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This paper uses a model for a natural graphite/lithium hexafluoro phos@thaytene carbonate:diethyl carbonéten phosphate
lithium-ion cell in order to study its performance and aid in its optimization. The model is used to generate Ragone plots for
various designs, where both the average power of the cell and the peak power, defined at 80% depth-of-discharge for a 30 s pulse,
are evaluated. This allows us to assess the ability of this chemistry to achieve the U.S. Department of Energy goals. The model is
then used to maximize the specific energy of the cell by optimizing the design for a fixed time of discharge. The cell was optimized
for the porosity and thickness of the positive electrode, while holding constant the capacity ratio of the two electrodes, the
thickness and porosity of the separator, the electrolyte concentration, and the porosity of the negative electrode. The effect of the
capacity ratio was qualitatively examined. The optimization was performed for discharge times ranging from 10 h to 2 min in
order to map the maximum performance of this chemistry under a wide operating range. The study allows us to gauge the ability
of this chemistry to be used in a particular application. The optimized designs derived in this paper are expected to be a starting
point for battery manufacturers and to help decrease the time to commercialization.
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The use of an energy storage device in a particular applicatiomot addressed. The effect of the mass was taken into account by
requires consideration of a number of factors, such as cost, specifilewman? who showed the optimization of the same system by
energy, power capability, cycle life, calendar life, and safety. The maximizing the specific energy. Newman identified a new dimen-
relative importance of each of these factors changes with the applisionless parameter that governs the optimum thickness and porosity
cation, thereby making some energy-storage devices more suitablef the electrode, namely
than others. For example, while an electric vehid®/) battery Ukt
would need to have high energy in order to extend the range, a = ﬁ; [1]
hybrid-electric vehiclefHEV) battery would need more power ca- q-Ls
pability for acceleration and regenerative braking. In order to aid in
the design and manufacture of batteries for both these applicationsyhere U is the open-circuit potentialkg the conductivity in the
the U.S. Desartment of Energ¥DOE) provides goals for each of separatort, the time of dischargeq, the capacity density of the
these factors.These goals serve as a yardstick to decide if a par-active material itself, and. the separator thickness. For systems
ticular chemistry is suitable for a given application. with a reaction zone, Newman calculated the optimum thickness and

While cost and life are decided, for the most part, by the choiceporosity as a function of. The author notes that the time of dis-
of materials, the energy and power capability of a battery are alsacharget,, is the most significant factor that affects the design of the
dependent on the design of the cell. A battery that is known to bepattery? Fixing this quantity allows us to estimafefor a battery
well suited for low-power applications can be adapted for high- chemistry, and permits estimation of the optimum porosity and
power applications by, for example, slicing the plates thinner and/orthickness. A parallel study to Newman's was undertaken by Dunn
increasing the porosity. An example of this is the lead-acid celland Newman for an electrochemical capacitor, where a parameter
where batteries used for starting, lighting, and igniti@l) have  analogous ta was identified, using a simplified model wherein the
thinner plates and larger porosity compared to batteries for recrereaction distribution in the porous electrode was assumed to be uni-
ational marine use While this concept is intuitively well known,  form (i.e., the voltagevs. time was assumed to be linear and the
deciding how thin or how porous the plates need to be in order toinitial transients were neglectedin this study, the authors opti-
optimize the performance requires a lot of experimentation involv-mized not only for the thickness and porosity of the electrodes, but
ing building cells of various designs. Mathematical models providealso for the cutoff voltage of the cell. Both constant-current and
an ideal alternative to this time-consuming task by providing guide-constant-power operation were consideted.
lines for the design and thereby reducing the number of experi- While these studies had the advantage of having analytic solu-
ments. The goal of this paper is to illustrate the optimization meth-tions, they had the disadvantage of neglecting some of the factors
odology and provide the design for a wide range of applicationsthat may be important in real celis.g., mass transport). These can
using a modeling approach for a natural graphite/iron phosphatdée accounted for by using a complete model for the battery, as
lithium-ion cell with a liquid electrolyte. illustrated by Fulleret al® and Doyleet al./® where the methodol-

