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Lithium ion capacitors are an important energy storage technology, providing the optimum combination of power, energy and cycle
life for high power applications. However, there has been minimal work on understanding how they degrade and how this should
influence their design. In this work, a 1D electrochemical model of a lithium ion capacitor with activated carbon (AC) as the
positive electrode and lithium titanium oxide (LTO) as the negative electrode is used to simulate the consequences of different
degradation mechanisms in order to explore how the capacity ratio of the two electrodes affects degradation. The model is used to
identify and differentiate capacity loss due to loss of active material (LAM) in the lithiated and de-lithiated state and loss of lithium
inventory (LLI). The model shows that, with lower capacity ratios (AC/LTO), LAM in the de-lithiated state cannot be identified as
the excess LTO in the cell balances the capacity loss. Cells with balanced electrode capacity ratios are therefore necessary to
differentiate LAM in lithiated and de-lithiated states and LLI from each other. We also propose in situ diagnostic techniques which
will be useful to optimize a LIC’s design. The model, built in COMSOL, is available online.
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List of symbols

ai,AC Inter-facial surface area of AC electrode, m2 m−3

ai,LTO Inter-facial surface area of LTO electrode, m2 m−3

Acell Projected cross sectional area of electrode, m2

cl Concentration of electrolyte, mol m−3, subscript:0-initial,
f-final

cs Concentration of Li in LTO electrode, mol m−3

Cdl Double layer capacitance of AC electrode, F m−2

Ds Diffusivity of Li ion in LTO particle, m2 s−1

Deff Effective diffusivity of electrolyte in porous electrode,
m2 s−1

Eeq,LTO Equilibrium potential of LTO electrode as a function of
SOC

Eeq,AC,0 Equilibrium potential of AC electrode at 0% SOCAC

f Activity coefficient of electrolyte
i1C Current density at 1 C rate based on LTO, A m−2

Icell Applied cell current density, A m−2

kc, ka Cathodic and anodic rate constants, m s−1

LAC Thickness of AC electrode, m
LLTO Thickness of LTO electrode, m
Lsep Thickness of separator, m
Lcc Thickness of current collector, m
Lref Position of reference electrode in a separator from AC

electrode, m
Qcell Cell capacity, C
QAC Capacity of AC electrode, C
QLTO Capacity of LTO electrode, C
rP Radius of LTO particle, m
t Time, s
+t Transference number of cation
T Temperature, K
Vcell Cell voltage, V
x Position, m

Greek symbols

aa, ac Transfer coefficients of anodic and cathodic Li intercala-
tion at LTO electrode

e Porosity, subscripts: l–liquid phase, s–solid phase, sep–-
separator

h Over-potential for reaction at LTO, V
k Electrolyte conductivity, S m−1, subscript: eff-effective

in porous phase
s Conductivity of material, i, S m−1, subscript: eff-effective

in porous phase
fs Electrode potential, V
fl Electrolyte potential, V

Constants

F Faraday constant, 96,485 C mol−1

R Gas constant, 8.314 Jmol−1K−1

Lithium ion capacitors (LICs) are an energy storage technology
with optimum energy density, power density and longer cycle life
for high power applications.1 They store energy mainly via an
electrochemical double layer at the positive electrode and chemical
intercalation at the negative electrode.1–3 One combination of the
materials for LICs is activated carbon (AC) as the positive electrode
and lithium titanium oxide (Li4Ti5O12 or LTO) as the negative
electrode. Figure 1a shows a schematic of the LIC with AC and LTO
electrodes. A common electrolyte used is lithium hexafluoropho-
sphate (LiPF6) salt in a mixture of organic solvents (typically 1 M,
EC:DMC).4,5

Equations 1 and 2 describe the way charge is stored at the AC
and LTO electrodes. At the AC positive electrode, charge is stored
via double layer formation by -PF6 ions and at the LTO negative
electrode, charge is stored via Li+ intercalation reaction:6

At positive electrode

+ +- + - -AC PF AC PF double layer e 16

ch

disch
6· ( ) [ ]
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Figure 1b shows the change in the potentials of the AC and LTO
electrodes during charging of a cell from 0 to 2.8 V. The potential of
the AC electrode increases from 3.05 to 4.3 V vs Li/Li+.4 Below
4.3 V vs Li/Li+, side reactions due to electrolyte degradation (1 MzE-mail: gregory.offer@imperial.ac.uk
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LiPF6 in 1:1 EC:DMC) at the AC electrode are negligible.4 During
charging, Li4Ti5O12 (spinel) changes its phase to Li7Ti5O12 (rock
salt)7 and operates at around 1.55 V vs Li/Li+ for a wide state-of-
charge (SOC) range (7%–97.5%)4 indicating the co-existence of the
two phases in this range.2,4,6,8 However, the LTO electrode under-
goes large potential changes when operated close to 0 or 100% SOC
i.e. outside the two-phase region. Therefore, it is best to operate a
LIC between 7 and 97.5% SOC with respect to the LTO electrode.
The theoretical specific capacity of LTO is 175 mAh g−1,9 however
the realisable specific capacity achieved in the experiments is around
160 mAh g−1.4

