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A B S T R A C T

Long term ageing experimental results show that degradation resulting from coupled DC and AC current
waveforms lead to additional degradation of lithium-ion batteries above that experienced through pure
DC cycling. More profoundly, such experiments show a dependency of battery degradation on the
frequency of AC perturbation. This paper addresses the underlying causality of this frequency dependent
degradation. Cell autopsy techniques, namely X-ray photoelectron spectroscopy (XPS) of the negative
electrode surface film, show growth of surface film components with the superimposition of an AC
waveform. XPS results show that high frequency AC perturbations lead to the increased formation of a
passivating film. In order to determine the cause of this increased film formation, a heterogeneous
electrochemical model for the LiNiCoAlO2/C6 lithium ion battery coupled with governing equations for
the electrical double-layer and solid electrolyte interface film growth is developed. Simulation results
suggest that the increased growth of surface film is attributed to frequency dependent heat generation.
This is due to ion kinetics in the double layer which are governed by the Poisson-Boltzmann equation.
Additional thermal and reference cell relaxation experiments are undertaken that further corroborates
the conclusion that heat generation within the battery is a function of the AC excitation frequency
through resistive dissipation and the entropy of the cell reaction.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Lithium-ion (li-ion) cells are recognised as a central technology
in the process of achieving a clean and sustainable energy future
through the electrification of road transport and the use of grid-
connected energy storage to underpin the increased use of
renewable energy sources [1,2]. Within each application, a key
enabling technology is the design and integration of the power
electronic subsystems that are required to manage the flow of
energy [3]; such subsystems are known to generate undesired
electrical noise [4–6]. For example, Fig. 1 shows the current
waveform from charging a Nissan Leaf vehicle using a commer-
cially available 3 kW Eltek Valere bi-directional vehicle charger.
Fig. 1 highlights the measured harmonic content present on the
electrical input to the battery.

High frequency current oscillations, or ripple, if unhindered will
add a further perturbative load onto the vehicle’s battery system. In
* Corresponding author. Tel.: +44 0 2476 150 736; fax: +44 0 2476 524 307.
E-mail address: k.uddin@warwick.ac.uk (K. Uddin).
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recent work, Uddin et. al. [7] measured the electrical noise on the
DC link of a high voltage bus on a pre-production series hybrid
electric vehicle during a regenerative breaking event [7]. This data
was used to define the current waveforms that batteries are
exposed to during typical electric operation. Long term battery
degradation resulting from cycling batteries under such wave-
forms was studied in [7]. The authors show that exposing the
battery to coupled direct current (DC) and alternating currents (AC)
lead to additional battery degradation that is related to the
frequency of the perturbative ripple current. Through the
experimental data presented, the authors were able to quantify
the impact of AC excitation at the cell-level. However, the authors
were not able to provide any reasoning for the battery degradation.
Furthermore, given the novelty of the result presented [7], it was
not possible to explain the causality of degradation due to AC ripple
excitation directly from literature.

This paper extends the research presented in [7] by seeking to
explain the underlying causality of degradation resulting from high
frequency ripple current. This is achieved through a combination of
further experimental analysis and novel mathematical modelling.
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. The left hand panel shows the measurement of a coupled DC-AC current. The scope settings were: 100ms per division, with 106 samples taken per second. The right
hand panel is the power spectrum of the measured current.
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X-ray photoelectron spectroscopy (XPS) is employed to study the
degraded cells used in our previous work [7]. A heterogeneous
electrochemical model based on continuum theory has been
developed and used to investigate the dependency of cell
degradation on the frequency of an AC perturbation. The model
relates battery degradation to the frequency dependant heat
generation in the electrical double layer resulting from super-
imposed AC loads which is known to promote more pronounced
growth of solid electrolyte interface (SEI) film [8]. Thermal and
reference electrode relaxation experiments are presented that
demonstrate the processes involved, to further understand and
explain battery degradation when the cell is exposed to AC current
excitation.

This paper is structured as follows: in the next section,
experimental methodologies pertaining to results presented in
this paper are agglomerated and presented. In Section 3, a
heterogeneous electrochemical model that accounts for ion
dynamics in the electrical double-layer through the Poisson-
Boltzmann equation is presented. The model suggests that the
cause of cell degradation under coupled AC and DC waveforms is
the increased heat generation. The model results are substantiated
by experimental results presented in Sections 4. Long term cell
ageing test results, where cells were cycled 1200 times under an AC
and DC coupled waveform, are presented; XPS autopsy results for
these cells show a frequency dependant growth of surface film.
Finally, in Section 5 we conclude and state further work.

2. Experimental

2.1. Long Term Ageing Test

It is beyond the scope of this paper to explain, in detail, the
original experimental ageing study. This work is presented in [7]. A
full description of the aims and objectives, the methods and
equipment employed are presented. However, for completeness a
brief summary is provided in this subsection, highlighting key
aspects of the work.

Fifteen commercially available 3.0 Ah 18650-type cells were
cycled [7]. Each cell had a LiC6 negative electrode, Li(Ni0.822Co0.148
Al0.030)O2 (NCA) positive electrode, separated by a polyethylene
separator, sandwiched between two current collectors and
immersed in an electrolyte solution comprising of ethylene
carbonate (EC), ethyl methyl carbonate (EMC), vinylene carbonate
(VC) and LiPF6 salt.

