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The structure of carbon material comprising the anode is the key to the performance of a lithium ion capacitor. In addition to
determining the capacity, the structure of the carbon material also determines the diffusion rate of the lithium ion into the anode
which in turn controls power density which is vital in high rate applications.This paper covers details of systematic investigation of
the performance of a structurally novel carbon, called Randomly Oriented High Graphene (ROHG) carbon, and graphite in a high
rate application device, that is, lithium ion capacitor. Electrochemical impedance spectroscopy shows that ROHG is less resistive and
has faster lithium ion diffusion rates (393.7 × 10−3 S⋅s(1/2)) compared to graphite (338.1 × 10−3 S⋅s(1/2)). The impedance spectroscopy
data is supported by the cell data showing that the ROHG carbon based device has energy density of 22.8Wh/l with a power density
of 4349.3W/l, whereas baseline graphite based device has energy density of 5Wh/l and power density of 4243.3W/l.This data clearly
shows advantage of the randomly oriented graphene platelet structure of ROHG in lithium ion capacitor performance.

1. Introduction

Batteries are the ubiquitous energy storage devices. However,
batteries, although high in energy density, do not have
adequate power for many applications. Electric double layer
capacitors (EDLCs) have been developed to address this need
for high power devices. The usage of EDLCs is growing
exponentially. However, EDLCs have high power but low
energy [1–3]. For many applications, there is a need for next
generation devices which have significantly higher energy
and power densities. To address the problems of EDLC of
lack of high energy density and in a lithium ion battery of
lack of high power density, lithium ion capacitors (LICs),
a new class of innovative hybrid energy storage devices is
advancing rapidly and has been commercialized recently [4].
As the hybrid of two different energy storage mechanisms,
EDLC and lithium ion battery, lithium ion capacitor displays
energy density intermediate between the lithium ion battery
(LIBs) and EDLCs but has higher power than lithium ion
battery. Unlike EDLCs which store energy based on double
layer mechanism on both electrodes or lithium ion battery

which stores energy based on faradaic mechanism on both
the electrodes, the lithium ion capacitors store energy on the
cathode via nonfaradaic mechanism (double layer mecha-
nism), whereas energy storage on anode constructed from
low surface area carbon is via faradaicmechanism.As a result,
the energy density in such devices can be threefold to fourfold
of EDLC, and power is also threefold to fourfold the lithium
ion battery [1–3, 5–10]. These devices still show very high
cycle life, in excess of 1million cycles compared to lithium ion
batteries which are limited to 300–400 cycles, making them
attractive for many applications [8, 11].

In a lithium ion capacitor, the negative electrode (inter-
calating and deintercalating) is predoped with lithium metal
(lithium metal foil or lithium powder). The predoping of
the lithium ion capacitor allows increase in the operating
voltage to approximately about 3.8 volts, whereas in EDLC
the operating voltage is 2.7 to 3 volts. The predoping of the
anode with lithium occupies partial storage capacity of the
electrode.Theoretically, the predoped lithium should remain
in the anode during the charged and discharged state of the
capacitor. During the charging and discharging process, the
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anode electrode is the kinetically rate limiting electrode due
to the faradaic process occurring during charge and discharge
process [8, 12]. Since the lithium ion capacitor is a power
device, it is critical to measure the material performance
at high charge-discharge rates (C-rates) to select optimum
material especially for the rate limiting anode electrode.
Unlike batteries which operate at 1 C, capacitor operates at
rates in excess of 100C. Anode materials with high capacity
but low diffusion rate will yield poor power performance.
For lithium ion capacitors, the anode carbon should have the
following properties.

(1) High Reversible Capacity and Lower Irreversible Capac-
ity. Reversible capacity measures the amount of lithium
which can be intercalated and deintercalated reversibly. This
reversible capacity determines the usable energy available in
the capacitor.

(2) Fast Lithium Ion Diffusion. To deliver high power, the
fast and efficient intercalation and deintercalation of the ions
in the kinetically rate limiting anode electrode are necessa-
ry.