LICs achieve higher power densities than lithium-ion batteries by
replacing a positive electrode relying upon intercalation with an
electrode storing energy in the electrochemical double layer alone,
such as AC. An AC electrode can also help LICs achieve longer
cycle life due to the absence of the usual degradation mechanisms
associated with intercalation, such as those induced by stress and
strain. LTO for the negative electrode is also a good choice because
it is considered to be a zero-strain material10–13 and operates well
above the electrolyte reduction potential (0.7 V vs Li/Li+) meaning
there is no solid electrolyte interphase (SEI).9 It also offers better
thermal stability.14 Together this system of electrodes can achieve
longer cycle life, higher coulombic efficiency and improved safety.

The mass ratio of the electrodes plays an important role on the
power performance of LICs. For specific capacities of 160 mAh g−1

and 38.36 mAh g−1 for LTO and AC respectively,4 balancing
capacities would require a mass ratio of 4.17. However, for better
power performance excess LTO, rather than balancing the capacities
of the two electrodes, is beneficial4,5,15 as the kinetics of LTO are
slower than double layer formation.14 In addition, pre-lithiation of
LTO electrode was found to improve capacity retention of cells with
cycling.5 The pre-lithiation also helped increase the capacity of
LIC16 by using the negative-polarization region of the activated
carbon.15 In our previous study,15 we developed a 1D electroche-
mical model for a LIC and used it to analyze the effect of mass ratio
of the electrodes for optimum LIC design and advantages and
disadvantages of pre-lithiation.

The cycling data of LTO based LICs indicates that LICs undergo
capacity fade.1,4–6 Dsoke et al.4 carried out experiments on LICs at
three different mass ratios of the electrodes (AC/LTO) and reported
that the capacity retention after 1000 cycles at 10 C was 69.4%, 20.8%

and 14.2% for mass ratios of 0.72, 1.54 and 4.17 respectively. The
authors, using impedance measurements, reported an increase in the
charge transfer resistance after cycling for the three mass ratios; which
was higher for higher mass ratio. The authors attributed the loss to the
AC electrode. Other experiments by Rauhala et al.5 on a LIC with AC
and LTO electrodes at a mass ratio of 2.5 operated within the flat
voltage range of the LTO electrode resulted in 99.8% coulombic
efficiency during 1000 cycles at 5 C with 92.2% energy retention. In
neither study was the detailed mechanism for degradation discussed.

Gassing, such as of H2, CO2 and CO, is a concern in LTO
containing pouch cell lithium ion batteries (LIBs).9,11,14,17 He et al.9

reported that gas generation at the LTO electrode is due to an
intrinsic reaction between LTO and electrolyte at the interface. The
authors reported that the reaction is much slower than the electrolyte
reduction which occurs below 0.7 V vs Li/Li+ and leads to slower
formation of SEI layer and gassing even above 1.0 V vs Li/Li+.9,12

Due to the slower reaction, the SEI formation on LTO occurs over
several cycles of charge/discharge and long term storage and leads to
long term capacity fade.9 The gassing continues till SEI formation is
complete.9 Though not reported yet, the same gassing mechanism
may also be one of the reasons for capacity fade in LTO-based LICs.

In this work, we use a previously developed 1D electrochemical
model15 to explore the consequences of different degradation modes
in order to help interpret previously published4 experimental data. In
LIBs, degradation mechanisms can be classified as loss of active
material (LAM) in the lithiated and de-lithiated state or loss of
lithium inventory (LLI).18 Similarly, we classify the degradation in
LICs as occurring due to LAM and LLI. The model predicts the
voltage profiles of the electrodes of degraded LICs at low currents
and we have used it to propose some simple in-situ diagnostic
techniques for these degradation mechanisms. In this initial work,
thermal effects11 on degradation are ignored.

Diagnostics for LAM and LLI

In this section, we introduce how capacity fade in LICs affects
voltage vs capacity profiles of the electrodes for different degrada-
tion mechanisms. The changes in the voltage profiles when
compared to the profiles at beginning-of-life help diagnose the
degradation mechanisms. These techniques can be applied at low
currents and do not account for IR losses as a result of degradation.

Figure 1. (a) Schematic of a LIC with AC as the positive porous electrode, LTO as the negative porous electrode and 1 M LiPF6 as the electrolyte filling the
pores of electrodes and separator. The sizes of the particles and ions are not drawn to scale. (b) A schematic of potential evolution in the AC and LTO electrodes
w.r.t. Li/Li+ during charging of a LIC from 0–2.8 V.4
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The reasons for capacity and power fade due to LAM and LLI in
LIBs are described below:18–20

i. LAM: the electrode active material is no longer available for Li
insertion due to particle cracking, loss of electrical contact, or
blocking of active sites by resistive layers formed due to side
reactions. It can further be classified as LAM in delithiated or
uncharged electrode (LAMde) and LAM in lithiated or charged
electrode (LAMli).

ii. LLI: the inserted Li is consumed by parasitic reactions such as
SEI growth, Li plating, decomposition reactions. The resistive
layers formed due to decomposition reactions cause power
fade.

