the current and
emerging applications put forward urgent needs for energy storage
technologies simultaneously affording high energy density and
power density, which are beyond the capability of the current
technologies [12]. As a result, the exploration of energy storage
systems that reconcile the merits of LIBs and SCs has been highly
@upc.edu.cn (M. Wu).
regarded as the research frontier of energy storage technologies
[3,13e15].

Recently, lithium-ion capacitors (LICs) consisting of an anode of
LIBs and capacitive cathode, have been proposed as a promising
candidate to fulfill the increasing requirements on high-
performance energy storage devices [16e21]. The anode of LICs
operates using the lithium-ions involved bulk-phase reactions to
secure high energy while the capacitive cathode facilitates the
formation of the electrical double-layer for rate-capable output
[13,22e25]. Typically, activated carbon (AC) is employed as the
cathode material while hard carbon has been considered as the
preferable choice of materials for the anode to reduce the kinetic
gap between the two electrodes [26,27]. Nevertheless, both of the
two electrode materials are quite expensive mainly because of the
complicated synthesis procedure and corrosive production condi-
tion which largely restrict their popularization. For example, the
ACs are generally produced by activation of the precursor with KOH
at elevated temperatures that imposes extremely rigorous re-
quirements on equipment [28]. In addition, the employment of a
single type of materials for both the cathode and anode will be
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appealing for further reducing the cost of the energy storage de-
vices [29e31]. In this context, it is of paramount importance to
cost-effectively produce a versatile material simultaneously serving
as the cathode and anode for LICs.

Hierarchically porous carbon frameworks effectively organizing
excellent electrical conductivity, large specific surface area, facili-
tated ion transportation paths, and abundant active sites are highly
desired for rapid lithium uptake/release and large capacitive energy
storage [18,19,32,33]. Their synthesis usually employs tedious and
multi-step procedures. The replacement of the laborious processes
with simple and cost-effective methods will essentially address the
aforementioned drawbacks and promote the real application of
LICs [13,34]. Herein, we report a facile synthesis of such an archi-
tecture by simply carbonizing the petroleum asphalt in the pres-
ence of KHCO3, both of which are low-cost precursors. The KHCO3
would decompose to K2CO3 to guide the formation of frameworks
while the light fractions within the asphalt facilitate the creation of
micro- and mesopores. Benefiting from the structural merits, a
reversible lithium storage capacity of around 500 mA h g�1 is
offered at a current density of 0.2 A g�1 and almost 50% of capacity
is retained with a 25-fold increase of the current density. Mean-
while, a large specific capacity of 100 mA h g�1 is produced for
reversible capacitive energy storage, which is 3 times higher than
that of the traditional AC cathode. In particular, the LICs using this
material as both cathode and anode can deliver a high energy
density of 112 Wh kg�1 at a power density of 260 W kg�1 and a
large power density of 52 kW kg�1 at an energy density of 48 Wh
kg�1. This work may offer an alternative avenue to construct high-
performance LICs using low-cost and facilely synthesized hierar-
chically porous carbon frameworks.

2. Experimental section

2.1. Material synthesis

Petroleum asphalt provided by Sinopec Group was used as the
carbon precursor. All other chemicals in the present work were of
analytical grade and usedwithout further purification. Typically,1 g
of petroleum asphalt and 4 g of potassium bicarbonate were grin-
ded in an agate mortar for 10 min. Subsequently, the mixture was
heated to 600e1000 �C with a ramping rate of 5 �C min�1 and held
at this temperature for 2 h in a temperature-programmed tube
furnace under a continuous nitrogen flow. After cooling down to
room temperature, the obtained product was washed with deion-
ized water to remove salts and collected by vacuum filtration, fol-
lowed by drying at 60 �C for 24 h in a vacuum oven. The petroleum-
asphalt-derived porous carbon nanosheets prepared at different
temperatures were labeled as PCNs-T. The carbon yield of PCNs-T is
shown in Table S1.