Using lithium ion battery as precedence, researchers have
utilized graphite as the anode material in lithium ion capaci-
tor applications [8, 12]. The intercalation and deintercalation
of lithium ion happen between the parallel graphene platelets
during charge and discharge process. In this case, the distance
between two graphene platelets is close to 0.34 nm [13–15].
However, the kinetics of intercalation and deintercalation of
lithium ion in graphite is too slow for it to be used as an anode
material in lithium ion capacitor [7]. Hard carbon materials,
that is, nongraphiticmaterials with low surface area, have also
been evaluated as anode materials in lithium ion capacitors.
Due to the structural alterations in the hard (nongraphitic)
carbon, no solvent cointercalation is observed and this
increases the solvent choice as an electrolyte. Nongraphitic
carbons also show higher capacities compared to graphitic
carbon. However, although hard carbon materials have very
high initial capacities, one of the main issues with using hard
carbon materials is the very high irreversible capacity. High
irreversible capacity leads to loss of lithium and hence low
performance and higher cost of the device [8, 16]. Because
of this problem, hard carbon is generally not used in LIC
devices.

To this effect, we have earlier reported in detail the
systematic investigation of the thermodynamics (entropy and
enthalpy) of intercalation associated with lithium ion in a
structurally novel carbon, called Randomly Oriented High
Graphene (ROHG) carbon, and compared it to graphite [17].
The study clearly shows that a lower amount of energy is
required for the lithium ion intercalation into the ROHG
structure compared to graphite structure. Randomly oriented
graphene platelet cluster structure of ROHG carbon makes
it easier for the intercalation or deintercalation of lithium
ion. In this article, we will discuss the application of ROHG
carbon as anode intercalating material for high rate appli-
cations such as a working lithium ion capacitor and will
be compared to a lithium ion capacitor with commercially
available graphite as anode material.

2. Experimental

2.1. Anode Materials and Construction. ROHG carbon was
obtained from a natural carbon precursor via heat treatment
in inert environment at temperatures above 1000∘C [18].
Graphite powder (Timcal (Model TB-17)) and Timcal Super-
C45 carbon black was acquired from MTI Corporation
and used as it is. KYNAR 761 grade PVDF and N-methyl
pyrrolidinone was obtained from Arkema Chemicals Com-
pany and Sigma Aldrich, respectively. The anode electrodes
consisted of 90% carbon (graphite or ROHG), 5% carbon
black, and 5% PVDF. 3.6 grams of carbon and 0.2 grams of
carbon black were ball-milled for 10 minutes at 350 rpm in
Retsch PM100. 0.2 grams of PVDF was added to the ball-
milled mixture and ball-milled for another 10 minutes at
350 rpm. 5ml of NMP (N-methyl pyrrolidinone) was added
to the carbon, carbon black, and PVDF mixture and ball-
milled for 10 minutes at 350 rpm to yield a viscous slurry
mixture. The slurry mixture was coated on a copper foil
(product number: Oak-Mitsui TLB-DS) acquired from Oak-
Mitsui using the Mayer rod coating method (rod number:
50G). The coated electrodes were dried under vacuum at
50∘C.The dried electrodes were punched into discs of 14mm,
dried under vacuum at 120∘C for 12 hours, and stored under
Argon atmosphere in a glove box.

2.2. Cathode Materials and Construction. Cathode carbon
was synthesized in house and prepared from natural carbon
precursor via chemical activation and heat treatment in inert
environment at temperatures close to 700–800∘C [19]. The
electrodes consisted of 92.5% cathode carbon (3.7 grams),
2.5% carbon black (0.1 grams), and 5% PVDF (KYNAR
HSV 900) (0.2 grams). Identical ball-milling procedure was
followed as described in the anode material and construction
section (Section 2.1) except for 11ml of NMP (N-methyl
pyrrolidinone) which was added to the slurry. The slurry
mixture was coated on a TOYO aluminum foil acquired from
Oak-Mitsui. The TOYO aluminum foil was pretreated with
5% sodium naphthalenide/diglyme solution. The electrodes
were coated using the Mayer rod coating method (rod num-
ber: 160G) and dried under vacuum at 120∘C.The electrodes
were punched, dried, and stored as explained in Section 2.1.

2.3. Lithium Metal Composite Powder (LCP). LCP was syn-
thesized in the laboratory according to the procedure des-
cribed previously in the literature [20].The LCP is comprised
of 80% lithiummetal coatedwith 20% lithiumbased salts.The
LCP was used to predope the anode electrode with lithium
metal.