Each cell was cycled using a DC current signal (IDC) super-
positioned with an AC perturbation IACsin(vt) such that the overall
current (I) waveform was:

I ¼ IDC þ IACsin vtð Þ ð1Þ
with a resulting cell potential:

V ¼ VDC þ VACsin vt � uð Þ ð2Þ
where u is a phase shift between the cell potential and current

waveform. The test signals were generated using a bespoke
amplifier to generate the AC waveform and a Bitrode cell cycler to
generate the DC load profile. In addition, a Tektronix non-contact
current probe and oscilloscope was used for data acquisition and
test monitoring. A LAUDA heating and cooling system was used to
ensure that the ambient temperature was maintained at 25�C.

The DC portion of the cycle started with a 0.8Ccycle discharge
(where Ccycle is the de-rated battery C-rate, i.e., the value of
retained discharge capacity after an ageing characterisation test)
from 95% SOCcycle to 65% SOCcycle (where SOCcycle is the state of
charge defined by Ccycle). Following a rest period of 10 minutes,
each cell was then charged using a standard Constant Current–
Constant Voltage (CC-CV) protocol, in which the cell was charged
(CC) to the upper cell potential limit of 4.1 V(corresponding to 95%
SOCcycle) at which point charging continued using a CV method
until the value of current reduced to 0.15 A. Superimposed onto the
DC cycle was one of four AC current excitations, of frequency: 10
Hz, 55 Hz, 254 Hz and 14.8 kHz–with a peak-to-peak current of
1.2Ccycle. To improve the robustness of the test method and the
efficacy of the results, three cells of the same type were exercised
using each current waveform defined above.

Ageing characterisation was carried out after 300, 600, 900 and
1200 complete charge–discharge cycles. The characterisation tests
involved a 1 C capacity retention tests; pulse power tests using 10
second pulses at 20%, 40%, 60%, 80% and 100% of the manufacturers
recommended maximum continuous charge and discharge current
at 90%, 50% and 20% state of charge (SoC); electrochemical
impedance spectroscopy tests were also carried out at 90%, 50%
and 20% SoC using a Solartron ModuLab EIS System.
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2.2. Cell Autopsy

Three samples were taken from each cell, approximately 160
mm from the top of the latitudinal axis (where top is defined as the
start of the jelly roll) along the first half of the length of the jelly roll
as opened. This position was chosen in order to avoid the central
band on the longitudinal axis of an 18650- type cell which has
unusually high resistances attributed to poor electrode wetting [9].
This sample location also avoids the inner windings of the cell
which is prone to de-lamination [9]. All three samples showed
good agreement in peak positions and widths. To ensure that
sample inhomogeneity does not affect results, a large elliptical was
used equating to an analysed electrode area containing between
500 and 1000 graphite particles.

XPS provides information on the chemical environment of
elemental species from the top <10 nm of a sample surface. Since
electrode samples are usually covered with a number of deposits,
in this work the sample was sputtered at 500 eV with an Ar+ ion
sputter gun for 90 seconds to remove the salts, solvents and
deposits from the top of the electrode surface. The surface film was
deemed ready for analysis if the relative peak areas after an
episode of sputtering did not change. This same technique was
employed in a recent study published in [9]. As shown in the work
of Somerville et. al., it is possible to determine the total
contribution to the chemical environments of the surface film
(e.g., C-O, because it surrounds the active material particles
compared to graphite C-C), providing a relative surface film
thickness [9]. After acquisition, all spectra were referenced to the C
1s peak at 284.4 eV (after sputtering). The peaks were assigned
using Shirley backgrounds and mixed Gaussian-Lorentzian (Voigt)
line shapes.

Samples were analysed in duplicate with a Kratos Axis Ultra
DLD spectrometer and a Thermo k-alpha+ spectrometer. Both
maintained a base pressure of circa. 2 � 10�10mbar during analysis.
XPS measurements were performed using a monochromatic Al ka
x-ray source and conducted at room temperature at a take-off
angle of 90� with respect to the parallel surface. The core level
spectra were recorded using a pass energy of 20 eV (resolution
approx. 0.4 eV), across an elliptical area of circa. 300 mm � 700 mm.

2.3. Cell Potential Relaxation

Cell potential relaxation in the electrolyte adjacent to the
electrode was investigated using three electrode cells containing
three lithium metal electrodes (working, counter and reference).
Lithium electrodes were preferred over intercalation electrode
materials because if the latter had been used, the cell potential
relaxation transient would also reflect solid state diffusion, either
towards or away from the particle surface. The Swagelok1 three
electrode cells, which were used for this test, contained three
layers of separator; a glass fibre layer (GF/A) to minimise the risk of
dendrites, with porous polyethylene layers on either side. The
electrolyte was 1 mol dm�3 LiPF6 in EC:EMC (3:7), with a 2 wt%
(weight percentage) VC.

