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ABSTRACT: Highly oriented rGO sponge (HOG) can be easily synthesized as an
effective anode for application in high-capacity lithium ion hybrid capacitors. X-ray
diffraction and morphological analyses show that successfully exfoliated rGO sponge
on average consists of 4.2 graphene sheets, maintaining its three-dimensional structure
with highly oriented morphology even after the thermal reduction procedure. Lithium-
ion hybrid capacitors (LIC) are fabricated in this study based on a unique cell
configuration which completely eliminates the predoping process of lithium ions. The
full-cell LIC consisting of AC/HOG-Li configuration has resulted in remarkably high
energy densities of 231.7 and 131.9 Wh kg−1 obtained at 57 W kg−1 and 2.8 kW kg−1.
This excellent performance is attributed to the lithium ion diffusivity related to the
intercalation reaction of AC/HOG-Li which is 3.6 times higher that of AC/CG-Li. This
unique cell design and configuration of LIC presented in this study using HOG as an effective anode is an unprecedented
example of performance enhancement and improved energy density of LIC through successful increase in cell operation voltage
window.
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■ INTRODUCTION

Rising environmental concerns due to increasingly heavier
energy-dependent life styles and activities of mankind are
leading to growing interests in novel energy storage system
developments to produce clean energies by harnessing
renewable energy through photovoltaic and wind power
generations.1,2 Gasoline-based vehicles which emit CO2 into
the atmosphere are primary contributors to environmental
pollution.3,4 To address this, energy research has recently been
focusing on the development of electrochemical energy
conversion and storage devices such as high-capacity lithium-
based batteries, metal−air batteries, and high power super-
capacitors.5−13 Simultaneously, technologies advancements in
vehicles have resulted in on-board systems and equipment that
require high-performance energy supply.14−16 To fulfill the
power requirements of vehicular propulsion, including auxiliary
and safety systems of a vehicle, novel electrochemical energy
systems such as hybrid capacitors must be developed, which
combine the fundamental electric storage principles of a lithium
ion rechargeable battery and an electric double layer
capacitor.8,17−19 As one type of hybrid capacitors, an organic
and ionic liquid electrolyte capacitor has been suggested,20

which uses carbon-based negative electrodes, which signifi-
cantly increases the energy density by allowing the carbon
material that can store and release lithium ions (hereinafter, in
some cases, referred to as “predoping” or “prelithiation”) to
store and carry the lithium ions chemically or electrochemically
in advance to lower the negative electrode potential.21,22 In the
past decade, a large number of researchers have sought to
improve upon state-of-the-art lithium ion hybrid capacitors

(LICs) for commercialization by utilizing positive electrode
carbon materials from EDLC and lithium predoped negative
electrode from battery applications such as Li1−xC6 of graphite
or hard carbon.21,23,24 However, current LICs require
complicated device fabrication process, consisting of half-cell
assembly for lithium predoping, cell disassembly, then
reassembly into a full-cell using the predoping electrode.17,25,26

A coin-type battery is useful in terms of active material
utilization and basically has a two-electrode structure. Addi-
tionally, the demand for lithium ion capacitors which can be
used in a high voltage window has gradually increased, but
research and development on the capacitor is currently not
actively being conducted. Therefore, it is urgent to develop
high-voltage operable lithium ion capacitors having high energy
and power density with a stable ultralong lifetime.20,27

Herein, we introduce, for the first time in the literature, the
transformation kinetics of lithium diffusion mechanism in the
full-cell configuration using highly oriented rGO sponge as the
negative electrode for high energy and power density lithium
ion capacitors. The cell is fabricated by directly attaching a
piece of lithium metal on the backside of the anode as an
effective lithium ion doping procedure to generate improved
operating voltage windows for one-step activated full-cell LICs.
Additionally, the activation procedure for predoping introduced
here allows the fabrication of two-electrode cells without
disassembling and reassembling of the electrodes. Furthermore,
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the fabrication of two-electrode coin-cell design makes previous
artificial procedures obsolete, which is particularly interesting
for significantly reducing costs associated with cell manufactur-
ing. The following advantages of this research for the
development of the state-of-the-art LICs are as follows: (i)
The highly oriented rGO sponge materials as an anode
significantly improves the overall electrochemical properties
including energy and power density of LICs. (ii) The unique
cell configuration design of two-electrode system has benefit to
low manufacturing costs without any artificial Li predoping
procedure. (iii) The high mass loading of anode electrode leads
to high energy density of LICs, which are particularly
interesting for EVs and ESS applications.