2.4. Construction of Half Cell. Half cells (coin cells) were
built with carbon (ROHG or graphite) electrodes and lithium
metal disc as the counter electrodes. Polyethylene based
separator was used to separate the two electrodes. 120 𝜇l
of 1.2M LiPF6 in 20 : 20 : 60 ethylene carbonate : dimethyl
carbonate :methyl propionate (volumetric), and 5wt% flu-
oroethylene carbonate were used as an electrolyte. The
cells were conditioned with two slow (∼C/30 rate) charge-
discharge cycles on Arbin.
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Figure 1: Schematic of coin cell assembly.

2.5. Construction and Testing of Working Lithium Ion Capac-
itor. Lithium ion capacitor coin cells were built and all the
cells were tested at 25∘C. A schematic of coin cell assembly is
shown in Figure 1. All the cells were built with 1M LiPF6 in
ethylene carbonate (EC)/dimethyl carbonate (DMC)/methyl
propionate (MP) with 5%/weight of fluoroethylene carbonate
(FEC) as electrolyte.The cathode was placed in an aluminum
clad bottom can. A cellulosic separator (Nippon Kodoshi
Corporation (NKK) TF4425 Separator) was placed over the
cathode. 3.5 milligrams of LCP was weighed on the separator.
The negative electrode was placed on the lithium metal
composite powder. All the cells were conditioned on Arbin
BT 2000 with 5 cycles at constant current of 0.0004 Amperes
charge and discharge schedule from 2.2V to 3.8 V. The cells
were subjected to constant voltage hold at 3.8 V for 1 hour
between charge and discharge cycles at 0.0004 Amperes.

The conditioned lithium ion capacitors were subjected
to Electrochemical Impedance Spectroscopy (EIS) measure-
ment on Gamry potentiostat/galvanostat instrument at 3.8 V
(charged state). The EIS measurement was done by applying
a sinusoidal (AC) current between frequencies from 0.01Hz
to 100000Hz.

The cells were subjected to C rate testing where the cells
were charged at 0.001 A and discharged at different C-rates
(1 C, 5 C, 10 C, 20C, 50C, 100C, and 200C).

3. Results

3.1. Intercalation Curves from Half Cell. We have reported
earlier Li ion intercalation curves for graphite and ROHG
carbon [17] (Figure 2).

From the intercalation curves, it is evident that there is
a difference in the lithium intercalation mechanism between
ROHG and graphite. We had demonstrated that the different
features associated with progression in lithium intercalation
in the concentration as a function of voltage plot indicate that
different lithium compounds are present in ROHG compared
to graphite. The intercalation curves show that graphite
has higher lithium ion intercalation deintercalation capacity
than ROHG at C/30 rate. At 100% lithiation, graphite has
a “x” value of 0.823, whereas ROHG carbon shows a “x”
value of 0.764. However, ROHG carbon, due to its unique
structure, is more suitable for high rate applications [17] and
its performance in a full working lithium ion capacitor is
discussed in detail in the following sections.

3.2. Conditioning of the Working Lithium Ion Capacitor.
Conditioning of the cells assures a thorough wetting of
the electrodes with the electrolyte and a formation of a
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Figure 2: Plot of moles of Li as a function of voltage with reference
to Li metal.

stable Solid Electrolyte Interphase (SEI). During the initial
conditioning cycle, there are irreversible reactions of lithium
and solvent (electrolyte) with the carbon surface which forms
a SEI. The SEI plays an important role in protecting the
electrolyte from further contact with the reactive carbon
surface and undergoing unwanted reactions in the cell. The
SEI also is responsible for the long-term stability (aging)
of the cell. The extent of irreversible reactions depends on
surface and structure of carbon. Once the ions take part
in the irreversible reactions, these ions are lost and do not
contribute to energy storage. Hence, the anode carbon needs
to be tailored to reduce irreversible reactions [21, 22].

The conditioning cycles were carried out at approximately
C/2 rate. Figures 3 and 4 represent the conditioning and
efficiency data for ROHG carbon and graphite.

After 5 cycles of conditioning, graphite and ROHG
show comparable discharge capacity of 112.6 (Table 1) and
108.9mAh/gm (Table 2), respectively. The discharge capacity
is normalized with the weight of the anode carbon. ROHG
and graphite also show comparable charge-discharge efficien-
cies after 5 cycles. The efficiencies in both the cases are above
95% after 5 conditioning cycles. Since the first conditioning
cycle shows ∼93% efficiency in both the cases, only 7% of
the total lithium ions are irreversibly lost probably to the
formation of SEI (solid electrolyte interphase) on the anode
electrode. The irreversible capacities on graphite and ROHG
are comparable and low.

