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As it turns out, the right combination of Li-ion and supercapacitor ingredients in both the positive and negative
electrodes, as well as in the electrolyte, can significantly improve the characteristics of such a hybridized power supply
as compared with “parent” systems. While Li-ion components provide large volumetric energy, the high surface area
of nanoporous carbon borrowed from supercapacitor technology provides fast charge-discharge of the corresponding
electric double layer and facilitates the intercalation-deintercalation processes in the Li-ion components. This full
hybridization of the system can increase the energy density by 10 times that of a supercapacitor while maintaining the
relatively high power density, long cycle life, and fast charging characteristics of supercapacitors. In addition, charge-
discharge curves and low self-discharge currents become similar to those of Li-ion batteries. Such power supplies with
a specific energy of 60+ Wh/kg, a full charge within 5—6 minutes and more than 30 K full charge-discharge cycles can
be successfully used, for example, in urban transport or robotics in warehouses where the range is less critical than
fast charging capability, long service life and safe operation. This article discusses the methods of full hybridization
and the achieved characteristics of electrochemical systems “supercapacitor and Li-ion battery”. Special attention is
paid to the “interaction” of the activated carbon surface with the channels in the bulk lithiated metal-oxide material
of the electrodes to accelerate the charge-discharge processes.

Keywords: supercapacitors, Li-ion batteries, hybridization, high energy and power, fast charging

INTRODUCTION 40-50 kJ/kg or 12-15 Wh/kg in common
engineering units. Alternatively, a parallel
combination of SC and battery (LIB or fuel cell or
both) is a natural and effective solution to this
issue, where the battery provides the required
energy consumption, while SC covers peak loads
[4, 5]. However, the parallel combination of two
current sources, each of which contains a number
of SC and LIB single cells connected in series to
achieve the desired voltage, leads to a
corresponding increase in mass and volume
caused by a separate packaging of each source,
two monitoring and managing systems (BMS),
and additional contacts. This increase may be
insignificant for some stationary applications, but
the weight and/or volume of power supply is very
critical for numerous moving or portable objects,
such as, e.g., electric vehicles, aircrafts and smart
phones. Therefore, other solutions should also be
sought, one of which may involve the full internal
hybridization of electrochemical systems of SCs
and batteries at the level of both positive and
negative electrodes and electrolytes. The
theoretical justification of such a “parallel” hybrid
was proposed by Cericola and Kétz [2] and
practically implemented in [6, 7]. Over the past

Until recently, electrochemical power supply
technologies were developing in two directions:
on the one hand, various types of batteries are
used, in particular, Li-ion batteries (LIB), which
provide high energy density, however, at a
relatively low power density. As a result, the use
of LIB may become dangerous in high power
modes, especially when fast charging with high
current. On the other hand, a supercapacitor (SC)
is used to obtain short-term super-powerful
energy pulses [1] and long service life: up to
millions charge-discharge cycles. However, the
low energy density usually not exceeding 20 J/g
[1] or about 6 Wh/kg in commonly used
engineering units, and the relatively fast self-
discharge are still obvious disadvantages of SCs
compared to batteries. A known approach [2, 3]
to increase the SC energy density due to replacing
one of the two electrodes with that from a battery
technology cannot improve the situation
significantly since in such a series connection of
two different electrodes the low capacity
electrode borrowed from SC technology limits the
capacitance thus providing an approximately
2-fold increase in energy, namely, only up to
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years, our laboratory has developed various
versions of the “parallel” SC-LIB hybrid systems
and, in cooperation with Yunasko-Ukraine LLC,
has manufactured experimental batches of cells
with capacities from 1.2 Ah to 3.0 Ah. This article
is devoted to their description.

EXPERIMENTAL

System formation methodology. The general
approach to a hybrid electrochemical system can
be described as follows:

e Both positive and negative electrodes are
fabricated by mixing powders of nanoporous
carbon material and lithiated transition metal
oxide or phosphate; the negative electrode
contains nanosized lithium titanate powder, while
the positive electrode contains any cathode
material(s) known in the LIB technology;

e The nanoporous carbon in the positive
and negative electrodes can be different to best
match the respective potential ranges with the Li-
ion components and prevent going beyond the

potential ranges during charge-discharge
processes;
e A binding agent and electrically

conductive additive (special carbon black and/or
graphite) are added to the powdered mixture of
the active electrode components; the resulting
composite is applied to an aluminum foil (current
collector), thus forming an electrode;

e As an electrolyte, it is desirable to use
solutions of chemically stable lithium salts
common for LIB technology, such as lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in
acetonitrile, the solvent widely used in SC
technology. To increase the conductivity, it is
preferred to use acetonitrile instead of carbonate
solvents, which are commonly used in LIB
technology.

