Available online at www.sciencedirect.com

ScienceDirect

Journal of Power Sources 174 (2007) 1001-1006

JOURNAL OF

www.elsevier.com /locate /jpowsour

Short communication

Theoretical examination of reference electrodes for lithium-ion cells

Dennis W. Dees ™, Andrew N. Jansen, Daniel P. Abraham

Argonne National Laboratory, Argonne, IL 60439-4837, USA
Available online 28 June 2007

Abstract

An electrochemical model was developed to compare the use of internal and external reference electrodes for the study of lithium-ion cells.
The impact of reference electrode placement on electrode measurements was examined using idealized reference electrodes in cells undergoing
short-duration pulse currents. The effectiveness of internal reference electrodes with finite size and impedance was also examined.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Lithium; Battery; Electrochemical; Reference; Modeling

1. Introduction

Electrochemical diagnostic tools are being used to exten-
sively study the lithium-ion battery technology for hybrid
electric vehicle applications under the Department of Energy’s
Advanced Technology Development (ATD) Program [1]. The
majority of the electrochemical reference electrode diagnostic
studies conducted under the ATD Program at Argonne National
Laboratory are based on the use of a 25 um diameter tinned
copper wire that is sandwiched in a planar cell between the elec-
trodes with at least one extra separator layer [2]. The tin layer
is lithiated in situ to generate the reference electrode. While
this is certainly one of the smallest reference electrodes used
to examine any lithium-ion technology, it has several properties
that make it less than optimal. The small size makes it difficult
to use; conversely, the diameter of the wire is the same as a
typical layer of separator. Placing the reference electrode inside
the cell impacts the cell’s current distribution near the reference
electrode and thus may also affect the voltage measurement.
An alternative to the internal reference electrode wire is using a
piece of lithium placed outside the cell in a pool of electrolyte
connected to the cell. This method is much easier to use and does
not require the same level of miniaturization. Both the internal
and external reference electrodes, when used in the same cell,
often give similar, but not identical, results. The present theoret-
ical study seeks to quantify the advantages and disadvantages of
internal and external reference electrodes for lithium-ion cells.
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For convenience a specific lithium-ion battery technology,
used extensively in the ATD Program [2], is examined. The
positive electrode (35 wm coating thickness) has a composite
structure made of a layered nickel oxide (LiNig g Cog.15Al0.0502)
active material, a carbon black and graphite additive for distribut-
ing current, and a PVDF binder all on an aluminum current
collector. The electrolyte is 1.2M LiPF¢ dissolved in a mix-
ture of EC and EMC and a Celgard microporous membrane
(25 pm thickness) is used as the separator. The negative elec-
trode (35 wm coating thickness) has a composite coating of
graphite and PVDF binder all on a copper current collector.
This technology is representative of a number of lithium-ion
cell chemistries and considerable data is available on planar
reference electrode test cells.

As an example, a special planar test cell was built with both
internal and external reference electrodes. The internal reference
electrode was similar to earlier studies except that four separator
layers were used rather than two. A notch was cut out of the mid-
dle two layers for the 25 pum diameter tinned copper reference
electrode wire. This allowed the positive and negative electrodes
to lay completely flat without being pinched around the refer-
ence electrode wire. The external reference electrode was a small
piece of lithium in a separator bag attached to a wire. A hybrid
pulsed power characterization (HPPC) test [3] was conducted
on the cell. In HPPC tests, cell voltage changes are monitored
while short-duration (<20 s) high-current discharge and charge
pulses are applied to the cell at various states of charge. The
area specific impedance (ASI) is defined as the change in volt-
age during the current pulse divided by the current density of
the pulse. The discharge ASI from a 10s current pulse for the
positive and negative electrodes versus cell discharge capacity
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Fig. 1. Electrode area specific impedance from a 10 s discharge current pulse at
60% SOC of a lithium-ion cell with four separator layers and both internal and
external reference electrodes.

for internal and external reference electrodes is given in Fig. 1.
Clearly the internal reference electrode results indicate that both
electrodes have similar impedance while the external reference
electrode data suggests that the positive electrode has a much
higher impedance than the negative.