3.3. Electrochemical Impedance Spectroscopy. Figure 5 shows
the electrochemical impedance spectra (EIS) for ROHG
carbon and graphite based lithium ion capacitor in charged
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Table 1: Discharge capacity and efficiency for graphite.

Cycle number Discharge capacity (mAh/gm) Efficiency%
(1) 103.8 92.8
(2) 108.2 89.4
(3) 110.8 92.6
(4) 112.4 95.2
(5) 112.6 96.4

Table 2: Discharge capacity and efficiency for ROHG.

Cycle Discharge capacity (mAh/gm) Efficiency%
(1) 96.0 92.6
(2) 101.7 91.3
(3) 105.4 93.8
(4) 108.1 95.8
(5) 108.9 95.4
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Figure 3: Weight normalized discharge capacity for conditioning
cycles as a function of cycle index.

state at 3.8 V. The EIS curves were fitted to an equivalent
circuit model as shown in Figure 6.

The model consists of three different components. A
resistor R𝑠 is connected in series to another circuit which
consist of𝑅SEI and𝐶SEI in parallel which is connected in series
to another circuit which consist of 𝑅ct in series with War-
burg element (𝑊) and parallel to a constant phase element
(CPE). R𝑠 corresponds to contact resistance between various
parts of the cell, 𝑅SEI corresponds to resistance from the
solid electrolyte interface, 𝑅ct corresponds to charge transfer
resistance, and𝑊 corresponds to Warburg element which is
influenced by the diffusion impedance of the lithium ions.
The impedance spectrum for ROHG and graphite shows a
single semicircle at high and mid frequencies which includes
R𝑠, 𝑅SEI, and 𝑅ct together. The 45∘ line at low frequency is the
Warburg element and shows the diffusion impedance of the
lithium ions [23].

Figure 5 shows that graphite based cell shows com-
bined impedance (R𝑠, 𝑅SEI, and 𝑅ct) of 3.6 ohms compared
to ROHG which shows 2.6 ohms. It is well known that,
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Figure 4: Efficiency (%) data of graphite and ROHG as a function
of conditioning cycles.

in lithium cells with intercalation electrodes, the Warburg
element represents the diffusion of lithium ions through the
electrodes. ROHG and graphite diffusion rates are 393.7 ×
10−3 S⋅s(1/2) and 338.1 × 10−3 S⋅s(1/2), respectively. The ROHG
carbon shows lower overall impedance values compared to
graphite. The diffusion of lithium ions through the ROHG
based anode is thus expected to be much faster than in
graphite based anode.

3.4. Ragone Plot. Figure 7 shows the Ragone plot for a full
cell device based on Corning processed ROHG carbon [18]
and graphite anodes.

The Ragone plot shows that the ROHG carbon shows
superior performance at all tested rates (1 C–200C). How-
ever, the plot shows that where graphite does not retain
energy densities at higher power, ROHG retains power at
high rates. For example, at high rate of 100C, the ROHG
carbon shows an energy density of 22.8Wh/l with a power
density of 4349.3W/l, whereas graphite shows an energy
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Figure 7: Ragone plot for Corning temperature processed hard
carbon and graphite.

density of 4.9Wh/l with a power density of 4243.3W/l. The
ROHGcarbondelivers higher energy density at a given power
density compared to graphite based anodes in lithium ion
capacitor. Since LICs are high rate device and applications
are in the rates of 100C or higher, the ROHG based device
will provide severalfold higher energy density than standard
graphite based LIC.This advantagewill not onlymake ROHG
based device much more attractive in LIC applications but
may allow new applications which are beyond capabilities of
today’s LICs.

4. Discussion

We had earlier published the structure of ROHG carbon and
predicted themechanism of intercalation and deintercalation

of lithium ion in ROHG carbon based on the thermodynamic
study and Monte Carlo simulations. Figure 8 shows the
predicted structure of ROHG carbon and Figure 9 shows the
intercalation model [17].