As mentioned before, we classify the degradation in LICs as
LAMde, LAMli and LLI, in-line with the literature18–20 on degrada-
tion in LIBs. In this work we have attributed all of the degradation to
the negative LTO electrode as the double layer capacitor electrodes
are known to offer higher cycle life (105–106) with higher power
density and lower mechanical stresses.21,22 This assumption is tested
in Results and Discussion section.

Figure 2 illustrates the effect of these three degradation modes
(LAMde, LAMli and LLI) on an AC/LTO LIC cell with a capacity
balanced mass ratio of 4.17, further referred to as “LIC417” in both the
discharged and charged states. The figure also illustrates the working
of the cell at beginning-of-life (BOL) for comparison. The area of the
electrode blocks is proportional to the mass ratio of the electrodes. The
light yellow color represents the uncharged LTO (Li4Ti5O12). The light
gray color represents the uncharged AC. Similarly, the dark yellow and
dark gray color represent the charged LTO (Li7Ti5O12) and charged
AC respectively. The lighter and darker blue color blocks represent the
depleted and no-depleted electrolyte. The voltage vs capacity profiles
at low currents for each case are also shown on the right. These profiles
are obtained using the equilibrium charging data4 of LTO at 1 C with
160 mAh g−1 and the double layer capacitance of AC as ∼110 F g−1.
The effect of IR losses on these profiles can be ignored at such low
currents. It is assumed that sufficient volume of electrolyte is
maintained in the device such that the average electrolyte concentration
does not drop below 0.6M on complete charge to maintain good ionic
conductivity.15

For an initial concentration of cl0, a cell capacity of Qcell and an
averaged concentration of clf at end-of-charge (EOC), the volume of
electrolyte (Vx) required in the pores of electrodes and separator is
given by

=
-

V
Q

F c c
3x

cell

l0 lf( )
[ ]

where F is Faraday constant. For cl0 = 1 M, clf = 0.6 M and
Qcell = 38.36 mAh g−1 of AC, we require Vx = 3.58 ml (Eq. 3) of
1 M electrolyte per gram of AC for mass ratios ⩽4.17. At BOL, if
LIC417 is charged to 97.5% SOC, the drop in concentration will be
to 0.61 M ( - ´ -c c c0.975l0 l0 lf( )).

Beginning-of-life.—Figure 2a illustrates the charging of LIC417
at BOL. The left one represents an uncharged LIC, the middle one
represents a charged one when the LIC is charged to the maximum
SOC limit of LTO i.e. 97.5% (0.975× 160= 156 mAh) The cell
capacity is limited by both the electrodes. The average electrolyte
concentration drops to 0.61 M. The AC electrode is charged upto
∼4.3 V (4.27 V) and the cross-patterned area in the voltage vs
capacity figure indicates the net available energy.

LAMde.—Figure 2b illustrates the case of 30% loss of de-
lithiated active material from the LTO electrode (LAMde). The left
one represents an uncharged LIC, the middle one represents a
charged one when the LIC is charged to the maximum SOC limit of
LTO i.e. 97.5% (0.975× 0.7× 160= 109 mAh). The inclined
patterned yellow block represents the loss of 30% uncharged LTO

due to LAMde which is no longer available for Li insertion. It causes
the LTO capacity of the LIC to shrink from 160 to 112 mAh. In this
case, the cell capacity is limited by the capacity of the LTO electrode
and the effective mass ratio becomes 5.96. Such mass ratio which is
above the balanced capacity ratio (4.17) leads to poor performance
due to slower kinetics of LTO.5,15 In this mode, when the device is
charged, the AC electrode is under-utilized (UU) at the higher
potential ranges, limiting the potential to 3.92 V (3.05+ 0.7×
(4.3− 3.05)) and the SOCAC to ∼68.3% (0.7× 0.975). This UU
of the AC at higher potential values is a sign of LAMde and helps to
quantify the loss when compared to the voltage profile at BOL.
During charge, the average concentration of electrolyte drops to
0.73 M ( - ´ ´ -c c c0.975 0.7l0 l0 lf( )) instead of 0.61 M in the
cell. The cross-patterned area in the voltage vs capacity figure
indicates the reduced available energy which can be compared with
the BOL’s shown in Fig. 2a.