Tiedemann and Newman first illustrated the approach of optimiz-ogy for performing an optimization procedure, using Ragone plots,
ing porous electrodes to maximize the capacity by considering arwas highlighted. This procedure was used to its fullest extent by
ohmically limited battery, wherein activation and concentration po- Thomaset al® to optimize for a compromise between the specific
larization were assumed to be negligiBl&he capacity maximum  energy and the peak specific power for a lithium-polymer cell. Such
was seen to be a compromise between having more active materia®, compromise was first illustrated by Traattal 2 for the grid de-
accomplished by using thicker electrodes with low porosity, and thesign of a lead-acid cell where the size and mass of the battery plates
ensuing ohmic limitations in the solution phase. While that paper sewere optimized.
out the methodology for optimization, the mass and energy of the This paper expands on the studies detailed above by taking a
system was not considered, and so the additional mass penalty arisomplete model for a natural graphite/iron phosphate Li-ion cell and
ing from increasing the thickness, or decreasing the porosity, wa®ptimizing for the porosity and thickness of the positive electrode

while holding the porosity of the negative and the ratio of the posi-
tive to negative electrode capacity constant. We perform this study
* Electrochemical Society Active Member. for the purpose of maximizing the specific energy for discharge
** Electrochemical Society Fellow. times ranging from 10 h to 2 min, to parallel the study performed by
2 E-mail: vsrinivasan@Ibl.gov Newman? This allows us to plot the maximum performance of this
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Figure 1. Schematic of the cell modeled in this study consisting of a natural ! ! ! ! ! ! ! '
graphite negative and an iron phosphate positive electrode with a separatol 0s
between them. The whole cell is filled Wit M LiPF; in EC/DEC(1:1). The = :
processes on discharge are illustrated in the figure. Lithium transport via a B No diffusion
diffusion mechanism and ohmic losses through the SEI are described for the > 0.6 — resistance
negative electrode. The transport of lithium through the shell and the move- > )
ment of the phase interface are described for the positive electrode. ;; 04 - Electrode potential A
S s ) .
battery chemistry under a wide range of operating conditions span- & 92 iz —
ning both the EV and the HEV needs. The methodology used in this v No SEI
study, when expanded to all other battery chemistries, should result 0= | | | Equlﬂibﬁ“mlpmemial‘ | L

in a map which can be used by researchers to pick a battery that

suits their specific application. 5
In order to develop a model that represents the true behavior for () Capacity (mAh/cm”)

this chemistry we compare the model to constant-current experi-

ments for half-cells, with a lithium counter and reference electrodes Figure 2. Model-experimental comparisons of the graphite half-cell at vari-

Once this comparison is made, we simulate the behavior of the fullPUs currentga) and the corresponding potentiql drops_in the electrod_e ata
cell and perform the optimization studies. While the previous papercuent of 3.6 mA/crf (b). The SEI layer resistance is used as a fitting
parameter in the figures, while the rest of the parameters are taken from the

(_R‘?f- 1_2) detailed the mOdE|'eXperlmental comparisons for the literature. Figure 3b shows the decomposition of the electrode potential
lithium iron phosphate (LiFePf) electrode, we perform the com-  cyrve by plotting the equilibrium potential, the electrode potential with no
parison for the natural graphit®lG) electrode in this paper. SEI layer and the electrode potential with no diffusion resistance.

00 02 04 06 08 10 12 14 16 18

Model Development

Figure 1 shows the schematic of the cell modeled in this study,ing paper? For the NG electrode, we take the kinetic and transport
consisting of a NG negative electrode pasted on a copper currenarameters from the literatdreand fit the model to experimental
collector, and a lithium iron-phosphate positive electrode, pasted orhalf-cell data to extract the ohmic parameters and the thermody-
a carbon-coated aluminum current collector, with a separator benamic potential, as detailed below.
tween them. The whole cell is filled with 1 M lithium hexafluoro- ) )
phosphate (LiP§ in 1:1 ethylene carbonat&C): diethyl carbonate Model-Experimental Comparisons for the
(DEC) electrolyte. Both electrodes are assumed to be porous and Natural Graphite Electrode
made up of spherical particles. The processes during discharge are The experimental data used for the comparison is performed on
illustrated in the figure. The model equations used in this paper aréNG powders prepared by Superior Graphite (8.20) and has 90
the same as those described previotishnd hence are not detailed wt % active material and 10 wt % poly vinylidene fluori¢eVDF)
here. Briefly, these consist of a mass balance and a modified Ohm'sinder and has been studied extensively by Shim and StriéBéle
law in the electrolyte phase, Ohm's law in the solid phase, theexperiments reported in Fig. 2 were performed by these authors on
Butler-Volumer equation, and a charge balance relating the reactioelectrodes similar to ones reported in Ref. 16. All the electrode
current to the solution current. The Butler-Volmer equation requiresspecific information is listed in Table I. The experiments were con-
the concentration of lithium in the solid lattice at the particle sur- ducted in Swegelok cells with lithium metal reference and counter
face. In the LiFeP@ electrode, this is calculated by assuming that electrodes. The reference electrode was placed between two pieces
the phase-change and reaction occurs via a shrinking core, as def separator. The electrode area wasl cnt, and the mass was.
scribed in the preceding pap@and illustrated in Fig. 1. In the NG 5.3 mg with 90 wt % active material and 10% binder. The capacity
electrode, the diffusion equation is solved analytically for the time- of the electrode was measured to ¢& 1.8 mAh/cnf based on a
dependent flux at the surface using the Duhamel superposition inteslow discharge.
gral, as described by Doykt alX® The model includes a film resis- The exchange current density and transfer coefficient used for
tance, previously introduced by Doyt al./ in order to estimate  the model are similar to one used in a recent paper by Doyle and
the ohmic drop in the solid electrolyte interfa&El) layer covering Fuentes® The SEI resistance has been estimated by both Doyle
the graphite particles. This is accounted for by modifying the over-et al” and Doyle and Fuent&susing fits of the model to experi-
potential term in the Butler-Volmer equation by adding a voltage mental data. This quantity is possibly dependent on the thickness
drop which is related to the reaction current. The resulting equationsand the conductivity of the SEI layer and hence is used as a fitting
were solved using the Band subroutitie. parameter in this study. Doyle and Fuentealso use a current-