■ RESULTS AND DISCUSSIONS

The detailed sample preparation is presented in the Supporting
Information, and we refer to the prepared materials as HOG
(highly oriented rGO sponge), RAG (randomly aligned rGO
sponge), CG (commercial graphite), and AC (activated
charcoal). The schematic illustration of the two-electrode
lithium ion hybrid capacitor (LIC) system which does not
require additional cell fabrication procedures for lithium
predoping is presented in Figure 1a, and the ideal cell
configuration of two-electrode system with a complete
consumption of Li metal for LICs is shown as Figure S1.
The direct lithium attachment on the back of the anode creates
an internal short circuit to induce predoping with lithium. This
prelithiation process is innovative as it solves cell fabrication
complexities associated with previously reported artificial
procedures which generally consist of three stages: cell
assembly for electrode lithiation, cell disassembly, and

reassembly into a full-cell. A previous work on fast and efficient
predoping approach has confirmed that directly attaching a
lithium source on the anode for LIC fabrication is the fastest
way to obtain a full-cell that works as well as electrochemically
lithium ion predoped LIC.28 In addition to a greatly simplified
fabrication process, the LIC cell design in this report can be
easily configured to fabricate larger multistacked cells via rapid
lithium predoping as shown in Figure 1b. The effectiveness of
the unique cell preparation presented in this study is
demonstrated using high surface area HOG as the active
electrode material as shown in Figure 1c. The XRD result
presented in Figure 1d corresponds to the conventional
patterns of graphite oxide (GO) and reduced graphene oxide
(rGO). The peak observed with GO at the low angle
corresponds to the (002) layer orientation in graphene oxides
(d002 = 8.97°). The broad peak with a low intensity observed
with HOG in the range of 20−30° is commonly known to be
indicative of completely reduced GO. The structural evolution
of HOG has been investigated by calculating the number of
rGO layers based on the d-spacing and average crystallite size of

the (002) plane obtained from the Bragg’s law = λ
θ( )d n

2 sin
and

the Scherrer−Debye equation = λ
β θ( )Lc 0.89

cos
. The calculated

average number of rGO layers is 4.2, consistent with previously
reported results,29,30 indicating that the graphene sheets are
completely exfoliated, and the three-dimensional structure of
rGO sponge is effectively maintained for enhanced electro-
chemical performance, which is demonstrated in the later
section. Even after freeze-drying and high-temperature heat
treatment, the graphene sheets in HOG are found to be well-
oriented, forming edge-by-edge connected porous structure as

Figure 1. (a) Schematic diagrams of the LIC full-cell configuration composed of the activated charcoal as a cathode and negative electrode consisting
of anode and lithium by directly attachment. (b) Effective stack cell configuration of two-electrode system LIC by direct lithium metal attached on
the one side of anode. Each electrode material is cast on Cu and Al mesh current collector for high efficiency of lithium predoping by activation
procedure. (c) Optical image of synthesized HOG which maintained robust structure, and coin-type LIC full-cell consisting of two-electrode
configuration. (d) XRD patterns corresponding to graphite oxide and HOG. The calculated average graphene layer using Scherrer−Debye equation
is 4.2 layers. The morphology analysis of active materials for lithium ion hybrid capacitor: (e) highly oriented HOG, (f) TEM, and (g) high-
resolution TEM images of HOG.
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shown in Figure 1e. The TEM image of HOG sheets shown in
Figure 1f reveals wrinkled edges as well as flattened areas. It is
noted that the sudden freezing is reported to be effective for
creating oriented and flattened planes of graphene oxide sheets
as the frozen water inside the matrix of GO-water suspension
helps to maintain the structure.31−34 The high-resolution TEM
analysis of the HOG sheet has revealed that the sheet is
composed to flattened thin graphene layers as shown in Figure
1g, and further investigation of HOG by high-resolution TEM
analysis at two different locations reveals thicknesses of 1.63
and 2.59 nm and the number of graphene layers of 6 and 8 as
shown in Figure S2c,d. This microscopic method to measure
thickness and the number of layers of graphene has been shown
to be effective in the previously reported literature..35

