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Lithium ion capacitors made using prelithiated coalesced carbon onion based anode showed excellent
high energy and power performance with time constant in the order of ~1.45s. The interconnected
carbon onion microstructure facilitated both rapid electron and ion transport thereby minimizing the
overall resistance. Additionally, high specific capacitance was achieved through control of pore size
distribution in high surface area carbons derived from polyfurfuryl alcohol based polymer blends. The

fabricated capacitors can be charged and discharged in less than 30s between 2.2V — 4V with energy
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efficiencies >90%. The maximum achievable energy density was 120 Wh/kg with the capacitor retaining
77 Wh/kg even at a high power density of 11 kW/kg. The capacitors also demonstrated excellent cycling
stability with 80% capacitance retention over 21000 cycles along with good thermal stability up to 60 °C.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium-ion capacitor (LIC), a hybrid supercapacitor comprising
of high surface area carbon cathode and a lithium ion battery
anode, is one of the most promising energy storage devices as they
provide high power density, long cycle life, and good energy storage
performance [1]. In the hybrid LIC device, charge storage occurs due
to non-Faradaic electrochemical double layer adsorption of ions on
the cathode along with faradaic lithium intercalation in the anode
electrode [2,3]. This integrated design allows us to achieve higher
energy density than EDLC and increased working voltage [3].
Despite many advantages of this design, there are critical chal-
lenges that need to be overcome that include a mismatch of charge
storage and rate capability of battery type anode and double layer
cathode. The energy density of the device is thus limited by non-
Faradaic double layer storage mechanism in the positive electrode
while the rate capability of the device is restricted by the sluggish
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Li* intercalation kinetics in the negative electrode. The problem is
further compounded by severe mass transfer limitations at higher
load current densities in both the electrodes.

Various allotropes of carbon that include graphite, porous car-
bon, graphene and carbon nanotube form the basic building block
of both anode and cathode electrode architecture [4,5]. The per-
formance of LIC is closely related to both the textural and micro-
structural properties of these carbons. To boost charge storage
capacity of cathode material, the main strategies adopted are to
maximize available surface area through pore size optimization by
matching the pore size relative to electrolyte ion size [6,7]. Addi-
tionally, the use of reversible pseudocapacitive interaction (mainly
through reversible Li™ interaction with functional groups such as
pyridinic and carbonyl) with electrode material as well as doping of
the electrode material to improve conductivity has also been
attempted [8,9].

High rate capability (>2C) of lithium interaction with graphite
anode is mainly determined by the tortuosity and hence the
microstructure of the electrode. Two major microstructural features
of the electrode that include particle size and porosity influences
this performance. Buqa et al. developed a transport limitation model
to explain the restrictions of high current performance of synthetic
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graphite electrodes. They showed that by tailoring the graphite
particle size, it was possible to maintain 96% capacity retention even
at 20C rate [10]. A physico-chemical model has been developed by
Habedank et al. who demonstrated three stages of rate influence on
synthetic graphite anode by engineering laser structured transport
pores [11]. At low rates (<1C), the capacity was influenced by ohmic
losses and charge transfer kinetics. Between 1C and 4C, the perfor-
mance became more sensitive to microstructural features such as
porosity. The presence of porosity ensured that there is more ho-
mogeneous liquid and solid phase concentration of lithium ions
resulting in better capacity retention at these rates. At even higher
rates, the microstructural features had lesser impact and the per-
formance was dominated by large depletion of Li ions in the pores
causing huge overpotentials. In LIC design, the mass of cathode is
always greater than that of anode and due to this the graphite anode
always experiences higher current density and the performance of
the graphite at higher rates (second and third stage) inevitably de-
termines the power performance of the capacitor.

