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Li4Ti5O12/activated carbon hybrid supercapacitor can combine the advantages of both lithium-ion battery
and supercapacitor, which may meet the requirements for developing high-performance hybrid electric
vehicles. Here we proposed a novel ‘‘core-shell’’ porous graphitic carbon (PGC) to replace conventional
activated carbon for achieving excellent cell performance. In this PGC structure made from mesocarbon
microbead (MCMB), the inner core is composed of porous amorphous carbon, while the outer shell is
graphitic carbon. The abundant porosity and the high surface area not only offer sufficient reaction sites to
store electrical charge physically, but also can accelerate the liquid electrolyte to penetrate the electrode and
the ions to reach the reacting sites. Meanwhile, the outer graphitic shells of the porous carbon microbeads
contribute to a conductive network which will remarkably facilitate the electron transportation, and thus
can be used to construct a high-rate, high-capacity cathode for hybrid supercapacitor, especially at high
current densities.

T
he development of hybrid electric vehicles (HEVs) has urged worldwide researchers to develop fast charging
and high energy density electrochemical energy storage cells which are typically needed upon driving to
accelerate or slow the car1. Up to date, one of the most promising electrochemical cells to achieve fast

charging and discharging is the electric double layer capacitor (EDLC)2–5, which includes aqueous and nonaqu-
eous systems. EDLCs are energy storage devices that allow exceptionally fast charge/discharge, robustness and
capacitance exceeding that of electrolytic capacitors6,7. The nonaqueous EDLC displays a preferable performance
due to a wider working voltage window, resulting in higher energy densities in comparison with the aqueous
EDLC. However, compared with Li-ion battery, the nonaqueous EDLC still has a limited energy density, which is
restricted to deliver power in several seconds required by HEV applications8. In order to enhance the energy
density, tremendous efforts have been undertaken to improve the performance of EDLC, in particular by con-
structing pseudocapacitive electrodes4,5,9–14. The addition of faradaic process which occurs in parallel with a
double-layer capacitance can effectively improve the electrochemical performance. The surfaces of electrodes
are the main reaction sites for pseudocapacitive process, which avoid the stresses from bulk intercalation reac-
tions. Without the electrochemical breakdown from bulk intercalation materials, the hybridization of the double-
layer and pseudocapacitive electrodes exhibits superb reversibility at high current densities, which results in both
high energy density and fast charge capability.

Recently, the hybridization of EDLC and lithium-ion battery is attracting more and more attention15. Using the
activated carbon electrode to replace one of lithium-ion battery electrodes16 was originally introduced as ‘‘asym-
metric hybrid nonaqueous energy storage cell (AHEC)’’ by Glenn G. Amatucci et al17. Lithium titanate
(Li4Ti5O12, LTO) has been recognized as an excellent anode material for high-rate lithium batteries, since its
‘‘zero strain’’ lithium insertion properties18. By using Li4Ti5O12 as anode material, the AHEC exhibits long cyclic
stability and high rate performance17. However, the low electronic conductivity (,1029 S cm21) of Li4Ti5O12

restricts the further improvement. Several approaches have been carried out to improve its conductivity, for
instance, by combining it with conductive carbon materials. Recently, our group found that the charge-transfer
resistance can be reduced sharply by coating a thin carbon layer with thickness ,1 nm19. Besides, a nano-
structured Li4Ti5O12 was employed as the lithium-ion battery electrode17,20. The authors demonstrated that
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the 3 V hybrid supercapacitor was able to deliver 11 Wh kg21 energy
density and up to 4 kW kg21 power density21. However, poor elec-
tronic conductivity (,10213 S cm21)22 and sluggish Li1 diffusion
(,1026 cm2 s21)23 are the biggest obstacles for as-fabricated
Li4Ti5O12 electrodes. In order to balance the slow faradic process
and double-layer capacitance, the poor power performance of
Li4Ti5O12 should be improved by combining Li4Ti5O12 with some
electrically conductive materials or nanocrystallization. In 2009, Naoi
et al. synthesized a nano-structured nc-LTO/CNF composite to
replace the common nano-structured Li4Ti5O12