Anodes in all systems contained the
nanosized LisTisO;2 (LTO) produced by Johnson
Matthey, Germany. Fabrication of anodes was
accomplished as follows: a mixture of 98 g of
LTO with 10 g of carbon conductive composite
material (SuperP-Li carbon black produced by
TimCAL and YP8OF carbon powder produced by
Kuraray, Japan) and 7 g of polyvinylidenefluoride
(PVDF binder produced by KYNAR) was
suspended in 170 ml of N-methylpyrrolidone
(NMP, CHROMASOLV Plus produced by
Honeywell) followed by applying the slurry
obtained to the surface of Al foil (a current
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collector, 20 microns thick). The electrode layer
was then dried in vacuum and calendered to
obtain the final thickness of 60 microns.

Cathodes of two types were fabricated as
follows: a mixture of 102 g of Li-Ni,Co,Al oxide
(NCA, produced by TODA AMERICA) or 102 g
of LiMn,O4 (LMO, NANOMYTE produced by
NEI Corp.) with 9 g of carbon conductive
composite material and 5 g of PVDF binder as
specified above was suspended in 130 ml of
NMP followed by applying the slurry obtained to
the surface of a current collector foil. The
electrode layer was then dried in vacuum and
calendered to obtain the final thickness of
40 microns in case of NCA or 85 microns in case
of LMO.

As an electrolyte, 20 % solution of Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI,
Extra dry from Solvionic) in acetonitrile
(CHROMASOLV for HPLC produced by
Honeywell) was prepared.

Prototype  fabrication and  testing
methodology. Cathodes and anodes 42x85 mm in
size were cut out, followed by the formation of
electrode packages of wvarious thicknesses to
obtain the required capacity. The current
collectors of electrodes in the package were
welded to the corresponding positive or negative
current leads made of Al foil 0.5 mm thick. Then
the stack thus formed was packed in a shell made
of laminated aluminum foil, partially sealed and
filled with electrolyte through a special tube, aged
and degassed followed by final sealing. All the
assembly operations were carried out in a glove
box filled with dry Ar gas.

The cells thus fabricated were charged in
CCCV mode (constant current - constant voltage)
followed by discharging them at various current
values - see Fig. 1, and at various temperatures —
see Fig. 2. Besides, the cells were discharged
under constant power conditions in order to
observe their energy retention with an increase in
load — see Ragone plots in Fig. 3. Finally, the cells
were continuously cycled with 10C-rate to
determine their service life — see Fig. 4.

RESULTS AND DISCUSSION

Fig. 1 illustrates the capability of hybrid cells
to charge and discharge at high current values.
Charging current can exceed 10C-rate and in
CCCV mode the cells can be fully charged within
6 min. When discharging, the current can exceed
100C-rate while still delivering about 60 %
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charge to the load. Another positive effect of the
full system hybridization can be seen in Fig. 2,
which shows the results of the discharge at
various temperatures and current rates. Even at
low temperature, hybrid cells are capable to work
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efficiently, transferring the significant charge to
the load at high current values. In addition, the
cells are characterized by a fairly low self-
discharge retaining at least 90 % of their charge
after a month of storage “on the shelf”.
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Charge-discharge curves of a hybrid cell (0.1 kg, 2.8 Ah, NCA-containing cathode) at high loads: 7, 2 —

charge/discharge current 30 A; 3 — discharge current 100 A; 4 — discharge current 200 A; 5 — discharge current 300 A

100%, o — 1C
— 20C
T B
=
E‘ 60% |
S
&
£ 40% [
=
20% F
%o et
-30 deg.C

25deg.C 30degC

Fig. 2. Discharge capacity retention at various C-rates and temperatures (NCA-containing cathode)