Among the various carbon forms, fullerene based carbon
nanostructures such as carbon onions provides the best
morphology for use as high rate anodes as their average primary
particle size range in the order of 4—25 nm and they also possess
well interconnected porosity. The electrical properties of these
carbon onions are however dependent upon their synthesis con-
ditions which may be through detonation method, vacuum
annealing, arc discharge, CVD or laser excitation process [12—21].
Carbon onion based supercapacitors have been primarily reported
for aqueous based electrolytes and microsupercapacitors with rate
capability as high as 50 V/s and small time constant of ~26 ms [22].
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The use of these materials in non-aqueous lithium based electro-
lytes for use in lithium ion capacitors have not been well explored
so far and warrants a detailed investigation. In particular, the
concentric graphitic shells in carbon onions can provide excellent
electrical conductivity along with larger surface area for electro-
chemical interaction with lithium facilitating both rapid ion
transport and charge transfer during charging and discharging. The
major challenge that needs to be addressed is in terms of SEI for-
mation/stabilization and irreversible lithium loss during initial
cycling. This problem can however be mitigated using a pre-
lithiation process that can result in a well passivated anode prior to
the assembly of lithium ion capacitors.

Herein, we demonstrate a high rate all carbon based lithium ion
capacitor (LIC) that is capable of being charged and discharged with
excellent cyclability and good temperature stability. The remark-
able performance of the lithium ion capacitor is due to the use of
coalesced carbon onion based anode and a high surface area
bimodal porous carbon cathode. The hybrid LIC capacitor had
outstanding rate and energy efficiency performance with discharge
time ~30s and cycle life of 80% capacitance retention over 21000
cycles.

2. Experimental section

All the chemicals including furfuryl alcohol, p-toluenesulfonic
acid monohydrate, Polyethylene Glycol (Mw 8000 g mol~1), Poly-
ethylene Glycol diacid ((Mw 600 g mol~"), pluronic F127, formal-
dehyde, and electrolyte solution contained 1M LiPFg in EC/DMC
(1:1 by volume) were purchased from Sigma-Aldrich. Additionally,
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Fig.1. SEM showing morphology of various cathode carbons: (a) PFA_PEG600, (b) YP50, (c) PFA_Ph, (d)PFA_PEGSK, (e) Adsorption/Desorption nitrogen isotherm of various carbons,
(f) NLDFT model showing micropore and mesopores size distribution of the carbons, and (g) specific capacitance of Lithium ion capacitors made using aforementioned activated
carbon cathodes and prelithiated CMS Graphite anode measured at a current density of 0.1 A/g when charged and discharged between 2.2V—4.5V
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Table 1
Textural properties of the carbons.

91

Activated Carbon Surface area (m?/g)

Micropore volume (cc/g)

Mesopore volume (cc/g) Total volume (cc/g)

PFA_Ph 2320 037
PFA_PEG600 2578 0.61
PFA_PEG8K 2450 0.38
YP50 1599 0.47

1.29 1.98
0.25 1.50
0.65 1.54
0.12 0.76

two different anode materials namely coalesced carbon onion
(CCO) and MCMB graphite were purchased from ACS material and
MTI corporation, respectively.

2.1. Synthesis of activated carbon cathode material

Polyfurfuryl alcohol (PFA) was synthesized by acid polymeriza-
tion of furfuryl alcohol using 0.1 M p-toluenesulfonic acid mono-
hydrate (Sigma-Aldrich) as acid catalyst. Two carbons with
different porous texture namely PFA_PEG8K and PFA_PEG600 were
prepared by blending the synthesized polyfurfuryl alcohol with
polyethylene glycol (MW: 8000 g mol~') at a wt. Ratio of (3:1) and
polyethylene glycol diacid (MW:600 g mol~!) at a wt. Ratio of 1:2,
respectively. Additionally, PFA_Ph was synthesized by simulta-
neous polymerization of furfuryl alcohol and phloroglucinol using
pluronic F127 as a soft templating agent [23—26]. Briefly, 20 mmol
of Phloroglucinol, 0.2 mmol of pluronic F127 and 2 mmol of HCl was
dissolved in ethanol/water (1:1 wt Ratio). The solution was allowed
to stir for 1 h followed by addition of 10 mmol furfuryl alcohol. The
reaction continued for 30 min until the color changed to light pink.
To this solution, 30 mmol formaldehyde was added and the mixture
was stirred until phase separation occurred. The polymer rich
phase was separated and the polymerization was continued

overnight. The resultant polymers were dried in an oven at 90 °C
overnight and carbonized under argon atmosphere at 800 °C for
8 h. The carbons were further physically activated using CO, gas at
900 °C for a defined period of time in order to achieve high surface
area carbon with 75% burn off.