The cells were tested on a Bio-Logic VMP3 multi-channel
potentiostat. After some conditioning charge and discharge pulses,
individual tests were used for each measurement. A single
frequency galvanostatic impedance was performed, with an
applied current of +0.1 mA cm�2 or �0.1 mA cm�2. The four single
frequencies used were selected to match the other experiments i.e.
10 Hz, 55 Hz, 254 Hz and 14.8 kHz. The number of repeat
measurements was adjusted in the range 300–500. The AC
perturbation was applied for one minute in each case. The cell
potential relaxation curves following the AC perturbation were
then compared for the four frequencies.
Cell potential relaxation experiments are used to further
deduce information on ion concentration at the electrode-
electrolyte boundary which is known to impact heat generation
though the heat of mixing. Experimental results from this stage of
the research are presented in and discussed in Section 6.3.

3. Theory

In this section, we develop an electrochemical model that
accurately describes the high frequency dynamics on a lithium ion
battery. This model is then employed to understand the theoretical
impact of coupled AC and DC waveforms on lithium ion battery
degradation within the context of electrochemistry theory.

3.1. Model formulation

Within the field of electrochemical energy storage, Doyle Fuller
and Newman’s model [19] based on principles of transport
phenomena, electrochemistry and thermodynamics is well estab-
lished. The model solves for the electrolyte phase concentration:

@ eeceð Þ
@t

¼ r � Def f
e rce

� �
þ 1 � t0þ

F
asj ð3Þ

solid phase concentration:

@ escsð Þ
@t

¼ Ds

r2
@
@r

r2
@cs
@r

� �
ð4Þ

electrolyte phase potential:

r � kef f
e rfe

� �
þ r � kef f

e;D rlnðceÞ
h i

¼ �asj ð5Þ

and solid phase potential:

r: sef f
s rfs

� �
¼ asj ð6Þ

where c is concertation, f is the electrode potential, e is
porosity, Deff, seff and keff are the effective diffusion coefficient,
conductivity and charge transfer coefficient, respectively, t0þ is the
transference number, as is the specific surface area of the electrode
and j is the current density; the subscripts e and s denote the
electrolyte and solid phase respectively. Doyle, Fuller and New-
man’s model consists of three primary domains (see Fig. 2): the
negative electrode (in this work LiC6), the separator (in this work
polyethylene) and the positive electrode (in this work LiNiCoAlO2)
permeated by electrolyte solution. During electrical discharge,
lithium ions that occupy interstitial sites with the LiC6 electrode
diffuse to the surface where they react (de-intercalate) and transfer
from a solid into a liquid phase. The ions then diffuse and migrate
through the electrolyte solution via the separator to the positive
electrode where they react (intercalate) and occupy interstitial
sites within the metal oxide material. During electrical charging
the reverse reactions take place, in summary: lithium ions de-
intercalate from the positive electrode (metal oxide) and interca-
late within the negative electrode (carbon). Due to the widespread
acceptance of the Doyle Fuller and Newman model, it suffices here
to refer interested readers to Refs. [19–22] for more details of
model formulation and boundary conditions.

In the Doyle Fuller and Newman electrochemical model the
reaction kinetics are modelled by the Butler-Volmer equation

j ¼ asj0 exp
aaF
RT

h
� �

� exp
�acF
RT

h
� �� 	

ð7Þ

where j0 is the exchange current density, aa and ac are the
charge transfer coefficients for the anode and cathode respectively,
and h is the overpotential defined for the negative electrode (hn),



Fig. 2. Schematic of the domains considered in the Doyle Fuller and Newman electrochemical model (right hand side); the demarcation of this work is the consideration of
the electrode double-layer around the electrode particle which consists of the diffuse layer and Stern plane (left hand schematic).
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positive electrode (hp) and SEI as (hSEI) [23]:

hn ¼ fs � fe � U � Rf ilmjLiþ
as

j ð8Þ

hp ¼ fs � fe � U ð9Þ

hSEI ¼ fs � fe � Uref �
Rf ilmje�

as
j: ð10Þ

The passivating film resistance Rfilm is separated into electronic
and ionic conurbations because the SEI layer is permeable to Li-
ions but impermeable to electrolyte and electrons. On the other
hand, the anodic reaction xLi+ + xe� + Li1�xC6$ LiC6 takes place
inside the electrode particle; the ions that participate in the
reaction pass through the SEI reducing their electrical potential.
This is represented by the last term in equation (8).

It is well understood that the Butler-Volmer equation (7) is
unable, in the high frequency regime, to reproduce the coupled
resistance and surface-capacitance behaviour observed in electro-
chemical impedance spectroscopy tests [20]. To address this issue,
the authors extend the original model, employing the technique
presented by Xiao and Choe [24]. The electrolyte adjoining the
particle is divided into two regions: the bulk region and the double
layer (DL) which itself is composed of the diffuse layer with a
thickness of 1 �10 nm and the Stern plane with a thickness equal to
the sum of the diameters of an anion and a solvent molecule [25]. A
schematic diagram of these regions are depicted in Fig. 2. Lithium
ions travel through the DL and participate in chemical reactions at
the surface of the solid particles while the anions that do not take
part in the chemical reactions are blocked outside of the Stern
plane [24]. Due to the ensuing electrolyte potential, the DL region is
assumed not to be charge neutral while the bulk is charge neutral.
Furthermore, the transport of cations (lithium ions) and anions
(PF6-) in the DL is assumed to be governed by their respective local
chemical potential gradients determined by electrostatic poten-
tials and ion concentration gradients. In this formulation, ion
kinetics in the DL region is governed by the Poisson-Boltzmann
equation

r2fDL þ
F
E
cþ � c�ð Þ ¼ 0 ð11Þ

where E is the permittivity of dielectric solvent, F is Faraday’s
constant and the subscripts + and–relate to cation and anion
respectively. Charge conservation is given by