Furthermore, wrinkles in rGO sheets are known to adversely
affect the electrical conductivity because graphene has a single
2D atomic layer (with sp2 carbon configuration and π−π
complexation) in a honeycomb lattice, and electricity is
conducted through the π−π bond.30,36 Therefore, highly
oriented and flattened rGO sponge (HOG) in this study
presents high electrical conductivity for high power capacitor
applications.
Figure 2a shows typical Raman spectra of HOG showing

peaks that correspond to D, G, and 2D band peaks of
graphene.37−39 In particular, the relatively high intensity of the
D-band peak is ascribed to the defects of graphene layer (ID/IG
= 1.34). To further understand the physical structure of HOG
for prelithiated LIC application, three-dimensional Raman
mapping of HOG has been obtained as shown in the Figure
2c,d followed by 100 points of selected area and in depth of 50
μm from surface to bulk (Figure 2b). The three-dimensional
mapping after two-dimensional translation shows a gradient
from white to blue, which corresponds to the high to low
intensity of Raman response from HOG (Figure 2c,d). The
horizontally alternating red and blue colors of the map indicate
that the graphene sheets in HOG are indeed very well aligned.

This observed graphene alignment leads to stable sponge
formation as well as increased porosity and high electric
conductivity for enhanced lithium storage during prelithiation
and LIC operation. The 3D Raman mapping images obtained
across the map and into the depth of HOG are presented in
Figure S3, clearly illustrating the existence of voids surrounding
a continuously oriented rGO sheets. The Raman spectrum
obtained from 10 levels of HOG with each level being 5 μm in
thickness (total depth of 50 μm) and consisting of 100 in-plane
measurements as shown in Figure 2b clearly indicates HOG
very well maintains the oriented 3D structured even after
grinding during electrode fabrication.
In order to determine the orientation effect of rGO sponge

on the electrochemical property, the freeze-dried rGO sponge
as a function of suspension concentration has been prepared.
The morphological change and electrochemical property by
testing half-cell are presented in Figure S4. The SEM image of
RAG shows randomly aligned morphology with more exposed
edges of rGO sheets, but suspensions of high concentrations
show the edge-by-edge connected and highly oriented structure
of rGO sheets (HOG). Furthermore, the initial reversible
capacity with cyclability of HOG shows superior half-cell
performance. It is well-known that the reduced exposed edge of
graphene sheets results in the irreversible capacity loss and high
cyclability.40,41 From this result, it is observed that higher
concentration suspensions lead to more dense and aligned
structure of rGO sponge since they have less water content per
dispersed unit volume of GO, which enhances the cooling rate,
leading to a slower growth rate of ice crystal. Cooling rates play
a central role in determining the mean pore size, when the
sample was frozen with a contact cooling plate. In brief, a larger
temperature gradient leads to smaller macropores.42

To confirm the electrochemical working voltage windows of
cathode and anode materials, half-cell experiments have been
carried out versus the lithium reference electrode (Figure S5).
We refer to the electrochemical full-cells of LIC as AC/CG-Li

Figure 2. Raman mapping analysis of HOG: (a) representative Raman peak of HOG, (b) 100 in-plane measurement points of selected area, and (c
and d) 3D and 2D mapping chemical intensity images of HOG.
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(full-cell consists of AC positive electrode and CG-Li metal
directly attachment as the negative electrode), AC/HOG-Li
(full-cell composed of AC as the positive electrode and HOG-
Li metal directly attached). The performance of full-cell lithium
ion hybrid capacitor fabricated based on the two-electrode
design consisting of cathode and anode with a lithium metal
directly attached is evaluated. The full-cell LICs have been
activated by charge−discharge cycling to allow diffusion of
lithium ions into the anode as shown in Figure 3. The
activation procedure was carried out by charging−discharging

