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Abstract 
Earlier research determined that lithium-ion capacitor (LIC) cycle life degra-
dation can be accelerated by elevated temperature. LIC cycle life degradation 
can be described by an Arrhenius equation. This study performed cycle life 
testing at a constant temperature but varied cycle current. The results were 
described by an Arrhenius equation relying upon the number of cycles and a 
constant, which was determined by cycle current. Using mathematical deriva-
tions and experimental results, the researchers quantified the effects of activa-
tion energy and temperature upon this constant. Because cell temperature is 
nearly constant during cycles, it was deduced that elevated cycle current de-
creases activation energy. This lower activation energy then accelerates de-
gradation. Thus this research demonstrates that cycle current ages LICs 
through its effects on their activation energies. 
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1. Introduction 

Experimental work has provided significant insight into lithium-ion capacitor 
(LIC) performance [1] [2] [3] [4] [5]. LICs couple anodic lithium ion intercala-
tion, a key aspect of lithium-ion batteries (LIB) with cathodic adsorption, cha-
racteristic of electrochemical double layer capacitors (EDLC). This enables LICs 
to simultaneously exploit the Faradaic reaction characteristic of a LIB and the 
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non-Faradaic reaction characteristic of an EDLC [4]. LICs are thus hybrids be-
tween traditional LIBs and traditional EDLCs. LICs often have high specific 
power (10 kW∙kg−1) and long cycle life (e.g. 300,000 cycles in laboratory experi-
ments at General Capacitor) but low specific energy (5 - 10 Wh∙kg−1) [3]. 

Cao and Zheng have studied how LICs’ internal resistance decreases at high 
temperatures [3]. Solid electrolyte interphase (SEI) is a thin layer that forms on 
the anode’s surface as lithium reacts with the electrolyte or impurities in the cell. 
This SEI is essential to performance, as it enables the passage of lithium ions 
between the electrolyte and the porous carbon material. However, SEI growth 
can become too thick and impede the intercalation of lithium-ions into the neg-
ative electrode. This is a common degradation mechanism, which often leads to 
failure [6] [7]. 

Past LIC modeling studies have focused upon the effects of ambient and oper-
ating temperature upon cycle life or upon LIC performance as part of a larger 
system. Omar et al. [8] developed a LIC model by measuring LIC charge and 
discharge performance under varied temperatures, currents, and states of 
charge, as well as EIS data at different states of charge. Results were applied to a 
FreedomCar battery ECM. Barcellona et al. modeled LIC performance using 
modified EDLC performance models [8] [9] [10]. 

Concerning LIC cycle life, Uno and Kukita [11] experimentally validated an 
Arrhenius model previously proposed by Uno and Tanaka [7] using commer-
cial-off-the-shelf (COTS) LICs. Additionally, El Ghossein et al. have described 
cycle life’s effects on capacitance loss and increased equivalent series resistance 
(ESR) in terms of a Langmuir adsorption coefficient, which describes changes in 
an electrochemical double layer induced by gassing [12]. All of these studies col-
lect data on pre-made, existing COTS LICs but do not consider any variables 
describing the electrochemistry inside the LICs. 

This study seeks to understand cycle current’s effects on cycle life degradation 
in LICs. It will be shown that findings from this study agreed with results from 
earlier studies, validating the research method employed here, which is de-
scribed in Section 3.1. 

2. Earlier Research 

As aforementioned, electrolyte breakdown is a primary cause of EDLC degrada-
tion. This degradation is conveniently represented by an Arrhenius equation, as 
follows 

e
aE

RT
rk A

−
=                            (1) 

where k is the chemical reaction rate per cycle, Ar is a rate constant, Ea is the ac-
tivation energy, R is the gas constant, and T is the absolute temperature in Kel-
vin [13]. Ea is not constant but has been observed in the range 10 - 50 kJ∙mol−1 
for LICs [13]. Assuming an arbitrary constant (b) 

TD kb=                              (2) 
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and 
DA Ab=                              (3) 

wherein DT is the degradation ratio and AD is the degradation constant, Equa-
tion (1) above can be rewritten as follows 

e
aE

RT
T DD A

−
=                            (4) 

where 0 ≤ DT ≤ 1 [13]. From this equation DT can be used to compute the de-
gradation acceleration factor based upon 10˚C of T. 