8. This replacement
of cathode material led to the increase in both power density and
energy density. The hybrid supercapacitor with the weight ratio of
LTO/CNF (carbon nanofiber) 5 70/30 exhibited an energy density
as high as 40 Wh L21 and power density up to 8 kW L21. A
hyper-networked LTO/carbon hybrid nanofiber sheets were also syn-
thesized to employ as the anode in LTO/activated carbon hybrid
supercapacitor24. The nanofiber sheets were synthesized by electro-
spinning and vapor polymerization techniques. The electrospun
nanofibers were beneficial for the formation of 3-D conductive net-
work, which contributed to the improvement of electronic conduc-
tivity. This hybrid supercapacitor exhibited energy densities ranged
from 91 to 17 Wh kg21 and power densities ranged from 50 to
4000 W kg21. Compared to Li4Ti5O12, Ti2C has better electronic con-
ductivity as the anode material of the hybrid supercapacitor which
exhibits a maximum energy density of 30 Wh kg21 at 930 W kg21 of
active materials for 1000 cycles25. Besides, conducting polymers, such
as polyaniline (PANI) and polypyrrole (PPy), are employed to syn-
thesize high rate electrodes for hybrid supercapacitor26,27.

Though many efforts have been made to increase the power capa-
city of anode Li4Ti5O12, little work is focused on the replacement of
activated carbon for the cathode material of LTO/activated carbon
hybrid supercapacitor. Until recently, Ruoff et al. synthesized a
chemically activated graphene (‘activated microwave expanded
graphite oxide’, a-MEGO)28,29, which can be used as a cathode mater-
ial to replace commercial activated carbon in LTO/activated carbon
hybrid supercapacitor30. The a-MEGO possessed not only a high
surface area of 3100 m2 g21, but also a high conductivity contributed
by graphene structure. This multi-structure has yielded an excellent
performance with common Li4Ti5O12 anode. The hybrid supercapa-
citor delivered an energy density of 40.8 Wh kg21 with an operating
voltage of 2.4 V. In this sense, higher power capability contributed by
the enhancement of conductivity can allow us to replace the activated
carbon cathode material in LTO/activated carbon hybrid supercapa-
citor with a porous graphitic carbon (PGC). In present work, we
proposed a novel PGC structure with a graphitic ‘‘shell’’ and an
amorphous carbon core. The designed graphitic shell contributes
to continuous conductive network. In the meanwhile, substantial
energy can be stored in the porous core which may serve as an
excellent cathode material for hybrid supercapacitor.

Results
The synthetic procedure of PGC with a unique core-shell structure
from mesocarbon microbeads (MCMB) is schematically illustrated
in Figure 1. As presented in Figure S1 (a) and (b), activation with
NaOH transformed MCMB into porous carbon materials with dom-
inant micropores. Such materials possessed a relatively high specific
area of 929 m2 g21 measured by a volumetric adsorption system.
Moreover, catalytic graphitization with FeCl3?H2O converted certain
parts of the porous MCMB into graphitic carbons, which was
demonstrated by the sharp peak around 2h 5 26.4u of the XRD
pattern in Figure S1(c).

The morphology of the as-prepared PGC was characterized by
scanning electron microscopy (SEM), high resolution transmission
electron microscopy (HRTEM), and the Raman spectrometer. As
shown in Figure 2(a), the PGC particles with diameters ranging from
10 to 20 mm remained spherical shape after the calcination.
Figure 2(b) is the HRTEM image of the PGC particle which was
ground by agate mortar in prior to ultrasonic dispersion in ethanol.
Both graphene ribbons with 10 to 30 layers thick and disordered
amorphous carbon can be seen in the Figure 2 (b), which suggests
that the PGC processes a multi-structure with both graphitic and
amorphous structures.