@ c�DL

 �
@t

¼ b�

Fr2
@
@r

r2c�DL
@m�

DL

@r

� �
ð12Þ

where the subscript DL denotes the double layer, b is the ion
mobility and m is the chemical potential defined as

m�
DL ¼ �FfDL þ RTln c�DL


 �
: ð13Þ

Instead of electroneutrallity, as assumed by Doyle, Fuller and
Newman for the bulk region, here the Poisson-Boltzmann equation
is used to calculate the chemical potential given in equation (13).
For more detailed discussion on the derivation of equations (11)-
(13), readers are directed to Ref. [24]. Model parameters used in
this study are provided in the Appendix.

3.2. Numerical Method

To solve the system of equations (3) - (13), a finite volume based
discretisation is adopted due to the inherent advantage that the
boundary conditions can be applied non-invasively. The electro-
chemical variables are defined at the control volume centre and
solved sequentially to evaluate the battery characteristics for
multiple charge-discharge cycles. Each AC period is divided into 40
time steps, such that the time intervals for frequencies 10 Hz,
55 Hz, 254 Hz, and 1480 Hz are 2.5ms, 0.455ms, 0.098ms, and
0.0169ms, respectively. Load current is assumed constant within
each time interval while the values of different time steps follow
the AC + DC profile. The resulting matrix of equations are solved
sequentially at each Cartesian nodal point while the solid phase
lithium concentration (equation (4)) and DL species conservation
(equation (12)) are solved at radial coordinates to give a pseudo
two dimensional dependency. The equations are coupled together
with Poisson-Boltzmann kinetics (equation (11)). The equations
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are iterated until the residual error reduces to below the specified
threshold value. This study assumes 1.0 � 10�03 A/cm3 as the error
limit for current densities on both electrodes.

3.3. Electrochemical model results

During operation, a battery typically works at cell potentials
beyond the thermodynamic stability range of the organic
electrolyte. Therefore, electrolyte decomposition, which includes
the oxidation and reduction of electrolyte on the surface of the
cathode and anode occurs. The factors affecting the subsequent SEI
layer formation on the negative electrode include carbon substrate,
electrolyte composition, additives and temperature [26]. Assuming
that the pertinent cause of degradation is the increase in
passivating surface film–as will be demonstrated in Section 4–
and given that the cells used in the study were identical, i.e., carbon
substrate, electrolyte composition and additives were the same; it
is postulated that discrepancies in battery degradation resulted
from varying heat generation rates that were present when the
cells were excited by different waveforms.

The cell potential response and cation concentration in the
stern plane under a current load of the form of equation (1) with
varying frequencies is shown in Fig. 3. Ion kinetics is driven by the
chemical potential m (c.f., equation (13)) which includes both
concentration and potential terms. Under the AC-DC coupled
waveforms considered in this work, the gradient of the chemical
potential is always one-directional, i.e., either positive or negative.
Since the potential gradient is increasing, the amplitude of the
oscillating concentration in the stern plane is also increasing
(though not visible in Fig. 3 due to the short time increment
presented). With regards to cell potential, the discrepancy in the
amplitude of the cell potential response when galvanostatic
waveforms with different frequencies are applied on a cell results
from frequency dependant impedance of the electrochemical
system.

The Butler-Volmer equation governs ion kinetics in the low
frequency regime (< 1 Hz); the Poisson-Boltzmann equation on the
other hand governs high frequency kinetics in the DL region and
hence also the dependency of heat generation on frequency when
v � 10 Hz. The simulated heat generation in the DL is shown in
Fig. 4, which highlights differences in simulated heat generation
arising from current perturbations of different frequencies. The
Fig. 3. The left hand panel shows cell potential response to a current perturbation of the 

plane as a function of time.
heat generation is caused by the deviation of the surface
overpotential from the equilibrium state, i.e., resistive dissipation.

Local heat generation p W=cm½ � of both ions in DL is calculated
as the product of chemical potential gradient and ion flux:

p�DL ¼ 4pr2
@m�

DL

@r
� N�

DL ð14Þ

where the ion flux in the double layer N�
DL mol=s=cm2
� 


is given by
[24]:

N�
DL ¼ �b�

F
� c�DL �

@m�
DL

@r
ð15Þ

where b ion mobility. The heat generation for the whole cell can
then be obtained by integration of p�DL. The cation flux Nþ

DL, which is
similar for all four frequencies, is determined by load current. The
lithium ion chemical potential mþ

DL however, can be different
between frequencies because it is affected by the electrostatic
potential fDL which interacts with anion concentration. The extra
heat generation of lithium ion at 14.8 kHz is thus caused by the
higher electrostatic potential fDL induced by the transient
processes of anions in the DL.

The modelling results show that, for the NCA/C6 cell studied in
this work, a perturbation frequency of 14.8 kHz leads to the largest
heat generation. Furthermore, while a perturbative frequency of
254 Hz generates larger anion sourced heat than v < 254Hz, the
total heat generation is dominated by the dynamics of the cations;
heat generation due to anions is consequently marginalised.