LAMli.—Figure 2c shows the schematics of LIC417 with 30%
LAMli in LTO electrode with 97.5% SOC. The left one represents
the charged LIC and the middle one represents the discharged LIC.
The inclined patterned block with both lithiated (97.5%) and
unlithiated (2.5%) LTO represents 30% LAMli in LTO electrode
and the inserted Li in it becomes no longer available for discharge.
In this case, the LTO electrode becomes limiting, and the AC
electrode is under-utilized (UU) at lower potential ranges. The
affected LTO profile with 30% LAMli is shown on the right. The
profile shrinks on the x-axis by 30% while the SOC is maintained at
97.5%. On discharge, the AC electrode drops to 29.3% SOC
(0.3× 0.975) and 3.43 V (3.05+ 0.3× (4.3− 3.05)) and the re-
maining charge is unavailable for utilization. The net accessible
capacity of the LIC thus is 109 mAh. The affected AC electrode
voltage profile with UU at lower potential ranges is a sign of LAMli

and helps to quantify the loss when compared to the BOL’s profile.
During discharge, the average concentration of the electrolyte rises
to 0.88 M ( - ´ ´ -c c c0.975 0.3l0 l0 lf( )) instead of 1.0 M in the
cell. The reduced energy available is represented by the cross-
patterned area in the voltage vs capacity profile. We assumed self-
discharge and other possible side reactions at the AC electrode are
negligible; if this were not the case, the un-utilized charge would be
consumed with time.

It is worth noting that when cycling while or after incurring
LAMde and LAMli, maintaining the same cell current would cause
the local current density to increase, which would most likely
accelerate degradation in the subsequent cycles.18

LLI.—Figure 2d shows the schematics of a LIC417 with 30% LLI
in the LTO electrode. The inclined patterned brown color block
represents 30% LLI, which is taken out from the charged LTO
(initially at 97.5% SOC) and no longer available for discharge. For a
cell in this state, the charge lost to LLI would most likely have been
consumed by side reactions between active Li and electrolyte and
might have formed a resistive SEI layer, but this is not considered here.
Just considering 30% LLI decreases the SOC in LTO from 97.5% to
68.3% for a charged LIC, and causes the LTO profile to be shifted
w.r.t. the AC electrode, but not shrink as caused by LAM. Meanwhile,
the charge stored at the AC electrode would remain the same, but LLI
causes the AC electrode to be under-utilized at lower voltage range.
Again, the affected AC voltage profile with UU at lower voltage
ranges is a sign of LLI and helps in quantifying the loss. On discharge,
AC potential cannot drop below 3.43 V (3.05+ 0.3× (4.3− 3.05))
and 29.3% (0.3× 0.975) charge in the AC electrode cannot be
recovered as the LIC’s capacity is limited by LTO electrode. During
discharge, similar to LAMli, the average concentration of the electro-
lyte rises to 0.88 M instead of 1.0 M in the cell.

Degradation at lower mass ratios.—As mass ratio affects
degradation,4 we now look at the degradation mechanisms in a
LIC with mass ratio of 1.54, referred to as “LIC154”. Now the cell
capacity is limited by the AC electrode and the capacity reduces to
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36.9% of LIC417 (1.54/4.17). Figure 3 illustrates the degradation in
LIC154 due to 30% LAMde, 30% LAMli and 30% LLI in LTO
electrode. The figure also illustrates the cell at BOL. The respective
changes in LTO, AC and the average concentration of electrolyte for
each degradation mechanism in charged/discharged LICs are shown
in the schematics. The corresponding charge/discharge profile of AC
and LTO are also shown. LAMli and LLI have identical conse-
quences to the case of a LIC417. Unlike in LIC417, LAMde in
LIC154 does not affect the charge-discharge voltage profiles, nor the
achievable energy. This is due to the availability of excess active
material of LTO, which mitigates the possible effects of LAMde.

Due to this effect, LAMde cannot be detected from the voltage
profile in cells with excess LTO, especially if run at low currents;
however, an associated increase in cell resistance is expected, which
should be visible at high currents. This could be one reason for lower
capacity fade in a LIC with lower mass ratio when compared to
higher mass ratio as observed by Dsoke et al.4

It is assumed that same volume of electrolyte is maintained in
LIC154 as in LIC417. Then, at BOL, the drop in electrolyte
concentration at EOC is 0.85 M ( - ´ ´ -c c c1 0.369l0 l0 lf( )).
For 30% LAMde, the drop in electrolyte concentration at EOC is
also 0.85 M ( - ´ ´ -c c c1 0.369l0 l0 lf( )) and the rise in

Figure 2. Schematics of a LIC with a 4.17 AC/LTO mass ratio, with different degradation modes. (a) Beginning-of-life (BOL), (b) 30% loss of active material,
de-lithiated (LAMde), (c) 30% loss of active material, lithiated (LAMli) and (d) 30% loss of lithium inventory (LLI). The area of the electrodes is proportional to
their relative mass. UU:under-utilization. Voltage vs capacity profiles for each mode are also shown. The cross-patterned area in the profiles represents the
available energy in each mode.
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SOCLTO is 52.7% (0.369/0.7). For 30% LAMli and 30% LLI, the
concentration at the end-of-discharge (EOD) is 0.96 M
( -c 0.3l0 × ´ -c c0.369 l0 lf( )).