In order to observe the cross-section morphology of as-synthe-
sized PGC, it was embedded into resin and sliced up for further
HRTEM observation. The corresponding SEM image is shown in
Figure 2(c). As shown in the HRTEM image of Figure 2(d), well-
stacked sheets along the in-plane direction as well as the random
orientations are observed for the microbead’s surface layer, while the
interior structure is still mainly amorphous carbon. Additionally, the
micro-Raman spectroscopy of the outside surface of the microbead
implies higher graphitization degree than that of the interior part. All
these results indicate a graphitic shell structure of the PGC particles
as illustrated in Figure 1. When PGC was fabricated into cathode, the
graphitic shells of PGC will form conductive network if their con-
centration can reach the threshold value. This will be beneficial for
the improvement of power capability. Meanwhile, the porous core
structure with high porosities offers sufficient sites for the charge
storage process, which guarantees a significant capacity. Such a por-
ous microbead with a graphitic shell is expected to result in excellent
electrochemistry performances when they are used to replace the
commercial activated carbon as the cathode material in hybrid
supercapacitor.

The cathode performances of the synthesized PGC and commer-
cial available activated carbon YP-17D were evaluated in a half-cell
with the potential window from 2 to 4.5 V (vs. Li/Li1). Figure 3(a)
shows the charge-discharge curves for two cells at current density of
70 mA g21 and IR drops (the voltage decrease at the switching point)
which can reflect the conductivity of electrode material. The IR drop
at the beginning of constant current discharge of PGC is about

Figure 1 | Schematic illustration of the formation of PGC and the PGC electrode.
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Figure 2 | Morphological and structural analysis of PGC. (a) SEM image of MCMB-based PGC; (b) HRTEM image of PGC powders; (c) SEM image of

the PGC slice on a Cu TEM mesh; (d) HRTEM image of the edge of the slice shown in Fig. 2(c); (e) HRTEM image of the core of the slice shown in

Fig. 2(c); (f) Raman spectra of the outside surface of PGC particles and the core or edge of the slice.

Figure 3 | (a) the charge-discharge curves of half cells: the PGC and YP-17D electrodes. (b) Charge/discharge curves for LTO/PGC hybrid

supercapacitor. (c) AC impedance plots of LTO/PGC and LTO/YP-17D hybrid supercapacitors. The equivalent circuit is given in the inset. (d) Ragone

plots of the LTO/PGC and LTO/YP-17D hybrid supercapacitors obtained from the discharge curves measured at different constant current densities.
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0.05 V which is about 14 times lower than that of YP-17D. Therefore,
the half-cell fabricated with the PGC shows a much lower equivalent
series resistance than those fabricated with YP-17D, which indicates
that PGC is a preferable cathode owning to its graphitic shell.

Figure 3(b) shows the charge-discharge curves for a full hybrid
supercapacitor assembled with 1.551 weight ratio of PGC cathode to
Li4Ti5O12 anode. From the discharge part of the curves, the energy
densities are 48.7, 47.9, 47.6, 47.1, 43.4, and 37.2 Wh kg21 for current
densities of 0.5, 1, 2, 4, 5, and 6 A g21, respectively. The energy
densities were calculated with the total mass of the active materials
for both two electrodes. The voltage profiles at various current densi-
ties share a certain characteristic. That is the early discharge state of
LTO/PGC hybrid supercapacitor reveals a gradually sloping profile
between 2 and 3 V compared with sharply sloped profile between 1
and 2 V. The significant change in slope indicates the differences in
energy storage mechanisms. The EDLC of the carbon species in the
LTO/PGC contributes to the linear profile. Simultaneous with the
PF6

2 anion double layer forming on the surface of two electrodes, a
Li1 ion lithiation/delithiation reaction occurs at the anode electrode.
The hybridization electrode reactions lead to the gradually sloping
profile ranged from 2 to 3 V17,24. These results suggest that hybrid-
ization of PGC with Li4Ti5O12 can enhance the energy density com-
pared with an EDLC because of the additional intercalation reaction
from Li4Ti5O12.