10
ref

ref T

T

T T D
D

α
− 

=  
 

                        (5) 

where α  is the acceleration factor, T is the ambient temperature, 
refTD  is a  

degradation factor at a given reference ambient temperature, and refT  is the 
reference ambient temperature [13]. From this relationship the per cent capa-
citance after degradation (Cd) can be computed 

100
10ref

ref
d T

T T
C d tα

− 
= −  

 
                    (6) 

where 
refTd  is a degradation rate constant at refT  and t is the time in number  

of cycles [13]. Uno et al. found that DT decreases over time and, consequently, 
the change in Cd decreases as a function of time, creating an Arrhenius curve [7] 
[13]. 

Once AD, Ea, and T are known, a LIC’s degradation can be predicted. This 
model relies upon experimentally-determined parameters. However, AD and Ea 
are not the same for all manufacturers [11] and require either a previous test or 
detailed knowledge of the manufacturing process. An Arrenhius equation that 
accurately predicts the degradation of one LIC may not be accurate for another. 

By contrast, another method computes capacitance degradation from the ef-
fects of temperature and voltage upon electrochemical double layer degradation 
as follows 

1 100
i

d
i

atc
vtC

c

 − += × 
 
 

                       (7) 

where ci is the initial capacitance, t is the cycle number, a is the Langmuir ad-
sorption coefficient as a function of temperature, and v is the Langmuir adsorp-
tion coefficient as a function of voltage [12]. Langmuir adsorption coefficients 
balance a material’s likelihood to enter a carbon material against its propensity 
to gas. This agrees with earlier studies indicating that dendrite formed by li-
thium precipitating out of carbon electrodes is a common degradation and fail-
ure mechanism in LICs [14]. Using Langmuir coefficients to study cycle life de-
gradation may be a promising approach. In catastrophic failures both gassing 
and dendrites have been observed [15]. Also, gassing appears to be a sign of de-

https://doi.org/10.4236/msa.2020.117031


D. G. Moye et al. 
 

 

DOI: 10.4236/msa.2020.117031 453 Materials Sciences and Applications 
 

gradation in LICs [4] [16] during less dramatic failures. Most importantly, El 
Ghossein et al.’s model also accurately predicts a cycle life degradation curve, 
following an Arrhenius curve but does express degradation in the form of Equa-
tion (1).  

At high temperatures LICs’ internal resistance decreases [3]. At high temper-
atures a LIC initially has elevated capacity, but this soon diminishes and causes 
the LIC to age faster than it would while operating at room temperature. It is be-
lieved this phenomenon occurs because electrolyte breaks down and eventually 
forms impurities that impede the performance of the SEI [4]. This SEI is essen-
tial as a medium to enable passage of lithium ions from the electrolyte into the 
porous carbon material. However, if the SEI is impeded or contains impurities, 
the LIC’s performance decreases [3]. Therefore, a LIC should degrade along an 
Arrhenius curve due to electrolyte breakdown. A key metric to validate this re-
search is degradation along an Arrhenius relationship like those identified in [7] 
[12] [13].  

Furthermore, the Butler-Volmer equation predicts an inverse relationship 
between cycle current and temperature as follows 

0 e e
a cFn Fn
RT RT

di i
α αη η− 

= − 
 

                       (8) 

where di  is current density, 0i  is exchange current density, aα  is the specific 
surface area of the anode electrode, cα  is the specific surface area of the ca-
thode electrode, n is the number of electrons per ion (1 for lithium), η is the ac-
tivation overpotential, F is Faraday’s constant, and T is the absolute temperature 
of the electrochemical cell [1].  

Because in an LIC the amount of charge stored at the negative electrode is or-
ders of magnitude higher than the cathode [1], assume [17] 

e 1
cFn
RT
α η−

≈                              (9) 

Therefore 

0e 1
aFn
RT

di i
α η

= −                           (10) 

This assumption has proven accurate in past studies approximating energy 
storage as a function of constituent component materials, design, and operating 
conditions [16] [17]. Because 

d
ii
a

=                              (11) 

where i is current and A is the surface area 

1i
T

∝                              (12) 

The relationships given in Equation (4) and Equation (12) indicate that cells 
cycled at constant temperature but different cycle currents should also degrade 
according to an Arrhenius equation taking the basic form 
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e ik
T iD A −=                            (13) 

wherein DT is a degradation ratio, Ai is a degradation constant specific to i, and 
ki is a kinetic constant dependent upon current, wherein 

ii k∝                               (14) 

However, Moye et al. recently found that although Equation (12) is accurate, 
temperature change during a charge cycle inside an LIC is small (<1%), and 
temperature changes are mostly observed in the low current regimes where Fa-
radaic energy storage reactions dominate, similar to a lithium-ion battery [16]. 
At id values in excess of 250 A∙kg−1 no temperature increase was observed. Thus 
elevated current does not necessarily elevate temperature, but, as established by 
Uno et al. and El Ghossein et al., it does degrade a LIC in a similar manner [12] 
[13]. 