LIC in the voltage range of 2−4 V at the current density of 5
mA g−1 for five cycles in order to induce the lithium metal to
fully diffuse into the anode. Following the activation, the actual
full-cell cycling tests have been conducted within the voltage
window of 1.5−4.2 V. As shown in Figure 3a,c, AC/CG-Li cell
demonstrates a typical charge plateau of 3.7 V, which is also
observed in the AC/HOG-Li cell. However, in contrast to the
AC/CG-Li cell, the specific two plateaus observed with AC/
HOG-Li is due to the SEI film formation (please refer to the
Figure S5), which includes the reaction between residual

Figure 3. Performance comparison of LIC full-cell assembled by two-electrode system employing AC as the cathode and CG (a and b) and HOG (c
and d) as the anode materials. Both full-cells are prepared by directly attaching lithium metal onto the anode to induce predoping. The results show
activation processes of both cells for lithium predoping.

Figure 4. (a−c) Rate capability of AC/CG-Li and AC/HOG-Li full-cells at current densities from 20−1000 mA g−1 and its comparison result. (d)
Cyclability of prepared full-cells after rate capability test at a current density of 20 mA g−1.
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oxygen functional groups of rGO sheets and lithium ions.43−45

Furthermore, AC/CG-Li and AC/HOG-Li show different
trends during first and second activation cycles, which can be
understood based on voltage plateaus observed during half-cell
activation of these electrodes as shown in Figures S5c,d. AC/
HOG-Li shows much longer discharge plateau due to the side
reaction that occurs between Li ions and oxygen functional
groups, as well as the formation of SEI, whereas AC/CG-Li
shows significantly shorter first discharge plateau due to only
the formation of SEI and a very stable second discharge plateau.
These differences in the nature of activation of these electrodes
therefore leads to different trends observed during full-cell
activation as well. This confirms that the predoped full-cells by
one-step activation procedure are prepared successfully for
electrochemical evaluation as LICs based on the results of the
half-cell tests. The cycling of both LICs at 10 mA g−1 presented
in the Figure 3b,d shows the AC/HOG-Li cell performs about
10% superior capacity and durable cycle life after 100 cycles.
The superior initial cell performance of AC/HOG-Li is due to
higher electric conductivity of HOG, which minimizes the
internal resistance during electrochemical reactions. It is
important to note that the capacity of the cells are limited by
the capacity of cathode since the P/N ratio was not adjusted to
1:1, which results in the cathodes having relatively lower
capacity than the anode for both AC/CG-Li and AC/HOG-Li
cells. The P/N ratio of the electrodes has been determined
based on capacities of both cathode and anode obtained from
half-cell testing. HOG during half-cell showed a high voltage
recovery as charge−discharge cycles advanced, which led to the
testing of full-cell LIC in the limited voltage range of 0.2−0.01
V to maintain a stable cell operation. In this voltage range, the
resulting operable capacities of HOG and CG were doubled
that of AC, which resulted in the P/N ratio of 2:1. To compare
the resistance alternation between activation and cell operation
processes, DCR is measured by calculating the cell resistance
between the last point of rest and the starting point of discharge
procedure, as presented in Table S2. Both full-cells of AC/CG-
Li and AC/HOG-Li show decreased resistances as the
activation procedure advances, and the resistances of AC/
HOG-Li during the activation and cell operation process are
lower than those of AC/CG-Li.
In addition to the demonstration of cyclability, the rate