The various transport, kinetic, and thermodynamic parametersollector resistance, which is extracted based on model-experimental
that are needed for the positive electrode are taken from the precedits. Such a resistance was previously used by Agdral. to fit a
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Table I. Table of design-adjustable parameters, electrode specific Various measurements of the thermodynamic potential for the
parameters, and other constants used in the paper. The values graphite electrode have been noted in the literature. Thomas mea-
correspond to the base-case simulations in the text. sured the equilibrium potential of this material as a function of state-
of-charge(SOC)and fit an equation to the dataA similar approach
Design-adjustable parameters was taken by Verbrugge and Koth.Both measurements show
Natural Iron many similarities with the various plateaus corresponding to the
Parameter graphite phosphate two-phase regions during intercalation and are also consistent with a
Electrode thicknesgum)® 50 75 slow rate(ca. C/25, where the C rate is defined using the theoretical
Electrode porosity 0.33 0.27 capacity of the electrodedischarge of the cell used in this study.
Weight percent of carbon additive - 4 Therefore, in this paper, we use an equation similar to that reported
Weight percent of graphite additive - 4 by Thomas? but fit a low-rate(ca. C/25) discharge on these cells.
Weight percent of PVD¥ 10 10 The resulting equation is given by
Average particle radius (fg)® 11 pm 52 nm
Small particle radius - Ravf1.2 X — 0.28
Large particle radids - Ravg X 1.8 U(x) = 0.124+ 1.5exg—70x) — 0'035“&”(’Wj
Current collector thicknesg.m)? 25 30 ’
Electrode Parameters — 0.0045 tanglx—_O.Q) — 0.035 tan(vx_—m)
Natural Iron ' 0.119 ' 0.05
Parameter graphite phosphate
x — 0.5 x — 0.19
Diffusion coefficient in solid(m?/s) 9 x 10714 8 x 1071& — 0.0147 tan(! 0032 ) - 0.102 tanéOT?_A)
Reaction rate constam¥mol s) 3 x 1073 3 x 107 ' '
Matrix phase conductivityS/m) 10d 5 x 1073%¢ X — 0.98 X — 0.12
Contact resistance) m? 0 0.0065 — 0.022 taﬂ%m) — 0.011 tanGW%A)
Parameter Value ﬂ
. + 0.0155 tanén 0.029 [2]
Separator thicknesgum)? 25
Separator porosity 0.55 _ . .
Initial salt concentratioriM)? 1 wherex represents the amount of lithium intercalated in the formula
Densities(g/cn?) Li,Cs. In summary, all the parameters except the resistance of the
LiFePQ, 3.6 SEl are fixed. The experimental data are used to extract this quantity
Graphite 2.27 by fitting the voltage at different currents.
Carbon black 1.75 Figure 2a shows the resulting model experimental fits using a
Separator 0.9 SEI layer resistance of 0.0Z8 m?. This is comparable in magnitude
E';’Ctré’r'yte é’é to the value used by Doyle and Fuentes065Q m?). The figure
Aluexginum 27 shows the ability of the model to describe the experimental data
' accurately, especially at the initial stages of the discharge. Devia-
aMeasured. tions are seen in the final potential drop at higher currents, which
b Estimated. could possibly be related to the use of the constant diffusion coeffi-
¢ Model fits (see Ref. 12). cient. However, when this electrode is used in a real cell with a
¢ Smallest reported value in Ref. 20. LiFePQ, positive electrode, the poor rate capability of the positive