2. Model description and development

An electrochemical model was developed for lithium-ion
cells capable of comparing the attributes of internal and external
reference electrodes. The general methodology for the elec-
trochemical model follows the work of Professor Newman at
Berkeley [4] and is similar to several other electrochemical
models presented over the last 15 years [5-9]. The model devel-
opment in the present study is the same as used in earlier work
[10] except that a more simplified approach is utilized to account
for interfacial effects. Concentrated solution theory is used to
describe the salt transport through the electrolyte and volume-
averaged transport equations account for the porous separator
and composite electrode structure. The electrolyte transport
equations in this study, given by Eqgs. (1)—(3) below (see Table 1
for the nomenclature) is based on the volume-averaged velocity
of the electrolyte. Also below are the remaining current expres-
sions (Egs. (4) and (5)) needed for the cells overall current
balance, and the transport expression for the lithium diffusion
in the active materials (Eq. (6)).
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Table 1

Equation nomenclature

Symbol Description

a Specific interfacial area

c Electrolyte salt concentration

Cref Reference electrolyte salt concentration

cs Lithium concentration in active material

CS ref Reference lithium concentration in active material
cr Maximum lithium concentration in active material
D Salt diffusion coefficient in electrolyte

Dy Lithium diffusion coefficient in active material
fa Electrolyte salt activity coefficient

F Faraday’s constant

i Superficial electronic current density

[2) Superficial ionic current density

io Kinetic exchange current density

in Transfer current per unit of interfacial area

1 Superficial total cell current density

Jn Pore-wall flux density

n Electrons transferred in electrochemical reaction
R Universal gas constant

St Cation stoichiometric coefficient

t Time

t(}r Cation transference number

T Temperature

U Oxide open circuit potential

Ve Partial molar volume of the electrolyte

Z+ Cation charge number

oA, 0C Transfer coefficients

OSEI SEI area specific resistance

Oetf Effective electrode electronic conductivity

e Volume fraction of electrolyte

T Electrolyte tortuosity

Uy Cations per salt molecule

v Ions per salt molecule

NSEL SEI resistance potential loss

P Potential of electronically conducting matrix

(22 Electrolyte potential

dc

5 =V (DsVes) ©)

As described in earlier work [10] the electrolyte-active mate-
rial interface in lithium-ion electrodes, often referred to as the
solid electrolyte interface or SEI, is ill defined and very com-
plicated. The process of moving lithium-ions across the SEI
includes some combination of diffusion, migration, and reac-
tion. While it is critically important to account for the potential
effects associated with the SEI it is beyond the scope of this
study to include a detailed description of the SEI in the model.
There are a number of alternatives given below, which can be
utilized. The Butler—Volmer reaction expression given by Eq.
(7) is the most widely accepted equation to describe the kinetics
for an electrochemical reaction. However, the interfacial over-
potential for the present technology is a relatively linear function
of current density. This can be seen from the electrode’s ASI for
a 1 s discharge pulse as a function of pulse current density given
in Fig. 2.

Most if not all of the electrode’s interfacial effects reach
steady-state in 1 s and the ASI measurements are relatively inde-
pendent of current density over a wide range. Alternatively,
a linear overpotential function (see Eq. (8)) or a combined
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Fig. 2. Electrode area specific impedance from a 1 s discharge current pulse of
a lithium-ion reference cell with two separator layers at 60% SOC.

Butler—Volmer and linear overpotential function (see Eq. (9))
can be used [7]. Another option, a linear Butler—Volmer kinetic
expression given by Eq. (10), is utilized in the present study.
This expression helps simplify and stabilize the calculations, as
well as accounting for some of the observed increase in positive
interfacial ASI at low states-of-charge (SOC). For the present
system at 60% SOC and pulse current densities less than around
5mA cm™2, all of these expressions are essentially equivalent.
The conclusions drawn from the present study are expected to
be independent of the interfacial expression utilized.
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The system of coupled time-dependent non-linear multi-
dimensional partial differential equations (Egs. (1)—(6), and
(10)) was solved using a partial differential equation solver
(FlexPDE). The geometries considered in this study are all two-
dimensional with the diffusion of lithium in the electrode active

material particles adding a pseudo third dimension. As described
in a previous study [11], the active material particles were radi-
ally discretized using a finite difference form of the differential
diffusion equation (Eq. (6)). The lithium concentration at the
individual nodes of the active material particles was then carried
as dependent variables in the numerical two-dimensional solver.
To insure an accurate mass balance of lithium in the active mate-
rial particles, the actual, rather than the approximate, volume
element was used in the finite difference form of the differential
diffusion equation. The general approach to the parameter esti-
mation is described elsewhere [10]. In this study, the electrolyte
transport and thermodynamic parameters were estimated using
the advanced electrolyte model of Gering [12], which agreed
well with experimental measurements [13].