2.2. Electrode preparation and fabrication of cells

For cathode materials, the synthesized high surface area carbon
(PFA, PFA_PEGS8K, PFA_PEG 600, and PFA_Ph) were mixed with 5%
acetylene black, 10% Teflon emulsion using mortar and pestle. The
resultant mixture was roll pressed and punched in a circular shape
with 1.1 cm diameter and a mass loading of ~ 5mg. For anode
electrode, commercial carbon onion (purchased from ACS material
Inc.) was mixed with CMC and SBR binder, acetylene black, and
water as a solvent in the weight ratio of 85:10:5 to get a homoge-
nous slurry. Then the slurry was tape casted on the copper foil and
dried in an oven at 100 °C overnight and then in vacuum at 100 °C
for 10 h. Finally, the electrodes were punched in circular shape with
1.1 cm diameter with mass loading of ~ 2 mg. Before assembling,
the anode electrode was prelithiated using short circuiting
approach during which the anode foil was pressed against lithium
foil in the presence of 1M LiPF6 in EC/DMC (1:1 by volume)
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Fig. 2. (a) TEM image of coalesced carbon onion; High resolution image of carbon onion from the selected region (shown as Inset), (b) Field Emission SEM image showing the
morphology of fused carbon onion, (c) XRD of carbon onion indicating the presence of graphitized domains, and (d) Raman spectra of coalesced carbon onion.
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electrolyte for 1 day to form a prelithiated anode with well stabi-
lized SEI layer. All the capacitors were then assembled into a 2032
coin cell using 1 M LiPF6 in EC/DMC (1:1 by volume) electrolyte in
an inert glove box atmosphere. In addition, YP50 coconut shell
based carbon, was purchased from Kuraray Chemical Co. Was used
for comparison. The main reason for synthesizing different types of
activated carbons with distinct pore size distribution was to
investigate the impact of pore size distribution in the rate and
charge storage performance of lithium ion capacitor.

2.3. Characterization methods

The specific surface areas and pore-size distributions (PSD) of
the samples were computed using gas adsorption studied with
Micromeritics ASAP 2020 Plus instrument. The surface area was
computed and analyzed using the Brunauer-Emmett-Teller (BET)
method and the pore size distribution was obtained using
nonlinear density functional theory (NLDFT) fitted model on the Ny
adsorption isotherm, respectively [27]. The microstructure of car-
bon onion was analyzed using a Renishaw inVia Raman spec-
trometer with the 514 nm laser line and PANalytical Empryean X-
ray diffractometer. The morphology of the coalesced carbon onion
was further studied using scanning electron microscopy (FESEM,
JEOLJSM 7200 F) and Transmission electron microscopy (TEM, Talos
F200X).

2.4. Electrochemical measurements

Gamry reference 600 potentiostat/galvanostat was used for all
electrochemical measurements including Galvanostatic charge-
discharge (GCD) and electrochemical impedance spectroscopy
(EIS). Energy density (Wh/kg), power density (W/kg), and

1 [2vdt
Specific capacitance (F/g) were calculated according to E = %.

_ 3600 E ___ 36iE
P =24 ,and C AR

and At is the discharge time in second, m is the total mass of active
material from both anode and cathode electrodes in g, V2 is the
upper potential limit and V1 in lower potential limit from the
discharge profile. EIS was conducted by applying small amplitude
of 10 mV under open circuit conditions in the frequency range of
1 mHz—100 KHz.

respectively. Where I is current in A,

3. Results and discussion

Fig. Ta—d shows the comparison of SEM morphology of the
different high surface carbons used as cathode. PFA_PEG8K and
PFA_Ph shows dense microstructure with interconnected meso-
porous texture. PFA_Ph showed mesoporosity in the range of
5—10nm while PFA_PEG8K demonstrated slightly larger pores
(Fig. 1a and b). PFA_PEG600 predominantly had spherical
morphology with primary particle size in the range of 100 nm
(Fig. 1c). On the other hand, commercial YP50 carbon has a flaky
morphology with particle size in the range of 10 um. Fig. 1e shows
the N, adsorption/desorption isotherm of various carbons. Both
PFA_PEG8K and PFA_Ph show hysteresis in the isotherm and a
plateau at very high relative pressures that is indicative of presence
of large amount of mesopores and is typical of a type IV adsorption
isotherm. PFA_PEG600 show relatively no hysteresis with a steep
increase in adsorption both at very low and very high relative
pressures, representing a type Il adsorption isotherm. Type II
adsorption curve shows the presence of both micropores and
macropores in this carbon. YP50 also shows no hysteresis and is
representative of Type I isotherm with sharp increase in adsorption
at very low relative pressures and an adsorption plateau at higher