¢Based on Ref. 15.
f Large enough to have no impact on the res(il&s, o > «).
9 See http://www.celgard.com/documents/Celg@800.pdf

electrode means that, under high-current operation, the negative
electrode would not reach the end-of-discharge potential. This is
illustrated in Fig. 3 where discharge curves for the full cell are
simulated. However, it should be noted that under some conditions
(e.g., very small LiFeP@patrticles, shown in Fig. 4), the NG elec-
mathematical model of a Li-ion gel cell to experimental ddta trode reaches its end-of-discharge potential, thereby introducing er-
recent papéf examined the contact-resistance in the NG electroderors in the predictions.

similar to the ones used in this study, and reported values that were The mathematical model can now be used to estimate the various
considerably smaller than values reported by Doyle and Fuentespotential losses in the graphite electrode. This is performed for a
Therefore, no contact-resistance was included in this paper. In @urrent of 3.6 mA/crf, as illustrated in Fig. 2b. The graph plots both
recent paper, Verbrugge and Kd@rexplore the intercalation of the equilibrium potential as discharge proceeds and the potential
lithium into graphite using a combined model-experimental ap-under a constant current for three conditions, nangglywith the
proach. The authors use a concentration-dependent diffusion coeffbase case parametei#®); with no SEl resistance; andi) with a SEI
cient, based on the data reported by Takaal.2® with values resistance, but with a large solid-phase diffusion coefficient. The
changing by two orders of magnitude depending of the fractionalbase-case curve is the same as the one shown in Fig. 2a, and when
occupancy. The resulting model was seen to be excellent in predicteompared to the equilibrium-potential curve, shows both a voltage
ing the experimental discharge curv@On the other hand, Doyle drop and a lowered utilization. When the simulation is performed
and Fuentes use a constant diffusion coefficient and were also ablgith no SEI resistance, the voltage drops in the electrode become
to predict the experimental data. While the change in the diffusionnegligible, as seen from the small difference between the electrode
coefficient can be expected to have an impact on the performanceotential curve and the equilibrium potential. When the diffusion
incorporating it into a model results in complexities whereby a resistance is removed from the electrode, little change is seen in the
pseudo 2D approach, similar to the one used for the LiFeRO voltage, but the electrode is now completely utilized, as seen from
electrode, would need to be employed. Therefore, we decided to usthe fact that the curve reaches the equilibrium-potential curve at the
a constant value for this quantity, which was taken to be the smallesend-of-discharge. This suggests that the main cause for the potential
value reported by Takamét al?® and used by Verbrugge and limitations in the graphite electrode is due to the potential drop
Koch!® Model-experimental comparisorisee Fig. 2)suggest that  through the SEI. While transport limitations start to play a part at the
the choice of diffusion coefficient provides adequate fits for the end-of-discharge, the contribution of this effect is limited, as seen
currents under which the experiments were conducted. from the small drop in utilization with increasing current.
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I I I LiFePQ, electrodes of similar design show that the utilization of the
036 mAjcm’ — LiFePQ, electrode is half that of the NG electrode, suggesting that
changes to the LiFeRCelectrode are more critical. Reducing the
voltage drops in Fig. 2a necessitate decreasing the impact of the
- SEI. The SEI formation is an unavoidable side reaction, and its
existence is thought to prevent further solvent decomposition. De-
creasing the particle size may help in decreasing the reaction current
(via the increased surface area for reactimmd thereby decrease the
voltage drops through the SEI, but higher surface areas would lead
to more SEI formation, which leads to a loss of lithium when used in
a full cell, as described below. As the model does not include this
side reaction, we do not attempt any changes to the particle size of
| the negative electrode. Finally, it is possible that additives can be
0.0 0.2 04 0.6 0.8 1.0 used so that a stable SEI with little resistance is formed on the
Capacity (mAh/cmz) surface, thereby improving the performance of the electrode.

et
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Simulation of the Natural Graphite/Iron Phosphate Cell

Having developed a model for both the NG and the LiFgPO
electrodes, we now combine the two to simulate cell behavior. As

Positive electrode

; 25 — each of the half-cell models have been compared to experimental
5 —— 0.36 mA/em’ data, we assume that the resulting cell model would adequately de-
g 20M... 0.9 mA/em? 7 scribe the performance of the full cell. The cell chosen is similar to
2 PPy I 1.8 mA/em’ | that used by Shim and StrielWhile the anode used is the same

2 —em 2.5 mAfem’ as the one detailed above, the cathode is considered to have 82 wt %
2 10k 3.6 mA/em’ - active material, 4% carbon, 4% graphite, and 10% PVDF binder
8 with an electrode capacity of 1.4 mAh/énBefore simulations of