The profiles of 30% LAMli and 30% LLI for both the LICs look
similar and make it difficult to differentiate one mechanism from the
other. Nevertheless, they can be differentiated using over-charging

Figure 3. Schematics of a LIC with a 1.54 AC/LTO mass ratio, with different degradation modes. (a) Beginning of life (BOL), (b) 30% loss of active material,
de-lithiated (LAMde), (c) 30% loss of active material, lithiated (LAMli) and (d) 30% loss of lithium inventory (LLI). The area of the electrodes is proportional to
their relative mass. UU:under-utilization. Voltage vs capacity profiles for each mode are also shown. The cross-patterned area in the profiles represents the
available energy in each mode.
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of LIC417. This aspect using the model will be demonstrated in
Results and Discussion section.

LLI with pre-lithiation.—As mentioned before, pre-lithiation of
LTO electrode improves the capacity retention of the cell during
cycling.5 The profile (Fig. 3d) for LLI shows that if the active Li in
LTO is lost due to LLI, the LTO electrode is forced to undergo large
potential changes during discharge (Fig. 3d). Consequently, there is
an under-utilization of the AC electrode and the LIC capacity gets
negatively affected. In such cases, lost Li due to LLI can be balanced
by the Li used for pre-lithiation, resulting in better capacity retention
and better utilization of the AC electrode. Figure 4 illustrates this
potential advantage of pre-lithiation in LIC154 affected by LLI.
Here, UPL represents the utilization of pre-lithiated Li. Thus, the
optimization of pre-lithiation level15 also needs to consider the
degradation loss due to LLI.

Precipitation of salt.—During discharge of a LIC, the released
ions into electrolyte lead to increase in the local concentration in
LTO electrode due to ion diffusion limitations.6,15 For a LiPF6
electrolyte, if the salt concentration increases beyond 1.5 M,
precipitation of LiPF6 salt and significant decrease in conductivity
can occur,23 and, consequently, a decrease in capacity and increase
in resistance. In the voltage range of 1.5–4.3 V vs Li/Li+ in a LIC,
the salt precipitation effects can also explain the capacity fade during
cycling. Stewart et al.6 suggested that increasing LTO electrode
thickness, equivalent to a decrease in AC:LTO mass ratio, may
mitigate the negative effects of electrolyte precipitation on the
capacity and power of the cell. The precipitation effects are
cumulative with cycle number and higher for the higher mass ratio.15

Precipitated salt could dissolve back into the electrolyte partly or
fully due to the concentration gradient, leading to partial or full
capacity recovery. This can be verified by leaving the LIC cell at
open-circuit, and the capacity checked after different durations,
expecting higher capacities the longer the cell has rested. The
capacity can be measured at a low current before and after
relaxation, to avoid confusion between dissolution-caused capacity
recovery and that caused by charge-redistribution24 due to the
porous electrode effect.

In reality, capacity fade can be caused by a combination of the
mechanisms discussed above. The model proposed in our previous
work15 would serve as an ideal platform to help better understand the
effects of multiple, coupled degradation mechanisms in LICs, by

testing the effects of a variety of degradation scenarios. The effect of
varying mass ratio, LAM and LLI on LIC performance at low
currents are discussed next using the model.

Modelling and Simulation Details

The 1D electrochemical model for a LIC based on Newman’s
porous electrode theory6,24–27 was taken from our previous
work.15,28 The model solves for potentials of the electrodes (fs)
and the electrolyte (fl), the concentration of electrolyte (cl) and
the concentration of Li-ion in LTO particle (cs), four variables in
total. The 1D model geometry is represented in the schematic in
Fig. 1a. The model was parameterised based on the data reported
by Dsoke et al.4 at 1 C for the LIC417 and validated in our
previous work.15 The model equations, parameters, initial condi-
tions and boundary conditions for the simulations are given in
Appendix.

The model doesn’t include any term for degradation. Instead, in
this work, the model was simulated to predict the consequences of
degradation due to LAMde, LAMli and LLI on voltage vs time profile
by changing the parameters. For LAMde, the thickness of LTO
electrode was reduced and the initial conditions represent an
uncharged cell. For LAMli, the initial conditions of the cell had
been changed to represent a charged cell and then the thickness of
LTO was reduced. For LLI, the initial conditions of the cell had been
changed to represent a charged state and then SOC of the LTO alone
was reduced from the charged state. The changes in parameters for
each case are represented in Table I. The remaining parameters are
given in Table III in Appendix.

The model was solved in COMSOL Multiphysics (v. 5.3a) with
Lithium-ion battery module, and was run on a HP platform with
Xeon(R) processors, 64 GB RAM, and Windows 10 operating
system. “Direct(PARDISO)” solver with a relative tolerance of
10−5 was used. The maximum element size was 1 × 10−7 m. The
refinement option in AC and LTO domains was applied. The
convergence was verified by varying the mesh size and comparing
voltage vs time profiles. The time steps taken were controlled by
the software. 0.07% SOC of LTO was used to initialize the charge
simulations of a LIC at 0% SOC to avoid the numerical errors. A
full Fick’s law for Li-diffusion in LTO particles at each x-position
was solved by COMSOL in the r-direction (radius) with 30
elements. For LAMli and LLI, the cell had been discharged
completely first, then the cell was let to cycle using the end of
discharge simulation as an initial condition for generating the
cycle data. The model file used for the simulations (.mph) built in
COMSOL Multiphysics is available at this source29 under an
open-source license.