Various energy storage technologies and
“electrode chemistries” can be compared using
the Ragone plot [8], which shows the decrease in
energy density with increasing output power
density and is usually presented on a logarithmic
scale. The curves can be obtained by discharging
a fully charged cell under constant power
conditions, and the results for hybrid cells with
NCA or LMO composite cathodes are shown in
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Fig. 3. This Figure illustrates some advantage of
NCA containing cells compared to those with
LMO in both energy and power capabilities. To
get even more comprehensive comparison of the
performance of these materials, we have also
tested their cycle life. In the tests the cells were
continuously cycled with 10C-current rate at
room temperature and their degradation (a
decrease in capacity and an increase in resistance
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in %) was monitored. Horizontal dashed lines
show acceptable limits according to international
standards [9], namely, 20 % decrease in capacity
and/or 100 % increase in resistance.

If the data of Figs. 3, 4 are compared, one can
see the possible options for electrode chemistry
with their pro and contra. As an example, the use
of NCA in cathode can provide higher energy and

power density than LMO, while LMO can
provide much longer cycle life than NCA. It is
worth also noting that even after the acceptable
level of degradation is reached at 30K-40K cycles
the LMO-based system continues to work further
with a smooth degradation. This can help to select
the best material combination for a particular
application.
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Ragone plots for hybrid cells with LMO (/) or NCA (2) material in cathode

Fig. 4.

Degradation of hybrid cell capacity and resistance over cycling: 10C charge-discharge current; LMO (/ —

capacity; 2 — resistance) or NCA (3 — capacity; 4 — resistance) material in composite cathode

Now the question can arise how a small
amount of YP80OF nanoporous carbon (about
5 wt. %) is able to increase significantly the
specific power of composite electrodes in a hybrid
cell. A possible explanation may be as follows.
Despite the small mass of nanoporous carbon in
the composition of the electrode, an increase in
the surface area of the electrode is enormous. This
is easy to see if we compare the specific surface
area of carbon (~ 2100 m?%g) with the specific
surface area of LTO (~ 8 m%*/g), LMO (~ 1 m?¥/g)
or NCA (~ 1 m?%g). In addition, the bulk density
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of YP8OF carbon used in this study is
approximately an order of magnitude lower than
that of Li-ion components, and, therefore, the
volume fraction of nanoporous carbon in the
electrode composition is significant. Still, the
electrode capacity is obviously due to the
accumulation of Li" ions in the ion-conducting
channels in the bulk of the metal oxide
component, while the carbon surface can
contribute a small part of the capacity only. On
the other hand, the rate of intercalation-
deintercalation processes is approximately
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proportional to the concentration of Li" ions near
the channels and, therefore, a huge additional
surface in the immediate vicinity of the Li-ion
components, easily accessible to the electrolyte
and quickly replenished, can serve as a reservoir
to facilitate the transfer of ions back and forth
during  charging and  discharging the
corresponding electrode.

To check this hypothesis, a hybrid system was
modeled’ with a parallel combination of SC and
LIB if their mass or capacity ratio corresponds to
that in a hybrid composite electrode. Fig. 5
illustrates the simulation result, which can be
explained by the well-known expression relating
the capacitance C to current I: C = IAt/AU, where
At is the discharge duration, and AU is the change
in voltage during the discharge. Correspondingly:
1 = CAU/At, and with a small change in voltage

(since the voltage is maintained by a battery
connected in parallel with a SC —e.g., see Fig. 5),
a high current can be expected in a very short
time. With a long duration of time, the current
flowing through the SC becomes very low. On the
other hand, the obvious effect of SC component
connected in parallel with a LIB component in a
hybrid electrode may be due to the “relay effect”
when the former provides its huge and rapidly
charged-discharged surface to facilitate the
corresponding discharge-charge processes in the
bulk of the LIB component. In addition, no charge
or mass transfer occurs across this additional
surface, but only the charge-discharge of the
electrical double layer, and therefore this
electrolyte reservoir is not blocked by the
formation of SEI. This effect may be the reason
for the extended service life of the hybrid system.