0

— discharge behavior are performed, an estimate of the initial state of

05 Negative electrode

| T ity mrmy L SR the two electrodes needs to be made. This depends on the initial
00 I 1 L L —— irreversible capacity loss and any other side reactions that may be
0.0 0.2 04 0.6 0.8 1.0 occurring in the cell, and is, therefore, difficult to estimate. When
(b) Capacity (mAh/em’) the cell is first constructed, the lithium is in the LiFeP@&ectrode,
with the graphite completely devoid of lithium. On the first charge,
Figure 3. Simulated cell potentigla) and individual electrode potentials) lithium deintercalates from the positive electrode and, while a frac-

at different current densities during discharge of a NG/LiFgR@Il. The tion intercalates at the negative electrode the rest forms the SEI on
curves were generated using the base-case parameters in Table I. The eldbe surface, and represents a loss of cycleable lithium. Estimates
trode potentials were generated by plotting the potential of the matrix at thebased on the first charge/discharge on these cells show that 18.6% of
current collector minus the potential of the solution at the midpoint of the the total theoretical capacity of the negative electrode is lost to this
separator. Note the significant drops in the potential of the positive electrodegjge reaction. We therefore use this value in all our simulations. This
allows us to calculate the loss of cycleable lithium. In addition, the
) ) final state of the battery at the end of the charge depends on the ratio
Little can be done to improve the performance of the electrodeof the positive and the negative electrdtfeor example, if the posi-
shown in Fig. 2a and b. Transport limitations could be made lessive and negative electrodes were taken to have the same capacity,
important by decreasing the particle size, but considering the relathen at the end of the charge, all the lithium would be ejected from
tively small losses seen in Fig. 2a, the improvement will not be the positive, while at the negative, the lithium content would be
substantial. In addition, comparisons of the NG electrode with the18.6% less than the maximum capacity. If, on the other hand, this
ratio is changed, then the finalin Li,Cg would be different. We
therefore calculated based on the initial capacity ratio of the two

2 L ZE LI | T L P | electrodes and accounted for the capacity loss to theé’SHiis is
_ Experimental cell, m——DOE goal the start of all the simulations in this paper. It should be noted that
o0 - [32.nm FePO, particle ' ; the 18.6% capacity fade may well be dependent on how much the
=< 100 |- — ; ; ; . :
= L \A A ] negative electrode is charged in the first cy@le., a greater change
% 7F3h - A\zam{ ] in the voltage of the negative electrode may result in more SEI
2 :: i formation), which in turn may depend on the capacity ratio. How-
5, 3. ever, this issue is ignored in this study. In all the simulations shown
5 . , in this paper we do not change the surface-area-per-volume of the
& T , - 13nm .~ negative electrode, and hence the percent irreversible capacity
3 )t No matrix phase ] (based on the total theoretical capacity of that electriglkept the
& ohmic drop, 52 nm| . same irrespective of the thickness of the electrode.
p . A In general, lithium-ion cells are made with a larger anode capac-
10 R s p Smins | Lo 1)) ity compared to that of the cathode in order to avoid any lithium

2 TR PR 38T 00 2 deposition that can occur during high-current or pulse char¢png
Average/peak specific power (W/kg) re_generative breaking when operating in an eI_ectric or hybrid ve-
hicle). How much excess anode is used will dictate how safe the

battery will be from this deposition reaction. Araga al. use a math-
signs. The lines represent the average specific power of thé.eellspecific e_matlca}I model to prpwde 'nS'ght. into the qepOSItI.On process by
energy divided by the discharge tiinehile the symbols represent the spe- Simulating the behavior under various charging regimes. However,
cific energy evaluated fro a 3 h discharge and the peak specific power having too large an excess would mean more capacity for SEI for-
defined at 80% DOD for a 30 s pulse. The DOE technology assessmentnation, as described above. We first take a cell, similar to the one

minimum goal for long-term commercialization is also shown. used previousl§® that has 29% excess anode capatitgfined as

Figure 4. Simulated Ragone plot of the NG/LiFeR@ell for various de-
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the difference in capacity of the anode and cathode, divided by theasserts that 26 nm particles for the iron-phosphate electrode would
capacity of the cathodeand study its performance. be sufficient to minimize transport limitations and improve perfor-