For the cell considered in this study, the ion mobility b+ is
3.24 �10�10 cm2V�1s�1 and b� is 1.85 �10�10 cm2V�1s�1. The
magnitude of cation flux is thus larger than the anion flux. This
is related to the larger reservoir of cations in the electrode,
facilitating a relatively more sustainable cation flux compared with
anion flux. The concentration of anions in the double layer on the
other hand is larger than cation concertation, as found in Ref. [24].

Electrochemical modelling results presented in this section
suggest that heat generated due to resistive dissipation within the
DL is related to ion kinetics (i.e., AC excitation frequency) described
by the Poisson-Boltzmann equation. Since heat is known to
accelerate the growth of SEI, the modelling results are used to
postulate that the growth of SEI film is dependent on the frequency
of an AC perturbation. In the next section, experimental results are
presented to verify the frequency dependant growth of SEI.
form IDC + IACsin(vt). The right hand panel shows lithium concentration in the stern



Fig. 4. Showing heat generation from anion kinetics (top panel), cation kinetics
(middle panel) and total heat generation in the double layer.
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4. Results and Discussion

4.1. Long Term Ageing Test Results

Electrochemical impedance spectroscopy (EIS) results compar-
ing test cells prior to cycling and after 1200 cycles are shown in
Fig. 5. The results presented in Fig. 5 are for single cells with the
median value for resistance rise from the subset of cells in each
frequency band [7]. Using analogies with electrical circuit models,
the pronounced additional semi-circle in the high frequency region
of the Nyquist plot for the 254 Hz and 14.8 kHz AC excitations
indicate that there is an additional increase in resistance coupled
with surface layer capacitances compared with the case of 55 Hz,10
Hzand pure DC cycling.

The fall in 1 C discharge capacity and the rise in resistance are
shown in Fig. 6. Capacity and power fade due to superpositioned
AC perturbations with a frequency of 55 Hz and 10 Hz are only
marginally different from pure DC cycling. On the other hand, at
higher frequencies (14.8 kHz), there is an additional circa. 2.5% and
5% capacity and power fade respectively. Given that automotive
end of life is defined by 20% capacity fade and a doubling of
impedance [10–12], higher frequency AC perturbations can result
in an extra 12.5% loss of useful capacity and 5% loss of required
power compared with lower frequency AC perturbations, poten-
tially shortening the operational lifetime of an automotive battery
by up to one-and-a-half years [13].

The broad observation that coupling an AC perturbation to a DC
load causes more battery degradation than a pure DC load is clear,
since the energy throughput (Ethro) under a galvanostatic load of
the form (1) is:

Ethro ¼ IDCVDCt � IACVDC
cos vtð Þþ

v

þIDCVAC
sin uð Þsin vtð Þ � cos uð Þcos vtð Þ

v

þIACVAC
cos uð Þt

2
� cos uð Þsin 2vtð Þ þ sin uð Þcos 2vtð Þ

4v

� �
;

ð16Þ

In a high frequency regime (v >>1), equation (3) reduces to

Ethro ffi IDCVDCt þ IACVACcos uð Þt
2

ð17Þ

which is dependent on frequency through the phase angle u (as
will be shown in Section 6). Equations (16) and (17) clearly
demonstrate that electrical energy throughput is higher when AC
waves are superimposed onto DC loads (i.e., when IAC 6¼ 0 and � p/
2 < u < p/2). The correlation between increased energy throughput
and increased battery degradation is well established [14]. In this
sense, the result that coupling an AC excitation to a DC load leads to
increased degradation conforms with well-established theory. It is
important to note however, that energy throughput is not the only
stress factor which accelerates battery degradation. Elevated cell
temperature is known to result in more severe degradation modes
[8]. Arguably, the more noteworthy result–in terms of novelty–is
the dependency of battery degradation on frequency when IAc 6¼ 0.
The remainder of this paper explores this dependency further.

While the results presented in Figs. 5 and Fig. 66, at a
component level, show that coupled AC perturbations lead to a
level of degradation that exceeds that experienced with DC cycling
in isolation, the frequency dependency of this degradation and
fundamental causes of degradation are not yet fully understood. In
the following subsection, post mortem examination of the cycled
cells is presented to elucidate the mechanism of degradation
exacerbated by superpositioning AC cycling.



Fig. 5. The left hand panel shows initial EIS results for all cells measured at 50% SOC; the right hand panel shows EIS results for cells at different frequencies after 1200 cycles.

Fig. 6. The left hand panel shows average 1 C capacity fade after 1200 cycles; the right hand panel shows average power fade (impedance rise) results for cells at different
frequencies after 1200 cycles. The error bars indicate the maximum and minimum measured values. For added confidence, these measurements were carried out twice, once
using the Bitrode cell cycler and a second time using the Maccor 4200 Model cell cycler; the results for each cell was the same to within the error of the equipment. For 14.8
kHz, only a single cell was able to respond to the pulse current, so no error bars are shown.
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4.2. XPS Cell Autopsy Results