capability of prelithiated full-cell LICs is tested as shown in
Figure 4. Under varying rates, the specific capacities of AC/CG-
Li and AC/HOG-Li are found to be 62.5 and 73.1 mAh g−1 at
20 mA g−1, 43.6 and 43.1 mAh g−1 at 1000 mA g−1, and 60.8
and 70.6 mAh g−1 back at 20 mA g−1, respectively, based on the
mass loading of AC in the order of testing sequence. The
specific capacity obtained with AC/HOG-Li is significantly
higher compared to those obtained with AC/CG-Li at low
tested current densities, even though the specific capacities of
both cells become similar at higher tested current densities.
From this result, it is concluded that the electrochemical
properties mainly related to the high power performance LICs
depend on not only cathode materials from EDLC but also
anode materials from LIB. Figure 4d shows cyclability at the
current density of 20 mA g−1 after rate capability test, showing
stable cycle property even after severe electrochemical testing.
The energy density and the power density of AC/HOG-Li

and AC/CG-Li cells with the P/N ratio of 2:1 are calculated
based on gravimetric capacities of the cathode and the anode
and presented in Ragone plot as shown in Figure 5a. The
obtained energy densities of AC/HOG-Li and AC/CG-Li cells

are 231.7 and 196.8 Wh kg−1 at 57 W kg−1 and 131.9 and 138.8
Wh kg−1 at 2.8 kW kg−1, respectively. The energy and power
densities obtained in this study with AC/HOG-Li are
significantly higher than those obtained with graphene-based
composites in an asymmetric capacitor which reports only 258
Wh kg−1 (based on cathode loading),46 as well as another work
which reports 55 Wh kg−1 at 52 W kg−1 and 27 Wh kg−1 at 2.9
W kg−1.47 The superior performance obtained with AC/HOG-
Li is attributed to the unique two-electrode cell configuration
prepared without a prelithiation process which allowed the
lithium ion capacitor to be tested in the increased operable
potential windows of 2.0−4.0 V (ΔV: 2) and 1.5−4.2 V (ΔV:
2.7). The energy and power densities with higher operating
potential range of this unique cell configuration provides almost
1.8 times higher energy storage than that of previous lithium
ion capacitors with lower operable potential window based on
the specific energy obtained from the following equation:

=E CV
1
2

2
(1)

where C refers to the specific capacitance of the cell and V is
voltage window of the cell (ΔV). The cycle durability test of
AC/HOG-Li cell has been performed in the voltage range of
2.0−4.2 V for the verification of stable cyclability, as presented
in Figure 5b. For the cycle durability test, 108 Wh kg−1 has
been obtained based on the mass of both cathode and anode at
the power of 1.4 kW kg−1 with the capacity retention of 84.2%
after 103 cycles. From this result, the unique two-electrode cell
configuration system for prelithiation is observed to definitely
effective for solving complicated manufacturing issues and
obtaining stable LIC performance.
In order to investigate the effectiveness of unique cell

configuration of the two-electrode system for LIC, the
electrochemical behavior of cathode (AC) and anode
(reference CG) was carried out individually as a function of
charge and discharge time during the activation and cell
operation procedure. A three-electrode cell system has been
employed consisting of cathode/separator/anode−Li, and
lithium metal as the reference electrode. In contrast to

Figure 5. (a) Ragone plot of the AC/HOG-Li and AC/CG-Li cells;
(b) cycle durability result of AC/HOG-Li cell by using unique two-
electrode cell configuration without prelithiation fabrication.
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previously shown two-electrode system, the amount of lithium
required for a complete consumption during the internal short-
circuit process has been calculated and loaded onto the anode
(backside of graphite anode). As seen in Figure S6a,
considerable voltage gaps are observed between the reference
lithium and cathode (401 mV) and between the reference
lithium and anode (390 mV) at the point of fully discharged
state during the activation process. This observed voltage
discrepancy is most likely due to the incomplete lithium
diffusion into the anode during the initial stage of the
activation. After activation, however, the voltage gap observed
at the cathode (224 mV) and the anode (202 mV) versus that
at the reference lithium decreases, likely due to the stable LIC
operation upon complete lithiation after the activation
procedure (Figure S6b). It is very important to note that
fully predoped lithium ions affect the cell operation voltage;
thus, making this two-electrode system a unique cell
configuration for LICs.
To further understand the process of predoping of lithium

ions, galvanostatic intermittent titration technique (GITT)46,47

has been employed to investigate the evolution of lithium
diffusivity as a function of cell potential as shown in Figure 6a,b.
Based on the data obtained by GITT, the lithium diffusivity of
the electrodes has been calculated using Weppner and Huggins
derived expression as shown below:

πτ
=

Δ
Δ

⎡
⎣⎢

⎤
⎦⎥D

E
E

4L
Li

2
s

t

2

(2)

where L refers to the electrode thickness, τ refers to interval
time of the current pulse (600 s), ΔEs is the steady-state voltage
change, due to the current pulse, and ΔEt is the voltage change
during the constant current pulse, eliminating the iR drop.48

Figure 6c shows the lithium diffusivities as a function of cell
potential of AC/CG-Li and AC/HOG-Li during the charge
process, exhibiting similar tendency of lithium ion diffusion
state. The lithium ion diffusivities of AC/CG-Li and AC/HOG-
Li have been measured at three distinct points during charging
to investigate the rate-determining step of lithium ion hybrid
capacitor; first at the starting point of 1.5 V, next at 3.0 V
corresponding to the ion exchange occurrence step of Li+ and
PF6

−, and then at the ending point of 4.2 V. The lithium
diffusivities measured at these three points are plotted in the
Figure S7 and summarized in Table 1. Higher lithium
diffusivities have been obtained at the ion exchanging state of
3.0 V than at the ground state due to the Li+ ion adsorption
into the pores of the cathode at this stage. In fact, during this
ion exchange step, AC/HOG-Li has demonstrated relatively
higher potential compared to AC/CG-Li. Since both cells used
the same activated charcoal cathode, this result is indicative of
the intercalation of lithium ions from the surface to bulk

Figure 6. Galvanostatic intermittent titration technique (GITT) curve vs time of (a) AC/CG-Li and (b) AC/HOG-Li full-cells. The duration of the
charge and discharge pulses have been calculated based on a current density of 10 mA g−1. (c) Lithium diffusivities of the AC/CG-Li and AC/HOG-
Li full-cells as a function of the cell potential, which were determined by GITT during charge advanced. (d) Proposed model of transformation
kinetics in depth of lithium diffusion followed by GITT measurement results; SEI film formation on the anode material affects the lithium diffusivity
mainly related to the lithium insertion reaction from surface to interlayer of anode materials.

Table 1. Lithium Ion Diffusivities of AC/CG-Li and AC/HOG-Li Obtained at Three Distinct Charge Potentialsa

electrochemical charge potentials

sample 1.5 V 3 V 4.2 V

DLi (cm
2/sec)

AC/CG-Li 1.42 × 10−6 1.89 × 10−6 4.12 × 10−6

AC/HOG-Li 1.64 × 10−6 2.15 × 10−6 1.49 × 10−5

aPotentials: 1.5 V, lithium ion diffusion domain from pores of cathode to electrolyte; 3.0 V, cation and anion exchange domain; lithium ion diffusion
domain from surface to interlayer of anode materials.
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occurring at a relatively lower voltage for AC/HOG-Li than
AC/CG-Li. At the fully charged state of 4.0 V, the lithium
diffusivity of AC/HOG-Li is significantly higher (3.6-fold) than
AC/CG-Li, most likely due to much higher electrical
conductivity of rGO leading to more rapid kinetics of lithium
ion intercalation into HOG than CG. Also at the fully charged
state, the highest lithium ion diffusivity for each cell is
demonstrated since Li+ ions and PF6

− counterions are much
more readily transferred from the surface to the bulk of the
anode and absorbed into the cathode, respectively.
Based on the results obtained from the GITT analysis, a

possible model for the mechanism of rate-determining step is
suggested as shown in Figure 6d. Upon starting of the ion
exchange, the lithium ions accumulate on the surface of the
anode, which is why after 2.65 and 3.28 V for CG and HOG,
respectively, low lithium ion diffusivities are observed due to
slow transformation kinetics from surface SEI to the bulk of
anode. However, as lithium ions are further inserted into the
interlayers of the anode from the surface, the lithium ion
diffusivity increases, due to the increased lithium ion mobility.
These observations based on the magnitude of lithium ion
diffusivity suggest that lithium ion insertion is relatively slower
than the interlayer lithium ion diffusion step. This means that
the performance related to kinetics of lithium ions in LICs is
dependent on the anode, which is why superior results are
obtained with high surface area, and highly conductive HOG,
making it a very promising active anode material for high power
LIC applications.
To investigate the actual electrochemical reactions of LICs,