Figure 3a plots the potential of the cell using the base-case pamance. However, clearly, an increase in the matrix phase conductiv-
rameters listed in Table | for a range of current densities, while Fig.ity, for example, by dopin@ or adding more carbon, is a critical
3b plots the corresponding electrode potentials. The electrode poterstep to make this electrode more competitive. Note that, in order to
tials denote the potential of the matrix at the current collector with simulate casesii) through (iv), it is assumed that the matrix con-
respect to the potential of the solution at the midpoint of the sepa-ductivity is made large without any mass penalty. This can be con-
rator, and hence, also includes the resistance of the solution. Notsidered to be a doped LiFeR@lectrode. Such an electrode was
the significant decrease in the potential with the increase in currentecently reported by Chunet al?® where an eight order of magni-
and the large drop in the utilization in the figures. Figure 3b, which tude increase in the conductivity was reported.
separates the losses in each of the electrodes, shows that a major Figure 4 also shows the simulations corresponding to the goal
portion of the potential losses are due to the positive electrodedefined by the DOE. This goal is defined as the specific energy for a
arising from the significant ohmic limitations in the system. Figure 3 h dischargétaken from the point where the 3 h time line intersects
3b also shows the change in the electrode limiting the end-of-the Ragone plot for that cell desigplotted against the peak specific
discharge. At low currents, the iron-phosphate electrode is not lim-power. The peak specific power is estimated by discharging the cell
iting and therefore, the end-of-discharge occurs when all the lithiumuntil it reaches 80% DO2.4 h), and then finding the current under
is extracted from the negative electrode. However, as the currenwhich the cell reaches the cutoff potent{@l5 V) in exactly 30 s.
increases, diffusion limitations in the positive electrode start to This was performed using a trial-and-error procedure until the re-
dominate this feature, and more and more lithium is left in the NG quired current is identified. The resulting specific energy and peak
electrode at the end-of-discharge. Finally, at very large currents, thépecific power is, therefore, a single point in the Ragone (pégi-
potential of the cell reaches the cutoff potential due to ohmic limi- resented by the trianglesFor comparison, the DOE goals are also
tations long before diffusion limitations start to become important. shown. The increase in the peak specific power with each of the
Figure 3 shows that at larger currents the NG electrode does nofmprovements in the cell design mirrors the increase in the average
discharge to points where there is little lithium left in the lattice. As Specific power. No change is seen in the peak power between the
noted in Fig. 2, the model provides an excellent prediction of thecells with 26 nm FePQparticles and 13 nm particles, and thus the
cell voltage under these conditions, providing us with some confi-peak power points for both cells coincide. In summary, Fig. 4 shows
dence that the neglect of the concentration-dependent diffusion cothat while the NG/LiFeP® cell shows potential in achieving the
efficient in the negative electrode would have little impact on the DOE power goals, the energy of the cell is significantly lower than
results of this study. that needed for long-term commercialization.

Figure 3 suggests that changes to the design of the iron- One strategy for improving the specific energy is to change the
phosphate electrod@creasing the conductivity, decreasing the par- anode-to-cathode capacity ratio in order to maximize the amount of
ticle size) would have a significant impact on performance. We cycleable lithium in the ceft As discussed above, a decrease in the
study these design changes using Ragone plots, where the mass @fiode masgcorresponding to a decrease in the capaocitpuld
the cell is taken to be that due to the electro¢estive material, result in less SEI formation, and therefore result in less loss of
carbon, binder), electrolyte, separator, and half the thickness of théthium during the first cycle, providing more capacity during cy-
two current collectorgéas in a real cell both sides will be coated with cling of the cell. In addition, this decrease in the anode mass would
active material). We do not include any mass arising from devicedecrease the total mass of the cell, thereby providing an increase in
packing or other related electronics. the specific energy. Competing with this is the danger of lithium

Figure 4 plots the specific energg. the average specific power deposition in cells that have little excess anode capacity. Therefore,
(Ragone plotfor the NG/LiFePQ cell for various designglines) ~ One can expect an optimum based on these two competing effects.
and the specific energy fa 3 h discharge and the peak specific AS the model developed in this paper does not include either the Li
power calculated at 80% depth-of-dischaf@OD) for a 30 s pulse ~ deposition reaction or the SEI formation reaction, this optimum is
(triangles). The figure also shows the DOE technology-assessmerteyond the scope of this study. We, however, simulate various ca-
goals corresponding to the minimum goal for long-term commer-Pacity ratios to examine their impact on performance. .
cialization(squares). The Ragone plot is simulated for four cées A second strategy is based on the fact that an analysis of the
the base case listed in Tablgdame as Fig. 3a)ii) for the same ~ Mass distribution in the cell shows that the current collectors occupy
parameters, but with a much larger matrix-phase conductivity in the?S much as 40% of the cell mass. Therefore, an increase in the mass
iron-phosphate electrodéii) the cell in casdii), but with the par- of the active material so that the current collector occupies a smaller

ticle size of the iron-phosphate electrode decreased to 26 nm, anfiaction of the cell mass, would result in an increase in the specific
(iv) the cell in case(ii), but with the particle size of the iron- €N€rgy. This can be achieved by increasing the thickness and/or

phosphate electrode decreased to 13 nm. This plot is analogous f£creasing the porosity. However, an electrode that is too thick, or
Fig. 8 in the previous papéf,but for a full cell and on a mass basis. with little porosity, can be expected to have liquid-phase limitations,