Electrochemical impedance spectroscopies (EIS) of the LTO/PGC
and LTO/YP-17D hybrid supercapacitors are plotted in Figure 3(c).
For two cells, the EIS are composed of two partially overlapped
semicircles at high frequency and a straight slopping line at low
frequency. An equivalent circuits, as shown in the inset figure, can
be employed to fit the EIS patterns31. Here RE denotes the bulk
resistance of the cell including resistance of the electrolyte, separator
and electrodes. Rsf and Csf are resistance and capacitance of the
surface film on two electrodes, which correspond to the overlapped
semicircle at high frequencies. Rct and Cdl are charge transfer resist-
ance and the double-layer capacitance, which are related to the semi-
circle at medium frequencies. The straight sloping line at low
frequencies is related to the Warburg impedance (W) related to
the diffusion of lithium ions on the electrode-electrolyte inter-
faces31,32. The fitting results including Rsf, Rct, and RE are summarized
in Table 1, and the surface film resistances (Rsf) are similar for two
hybrid supercapacitors. However the bulk resistance (RE) and charge
transfer resistance (Rct) for LTO/PGC hybrid supercapacitor are
lower than those of LTO/YP-17D hybrid supercapacitor, especially
charge transfer resistance. The replacement of commercial activated
carbon (YP-17D) by PGC dramatically reduces the Rct from 5.3 ohm
to only 0.05 ohm. The highly conductive PGC remarkably enhances
the conductivity of the hybrid supercapacitors, which couples well
with the ESR analysis above. Since the PGC particle possesses a
porous structure with a graphitic shell, this multi-structure is bene-
ficial to enhance the electronic conduction, which reduces the elec-
tronic resistance effectively as shown in Table 133,34. All these results
indicate a considerable performance of LTO/PGC hybrid superca-
pacitor by the aid of the multi-structure of PGC, which leads to
improved high-rate capabilities of the hybrid supercapacitor.

To examine the effectiveness of PGC with a unique core-shell
structure in improving the rate capabilities of Li4Ti5O12 based hybrid
supercapacitor, we investigated the energy density and power density

at different charge/discharge rates which are 0.5 A g21, 1 A g21,
2 A g21, 4 A g21, 5 A g21 and 6 A g21. As shown in Figure 3(d),
the gravimetric energy densities and power densities on the basis
of the total mass of the active materials for both two electrodes are
plotted, which called Ragone plot35. For comparison, a LTO/LiFePO4

lithium-ion battery and a conventional EDLC (ACjLiPF6-EC-
DMCjAC) were also assembled and tested under various current
densities. The LTO/LiFePO4 lithium-ion battery has the highest
energy density under low power density; however the reduction of
energy density as the increasing of the power density also remains the
highest. At a relatively low power density (below 1 kW kg21), the
LTO/PGC hybrid supercapacitor shows energy density nearly
50 Wh kg21, which is almost 1.5 times higher than that of LTO/
YP-17D hybrid supercapacitor and 2 times higher than that of the
EDLC. Moreover, the LTO/PGC hybrid supercapacitor exhibits a
maximum energy density of 55 Wh kg21 as shown in Figure 4(b).
As the current density increases to 4 A g21, the energy density of
LTO/PGC hybrid supercapacitor is barely changed and remains
96.8% of the energy density at 0.5 A g21. Simultaneous with the
96.8% retention of the energy density, the power density increases
6.7 times, from 686.9 W kg21 at 0.5 A g21 to 4572.9 W kg21 at 4 A
g21. Even at a high power density of about 6500 W kg21, the energy
density still remains 37 Wh kg21 which is almost double that of the
LTO/YP-17D hybrid supercapacitor and 2.3 times higher than that
of the EDLC. These results reveal that the LTO/PGC hybrid super-
capacitor can provide higher energy as compared with the LTO/YP-
17D hybrid supercapacitor and EDLC at various power densities,
and exhibits better power performance than that of the LTO/
LiFePO4 lithium-ion battery. Accordingly, this specific system is
anticipated as an energy device optimized for both high energy
and high power applications.