Results and Discussion

Diagnosing LAMde, LAMli and LLI.—Simulation results for
LIC154 and LIC417 with different degradation modes at 1 C are
shown in Fig. 5. The cell and electrode potentials of AC and LTO
are presented separately for both the cells. For 30% LAMde, the
thickness of the LTO was decreased by 30% in the simulations.
Similarly, for 30% LAMli, the thickness of the LTO was decreased
by 30% and the initial conditions were changed to represent a fully
charged state. For 30% LLI, the SOC of LTO was reduced by 30%
of that at the fully charged condition without changing the electrode
thickness. Model predications for a combination of 10% LAMli and
20% LLI in LIC417 are also shown in Fig. 5. For comparison, model
predictions for the cells at BOL are also shown.

Predicted electrode and cell potentials for the LIC154 cell, shown
in Figs. 5a and 5b, indicate that LAMde cannot be differentiated from
the profiles at BOL as discussed before. The excess LTO in the cell
balances the loss. This translates into better cycle life, potentially
explaining the observed lower capacity fade in LICs with lower mass
ratio.4 In LAMli and LLI modes, the model predicts under-utilization
of the AC electrode at lower values of voltage and the resulting
effect on cell potential can also be seen. While they can be identified

Figure 4. Effect of pre-lithiation on loss of lithium inventory (LLI) in a LIC
with a 1.54 AC/LTO mass ratio. The cell is pre-lithiated to 50%, as
represented by Prelith, before charging. The loss of charge due to LLI is
balanced by utilizing the pre-lithiated Li (UPL).
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Table I. The parameters and the initial conditions used for the degradation simulations at different mass ratios. The remaining parameters are taken from our previous work.15

Degradation LIC417 LIC154 LIC072

BOL 1 C, LLTO = 20 μm, SOCAC = 0, Prelith = 0.07%,
cl0 = 1 M, t = 3201 s.

1 C, LLTO = 20 μm, SOCAC = 0,
Prelith = 0.07%, cl0 = 1 M, t = 1250 s.

10 C, LLTO = 20 μm, SOCAC = 0,
Prelith = 0.07%, cl0 = 1 M, t = 59 s.

30% LAMde 1 C, LLTO = 14 μm, SOCAC = 0, Prelith = 0.07%,
cl0 = 1 M, t = 2310 s.

1 C, LLTO = 14 μm, SOCAC = 0,
Prelith = 0.07%, cl0 = 1 M, t = 1250 s.

—

30% LAMli 1 C, LLTO = 14 μm, SOCAC = 94.3%, Prelith = 0%,
cl0 = 0.572 M, t = 2247 s, overcharge: t = 2288 s.

1 C, LLTO = 14 μm, SOCAC = 100%,
Prelith = 0%, cl0 = 0.624 M, t = 875 s.

10 C, LLTO = 14 μm, SOCAC = 100%,
Prelith = 0%, cl0 = 0.629 M, t = 43 s.

30% LLI 1 C, LLTO = 20 μm, SOCAC = 94.3%,
SOCLTO = 68.28%, Prelith = 0%, cl0 = 0.572 M,
t = 2247 s, overcharge: t = 2802 s.

1 C, LLTO = 20 μm, SOCAC = 100%,
SOCLTO = 26.6%, Prelith = 0%,
cl0 = 0.624 M, t = 875 s.

10 C, LLTO = 20 μm, SOCAC = 100%,
SOCLTO = 13.29%, Prelith = 0%,
cl0 = 0.629 M, t = 43 s.

10% LAMli + 20% LLI 1 C, LLTO = 18 μm, SOCAC = 94.3%, SOCLTO = 78%,
Prelith = 0%, cl0 = 0.572 M, t = 2310 s, overcharge:
t = 2810 s.

— —
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using voltage drift (VD) and under-utilization (UU) of AC electrode,
the profiles of electrodes and cell of LAMli and LLI appear identical
during charge and discharge and cannot be distinguished from each
other. This inability to distinguish LAMli and LLI and identify
LAMde at lower mass ratios makes the case for the need of studying/
identifying the degradation mechanisms using LIC417 irrespective
of its cycle life.

The simulations for LIC417 shown in Figs. 5c and 5d indicate
that LAMde can be identified in LIC417 with the help of difference
in the profiles of electrodes and cell during charge-discharge from
the BOL profiles. The AC voltage profile shows under-utilization at
higher values of the electrode potential. The LTO voltage profile
shows a spike during charging, around 2.8 V cell voltage (Fig. 5c),
unlike for LIC154, which would generate a sharp increase of cell
voltage at the end of the charge (Fig. 5d). These can be the signs of
LAMde. In normal charging conditions, the profiles for LAMli, LLI
and the combination of LAMli and LLI do not look different.