I total

Fig. 5. Currents I flowing through a SC and LIB along with the total current through the circuit if SC and LIB cells

of the same voltage of 2.7 V are connected in parallel

CONCLUSIONS

e Internal parallel or full hybridization of
supercapacitors and Li-ion batteries can
significantly improve some of the performance of
both systems and allows to fill the gap between
the two technologies.

e This full system hybridization allows for
10 times the energy density of a supercapacitor
while maintaining a much higher power density
than a Li-ion battery.

e Hybrid power supplies with a specific
energy of 60+ Wh/kg, a full charge within

5—6 minutes and up to 60K+ full charge-discharge
cycles can be successfully used, for example, in
charging stations, in urban transport or robotics in
warehouses where the range is less critical than
fast charging capability and long lifespan.
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Kom0inyBanHsi noBepxHi 3 00’emoM: ridpuau cynepkonaencaropis 3 Li-ionHnMn
aKyMyJISITOPAMH

10.A. Mauerin, C.I. Yepnyxin, H.I'. Ctpnxakosa, C.I'. Kozauxos

Inemumym copbyii ma npobaem endoexonoeii Hayionanvnoi akademii vayk Yrpainu
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Ak susaeunocs, npasuivha KoMOiHayis Li-ioHHux i cynepkoHOeHcamopHux KOMNOHEHMIB K Y NO3UMUBHOMY, MAK
i 8 HE2AMUBHOMY eneKmpooax, a MAKOC 8 eLeKMPONIMmi Modce 3HAYHO NOKPAWUMU XAPAKMEPUCMUKYU TAKO20
2IOpUOHO20 Ddicepena JHCUBNEHHsL 8 NOPIGHAHHI 3 «DambKisCoKUMUY cucmemamu. Y moil uyac ax Li-ioHHi KoMnoHeHmu
3a6e3neuyoms 8elUKy 00 EMHY eHepeito, 8UCOKA NIouad NOBEPXHI HAHONOPUCTOZ0 8Yelleyio, 3aN03udeHd 3 MeXHON02il
CYNnepKoHOeHcamopis, 3abesneuye weuoKull 3apso-po3psao 8iON0GIOH020 NOOGIIHOZ0 eleKMPUYHO20 wapy md
noaezulye npoyecu inmepkanayii-oeinmepxanayii @ Li-ionnux komnonenmax. L{a nosna 2iopuousayis cucmemu modxce
30inbwumu numomy enepeito 8 10 pasis, Hidc cynepronoeHcamop, 36epicarouu npu Ybomy 8iOHOCHO BUCOKY RUMOMY
NOMYAHCHOCIb, MPUBATULI MEPMIH CTLYHCOU MA XAPAKMEPUCIUKYU WUBUOKOI 3apAO0KuU cynepkoHOencamopis. Kpim mozo,
KpUsI 3apsi0-po3psio i HU3bKL CMPYMU camopo3psioy cmaioms nooioHumu 0o Li-ionnux axymyasmopie. Taxi docepena
JHCUBTEHHSL 3 RUMOMOIO eHepaicio noHao 60 Bm-200/ke, 3 Modciugicmio no6Ho2o 3apsoy NPomscom 5—6 XeuiuH i NOHAO
30 mucsy noeHux Yukuié 3aps0y-po3psady MOJNCYMb VCHIUWHO GUKOPUCTIOBYBAMUCS, HANPUKIAO, 8 MICbKOMY
mparcnopmi abo pobOmMomexHiyi Ha CKIA0ax, de 008XCUHA NPobicy Nicls 00HO20 3apsdy € MeHW KPUMUYHOIO, HIJNC
MOACIUBICIb WBUOKOL 3apsaO0KU, MPUsaIull mepmin ciyscou ma besnexa excniyamayii. Y cmammi pozensioaromocs
Memoou noseHoi 2ibpuduzayii ma O00CASHYMI XAPAKMePUCMUKY eleKMPOXIMIYHUX CUCMeEM «CYNepKOHOeHCamop i
Li-ion akymynamopy. Ocobausy yeazy npuoiieno «83aemooii» no8epxHi akmusos8ano2o 8y2ilii 3 KAHAIAMU 8 00 emi
JIMIN08AH020 MEMALOOKCUOHO20 MAMePIANy eleKmpooie 018 NPUCKOPEHHS. 3apsO0OHO-PO3PAOHUX NPOYeCis.

Knrouosi cnosa: cynepxonoencamopu, Li-ionni bamapei, 2ibpuousayis, 6uUcoKd eHepzis mda NOMYHCHICMb,
weuoxa 3apsaoxa
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