To characterize the surface film formation resulting from DC-AC
coupled cycling, XPS analysis was completed on the graphite
electrodes of four cells–(a) a control sample cell that was not
cycled, (b) a cell after 1200 DC and AC coupled cycles at 10 Hz, (c) a
cell after 1200 DC and AC coupled cycles at 55 Hz and (d) a cell after
1200 DC and AC coupled cycles at 14.8 kHz. The XPS results for the
C 1s spectra are presented in Fig. 7. The assignment of chemical
environments are consistent with those found in literature [15–
17]. Fig. 8 shows the area for the non-graphite chemical environ-
ments (concentration) relative to the frequency of the AC ripple.
However, it excludes the Li-C component in the cells. This is
because Fig. 7 shows a large Li-C component in the ‘new cell’
compared to all subsequent cells. It has been proposed that Li-C is
formed from reaction of dimethyl carbonate with Li+ followed by a
radical induced chain reaction with lithium that is facilitated by the
presence of H2O and thus would primarily form directly after
manufacture [17]. This work supports that assertion by showing a
much higher quantity of Li-C in the new cell and lower
concentrations in each subsequent cell after testing. However,
when the Li-C peak is included in calculating the percentage of
surface film, the new cell shows a greater percentage of surface
film formation than the cell cycled at 55 Hz, even though the latter
had undergone testing for 6 months. Because the cell performance
does not improve in the same period, its inclusion skews
subsequent results. Therefore, the values recorded in Fig. 8
discount the Li-C peak as contributing to surface film even though
it is not graphite active material.

Fig. 7 shows the formation of esters (O-C = O) and ethers (C-O).
This is consistent with the chemical reduction of the electrolyte
solvents at the surface of the negative electrode. An increase in the
concentration of these compounds is consistent with surface film
formation [18]. Fig. 8 shows that the concentration of surface film
increases with the AC frequency used. However, the cell subject to
55 Hz has only 19% surface film compared to 35% at 10 Hz; due to
lower concentrations of both O-C = O and C-O components (Fig. 7).
The cell cycled at 14.8 kHz contains much higher concentrations of
surface film, primarily due to increases in chemical components at
binding energies consistent with an O-C = O chemical environ-
ment.

These results establish a dependency of passivating film growth
on the frequency of an AC perturbation. Based on XPS analysis
alone the worst cycling condition for cells is at high frequencies,
reducing to have less impact at lower frequencies. However, there
is a perceived anomaly at or around 55 Hz.

Thus far, electrochemical modelling results presented in
Section 3, suggest that heat generation within the cell is related
to the AC excitation frequency of a current load. Long term ageing
test results for cells cycled under a number of AC and DC coupled
waveforms show that capacity and power fade is progressively
more pronounced for higher AC excitation frequencies. XPS results



Fig. 7. XPS analysis results of the C 1s spectrum of a new cell and three cells subjected to 1200 DC cycles with different imposed AC frequencies (10 Hz, 55 Hz and 14.8 kHz)
with the results of peak fitting showing possible chemical states (C-C, C-O. C-Li, O-C = O and ROCO2Li).

Fig. 8. Percentage concentration of the surface film (non C-C or C-Li peaks) from the
data shown in Fig. 7. The data point at 0 Hz corresponds to a pristine cell.
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corroborate this finding and further establishes that the pertinent
mode of degradation is the growth of passivating films on the
negative electrode. Thus, a causal link is proposed between
frequency dependant heat generation and SEI film formation. In
the following subsections therefore, results and discussion relating
to heat generation within the lithium-ion cells is presented.

4.3. Cell Surface Temperature Measurements

It is well established that the growth of the SEI layer is strongly
dependent on the temperature [8]. The difference in cell surface
temperature resulting from the various current waveforms
considered in this work is shown in Fig. 9. The differences in
cell surface temperature resulting from superpositioning AC
harmonics is qualitatively aligned with cell ageing results
presented in Section 4.1 and with the growth of surface film
measured from XPS results presented in Section 4.2. More
specifically, a 55 Hz excitation exhibited the lowest cell



Fig. 9. Showing cell surface temperature rise under a 600 second discharge using
the different current waveforms considered in this work.
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temperature (see Fig. 9) in agreement with XPS results that
showed least surface film growth at this excitation frequency (see
Fig. 8).

4.4. Heat Generation Within Cells

There are four sources of heat generation in a lithium ion
battery under operation, which include: heat generated from
resistive dissipation, the entropy of the cell reaction, side reactions
and the heat of mixing. The energy balance for the electrochemical
system is expressed as [27]:

_Q ¼ I fs � fe � Uð Þ þ IT
@U
@t

þ
X
i

DHavg
i ri

þ
Z X

j

X
k

Hjk � H
avg
jk

� �@cjk
@t

dv ð18Þ

The first term on the right-hand side of equation (18) I
(fs� fe� U) represents irreversible resistive dissipation caused by
the deviation of the surface overpotential which is the difference
between the solid phase potential (fs) and electrolyte phase
potential (fe) from the volume averaged open circuit potential
(OCP) due to a resistance of the passage of current (I). This term
Fig. 10. The left hand panel shows a Bode phase plot illustrating cell resistance (|Z|) and p
the entropy as a function of stoichiometry.
differs with that of Ref. [27] in that the heat generated by cell tabs
are not considered. The second term is the reversible rate of heat
generation due to electrochemical reactions, defined as IT@U@t ¼ T@S@t
where S is the total entropy of the system and T is the bulk cell
temperature. The third term is the heat arising from chemical side
reactions where the enthalpy and rate of chemical reaction i is
DHavg

i and ri respectively. The last term is the heat of mixing due to
the formation and subsequent relaxation of concentration
gradients, where cjk is the concentration of species j in phase k,

Hjk and H
avg
jk are the partial molar enthalpy and averaged partial

molar enthalpy of species j in phase k respectively, and dv is the
differential volume element.