In order to distinguish LAMli from LLI, overcharging was
simulated, by charging the cell to 3.0 V instead of 2.8 V for all
three degradation cases. Predicted electrode and cell potentials for
LIC417 are shown in Fig. 6. The results show that LAMli can be
differentiated from LLI and the combination of LLI and LAMli using
the spike from the LTO electrode. However, care has to be taken to
separate the changes due to side-reactions at the AC electrode above
2.8 V cell potential, which we did not include in the model, from the
changes caused by 30% LAMli. The measurement of the AC

electrode potential above 2.8 V at BOL would make it easier for
the diagnosis. The 10% LAMli in the combined degradation test is
dominated by the 20% LLI and similar to that for sole 30% LLI
degradation. One can conclude that if LTO is in excess, separating
LAMli from LLI might not be possible from voltage profiles.

Regardless, the model predicts under-utilization and voltage drift
in the three degradation mechanisms and demonstrates its ability to
quantify the capacity loss. When seen together with the spike in LTO
voltage profiles, the model identifies the mechanisms in LIC417. The
predictions for 30% LAMde show under-utilization of the AC
electrode at the higher values of voltage whereas the predictions
for 30% LAMli and 30% LLI show under-utilization of AC electrode
at the lower values of voltage. The spike in the LTO voltage profile
helps in identifying LAMde when charged to normal cutoff voltage
and differentiating LAMli from LLI when over-charged to 3.0 V.

Analysis of capacity loss data.—The cycling data of Dsoke
et al.4 at 10 C rate for a LIC with mass ratio of 0.72, referred to as
“LIC072” is shown in Fig. 7. The authors compared the electrode
potentials of AC and LTO extracted from the 5th and 999th cycles.
The data shows four important characteristics of capacity fade in a
LIC. First, there is about 30% loss in capacity of the cell by the
999th cycle when compared to the 5th cycle. Second, there is a
voltage drift (VD) in the electrode potential of AC w.r.t. the
reference electrode and under-utilization of the AC electrode.
Third, the change in slope of the AC electrode in both the cycles

Figure 5. Model predictions of cell and electrode potentials of LIC154 and LIC417 with different degradation mechanisms at 1 C: 30% LAMde, 30% LAMli,
30% LLI and 10% LAMli + 20% LLI. (a) AC and LTO electrodes, LIC154, (b) cell, LIC154, (c) AC and LTO electrode, LIC417 and (c) cell, LIC417. The
simulations show that it is difficult to differentiate 30% LAMli from 30% LLI in both the cell. BOL: beginning-of-life.
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is negligible. Fourth, there is an increase in IR drop of the LTO
electrode in the 999th cycle when the cell is changed from charge to
discharge.

The voltage drift and under-utilization of the AC electrode at
lower potentials can be due to LAMli or/and LLI as discussed
before . The negligible change in slope of the AC electrode in the
999th cycle compared to 5th cycle indicates that the degradation at
AC electrode due to LAM is negligible. Otherwise, a change in slope
due to change in capacity should be seen. The increase in IR drop at
10 C can be due to a resistive layer present in the 999th cycle.

The present model can be used to interpret and understand these
features observed in Dsoke et al.4 Model predictions of 30% LAMli

and 30% LLI in LIC072 are compared to the experimental data in
the figure. Both 30% LAMli and 30% LLI are in agreement with the
data, suggesting either one of the mechanisms can be the cause for
the observed capacity fade. The increase in IR drop can be attributed
to either 30% LAMli or 30% LLI.

On the other hand, the agreement between the data and simula-
tions for both the cycles with the same value of double layer
capacitance of AC electrode also confirm that the degradation
mechanisms due to LAM at AC are negligible.

Thus, the model can be used to diagnose and quantify the
capacity loss due to LAMde, LAMli and LLI at low currents where
IR losses are minimum. The lack of data for LIC417 limits the
present model to diagnose the mechanisms further.

Conclusions

A 1D electrochemical model previously created for beginning of
life of lithium ion capacitors15 is used here to predict the effect of
LAMde, LAMli, LLI and a combination of these modes on electrode
and cell voltage profiles at low currents. The model file (.mph) built
in COMSOL is available online29 under open-source license. Using
the model predictions, we propose in situ diagnostic techniques for
LAMde, LAMli and LLI using electrode potential profiles. The model
predicts a stark effect of electrode mass ratio on the capacity fade
caused by the various degradation mechanisms. Hence, capacity fade
in LICs should never be investigated independent from knowledge
of the cell design, particularly of the degree of pre-lithiation and the
mass ratio of electrodes. At lower mass ratios than those corre-
sponding to a balanced cell, the model predicts that LAMde cannot
be identified, as the excess LTO is utilized to balance the capacity
loss and extends the cycle life, and LAMli and LLI cannot be
differentiated from each other. The model predicts that in a balanced
LIC, with electrode mass ratio corresponding to equal capacity of
electrodes, LAMde, LAMli and LLI can be distinguished from one
another, by quantifying the under-utilization and voltage-drift of the
AC electrode potential and spikes in LTO potential during cycling.
The model suggests that over-charging of the capacity balanced cell
helps in differentiating LAMli from LLI, which is otherwise difficult.
The drift in the potential of the AC electrode during cycling,
observed experimentally,4 can be interpreted via the model as a
result of capacity loss by LAMli or LLI at the LTO electrode, and not
due to degradation in the AC electrode.
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Appendix