The improvement in performance with each of these modificationsth€r€Py limiting the performance of the cell. Therefore, we expect

is clear, with the largest impact coming from the improvement in the &1 OPtimum for the thickness and porosity based on these competing

conductivity of the positive electrode. While the decrease in the€ffects. In order to identify the design that maximizes the specific

particle size from the base case of 52 to 26 nm results in an im-EN€rgy, we use an optimization procedure, as described below.

provement in performance, a further decrease to 13 nm does not
show an appreciable change. In the preceding pEpeecreasing

the particle size to 13 nm was seen to show some improvement, Optimization procedure foa 3 h discharge.—The optimization
although the improvement was not substantial. However, when usin this paper is performed by varying the porosity and thickness of
ing this electrode in a full cell, transport limitations in the NG elec- the positive electrode, while holding constant the porosity of the
trode dictate the end-of-discharge at these large currents. Thereforeggative electrode, the capacity ratio of the anode-to-cathode, the
any change in particle size of the LiFepP@lectrode does not have separator thickness and porosity, the salt concentration, and the par-
any impact on the performance. Clearly, one could also decrease thiicle size of the two electrodes. For the LiFeP€&ectrode, we use
particle size of the NG electrode in order to improve the perfor- the 52 nm particles and a cell with no contact resistance and with a
mance. This aspect is not explored in this study, because of théarge matrix phase conductivity for this optimization. The goal of
difficulties associated with calculating the amount of lithium lost to the optimization is to maximize the specific energy for a fixed time
SEI formation with the change in the surface afessulting from of discharge. A possible optimization of the anode involves chang-
the change in the particle size), as described previously. Figure 4ng the porosity and thickness while holding the capacity constant,

Optimization of the Cell Design
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such that the anode-to-cathode capacity ratio is fixed. This was not 180 — ;
performed in this study in order to minimize the number of variables

that are optimized. As discussed later, we believe that this would 7 160
have little impact on the trends reported in this paper. There is noﬁ
optimum for the separator thickness; the smaller the thickness, thez 140
better the performance. The choice is limited by the ability of the T
separator to prevent a short circuit. A value of 28 was used in
this study. While the particle size of both electrodes has an impact
on the performancéas shown in Fig. % the material synthesis
procedure may not allow for controlling this quantity; hence the -
values used previously are left unchanged. Finally, we simulate the &
iron-phosphate electrode with a large matrix-phase conductivity and
no contact resistance as recent developments suggest that both the: 1 1 1 1 1 1
improvement are possible with the use of carbon-coated current col- 100 200 300 400 500 600 700
lectors to remove the contact resistance, and the use of extra con
ductive carbon in the matrix, or via the use of do:f:f’edfon-

phospha_te electrc_)dég. . ) Figure 5. lllustration of the optimum in the positive electrode thickness for
The first step in the optimization is to fix the excess anode ca-maximizing the specific energy for a constant porosity of 0.27 for the posi-

pacity. We start with a cell with the base capacity ratio of 29%, but tive electrode. The plot also shows the effect of the anode-to-cathode capac-

we also illustrate two other ratios. Once this quantity is fixed, we ity ratio. The DOE goal is shown for comparison. Each point is generated by

decide on the discharge time. Newman points out that this is thdinding the optimum current such that the cell discharges to 2.5 V in 3 h.

most important factor for the design of the battéffhe time of Note that the negative electrode thickness is changed correspondingly. The

discharge is decided by the application. For example, for EV appli-SymPol ¢ represents the value taken from Fig. 4.