2.2. Material characterization

Scanning electron microscopy (SEM) images were obtained on a
Hitachi S-4800. Transmission electron microscopy (TEM) and High
resolution transmission electronmicroscope (HRTEM) images were
collected on a JEM-2010 system at an accelerating voltage of
200 kV. X-ray diffraction (XRD) profiles of the carbon materials
were evaluated using an X’Pert PROMPD diffractometer with Cu Ka
radiation (l ¼ 1.5406 Å). Raman spectra of the carbon materials at
different temperatures were conducted on a Renishaw RM2000
employing a 512 nm laser. The Brunner�Emmet�Teller (BET)
specific surface area and pore properties were obtained by
analyzing the nitrogen sorption isotherms which were recorded
using a Micromeritics ASAP 2020 analyzer. The surface chemistry
and compositions of our samples were evaluated using an X-ray
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photoelectron spectroscopy (XPS, Thermo Scientific Escalab 250XI)
with Al Ka radiation. Thermogravimetric Analysis (TGA) was per-
formed using a METTLER TGA 2.

2.3. Electrochemical measurements

The electrochemical performance was investigated using
CR2032-type coin cells assembled in an argon-filled glovebox
(H2O < 0.1 ppm, O2 < 0.1 ppm). The PCNs-T electrodes were pre-
pared by a typical blade-coating process. The slurry composed of
active materials (80 wt%), super P (10 wt%), and PVDF (10 wt%) was
coated on Cu foil (Anode) and Al foil (Cathode), followed by drying
in a vacuum oven at 80 �C for 12 h to produce the electrodes. The
mass loading of PCNs-T was about 0.6e1.2 mg cm2.

To evaluate the electrochemical performance of the anode and
cathode, separately, the working electrode was paired with the
lithium foil which simultaneously served as the counter and
reference electrode to construct the coin-type half-cell. Micropo-
rous polypropylene film (Celgard 2400) was employed as the
separator and 1M LiPF6 in EC, DMC and EMC (volume ratio of 1:1:1)
was chosen as the electrolyte. The cathode and anode perfor-
mances were evaluated in the potential range of 2.0e4.5 and
0e3.0 V vs Li/Liþ, respectively. The CV curves and Nyquist plots
(100 kHze10 mHz with an AC amplitude of 5 mV) were recorded
using a CHI760D electrochemical working station while the GCD
curves were detected on a Land CT2001A test system at various
current densities.

For the device assembly, the anode was first pre-lithiated by
cycling the electrode in a half cell at 0.1 A g�1 for 5 cycles and
discharged to 0.1 V vs. Li/Liþ, which was then paired with the
cathode to assemble a lithium ion capacitor (LIC).

The voltage window of the LIC was determined using a three-
electrode system where lithium was introduced as the reference
electrode in addition to the twoworking electrodes. The assembled
LICs were galvanostatically charged and discharged on the CHI760D
working station at various current densities in a voltage range from
1.0 to 4.2 V. The cyclic voltammetry (CV) measurements for the LICs
were carried out on the CHI760D working station in a voltage range
from 1.0 to 4.2 V. The cycling performance for the LIC was evaluated
on the Land CT2001A test system. The current densities were
determined based on the total mass of active materials on the
anode and cathode. The specific energy density (E, Wh kg�1) and
power density (P, W kg�1) were calculated based on the following
equations:

P¼ I � DV
m

(1)

E¼ P � t (2)

DV ¼Vmax þ Vmin

2
(3)

where I is the discharge current (A), t is the discharge time (h), m is
the total active materials in both electrodes (kg), and Vmax(V) and
Vmin(V) are the maximum and minimum working voltage,
respectively.