A summary of the model equations is given in Table II. Table III
lists the parameters. Table IV shows the boundary conditions w.r.t.
the spatial dimension, x, and Table V lists SOC-dependent initial
values. We used the parameters obtained for the LIC072, LIC154
and LIC417 of Dsoke et al.,4 which were analysed and found to have
cell to cell variation in IR losses and slightly different mass ratios.15

The LIC072 had a mass ratio of 0.8, the LIC154 had a mass ratio of

Figure 6. Overcharge simulations of LIC417 to 3.0 V with 30% LAMli, 30% LLI and a combination of 10% LAMli and 20% LLI. The simulations show that
30% LAMli can be differentiated from 30% LLI using the spike in LTO electrode when charged above 2.8 V.

Figure 7. Comparison of simulations with the data of LIC072 at 5th and
999th cycles at 10 C. Experimental data is reproduced from Dsoke et al.4 The
simulations are carried out with 30% LAMli and 30% LLI as sole
degradation modes respectively, at LTO for 999th cycle.
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1.59 and the LIC417 had a mass ratio of 4.33.15 The cell to cell
variations in IR losses in those cells were fitted using different
separator thickness and reference electrode position in each cell.15

The effective mass ratios were accounted using appropriate AC
electrode thickness in the model. These changes affect the initial
SOC of electrodes and cl0 for the current degradation studies and are
different (Table I) from the theoretical values shown in Figs. 2 and 3.
However, the conclusions arrived using these values do not change.
Concentration dependent properties of 1 M LiPF6 in EC:DEC (1:1)
electrolyte at 298.15 K were originally taken from Lundgren et al.23

and reported in our previous work.15 Eeq of LTO electrode4 as a
function of SOC was also taken from the previous work.15 It was
assumed to be the same during charge and discharge. The effective
transport properties of conductivities of the electrodes and electro-
lyte (seff , keff) and diffusivity of the electrolyte (Deff) in the porous
phase were obtained using Bruggeman correction for tortuosity.15

At =x 0 boundary, the sign of applied cell current, Icell in
Table IV depends on charge, discharge, and cycling simulations. At
=x L, fs was set as zero as a base potential for all the simulations.

The individual electrode potentials were measured w.r.t. a reference
electrolyte potential probe (fl,ref) in the separator at Lref.

The potentials of the electrodes were defined w.r.t. Li/Li+.
Through the parameters “Prelith” and “ExsLTO”, the influence of
pre-lithiation level of LTO and excess LTO for a given mass ratio on
the initial values was introduced respectively. SOCAC,0, SOCLTO,0
and Prelith values should be self-consistent and between 0 and 1 for
a given ExsLTO (Table V).

Table II. A summary of the model equations for a LIC, taken from
our previous work.15 .

AC and LTO electrodes

Electrode current density: s= - f¶
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i
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Table III. The list of parameters. The values without references were
taken from our previous work.15

Parameter Value

ai,AC ´9.65 106 cm2 cm−3

ai,LTO ´11.2 104 cm2 cm−3

aa, ac 0.5
Acell 113 mm2

Cdl 6.45 × 10−6 F cm−2

cl,ref 1000 mol m−3

cs,max 22,852 mol m−3 30

Ds 6.8 × 10−15 m2 s−1 31

dV 1.25 V
el,LTO 0.582
el,AC 0.717
es,AC 0.283
es,LTO 0.418
esep 0.9
Eeq,AC,0 3.14 V for LIC417, 3.05 V for LIC154 & LIC072
i1C 0.56 mA cm−2

kc, ka 2 × 10−12 m s−1

sAC 560 S m−1 32

sLTO 1.21 S m−1 2

sAl 3.55 × 107 S m−1 26

LAC,072 45 μm
LAC,154 90 μm
LAC,417 245 mm
LLTO 20 mm
Lsep,072 140 mm
Lsep,154 229 mm
Lsep,417 260 mm
L ref,072 135 mm
L ref,154 203 mm
L ref,417 112 mm
Lcc 10 mm
rP e3 as,LTO i,LTO

T 298 K

Table IV. Boundary conditions for the model.15

x = 0 +Lcc, ++L Lcc, AC + ++L L Lcc, AC sep + + ++L L L Lcc, AC sep LTO L

il 0 0 =i il,left l,right =i il,left l,right 0 0
Nl 0 0 =N Nl,left l,right =N Nl,left l,right 0 0

is Icell =i is,left s,right 0 0 =i is,left s,right f f=s s,LTO

fl f f=l,left l,right fl,left = fl,right

cl cl,left = cl,right cl,left = cl,right

cs - =¶
¶ =

0c

r r 0

s and - =¶
¶ =

-D c

r

j

Fs
r rP

s s,
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