3. Results and discussion

As afirst step to examining the internal and external reference
electrodes, a series of simulations of a lithium-ion cell with an
edge, shown in Fig. 3, undergoing a 10 s HPPC discharge pulse
where conducted. The internal reference electrode is placed on
the left hand side of the cell in the middle of the separator lay-
ers. The cell length is taken to be long enough that potential
lines near the internal reference electrode are uniform. There
is a pool of electrolyte outside the cell edge where the exter-
nal reference electrode is placed close to the upper right hand
corner. This geometry is similar to the cell edge of the 32 cm?
area lab cell fixtures extensively used in the ATD studies [2] and
the results presented can be extended to other cell geometries
such as pouch cells and Swagelok T-cells with similar conclu-
sions. It is assumed in this modeling study that the internal and
external reference electrodes are ideal (i.e. have infinitesimal
size and are reversible). Optimally one would want to measure
the potential in the electrolyte next to the electrode of interest,
but since both electrodes are potentially of interest placing the
reference electrode midway between the positive and negative
electrodes in a region of uniform current distribution would be
the best compromise. Since this description coincides with the
internal reference electrode’s placement, the external reference
will be compared to the internal results.

Position of Internal
Reference Electrode

/ Electrolyte
Pool

Positive

v

Separator

Negative St

Adjustable Length of
Negative Electrode

Position of External
Reference Electrode

Fig. 3. Diagram of lithium-ion cell edge showing position of internal and exter-
nal reference electrodes.
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Fig. 4. Simulation of electrolyte potential distribution near edge of a lithium-ion
cell (see Fig. 3) with electrodes aligned at 10 s into a 5 C discharge pulse at 60%
SOC. Lettered isopotential lines are shown at about 4 mV intervals.

The potential distribution in the electrolyte, near the edge
of the cell, at the end of a 5mA cm™2 10s discharge pulse at
60% SOC is shown in Fig. 4 for a cell with the positive and
negative electrodes perfectly aligned. A close examination of
the isopotential lines shows that there is very little potential
change in the pool of electrolyte away from the edge of the
cell. Further, the potential of the electrolyte in the pool is essen-
tially the same as that of the center of the cell. Thus the internal
and external reference electrodes would yield essentially the
same result. However, if the positive and negative electrodes are
misaligned, even by a fraction of a millimeter, the results are dra-
matically different, as shown in Figs. 5 and 6. In these figures
the isopotential lines are severely distorted near the edge even
with only a 0.4 mm misalignment. Depending on which elec-
trode overlaps the other the potential of the electrolyte pool is
essentially that of the electrolyte in one of the electrodes near the
edge.

The variation in positive electrode ASI based on an external
reference electrode and internal reference electrode potential
with the extent of misalignment is given in Fig. 7. In the figure,
one can see that the ASI of the positive electrode is relatively

s==s7)) N
=~ u

Fig. 5. Simulation of electrolyte potential distribution near edge of a lithium-
ion cell (see Fig. 3) with negative electrode extending 0.4 mm past the positive
at 10s into a 5 C discharge pulse at 60% SOC. Lettered isopotential lines are
shown at about S mV intervals.

Fig. 6. Simulation of electrolyte potential distribution near edge of a lithium-
ion cell (see Fig. 3) with positive electrode extending 0.4 mm past the negative
at 10s into a 5 C discharge pulse at 60% SOC. Lettered isopotential lines are
shown at about 5 mV intervals.
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Fig. 7. Simulation of positive area specific impedance of a lithium-ion cell with
four separator layers at 10 s into a 5 C discharge pulse at 60% SOC as a function
of negative electrode misalignment.

constant when measured with the internal reference electrode,
but varies significantly when using the external. While it is dif-
ficult to align the electrodes to within a millimeter, the variation
in the external reference electrode begins to level off at about
the 0.4 mm misalignment. Unfortunately, the errors introduced
are quite significant. Because the overall cell impedance does
not depend on the reference electrode, errors in one electrode
measurement are reflected in the opposite direction for the other
electrode as shown in Fig. 8 for the negative electrode.
Fortunately, other than electrode alignment, the difference
in electrode ASI measured with internal and external reference
electrodes tends not to be a strong function of cell design or
operating conditions. While examining all aspects of cell design
and operating conditions is beyond the scope of this paper, two
examples that were studied include the variation in positive elec-
trode ASI with pulse current density and separator thickness as
given in Figs. 9 and 10, respectively. In both of these exam-
ples the use of either the internal or external reference electrode
results in the same change in positive electrode ASI. Similari-
ties in the variation of electrode ASI is what really makes the
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Fig. 8. Simulation of negative area specific impedance of a lithium-ion cell with
four separator layers at 10 s into a 5 C discharge pulse at 60% SOC as a function
of negative electrode misalignment.
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Fig. 9. Simulation of positive area specific impedance of a lithium-ion cell with
four separator layers and a 0.4 mm negative electrode extension at 10 s into a dis-
charge pulse at 60% SOC as a function of discharge current density (5 mA cm™2
isa 5 C pulse).

external reference electrode a viable tool to examine electrode
performance of lithium-ion cells as shown in Fig. 11, which
gives the change in ASI with exchange current density. In the
model the exchange current density is inversely proportional to
the interfacial impedance and Fig. 11 shows that both the internal
and external reference electrodes are equally capable of tracking
absolute changes in electrode impedance.