Since the densities vary greatly among activated carbon and
LiFePO4 (the data supplied in the supplementary information), the
volumetric Ragone plots were also employed to investigate the dif-
ferences between LTO/PGC, LTO/YP-17D and LTO/LiFePO4, as
shown in Figure S2. A similar trend with the gravimetric Ragone
plots was found based on Figure 3(d). The LTO/PGC delivers
44.5 Wh L21 at 628 W L21, and 34 Wh L21 at 6000 W L21. Rather
than gravimetric, volumetric energy and power densities reflect the
significant performances of LTO/PGC hybrid supercapacitor36.

Discussion
Comparing the rate capabilities of LTO/YP-17D and LTO/PGC
hybrid supercapacitors, shown in Figure 3, it indicates that the
graphitic shell of PGC stabilizes the electrochemical reactions at high
current densities. Since the graphite crystallites are formed at the
surface of the porous particles, the faradaic reactions of PGC electro-
des occur at the surface. Moreover, since the intercalation reaction
sites almost exist at the surface, no bulk intercalation reactions occur,
which reduces the risk of electrochemical breakdown resulted in
intercalation stresses.

Besides the surface intercalation reactions of the graphitic shell, its
existence also leads to the increase of conductivity. To further illus-
trate the significant performance of PGC, we conducted a compar-
ison analysis to reveal the importance of the graphitic shell on PGC.
As illustrated in Figure 4(a), the cathode of LTO/PGC hybrid super-
capacitor consists of 80% PGC, 10%PVDF and 10% carbon black
(Super P, short for SP). Due to the graphitic shell, the contacts
between PGC particles in the electrode contribute to a fine conduct-
ive network. However there are still interspaces between particles,
which attribute to the weak links among the network. Therefore, the
10% carbon black fills the interspaces and reinforces the weak links,
which guarantees the stability at high current density. AMSP is the
electrode with 80% activated MCMB, which is denoted as AM,
10%PVDF and 10% carbon black. The difference between M80
and AMSP is the absence of graphitic shell for AMSP. Carbon black

Table 1 | Summaries of the EIS fitting results

Hybrid Supercapacitor RE (V) Rsf (V) Rct (V)

LTO/PGC 2.7 1.5 0.05
LTO/YP-17D 4.0 1.2 5.3
LTO/AMSP 3.2 0.6 1.2
LTO/AMCNT 3.3 0.9 0.5
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serves as the only contribution to conductivity. By replacing the
carbon black to carbon nanotube (CNT), AMSP turns into
AMCNT. Since CNT is a flexible one-dimensional conductor with
the rolled graphene structure, the addition of CNT offers a fine
conductive network among the AM particles. Figure 4 (b) is the
comparison of rate performances among LTO/PGC, LTO/AMSP
and LTO/AMCNT. All the hybrid supercapacitors were charged
and discharged at 100 mA g21, 200 mA g21, 500 mA g21, 1 A g21,
2 A g21, 4 A g21 and 6 A g21. At relatively high current densities,
LTO/PGC displays higher and more stable performances compared
with the others. We also performed EIS tests among the three hybrid
devices, as shown in Figure 4(c). The charge transfer resistance (Rct)
of LTO/PGC is the smallest, which is listed in Table 1. Since the Rct

reflects both electronic and ionic conductivity. Thus the LTO/PGC
with both high electronic and ionic conductivity exhibits an excellent
rate performance, which is confirmed in Figure 4b. For the LTO/
AMSP hybrid supercapacitor, the conductive network constituted by
carbon black may be discrete, which results in the ion diffusion
blockage and poor conductivity. In addition, for the LTO/AMCNT
hybrid supercapacitor, even though the conductivity of CNT is sig-
nificant high, the physical contact between CNT and amorphous
MCMB spheres weakens the conductive network due to its instab-
ility. In comparison, the conductivity contributed by graphitic shells
and carbon black filler performs more stable and superior than con-
ductivity contributed by either carbon black or other conductive
network such as CNT network.

In summary, we synthesized porous graphitic carbons character-
ized by a unique structure of graphitic shell and an amorphous core
from MCMBs. TEM and micro-Raman analyses confirmed the
graphitic shell at the activated MCMB particles. When applied as
cathode in hybrid supercapacitor, the unique core-shell structure
particles delivered high energy density of 55 Wh kg21 and high
power density of 6474.7 W kg21, which is almost twice higher than
that of hybrid supercapacitor with a commercial activated carbon
(YP-17D) cathode. It exemplifies that the great potential of PGC with
a unique core-shell structure to be used in hybrid supercapacitor,
possessing high energy density and high power density.