plots of differential capacity (dQ/dV) vs potential (V) are
reproduced from the charge−discharge profiles obtained in the
voltage window of 2.0−4.0 V and from 1.5 to 4.2 V for
activation procedure (prelithiation procedure) and cell
operation (after prelithiation), respectively. It is well-known
that dQ/dV analysis is one of the commonly used methods for
verifying the real response of oxidation−reduction step in an
electrochemical cell during charge−discharge process.49 The
reproduced dQ/dV curves of AC/CG-Li cell presented in
Figure S8a show a typical rectangular profile during the
activation procedure which means the potential window of
2.0−4.0 V is stable for the cell operation; however, the dQ/dV
profile shows relatively high oxidation profile with an inclined
line beyond 4.0 V as shown in the result of the cell operating
from 1.5 to 4.2 V. This result indicates that the electrochemical
reaction is carried out at a high net voltage due to the Li ion
intercalation reaction at the anode. AC/HOG-Li cell as shown
in Figure S8b has broadened oxidation−reduction profile
during both activation and practical cell operation. Similar to
the aforementioned AC/CG-Li cell, the inclining peak is
observed beyond 4.0 V due to the Li ion intercalation reaction.
In contrast to the result of AC/CG-Li, however, AC/HOG-Li
shows a bow-tie-shaped profile, and the inflection points
observed with AC/HOG-Li at both oxidation and reduction at
3.1 V are clear indications of the starting point of the ion
exchange (Li ion starts to intercalate−deintercalate during
charge−discharge) at the surface of HOG, and this result is in
accordance with the reaction mechanism aforementioned above
based on the GITT result. Figure S8c illustrates Nyquist plots
according to the equivalent circuit (inset image) obtained from
the LICs of AC/CG-Li and AC/HOG-Li before and after the
activation procedure (prelithiation). The measured ac-impe-
dance spectrum of AC/HOG-Li shows lower charge-transfer
(Rct) resistance compared to that of AC/CG-Li both before and

after the activation procedure, which indicates that HOG has
higher electrical conductivity than CG and highlights the
advantages of HOG as an effective active material for high
power Li ion capacitors.

■ CONCLUSIONS
HOG is prepared by a facile synthesis method which allows the
formation of three-dimensional porous structure even after a
high-temperature thermal reduction process and pulverization
of sponge to powder. In addition, a uniquely designed two-
electrode lithium ion capacitors are fabricated by attaching a
lithium metal directly onto HOG anode to create an internal
short-circuit, thereby predoping lithium without further cell
disassembly and reassembly. The full-cell LIC made with HOG
exhibits excellent performance with high specific initial capacity
of 71.9 mAh g−1 and a stable cycle durability of 100 cycles at 20
mA g−1. The AC/HOG-Li cell demonstrates excellent energy
densities, resulting in 231.7 and 131.9 Wh kg−1 obtained at 57
W kg−1 and 2.8 kW kg−1. Furthermore, the cycle durability
result obtained in the voltage range of 2.0−4.2 V has resulted
in108 Wh kg−1 based on the mass of both cathode and anode
electrode at the power of 1.4 kW kg−1 with a capacity retention
of 84.2% after 103 cycles. The rate-determining step analysis for
lithium diffusion kinetics as a function of potential has revealed
that HOG is superior compared to graphite. Additionally, the
lithium diffusion reaction mechanism for the rate-determining
step of LIC has been investigated based on the resulted
obtained from the GITT analysis from which a superior lithium
diffusivity was demonstrated by HOG. Based on the electro-
chemical performance, HOG presents itself as a highly
promising anode material for high power lithium ion hybrid
capacitors, and the unique cell of directly attaching a lithium
metal on the anode presented in this study offers a convenient
one-step activation process without any further cell preparation
for prelithiation.
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