relative pressures. This carbon is essentially a pure microporous
carbon. NLDFT analysis done in the pore size range of 1-10 nm
demonstrate the presence of ultramicropores for all the carbons
(Fig. 1f). Both PFA_Ph and PFA_PEGS8K show the presence of mes-
opores in this range while YP50 and PFA_PEG600 do not show
significant mesoporosity. The mesopore distribution for PFA_Ph is
very prominent indicating a distinct bimodal porous feature in both
micropore (<2 nm) and mesopore region (3—10 nm). On the other
hand, PFA_PEG8K had a fairly broad distribution in this range.
Table 1 summarizes the textural properties of all the carbons.
Notably, PFA_PEG600 had the largest amount of micropore volume
(0.6 cc/g) followed by YP50 (0.47 cc/g) and PFA_PEGS8K and PFA_Ph
(~0.37 cc/g). The mesopore volume was significantly larger for
PFA_Ph (1.29 cc/g) followed by PFA_PEGS8K, PFA_PEG600 and YP50.
The surface area for YP50 was 1600 m?/g while that of PFA_PEG600,
PFA_PEG8K and PFA_Ph was 2578 m?/g, 2450 m?/g and 2320 m?/g,
respectively.

The distinct morphology and textural properties of the poly-
furfuryl alcohol blend precursors is due to the reaction induced
phase separation phenomena that occurs during thermal treatment
of the precursors. Specifically, the pore size distribution of
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Fig. 3. (a) Half-cell study of prelithiated carbon onion anode when delithiated at
different current densities, (b) Capacity retention as a function of C-rate of Carbon
onion anode (our work) when compared to other carbon-based anodes.
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PFA_PEGS8K is affected by the phase separation of PFA rich region
that predominantly forms the micropore network while decom-
position of PEG8K rich region forms the mesopore. In the case of
PFA_Ph, both PFA and Ph contribute to micropore formation while a
triblock copolymer surfactant (Pluronic-F127) produces a tem-
plating effect resulting in well-ordered mesoporous texture and
hence bimodal pore size distribution. In the case of PFA_PEG600,
PEG600 acts more like a solvent that induces micelle formation. The
solvent phobic pendant groups in polyfurfuryl alcohol forms the
core of the micelle which eventually upon pyrolysis transforms into
a microporous carbon sphere with the excess PEG600 flashing off to
form macrovoids.

The impact of porosity on the performance of the capacitor can
be seen in Figure 1g. All the capacitors were assembled using a
prelithiated commercial MCMB graphite (~20 pm particle size) and
the mass ratios of cathode: anode was ~2:1. PFA_PEG600 with its
large amount of micropore volume showed the highest capacitance
of 78 F/g at 100 mA/g when cycled between 2.2V—4.5V. The texture
of the carbon had significant effect on electrolyte accessibility as
the primary particle size of the carbon was ~100 nm and was sur-
rounded by large macropores. In comparison, YP50 cathode, also
made using a predominantly microporous carbon with particle size
of ~10 pm had a specific capacitance of 48 F/g. The performance of
PFA_Ph and PFA_PEG8K with micro- and mesopores ranged in
between these carbons. The maximum achievable energy density at
300 W/kg was ~160 Wh/kg.

Several research studies have shown that specific capacitance
always enhances when the electrolyte ion size matches with pore
size of the electrodes [28]. Furthermore, molecular dynamic
simulation show that the solvated PFg in EC/DMC has diameter
~0.9 nm [29]. Our observation are in agreement with the literature

4.2
4.0 (a)
3.8
. 3.6
2 34]
8 3.21
& 3.0]
S 2.8
2.6
2.4
2.2
2.0 T T T T T
0 50 100 150 200 250
Time (s)
100 T T T — 100
90 -W—*&-—-————_ 90
2 80 S 80
= —=— specific capacitance
§ 70 —=— energy efficiency 70
S 60 (b) L 60
©
< 50 50
Qo
S a0 > L40
% 30 [ S 30
;% 20 20
10 10
0 T T T —-0
0 5000 10000 15000 20000