Methods
Synthesis of the porous graphitic carbon. The porous graphitic carbon was
synthesized from mesocarbon microbeads (MCMB) by one-step method37,38. The raw
material MCMB was mixed with chemical activation reagent NaOH and
graphitization catalyst FeCl3?H2O. The ratio of NaOH to MCMB was 451 (wt.), and
FeCl3?H2O was 10 wt.% of MCMB. Then the mixture was calcinated at 800uC for an
hour in an Argon flow. After the sample was cooling to the room temperature, acid
and deionized water were employed to wash the sample until the pH value reached to
7. Finally the MCMB-based PGC can be obtained after drying at 100uC overnight.
Activation with NaOH transformed MCMB into a carbon material consisting of
micropores ranged from 1 nm to 4 nm and a relatively high specific area of
929 m2?g21 as measured by a volumetric adsorption system. Moreover catalytic
graphitization of FeCl3?H2O turned the porous MCMB into a ‘‘core-shell’’ structure
with the outer partially graphitized carbon layers.

Materials characterization. The morphology was examined with a LEO-1530
scanning electron microscope. Raman spectrometer (RM2000) and high-resolution

Figure 4 | Schematic illustrations and electrochemical performance comparison among three different cathodes. (a) Schematic illustrations of

cathode of PGC, AMCNT and AMSP; (b) Rate performance of LTO/PGC, LTO/AMCNT and LTO/AMSP hybrid supercapacitors; (c) AC impedance

plots of LTO/PGC, LTO/AMCNT and LTO/AMSP hybrid supercapacitors.
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transmission electron microscope (HRTEM) were employed to characterize the
surface graphitization of the carbon microbeads.

Electrochemical measurements. For cathode material of battery tests, the activated
carbon (PGC or commercial available activated carbon YP-17D) or LiFePO4 was
mixed with 10% binder (PVDF), 10% carbon black (Super P) and NMP. And the
slurry was coated onto an aluminum foil. For anode material, Li4Ti5O12 powder was
mixed with PVDF, carbon black and NMP at the same ratios. Then the mixture was
coated onto a copper foil. The foils were dried at 80uC for 4 h and later dried in
vacuum at 120uC for 12 h. The electrodes were punched to be a disk with a diameter
of 10 mm for electrochemical tests.

Half-cell was used for measuring the cathode performance of the activated carbon
electrode. The half-cell was assembled with a lithium metal electrode, and an activated
carbon electrode, using 2032 coin cell testing. The internal hybrid supercapacitors
were assembled with the activated carbon cathode, and Li4Ti5O12 anode, using 2032
coin cell testing. The mass ratio of activated carbon to Li4Ti5O12 was controlled
between 1.5 and 1.0. And the electrolyte used in all cells was 1 M LiPF6 in EC/DMC
151 by volume. Besides, coin cell 2032 was also employed to assemble the lithium-ion
battery LTO/LiFePO4 and supercapacitor ACjLiPF6-EC-DMCjAC (YP-17D/YP-
17D) with the same electrolyte. Some data of the electrodes were described in the
supplementary information.

A LAND battery tester (Wuhan Jinnuo Electronics Co., Ltd) was employed to
evaluate the galvanostatic charge/discharge performance of the half cells and hybrid
supercapacitors with voltage window specific to the materials. Equivalent series
resistance (ESR) for half cells was calculated using the IR drop which is a rapid voltage
change at the initial stage of the discharge30,39. Electrical impedance spectroscopy
(EIS) was done with an electrochemical workstation Im6ex (ZAHNER, Germany).
EIS was conducted using a sinusoidal signal with mean voltage typically set to open
circuit potentials with AC-amplitude of 10 mV over a frequency range of 2 MHz to
0.01 Hz. And ZView software was employed to fit the collected EIS data.
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