A limited number of simulations were conducted on an inter-
nal reference electrode of a finite size for the 25 um diameter
reference electrode wire used in the ATD Program (see Fig. 12).
A linear overpotential expression is assumed on the surface of
the reference electrode (see Eq. (8)). The presence of the refer-
ence electrode distorts the electrolyte’s current, concentration,
and potential distribution in its vicinity. As an example, the
electrolyte potential distribution in the vicinity of the reference
electrode wire is shown in Fig. 13.
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Fig. 10. Simulation of positive area specific impedance of a lithium-ion cell
with a 0.4 mm negative electrode extension at 10s into a 5 C discharge pulse at
60% SOC as a function of separator thickness (a separator layer is 25 pwm thick).
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Fig. 11. Simulation of negative area specific impedance of a lithium-ion cell
with four separator layers and a 0.4 mm negative electrode extension at 10 s into
a5 C discharge pulse at 60% SOC as a function of exchange current density (ip).

The distortion of the electrolyte potential distribution in the
vicinity of the wire is obviously not desirable. However, for
the 25 wm diameter reference electrode wire the variation in
potential from the ideal value, as defined by the electrolyte poten-
tial at the midpoint of the separator far from the wire, tends
to be less than a millivolt. Of potentially more concern is the
electrolyte current that travels through the reference electrode
rather than going around it. When current is passed through
the cell, a small fraction of the current goes into the reference
electrode via a reduction or oxidation reaction on one side and
comes out the other through the counter electrochemical reac-
tion. As the amount of charge passed through the reference
electrode approaches its capacity, the reference electrode would
start to polarize. The typical experimentally measured capac-
ity loaded into the 25 wm diameter reference electrode wire is
~0.1 pAhem™! of exposed wire. Simulations indicate that for
a 5mA cm~2 cell current about 35 wA cm™2 pass through the

Positive :
Separator
Layers
AN
Negativ :
/ N\
Notch in Cross-Section
Separator for of Reference
Reference Electrode

Fig. 12. Cross-sectional diagram of lithium-ion cell with four separator layers
showing position of 25 wm internal reference electrode wire. Line of symmetry
used in simulations shown by dashed line.
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Fig. 13. Simulation of electrolyte potential distribution of a lithium-ion cell (see
Fig. 12) at 10 s into a 5 C discharge pulse at 60% SOC. Lettered isopotential lines
are shown at about S5mV intervals.

wire (based on a 100 © cm? interfacial reaction impedance for
the wire). The charge passed during a 10 s discharge pulse would
be about three orders-of-magnitude lower than the reference
electrode wire capacity.

As one would expect, as the size of the reference electrode
grows its impact on the cell and the electrode measurements
becomes significant. Simulations indicate that the potential of a
25 pm thick, 1 mm wide reference electrode strip in a lithium-
ion cell would vary from the ideal value by more than 10 mV
during a 5 C discharge pulse.

4. Conclusions

Reference electrode size and placement, along with cell
geometry, has a significant effect on the measured electrode
impedance in lithium-ion cells. Observable differences between
electrode measurements using both internal and external refer-
ence electrodes can be explained from edge effects connected
with positive and negative electrode alignment during cell
assembly and their interaction with the external reference elec-
trode.

A 25 pm diameter internal reference electrode wire placed
between separator layers distorts the potential and concentration
profiles in the surrounding electrolyte, but does not significantly
impact the accuracy of the impedance measurement. Therefore,
it is an effective technique to examine electrode potentials in
lithium-ion cells. Depending on its shape and size, larger inter-
nal reference electrodes can impact the electrode impedance
measurement. Even a 25 wm thick, 1 mm wide reference elec-
trode has a measurable impact (i.e. ~10% error) on the electrode
impedance in lithium-ion cells.

External reference electrodes are easier to implement, but
generate errors depending on positive electrode and negative

electrode alignment. These errors actually approach the size of
the impedance measurement for electrodes misaligned by as
little as 1 mm. The sensitivity of these reference electrodes to
cell assembly effectively makes them not useful for measur-
ing the absolute value of the electrode impedance. Fortunately,
these errors are generally fixed, making the external refer-
ence electrode a useful tool for following changes in electrode
impedance.

The similarities between the present lithium-ion cell and
most other lithium-ion technologies suggest that the conclu-
sions drawn here are relatively general. They should also be
applicable to other cell geometries, such as pouch cells and
Swagelok T-cells. The relative impact of a specific internal refer-
ence electrode geometry and its electrochemical characteristics
would have to be examined on a case-by-case basis. However
as a guide, reference electrodes with characteristic lengths less
than or on the order of the separator thickness would be accep-
table.
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