The main objective of this study was to determine why variations in cycle 
current degrade a LIC similarly to variations in cell temperature, although cur-
rent does not appreciably change temperature. 

3. Experimental Work 
3.1. Experimental Setup 

A cycle life evaluation was performed upon a LCA200G1 LIC made by General 
Capacitor, shown in Figure 1. General Capacitor has provided the design para-
meters for this product, as shown in Table 1. 

General Capacitor has collected cycle life data on its LCA200G1. The 
LCA200G1 was one of General Capacitor’s established commercial products, so 
data was easily obtained. Using an established, commercial product eliminated 
much of the experimental variability often encountered in laboratory-made 
LICs. Much LCA200G1 evaluation data has been made public in earlier studies 
[16] [17] [18]. 
 

 
Figure 1. LCA200G1 LIC product made by General Capacitor. 
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Table 1. Specifications of General Capacitor LCA200G1, flagship nominal 200F product 
made by General Capacitor. These parameters were verified by the authors, who were 
General Capacitor employees at the time, in accordance with normal company quality 
assurance processes. This product has been used as a reference in several earlier studies 
[16] [17] [18]. 

Parameter Value 

Lithium Source Foil Strips 

Positive Electrode Active Material Activated Carbon 

Positive Electrode Active Layer Thickness 100 µm 

Double-Sided Positive Electrodes 7 

Negative Electrode Active Material Hard Carbon 

Negative Electrode Active Layer Thickness 90 - 95 µm 

Double-Sided Negative Electrodes 6 

Single-Sided Negative Electrodes 2 

Negative Electrode Lithium Loading 8.81% 

Negative Electrode Porosity 44.16% 

Positive Electrode : Negative Electrode Mass Ratio 0.678 

Lithium Source Foil Strips 

Positive Electrode Active Material Activated Carbon 

Positive Electrode Active Layer Thickness 100 µm 

Double-Sided Positive Electrodes 7 

3.2. Experimental Method 

Cycle life data was acquired at 4A and 5A for General Capacitor LCA200G1 
LICs made in accordance with Table 1. Testing conditions could not be perfectly 
controlled. The temperature in the testing room averaged 29˚C - 33˚C and was 
subject to variations during several power outages and maintenance on nearby 
equipment. Recent studies have noted changes in LIC energy storage as a func-
tion of temperature [2] [4]. Consequently, the data showed many small pertur-
bations, including diurnal variation. 

To correct these perturbations a foil was applied, averaging 9 data points be-
fore and 9 data points after each data point of interest, extending each datapoint 
over a 24 hour period. In order for the relationships identified in Equations (4) 
and (8) to hold valid under this experimental method, an Arrhenius relationship 
indicating degradation over subsequent cycles must take the form 

e ti f k t
D

i

c c
A

c
−−

=                          (15) 

where AD is a degradation constant, tk  is a kinetic constant encompassing Ea, 

https://doi.org/10.4236/msa.2020.117031


D. G. Moye et al. 
 

 

DOI: 10.4236/msa.2020.117031 456 Materials Sciences and Applications 
 

𝑅𝑅, and T, and t is the cycle number. Although Equation (15) does not use Lang-
muir adsorption coefficients, like Equation (7) it does depend upon an exponen-
tial governed by t. fc  is the final capacitance of the LIC after degradation, re-
lated to DT by 

i f
T

c c
D

t
−

=                          (16) 

where ic  is the initial capacitance of the LIC [7]. Notice that in order to agree 
with Equation (4), Equation (15) must obey Equation (12). Combining Equation 
(4) with Equation (16) indicates 

e
aE

RT
f i Dc c tA

−
= −                         (17) 

Combining Equation (15) with Equation (17) indicates 

e e
a

t

E
k t RT

D i DA c tA
−− −=                       (18) 

At t = 1 cycle Equation (18) simplifies to 

e e
a

t

E
k RT

D i DA c A
−− −=                       (19) 