Cycle Number

93

as PFA_PEG 600 showed both the highest micropore volume in the
ultramicropore region (0.8—2 nm) as well as the largest specific
capacitance. However, the specific capacitance of the carbon
decreased significantly with increase in current density. When we
compare the micropore volume of YP50 and other carbons, it was
evident that the presence of mesoporosity is critical in determining
the accessible surface area at a given current density. YP50, being
predominantly a microporous carbon showed the smallest capac-
itance while the trend in specific capacitance of PFA_Ph and
PFA_PEG8K with similar micropore volume was determined by the
amount of mesoporosity. Hence, for our high rate studies with
carbon onion based anode, we chose PFA_Ph among the three
synthesized carbons as it provided the best rate and optimum
capacitance performance.

Transmission electron micrograph image of the anode material
revealed a carbon onion structure with a primary particle size in
the order of 10—15 nm. The particles appear coalesced forming a
beaded structure as shown in Fig. 2a. We also saw further evidence
of coalescence through SEM micrograph as shown in Fig. 2b.
Moreover, the spherical morphology of the carbon onion anodes
also created small nanopores in the carbon onion clusters. This
intrinsic porous texture provides both good accessibility of the
lithium ion electrolyte as well as significantly shortens the ion
diffusion pathway in the anode. The coalesced microstructure may
also be critical to the electronic conductivity of the carbon onion
anode. XRD showed a distinct (002) peak with d-spacing of 3.36 A
indicating the presence of well graphitized domains (Fig. 2c) in the
carbon onion microstructure. This is also in good agreement with
our TEM observation (Fig. 2a). The crystallite size of the peak as
calculated using the Scherrer equation was ~42 nm. Considering the
primary particle size of the onions was ~10 nm, this shows further
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evidence of coalescence behavior. Fig. 2d show Raman spectra with
two distinct characteristic D-band and G-band (Eyg graphite mode)
at 1360 and 1600 cm™! respectively. The intensity ratio, Ip/lg was
~0.9 and the L, (longitudinal crystallite size parallel to the a-axis)
based on Raman was 4.9 nm. It is to be noted that functionalization
can further affect the intensity of D-band. However, the significant
curvature of the graphene domains in the onions as seen in TEM
shows that the crystallite growth in the longitudinal direction was
significantly less than the c-axis direction.

Fig. 3a shows de-lithiation profile of a prelithiated anode at
different current densities ranging from 0.01V to 3V vs Li*/Li. Car-
bon onion exhibits two distinct regions that include a flat plateau
below ~0.2 V vs Li*/Li and a slopy region from 0.2V vs Li*/Li to 3V vs
Lit/Li. These regions correspond to lithium intercalation/dein-
tercalation and electrochemical adsorption/desorption phenom-
ena, respectively. The total delithiation capacity was 592 mAh/g at
100 mA/g and with 100x increase in current density to 10 A/g, the
capacity reduced to 194 mAh/g which is still sufficiently high for
design of ultra-high rate lithium ion capacitors. In addition, as the
current density increased from 100 mA/g to 10 A/g, we saw slight
voltage shift in the flat region due to increase in mass transfer
resistance at high current density. The superior rate performance of
the anode can also be seen when compared with various
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active mass and volume of two electrodes).
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nanostructured carbon anodes reported in the literature as shown
in Fig. 3b.

Fig. 4a shows constant current charge/discharge profile when
the cell was cycled between 2.2V and 4V at 2 A/g. At this current
density, discharge time of the capacitor was 25s which corresponds
to 144 C-rate. Fig. 4b shows the cycling performance of LIC device
made using carbon onion anode and PFA_Ph carbon cathode. De-
vice also showed excellent cyclability with 80% capacitance reten-
tion of 80% over 21000 cycles. Moreover, an energy efficiency of 91%
was observed during this cycling test We believe that high cycla-
bility and rate performance of the device was facilitated by the
formation of thin and stable solid electrolyte interface (SEI) on
carbon onion anode during pre-lithiation step (short circuiting
approach). Fig. 4c shows Nyquist plot for LIC device before and after
charge-discharge test. The presence of a small semicircle at inter-
mediate frequency is due to the contribution from interfacial
resistance and thin SEI layer formation on the anode. The total
resistance from these phenomena which also include the electro-
lyte resistance was ~7.9 Q cm®. The small overall resistance of the
device can be primarily attributed to coalescence and interparticle
connectivity of the graphitic carbon onions. Also, pre-lithiation of
carbon onion anode by short circuiting approach allowed us to form
stable SEI which does not considerably change or grow during long
term cycling test. The bimodal porosity of PFA_Ph cathode also has
a positive effect on achieving high device cyclability and rate per-
formance. The time constant of the fabricated capacitor was ~1.45s
as shown in Fig. 4d.