3. Results and discussion

3.1. Characterization and morphology

The simple and straightforward synthesis process for the PCNs-T
is illustrated in Fig. 1. Firstly, petroleum asphalt and KHCO3 are
mixed by grinding, and the mixture shows a blocky morphology



Fig. 1. Schematic illustration of the fabrication process of PCNs-T. (A colour version of this figure can be viewed online.)
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(Fig. S1a). Thermogravimetric analysis (TGA) (Fig. S1b and Fig. S2a)
was performed on the KHCO3, petroleum asphalt and the mixture
with a mass ratio of 1:4 between petroleum asphalt and KHCO3 to
illustrate the structural evolution of obtained porous carbon
nanosheets (Fig. S1c). As shown in Fig. S1b, the initial weight loss at
~220 �C for the mixture is attributed to the complete decomposi-
tion of KHCO3 into K2CO3, which is responsible for the formation of
frameworks. The second weight loss at ~400 �C for the mixture is
ascribed to the reaction of petroleum asphalt and K2CO3 during
which the K2CO3 could be further degraded into CO2 and other K-
containing compounds to createmicro- andmesopores [35,36]. The
most widely used activation agent, namely KOH, may only
contribute to the high porosity with negligible templating effects
yet resulting in a highly corrosive condition. As shown in Fig. S2b
Fig. 2. Morphological characterization of PCNs-800: (a) and (b) S
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and Fig. 3a, the merely residual K2CO3 from the decomposed
KHCO3 could thoroughly be removed by washing with deionized
water, preventing the use of any hazardous agents.

The typical structure synthesized at 800 �C was observed using
the scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), as shown in Fig. 2. The low magnified SEM
image (Fig. 2a) of the PCNs reveals a curved silk-like texture
decorated with interconnected macropores which may facilitate
efficient electrolyte transportation [37,38]. At higher magnifica-
tions (Fig. 2b), the surface of the PCNs offers the wrinkled and
folded morphologies that contribute to rich mesopores [28]. These
nanosheets are transparent to the electron beam under TEM
observation (Fig. 2c and d), revealing their ultrathin thickness. The
perpendicular edge in Fig. 2e provides a detailed thickness, which is
EM images. (c), (d), and (e) TEM images. (f) HRTEM image.



Fig. 3. (a) XRD patterns and (b) Raman curves of the PCNs-T. (c) N2 sorption isotherm and (d) Pore size distribution of PCNs-T. (A colour version of this figure can be viewed online.)
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determined to be around 6.9 nm. In the high-resolution TEM image
(Fig. 2f), the surface of the PCNs shows quite a lot of micropores,
confirming the hierarchical porosity. In addition, the lattice fringe is
ordered in a short-range, indicative of an amorphous characteristic.
Such structural merit may facilitate the lithium uptake/release that
fundamentally enhances the rate capability of the anode [39]. The
annealing temperature plays an important role in determining the
structures of the as-obtained materials. When thermally treated at
600 �C, the as-obtained materials show a much thicker thickness
(Fig. S3). When elevating the temperature to 1000 �C, collapse of
the pore and cracking of carbon nanosheets would occur.

The structures of the as-prepared PCNs were further investi-
gated using XRD, Raman spectra, Nitrogen sorption isotherms, and
XPS methods. The XRD patterns of PCNs synthesized at different
temperatures are compared in Fig. 3a. All of these samples only
afford one broad diffraction peak implying their amorphous
structures, which is good agreement with the TEM observation. The
interlayer spacing is first increased and then decreased by
ascending the heating temperature from 600 to 1000 �C, which is
similar to the structural evolution of other asphalt-derived carbon
materials [40]. The defect features of thesematerials are revealed in
Raman spectra in Fig. 3b where the PCNs-800 exhibits the highest
ID/IG ratio. Recent researches have unveiled the essential role of
defects in carbon materials for energy storage and conversion
which promote a significant interest in deliberately introducing
defects in carbon materials for boosted performance [41,42]. As a
result, our main attention has been concentrated on PCNs-800 with
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rich defects. The XPS profile (Fig. S4) of PCNs-800 suggests a high
carbon content and a minor amount of oxygen which mainly exists
in the form of C-O, C¼O, and O¼C-O bonds. These bonds may
contribute to pseudocapacitive energy storage facilitating a higher
energy density [43]. Then, the specific surface area and porosity of
PCNs-T were evaluated by using nitrogen-sorption isotherms as
illustrated in Fig. 3c and d. The corresponding pore size distribution
is based on DFT models. PCNs-600 and PCNs-1000 samples show
the typical type I curve with predominant micropore structure. As
for PCNs-800 sample, the rapid increase of N2 adsorbed amount at
the initial stage indicates the rich micropores while the partially
separated adsorption and desorption branches at higher pressure
suggest the presence of mesopores. Owing to distinctive pore
structure, PCNs-800 shows the highest BET specific surface area up
to 1316.9 m2 g�1 and maximum total pore volume of 0.722 cm3 g�1