The magnitude of heat generated by resistive dissipation and
entropic reaction are comparable [27]. In Fig. 10 we present the
impedance of the cell which quantifies resistive dissipation which,
at a cell level, can be represented as I2Zcell. The entropic
contribution to heat generation is quantified through change in
entropy DS

nF ¼ @U
@t where n is the number of electrons involved in a

half-cell reaction and F is the Faraday constant. Both of these terms
are dependent on lithium concentration in the lattice, i.e.,
stoichiometry. Furthermore, while resistive dissipation is always
exothermic, in principle entropic heat can be either exothermic or
endothermic, depending on the entropy of the reaction and the
direction of current and SoC.

The resistance (real part of the impedance) in Fig. 10 shows that
battery impedance is frequency dependent and consequently heat
generation within the battery will be a function of excitation
frequency. In agreement with electrical results presented in
Section 3, the 14.8 kHz excitation frequency is shown to have a
higher resistance value than a current perturbation at 10 Hz which
itself has a higher resistance than a 55 Hz AC waveform. This
corroborates the cell surface temperature results presented in
Fig. 9 and explains why 55 Hz resulted in less passivating film
formation. In the Bode phase plot, the peak occurring close to 105

Hz corresponds to the surface film. SEI film growth occurs at both
boundaries of the SEI [17,28], although the seperator side growth
may be dominant. Under elevated temperatures the rate of SEI film
growth at both boundaries is increased. For the inner SEI boundary,
this occurs because the diffusivity (D) of ions is less hindered at
elevated temperatures. This temperature dependency is described
hase (u) as a function frequency for a pure AC waveform. The right hand panel shows
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by the Arrhenius correction,

D ¼ Dref �Eact
R

1
Tref

� 1
T

� �� �
ð19Þ

where Eact is the activation energy. The Bode phase plot also
shows a short plateau region between the frequency limits 10�2 �
10�1 Hz corresponding to the semi-infinite diffusion region.

Cell surface temperature measurements presented in Fig. 9
suggest that heat generation within a cell is related to the AC
excitation frequency. Equation (18) proposes four sources of heat
generation, namely resistive dissipation, electrochemical reac-
tions, chemical reactions and the heat of mixing. Impedance
spectroscopy results presented in Fig. 10 show that resistive
dissipation within the cell is frequency dependant. In the next
subsection, a reference electrode cell potential relaxation experi-
ment is employed to investigate the heat of mixing. Cell potential
relaxation is indicative of ion concentration at the electrode-
electrolyte boundary, such that a relatively longer relaxation time
represents higher ion concentration. If there is a significant
difference in ion concertation at the electrode-electrolyte bound-
ary when different excitation frequencies are applied, this will
reveal an underlying frequency dependence of the heat of mixing.
Furthermore, assuming first-order solvent decomposition kinetics,
a higher reactant concentration at the negative electrode boundary
will, itself, facilitate an increased rate of SEI growth [29].

4.5. Cell Potential Relaxation Experiment Results

In an electrochemical system that is constantly perturbed,
thermodynamic properties are determined by how the chemical
distribution responds to changes. The rate of change of enthalpy
(H) of the system is given by

dH
dt

¼ _Q � IV: ð20Þ

In Fig. 11, the electrode potential after a 60 second DC step
current of 0.1 mA/cm2 superpositioned with an AC perturbation of
frequencies 10 Hz, 55 Hz, 254 Hz and 14.8 kHz is shown. The
correlation between the electrode potential and surface concen-
tration is given by

Df ¼ 1 � tþð ÞRT
F
ln

cejÞx¼Le�
csjÞx¼x’

  !
ð21Þ

where cejx¼Le�
is the concentration of electrolyte at the surface of

the negative electrode and cs|x=x is the concentration of lithium at
Fig. 11. Reference electrode tests on a lithium electrode showing cell potential relaxatio
frequencies of AC perturbations.
x = x’ in the negative electrode [30]. A slower cell potential
relaxation therefore indicates a higher surface concentration and
consequently a more pronounced growth rate of SEI through: 1)
the heat of mixing, and 2) a larger ion concentration gradient.

The cell potential relaxation for a coupled DC and AC load with
varying excitation frequencies, shown in Fig. 11, displays negligible
differences between the waveforms. This suggests that the heat of
mixing will not be a significant distinguishing factor. The cell
potential relaxation result also suggests that the concentration of
the reacting electrolyte species at the electrolyte-electrode
interface is not the reason for intensified SEI formation at higher
frequencies.