We also performed the accelerated floating voltage test to
confirm the high voltage stability of the device. Fig. 5a shows that
capacitor had 93% capacitance retention when held at 4.2V for over
250 h. Fig. 5b shows the bode plot during floating voltage test and
we saw very little change in the impedance over the entire fre-
quency range measured intermittently during the floating test. We

Table 2

also saw minimal change in ESR (magnitude of impedance at
1KHz) as shown in Fig. 5c.

Fig. 6 (a) shows gravimetric Ragone plot of the capacitor cycled
between 2.2 V and 4.2V. A maximum energy density of 120 Wh/Kg
was achieved based on active mass of both electrodes at 308 W/kg.
The capacitor was able to deliver 77 Wh/kg when the power den-
sity was increased to 11 kW/kg. At a very high power density of
14.5 kW/kg, the capacitor was still able to deliver an energy density
of 67 Wh/kg which corresponded to a charge/discharge time of
~17 s. This is among the highest rate performance reported for all
carbon based lithium ion capacitors as summarized in Table 2.
Based on the bulk density of PFA_Ph (0.48 g/cc) and carbon onion
anode (0.65g/cc) and considering mass ratio of 2:1 (cathode/
anode), the capacitor showed maximum volumetric energy density
of 53.47 Wh/L at power density of 139.28 W/L and at a higher po-
wer density of 6.6 KW/L, the cell showed volumetric energy density
of 30.6 Wh/L as shown in Fig. 6b. Table 3 shows a comparison of the
volumetric and gravimetric of the PFA_Ph/CCO cell with those of
the recently reported symmetric and asymmetric supercapacitors.
The volumetric energy densities are normalized by the volume of
the two electrodes.

In order to evaluate the performance of the device at the
elevated temperature, we performed temperature study ranging
from 25 to 60 °C. Fig. 7a shows the specific capacitance vs cycle
number when the device cycled between 2.2V and4Vat2 A/g at 3
different temperatures: 40 °C, 50 °C and 60 °C, respectively. We see
slight increase in capacitance values with increasing temperature.
This phenomenon can be explained by increased motion of cation
(Li*) and anion (PFg) motion at high temperature leading to ease of
ion diffusion in the pore structure as well as intercalation/de-
intercalation. To further evaluate the performance of device at
60 °C, we did additional 1000 cycles demonstrating good capaci-
tance retention and an energy efficiency >90%. as shown in Fig. 7b.

Literature comparison showing maximum energy, power densities, and cycling stability of various Lithium ion hybrid capacitors.

Supercapacitor system Voltage Cathode to Anode mass Energy density Power density Cycling number Capacitance retention  Ref.
Window (V)  ratio (total mass) (Whkg™1) (Wkg™) ratio (%)

PFA_Ph//CCO 22-42 2:1 (7 mg) 129 377 21000 (2 Ag™) 80 This work
60 10000

APDC//VN/RGO 0-4 4:1 (5mg) 162 200 1000 (2Ag™ 1) 83 Ref [30]
64 10000

URGO//Graphite 2-4 1:1 (4 mg) 106 84 1000 (0.14 Ag’') 99 Ref [9]
85 4200

PdCs//AMC 0.5—4 ~2:1(1.9mg) 133 210 5000 (5Ag 1) 81.8 Ref [31]
42 11200

Carbon sphere//B—Si/C 2-45 2:1 (6 mg) 128 1229 6000 (1.6Ag™ ") 70 Ref [32]
89 9704