compared to PCNs-600 and PCNs-1000 (For detailed information,
see Table S1). All of these results are in good agreement with the
SEM and TEM observations.
3.2. Electrochemical performance of PCNs-T anode

The lithium storage capability of hierarchically porous carbon
frameworks was evaluated in a half cell with the PCNs-T as the
working electrode and lithium foil as the reference and counter
electrodes. The irreversible cathodic peak in the first cycle of the CV
curves (Fig. 4a) indicates the formation of the solid electrolyte
interphase (SEI) film while the subsequent cycles provide the



Fig. 4. Electrochemical properties of the PCNs-T electrode for lithium storage. (a) CV curves of PCNs-800 at 0.2 mV s-1. (b) GCD profiles of PCNs-800 at 0.1 A g-1. (c) Rate capability
profiles for PCNs-T anodes. (d) GCD profiles of PCNs-800 anode at various current densities. (e) Cycling performance of PCNs-T and graphite anodes at 1 A g-1. (A colour version of
this figure can be viewed online.)
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curves with a high degree of the rectangle shape, revealing that the
lithium storagewithin this material is a surface-dominated process.
The galvanostatic charge/discharge (GCD) curves of different cycles
are exhibited in Fig. 4b and Fig. S5, giving slope profiles at a current
density of 0.1 and 1 A g�1. Besides, the PCNs-800 exhibits a rela-
tively low initial coulombic efficiency (ICE) of 42.1% attributed to
the irreversible decomposition of electrolyte, in accordance with
the first CV cycle. Moreover, the GCD curves also suggest a surface-
dominated process as there are no obvious plateaus in the GCD
curves. To evaluate the explicit kinetic behavior of PCNs-800 for
lithium storage, the power-law relationship was applied by
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elaborately correlating the peak current (i) and the scan rate (v) in
the CV curves at different scan rates using the following equation
[44,45]:

i ¼ avb

Where a and b are adjustable parameters and the value of b is
between 0.5 and 1. Generally, b value of 0.5 suggests a diffusion-
controlled process while the b value of 1 reveals the completely
surface-driven process. As shown in Fig. S6, the b value is much
larger than 0.5, which is indicative of the high contribution of
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surface-dominated process. The rate performance is evaluated by
repeatedly discharging/charging at different current densities. By
increasing the current density from 0.1 to 10 A g�1, a high reversible
capability of around 200 mA h g�1 is still maintained as shown in
Fig. 4c. Then, the electrochemical performance of PCNs synthesized
at different temperatures was compared in Fig. 4d where the
capability of the graphite electrode is also illustrated. As shown, the
reversible capacity of the PCNs-800 at the current densities of 0.1,
0.2, 0.5, 1.0, 2.0, and 5.0 A g�1 is around 709, 659, 532, 381, 314, and
255 mA h g�1, respectively, which is far superior to graphite anode
and the structures obtained at other temperatures. Then, these
anodes were repeatedly discharged and charged for 800 cycles, and
the retained specific capacity of PCNs-800 is 586mA h g�1, which is
much higher than that of other anode materials. Furthermore, in
order to achieve the optimal lithium storage, the various mass ra-
tios between petroleum asphalt and KHCO3 were researched. As
shown in Fig. S7, the anode material derived frommass ratio of 1:4
shows the highest lithium storage capacity. As observed from the
Nyquist plots of PCNs at different temperatures (Fig. S8), the PCNs-
800 shows smaller resistance and faster charger transfer [44,46].
This superior performance may highlight the importance of struc-
tural defects for improved energy storage [47e49].