Based on theMonteCarlo simulation,we have established
that the ROHG carbon consists of cluster of convoluted
and randomly oriented graphene platelets at high concen-
tration as opposed to organized parallel graphene platelets
in graphite (Figure 10). The ROHG carbon is synthesized by
treating the precursor/rawmaterial above 1000∘C.The higher
temperature (>1000∘C) increases graphene platelet area and
reduces edges by forming more convoluted structures. The
higher crystallinity due to increase in graphene platelet area
givesmore surface area to reversibly react, thus increasing the
reversible capacity at higher C-rates. Also, a reduction in edge
sites is observed, thus reducing the irreversible capacity at
higher rates. Figures 11(a) and 11(b) show theX-ray diffraction
patterns for ROHG and graphite, respectively. Figure 12
shows the comparison of irreversible capacities at 100C rate
for graphite andROHGcarbon.Hard carbons treated at lower
temperatures (<1000∘C) show lower crystallinity and high
irreversible capacity.

The spacing between graphene platelets in ROHG is
wider compared to graphite. We have proved a lithium ion
intercalation model where the lithium insertion takes place
in between the cluster of convoluted and randomly oriented
graphene platelets. During the first stage of intercalation, the
lithium ion is at the shallow end of the graphene platelets.
Further intercalation allows the lithium ion to be inserted
deep into the graphene platelets of the ROHG [16]. The
established structural and intercalation model complements
the observations from impedance spectroscopy and Ragone
plot reported in this article.

At slower rates (conditioning rates ∼C/2), graphite and
ROHG show comparable conditioning efficiencies and dis-
charge capacities. However, it is evident from the Ragone plot
that the amount of lithium ion intercalated and deintercalated
(energy density) and energy density retention is higher in
ROHG carbon at higher C-rates in a working lithium ion
capacitor compared to graphite. Along with the high crys-
tallinity of ROHG, the wide spacing between the convoluted
graphene platelets in ROHG makes the intercalation and
deintercalation of lithium ions easy and fast in the ROHG
based anode, thus showing higher energy density and better
energy density retention compared to graphite based lithium
ion capacitor. To complement theRagone plot, the impedance
spectra show that the ROHG carbon is inherently less
resistive and shows diffusion of lithium ions in the electrode
which is much faster compared to graphite. Based on the
observations, ROHG qualifies to be a more desirable anode
carbon material for high rate applications such as lithium ion
capacitors.

5. Conclusion

ROHG carbon was tested as an anode carbon material for
a high rate application: that is, lithium ion capacitor and
its performance were compared to commercially available
and widely used graphite material. The ROHG carbon and
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Figure 8: Structure and morphology of ROHG based on Monte Carlo simulations.

ROGH: no lithium intercalation First stage Second stage

Convoluted randomly oriented high graphene platelets

Shallow lithium intercalation in convoluted randomly oriented high graphene platelets

Deep lithium intercalation in convoluted randomly oriented high graphene platelets

Figure 9: Predicted model for different stages of lithium intercalation in ROHG.
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Figure 10: Structure and morphology of graphite.
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Figure 12: Comparison of irreversible capacities at 100C rate.

graphite show low and comparable irreversible capacity at
conditioning rates (∼C/2). ROHG and graphite both show
excellent overall efficiency of ∼95% after five conditioning
cycles at lower rates.The conditioning discharge capacities for
ROHG at lower rates are comparable to graphite and could be
a potential candidate for anode carbon for slow rate applica-
tions such as lithium ion batteries also because of the low cost.
The impedance spectroscopy shows that ROHG carbon is less
resistive and shows lower diffusional impedance for transport
of lithium ions through the carbon structure compared to
graphite.This observation is further reinforced by the Ragone
plot (energy density as a function of power density) of the full
cell LIC, where ROHG show a superior energy density output
for a given power density at all tested rates from 1C to 200C.
At slower rates, the ROHG carbon shows an energy density
of 48.55Wh/l with a power density of 48.03W/l compared to
graphite which shows an energy density of 50.95Wh/l with a
power density of 39.16W/l. However, at higher rates (100C),
the ROHG carbon shows an energy density of 22.8Wh/l
with a power density of 4349.3W/l, whereas graphite shows
an energy density of 4.9Wh/l with a power density of
4243.3W/l. The superior performance of ROHG to graphite,
especially at higher rates, is due to the unique structure.
ROHG has randomly oriented graphene platelets cluster
structure of the ROHG carbon compared to the parallel
long graphene platelets structure in graphite.These structural
differences between ROHG and graphite are responsible for
the ROHG superior performance at high rates.

Abbreviations

ROHG: Randomly Oriented High Graphene Carbon
SEI: Solid electrolyte interphase
LIB: Lithium ion battery
LIC: Lithium ion capacitor
EDLC: Electric double layer capacitor.
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