N-doped AC//Si/C 2-45 2:1 230 1747 8000 (1.6Ag™ ") 763 Ref [8]
141 30127

URGO//modified graphite 2—4 2:1 (3 mg) 135 50 3500 (0.138A g™ ') 97 Ref [33]
105 1500

SFAC//MCMB 2-4 1:1 83 128 1000 (0.5A g 1) 92 Ref [34]
41 5718

AC//MWCNTs 2-4 1:1 (3.64mg) 96 150 1000 (0.4A g 1) 89 Ref [35]
36 4035

AC//N-doped hard carbon 2—4 2.5:1 (2.8 mg) 28.5 348 5000 (0.5Ag™") 97 Ref [36]
131 6940

AC//hard carbon 1.5-3.9 1.6—1(3.9) 30 150 10000 83 Ref [37]
60 ~2200

PF16//FRGO (both graphene 0-4.2 3.5:1 148 141 3000 (~-1.86Ag™") -~80 Ref [38]

based electrodes) 71.5 7800

AC//Graphdiyne 2-4 2:1 112.2 400.1 1000 94.7 Ref [39]
95.1 1000.4

AC/[HC 1.5-4.2 100 150 1000 94 Ref [40]
22 8000

carbon fibers//TiNb207@carbon  0.8—3.2 2.3:1 1104 99.58 1500 (0.2Ag™ 1) 77 Ref [41]
20 5464




96 A.R. Aref et al. / Carbon 152 (2019) 89—97

Table 3
Volumetric and gravimetric energy density comparison of both symmetric and asymmetric supercapacitors reported in the literature.
Materials Density (g cm—3) Electrolyte Current Density (Ag~') Eg (Whkg") Ev(WhL™") Ref.
PFA_Ph/CCO (This work) 05 LiPF6(EC/DMC) 1 102 46 This work
AC 0.5 EMIMBF4 1 88 44 [42]
Cu modified AC 0.8 TEATFB 0.2 43.9 34.7 [43]
PF15G-HA 0.4 TEABF4/AN 1 51 20.2 [44]
PF15G-HA 0.4 EMIMBF4 1 98 38.8 [44]
MHCN 0.8 TEABF4/AN 0.5 22.4 17.3 [45]
EM-CCG 1.3 EMIMBF4/AN 0.1 47.9 59.9 [46]
aMEGO 0.4 BMIM BF4/AN 2.8 70 26.5 [47]
PFA_Ph 05 BMIM BF4 1 55.4 26.6 [23]
aMEGO 0.6 EMIM TFSI/AN 2.1 74 44 [48]
HPGM 1.6 6M KOH 0.1 83 13.1 [49]
HPGM 1.6 TEABF4/AN 0.1 235 37.1 [49]
3D HPG 0.6 TEABF4/PC 1 38 22 [50]
Holey graphene 0.7 EMIMBF4/AN 1 127 90 [51]
Graphene/CNT film 1.1 EMIMBF4 05 110.6 117.2 [52]
Single-walled CNTs arrays 0.5 Et4NBF4/PC 1 94 47 [53]
Carbide derived carbon 0.5 EMIMTESI 0.3 50 26.5 [29]
Chemically reduced graphene 0.5 Et4NBF4/AN 133 215 10.7 [54]
Curved graphene 0.3 EMIMBF4 1 85.6 25.7 [55]
Compressed a-MEGO 0.8 BMIMBF4/AN 1.2 63 48 [56]
asMEGO 05 EMIM TFSI/AN 1.1 55 25 [48]
4. Conclusions
50 I ] Coalesced carbon onion based anode exhibited excellent elec-
_ 45+ (a) | \ . tron and ion transport to facilitate fast electrochemical interactions
E’ 40 ! 50°C ! 60°C with lithium ions and significantly improve the rate performance of
Y 35 ] 40°C ;-M LIC. The capacitors fabricated using the carbon onion anode and
o vV ! polymer derived carbon cathode with hierarchical pore structure
< — ! . . o . o .
& 304 I | demonstrated energy efficiencies >90% with 80% capacitance
S 25 : : retention over 21000 cycles at room temperature and good cycla-
. 20.] | 1 bility at 60 °C at a current density of 2A/g. This corresponded to a
3 ] : : discharge time of 17s with deliverable energy and power densities
% 15+ | 1 of 67 Wh/kg and 14.5 kW/kg, respectively.
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