If AD is close in value to ic , then 

ln 1 e
aE

RT
tk

− 
= − − 

 
                      (20) 

and 

( )ln 1 e tk
aE RT −= − −                      (21) 

4. Results 

Trend lines were extrapolated from the foiled data, as shown in Figure 2. The 
trendlines revealed the following Arrhenius relationships, which meet the form 
of Equation (15), where capacitance (c) is expressed as a percentage 

77 100.97e tc
−− ×=                        (22) 

for 4 A cycles, and 
61 100.97e

t
c

−− ×=                        (23) 

For 5 A cycles. AD is a constant 0.97. tk  is 7 × 10−7 for 4 A cycles and 1 × 10−6 
for 5 A cycles. For 5 A cycles, assuming cell failure when fc  is 80% of ic , Equ-
ation (21) indicates 275,263 cycles. The only changing input variable is cycle 
current. AD remains a constant, as it should for two identical LICs with identical 
chemical and physical properties. Thus Equations (15) and (17) are met. 

Notice that for both relationships 

ti k∝                             (24) 

meeting the requirements of Equation (14). Solving Equation (21) for Ea using 
the k value given in Equation (22) and the nearly constant average ambient 
temperature of 31˚C (304 K) yields Ea = 30.4 kJ∙mol−1. Likewise, solving Equa-
tion (21) for Ea using the k value given in Equation (23) yields Ea = 35.8 kJ∙mol−1.  
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Figure 2. Cycle life graph of General Capacitor 200LCAG1s cycled at 5 A and 4 A. Minor 
perturbations can be attributed to ambient temperature as the room could not be perfect-
ly held at a constant temperature but averaged 31˚C. Derived Arrhenius equations are 
shown. The only changing input variable is cycle current. 

 
These values agree with 10 - 50 kJ∙mol−1 reported by Uno and Tanaka. Thus ele-
vating cycle current decreases Ea. In accordance with Equation (1), decreased Ea 
accelerates degradation like increased T does. 

5. Conclusions 

Prior to this study, it was well established that elevated temperatures accelerate 
LIC degradation. During this study, experimental LIC cycle life degradation at 
different cycle currents but constant ambient temperatures was approximated by 
Arrhenius equations as a function of the number of cycles. The Butler-Volmer 
equation indicates elevated cycle current may impact cell temperature and the-
reby degrade the LIC. However, other studies indicate that current does not in-
duce much temperature increase in LICs. This study sought to understand why 
elevated current degrades a LIC without appreciably changing its temperature. 
Results indicate that cycle current decreases activation energy. These effects on 
activation energy degrade the LIC in the same manner as temperature. 

Mathematically, these results agree with other, unrelated studies examing LIC 
degradation from the perspective of ambient temperature and the electrochemi-
cal double layer. Now that this study has demonstrated that dis/charge current 
affects activation energy as a degradation mechanism, future research should 
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examine reasons for this phenomenon and eventually quantify the relationship 
between current and activation energy. 
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Appendix 

Nomenclature 

A  Langmuir adsorption coefficient as a function of temperature 
A  Ampere 
A  area 
AD  degradation rate constant 
B  arbitrary constant 
C  Celsius 
Cd  per cent capacitance degradation 
cf  final capacitance 
ci  initial capacitance 
COTS commercial off the shelf 
DT  rate constant 

refTd  degradation rate constant at Tref 

refTD  degradation factor at a given reference ambient temperature 

Ea  activation energy 
ECM equivalent circuit model 
EDLC electrochemical double layer capacitor 
EIS  electrochemical impedance spectroscopy 
ESR  equivalent series resistance 
F  Faraday’s constant 
g  gram 
i  current 
id  current density 
io  exchange current density 
k  kilo 
k  Chemical reaction rate per cycle 
K  Kelvin 
kt  kinetic constant relating Ea, R, and T to t 
LIB  lithium-ion battery 
LIC  lithium-ion capacitor 
mol  moles 
n  number of electrons per ion 
R  universal gas constant 
Rct  charge transfer resistance 
Rs  series resistance 
RW  Warburg resistance 
SEI  solid electrolyte interphase 
t  time in numbers of cycles 
T  cell temperature 
Tref  reference ambient temperature 
v Langmuir adsorption coefficient 
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Wh  watt-hour 
α   acceleration factor 

aα   anode specific surface area 

cα   cathode specific surface area 
η  activation overpotential 
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