Due to the large specific surface area and high porosity, espe-
cially the hierarchical architecture, the PCNs-800 was further
evaluated as the cathode of LICs. To investigate the electrochemical
properties of the PCNs-800, a half-cell with PCNs-800 operated
within the potential range of 2.0e4.5 V (vs. Li/Liþ) was assembled
Fig. 5. (a) CV curves at different scan rates of PCNs-800 cathode. (b), (c) GCD profiles at d
cathode at 2 A g-1. (A colour version of this figure can be viewed online.)
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and evaluated. Fig. 5a shows the CV curves of PCNs-800 at the scan
rates ranging from 10 to 100 mV s�1. Obviously, a relatively good
rectangle shape is afforded at all of these scan rates, indicative of
the excellent rate capability. All of the GCD curves exhibited in
Fig. 5b and c at different current densities show relatively good
symmetry and offer a specific capacity of 92, 85, 78, 75, 74, 69, and
66 mA h g�1 at the current densities of 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and
10.0 A g�1, respectively, superior to that of the widely employed AC
cathode. Moreover, the PCNs-800 cathode gives a depressed semi-
circle in the Nyquist plot (Fig. S9), underscoring the advantages of
the hierarchical structure. The cyclic evaluation shown in Fig. 5d
confirms excellent stability. All of these results reveal the promising
potential of PCNs-800 for the cathode of LICs.

3.3. Full carbon symmetrical lithium-ion capacitors (PCNs-800//
PCNs-800)

Due to the outstanding lithium storage performance and
capacitive energy harvesting capability, the LICs were then
assembled using the hierarchically porous carbon frameworks
simultaneously as the anode and cathodes, as schematically illus-
trated in Fig. 6a. To explore the suitable mass ratio of cathode/
anode, a lithium foil is involved as the reference electrode within
the device (Fig. S10). As shown in Fig. 6b, the mass ratio of 1:1 al-
lows the cathode and anode to work in a reasonable potential
window, separately, and gives a large voltage window of around
3.2 V. Generally, the electrochemical performance of LICs is closely
ifferent current densities for PCNs-800 cathode. (d) Cycling performance of PCNs-800