5. Conclusion

This paper has studied the causality of increased cell perfor-
mance degradation due to superimposing current ripple on DC
loads. In particular, the relationship between the frequency of an
AC perturbation and the resulting battery degradation measured.
Firstly, equation (16) established that for a current load of the form
I = IDC + IACsin(vt) the cell energy throughout is higher than when
IAC = 0 indicating that, just from an energy throughout perspective,
superpositioning an AC perturbation will lead to increased
degradation. Secondly, XPS results provide explicit evidence
showing that the mechanism of degradation is the increased
growth of surface film. In addition, XPS results highlight a
dependency of surface film formation on the frequency of the
coupled AC perturbation, corroborating the electrical ageing
characterisation data. Using a heterogeneous electrochemical
model, the frequency dependent formation of surface film was
attributed to heat generation within the double layer, where ion
dynamics is governed by the Poisson-Boltzmann equation. This
causality of battery degradation, i.e., the prominence of resistive
dissipation and its frequency dependence, was established by
measuring cell surface temperature for different current wave-
forms (i.e., varying frequency v). The results agreed with both
electrical ageing characterisation and autopsy results. The
processes that generate heat within the cell were also discussed.
Resistive dissipation was explicitly shown to be frequency
dependent and the distinguishing factor in heat generation under
high frequency superpositioned AC loads. In conclusion, if an AC
perturbation is coupled to a DC waveform, the rate of SEI growth is
more pronounced. The increased SEI growth is related to increased
resistive dissipation which is dependent on the frequency of the AC
perturbation.
n during discharging (left hand panel) and charging (right hand panel) for various



K. Uddin et al. / Electrochimica Acta 233 (2017) 1–12 11
5.1. Further Work

A number of opportunities exist where the research presented
here may be further extended and refined. The results collected
from both long term cycling experiments and autopsy studies
suggest that degradation–for the cell specimen considered in this
work–is lowest when an AC perturbation of 55 Hz, corresponding
to the frequency exhibiting the lowest cell impedance in EIS
results, is applied. More experimental and theoretical work is
required to understand the precise nature of this effect and
whether this finding can be extended to other battery technologies
and cell types (i.e., other than NCA/C6 and 18650-tyoe cells).

The second area of further work, is to reduce the potential
impact of cell-to-cell variations (c.f., Fig. 5) by expanding the scope
of the experimental study to encompass a greater number of cells
of a given type. Expanding the experimental programme should
also include using cells from a broader cross-section of manu-
facturers and chemistries. This will identify if the experimental
results presented here and in Ref. [7] are transferable to other cell
technologies.

In the work presented here (and in Ref. [7]), isolated AC
perturbations are considered. In reality, as is shown in Fig. 1, there
is a coupling of multiple AC perturbations. An experimental study
on the impact of such complex couplings between DC and multiple
frequency AC perturbations are required. Such an experimental
study should also assess the relative degradation associated with
varying the peak–peak amplitude of the AC current waveform in
addition to the excitation frequency.

Finally, given that the aim of this study was to assess the
causality and impact of varying frequency for AC current
perturbations, further research should be undertaken to develop
and validate prognostic ageing models which are able to quantify
the gradation.
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Appendix A. Appendix

Negative
Electrode

Separator Positive
Electrode

Thickness d (cm) 50 � 10�4 25.4 �10�4 36.4 �10�4

Particle radius, Ls (cm) 1 �10�4 1 �10�4

Active material volume fraction 0.580 0.500
Electrolyte phase volume fraction ee 0.332 0.5 0.330
Maximum solid phase concentration
cs,max(mol cm�3)

16.1 � 10�3 23.9 � 10�3

Stoichiometry at 0% SOC 0.126 0.936
Stoichiometry at 100% SOC 0.676 0.442
Average electrolyte concentration ce
(mol cm�3)

1.2 � 10�3 1.2 � 10�3 1.2 � 10�3

Exchange current density j0 (A cm�3) 3.6 � 10�3 2.6 � 10�3

Charge-transfer coefficients aa, ac 0.5, 0.5 0.5, 0.5
SEI layer film resistance, VSEI (V
cm2)

100 100

Solid phase Li diffusion coefficient, Ds
(cm2 s�1)

2 � 10�12 3.7 � 10�12

Solid phase conductivity, s (S cm�1) 1.0 0.1
Electrolyte phase Li+ diffusion
coefficient, De (cm�2 s�1)

2.6 � 10�6 2.6 � 10�6 2.6 � 10�6

Bruggeman porosity exponent, p 1.5 1.5 1.5
Electrolyte activity coefficient, f� 1.0 1.0 1.0
Reference cell potential Uref (V) 0 0
Molecular weight Mp (kg mol�1) 7.3 � 104

Density of SEI Layer re (kg cm�3) 2.1 �10�3

1.5 �10�12
(Continued)

Negative
Electrode

Separator Positive
Electrode

Side reaction exchange current
density j0s (A cm�3)

Conductivity of SEI Layer kp (S cm�1) 1 �10�4

Density of electrolyte re (kg cm�3) 1123 � 106 1123 � 106 1123 � 106

Density of solid phase rs (kg cm�3) 1343 � 106 2328.5 �
106

Electrolyte thermal Conductivity le
(W cm�1 K�1)

3.39 � 10�2 3.39 � 10�2 3.39 � 10�2

Solid phase thermal conductivity ls
(W cm�1 K�1)

3.39 � 10�2 3.39 � 10�2

Cation mobility b+ 3.24 � 10�10 3.24 �
10�10

3.24 �
10�10

Anion mobility b+ 1.85 � 10�10 1.85 �
10�10

1.85 �
10�10
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