Fig. 6. Electrochemical performance of LICs using PCNs-800 as anode and cathode at a mass ratio of 1:1 (denoted as PCNs-800//PCNs-800). (a) Conceptual diagram of energy
storage mechanism of LIC. (b) GCD profiles for the LIC system between 1.0 and 4.2 V and potential variation curves of the two electrodes at a current density of 1 A g�1. (c) CV curves
at different scan rates. (d) and (e) GCD profiles of LIC at different current densities. (f) Rate performance of the LIC at different current densities. (g) Cycling stability at 1 A g�1. The
inset is the GCD profiles of LIC for the first and last three cycles. (h) Ragone plots of the LIC. (A colour version of this figure can be viewed online.)
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related to the operating potential of individual electrodes at
different current densities. Appropriate potential range of anode
and cathode plays a crucial role in determining the power density,
energy density and cycling life of LICs. As shown in Fig. S11a, both of
the lower limit potential (0.5 V) and the upper limit potential (1.4 V)
of anode are comparatively high at a relatively small current den-
sity of 0.1 A g�1, which results in a narrow potential range and an
upper limit potential of cathode (high than 4.5 V), causing the poor
capacity of LIC and irreversible decomposition of the electrolyte on
the cathode side. With the increase of current density, the upper
limit potential of anode decreases and the lower limit potential of
anode increases. As shown in Fig. S11d, the potential range of anode
from 0.3 to 1.0 V at a current density of 1 A g�1 ensures that the
cathode was operated at such a wide and stable potential range of
2e4.5 V, which achieves maximize utilization of cathode capacity
and thereby exhibits an admirable specific capacity and excellent
cycling stability of LIC. Unfortunately, when the current density was
further increased to 10 A g�1, the potential range of anode was
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0.6e1.0 V. On this condition, the upper limit potential of cathode
exceeds 4.5 V, resulting in a rapid capacity decay of the entire
system (Fig. S11g). As a consequence, the long cycling stability test
was measured at optimal current density of 1.0 A g�1. The elec-
trochemical performance of LICs at samemass ratio between anode
and cathode is superior to other devices with higher cathode mass
loadings (Fig. S12). The relatively low mass loading on the cathode
part is highly desirable for many high-performance energy storage
devices [50]. In such a voltage window, the CV curves show
excellent rectangle shapes in the scan rate from 5 to 100 mV s�1,
revealing the active mass on the cathode and anode is well
matched. The GCD curves (Fig. 6d and e) further confirm the well-
matched mass on both electrodes as the isosceles triangle-shaped
profiles are maintained even by a 200-fold increase of the current
density. Then, the rate performance is calculated based on these
curves where the 42.6% of the capacitance is maintained with such
an enormous increase of the current density, as illustrated in Fig. 6f.
Based on above analysis, the cyclic performance was evaluated by
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charging and discharging at a current density of 1.0 A g�1 for 9000
cycles. As shown in Fig. 6g, a relatively stable energy output is
offered during the whole calendar life. To explore the practical
performance of the as-assembled LICs, their energy density is
plotted with the power density and comparedwith previous results
in Fig. 6h. Such LICs display a high energy density of 112Wh kg�1 at
a low power density of 260 W kg�1 and present an energy density
of 48 Wh kg�1 at a high-power density of 52 kW kg�1, superior to
most of the previously reported results. Such high energy and po-
wer density of PCNs-800//PCNs-800 device demonstrate a quite
high level compared with previous reported LIC devices (Fig. 6g),
such as Nb2O5/C//MSP-20 [51], LiNi0.5Mn1.5O4//AC [52], TiO2 NBA//
Graphene hygrogel [53], Li4Ti5O12//aCNF [54], Graphite//URGO [55],
T-Nb2O5/Graphene paper//AC [56], Ti doped Nb2O5//PANI-CNT [57],
CNT/V2O5//AC [58], TiO2-RGO//AC [59], C//SnO2-C [60], CoMoS4//
FCS [61], LTO/Graphene//AC [62], MnO/C//CNS [63], GC1100//SFAC-
2 [64], MnNCN//AC [65], HC//AC [66], HCN-0//HCN-3 [67], HC//CS-
AC [68], HCS//AC [69], NG//PJ-AC [70]. (For detailed information, see
Table S2).
4. Conclusion

In summary, we propose a facile and cost-effective synthesis of
hierarchically porous carbon frameworks using cheap precursors,
namely petroleum asphalt and KHCO3, in a non-corrosive condi-
tion. The rationally selected raw materials combined with the mild
synthesis condition essentially reduce the cost of energy storage
carbon materials. Moreover, the structural merits of the as-
prepared materials, such as high conductivity, large specific sur-
face area, and facilitated ion transportation path, permits rate-
capable lithium storage and large capacitive energy harvesting.
Then, such materials simultaneously served as the cathode and
anode for LICs deliver the large energy density and high power
density. Given the cheap precursors and simple fabrication, the
hierarchically porous carbon frameworks produced in this work
may hold great potential for a wealth of hybrid energy storage
devices.
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