cations, a 3 h discharge is applicable, while for a photovoltaic ap-

plication, a 6 to 10 h discharge is generally needed. Any cell design

W(.)”I.d necessanly ha\_/e to Sat'Sfy.th'S time .Of discharge goal. Q.nceratio, the greater the chances of Li deposition during high current or
this is deflned,_we pick a porosity and thickness pf the positive ulse charging. The maximum one can reach with this strategy is to
electrode, and find the current which would make this battery reac ake the capacity of the cathode such that it is equal to the sum of
its cutoff potential(taken as 2.5 Vin this stughat exactly the ime 0 capacity of the anode and the capacity lost to SEI formétion.
of discharge. In other words, if we pick a current such that the tiq \yoyid represent a perfectly balanced cell and shows the maxi-
battery reaches_ the cutc_)ff in less than_the discharge time, then t_hls iSum energy, as illustrated in Fig. 5. This configuration would be
deemed a design that is not appropriate. On the other hand, if thg,remely susceptible to Li deposition and would never be a practi-
current were such that the battery discharges for more than theg, cell, but it serves to identify the maximum possible specific
specified discharge time, then there would be capacity wasted at th@nergy of this cell. Note that this maximum is lower than the DOE
end of discharge, and hence would lead to a decrease in the energ¥ng-term technology assessment g@0d0 Whikg for a 3 h dis-
Hence a larger current can be used for the discharge. The optimungyarge). We choose the design with a 10% excess for further study
current was identified using trial-and-error. After the identification 55 tnig provides an ideal compromise between minimizing Li depo-
of the optimum current, the specific energy is calculated for thisjtion while achieving the DOE’s minimum goal for long-term com-
design. Subsequently a new design is picked, and the procedurgercialization. Clearly, a model which includes both the SEI forma-
repeated to estimate the corresponding specific energy. This is r&jon reaction and the Li deposition reaction would be extremely
peated until we identify the maximum specific energy at that time of | ;sefy| in predicting how much excess anode is needed in order to
discharge. In all the simulations, the ratios of the active material t0compromise between these two quantities.
carbon and active material to binder were kept constant, and the Figure 5 was generated for a positive electrode porosity of 0.27.
mass was calculated. . . _ When the cell with the 10% excess anode capacity is simulated with
The optimum for the thickness and the impact of the capacity gifferent porosities, both the optimum porosity and thickness are
ratio of the two electrodes is illustrated in Fig. 5, where the specificigentified, as shown in Fig. 6. This figure is similar to Fig. 5 in that
energy is plotted against the positive electrode thickness for threg; piots the specific energy as a function of the positive electrode
values of the capacity ratio. In all these plots, the porosity of the cellthickness. Three values of positive electrode porosity are shown in
is held fixed at the base-case values. Note that, as the capacity ratige figure, with the base ca$@.27)taken from Fig. 5. In all these
is fixed in each of these lines, a change in the positive electrodsigures, the negative electrode porosity is left unchanged. Note that
thickness would mean a corresponding change in the negative elegs the ratio of the capacity of the anode to cathode is maintained at
trode thickness. The symbo# ) represents the value for the base- 10%, a change in the positive electrode porosity for the same posi-
case cell taken from Fig. 4. As the positive electrode thickness isjve electrode thickness would result in a different negative electrode
increased, more capacitand consequently, energis added into  thickness. As the porosity of the positive electrode is decreased,
the cell, and the mass of the current collectors become a smallefore active material is packed into the cell, and the current collec-
fraction of the cell mass, thereby resulting in an increase in thetors occupy a smaller fraction of the cell mass, resulting in an in-
specific energy. However, the competing effect of the increasingcrease in the specific energy. However, similar to increasing the
liquid-phase transport limitations start to become important at largerelectrode thickness, this leads to greater losses in the solution phase,
thickness, and an optimum is reached¢@at500 um. However, note  and so an optimum is reached, as seen in the curve at a porosity of
that even at this optimum, the energy is lower than the DOE goal0.12, where a smaller specific energy is seen compared to a porosity
(shown by the horizontal dashed line of 0.19. However, the effect of the porosity is not as pronounced as
When the anode-to-cathode capacity ratio is decreased to 10%hat for the thickness. Note that, as the porosity is decreased, the
the nature of the curves remains the same, but with the specifioptimum thickness decreases. This occurs because of the need to
energy higher at all thicknesses. As the anode is made smaller, twminimize transport limitations in the cell, which necessitates a
beneficial effects, namely, a decrease in the overall mass of the ceimaller thickness for a smaller porosity. Figure 6 can be used to
and the decrease in the loss of cycleable lithium due to SEI formaidentify the optimum porosity and thickness of the positive electrode
tion, increase the specific energy of the cell. This increase wouldio maximize the specific energyrfa 3 h discharge. This occurs at a
continue to occur as the anode capacity is decreased further, amgbsitive electrode porosity of 0.19, a positive electrode thickness of
hence a series of curves at each ratio can be drawn. The smaller th10 wm, and a negative electrode thicknesscaf 260 um. A plot

Cathode capacity:arnode+SEII

120

10% excess

29% excess anode
capacity

Specific energ
g 8
T
1

Positive electrode thickness (Um)
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Figure 6. lllustration of the effect of porosity on the optimum thickness with Figure 8. Ragone plot of the NG/LiFePLcell with various optimized de-

the anode-to-cathode capacity ratio fixed at 10%. The curve at a porosity osigns. The solid line is the envelope curve where every point is optimized for

0.27 is same as that in Fig. 5. Each point is generated by finding the optimunihe corresponding discharge time. The design is shown in Fig. 9, and the
current such that the cell discharges to 2.5 V in 3 h. Note that the negativeoptimum current in Fig. 10. The plot also shows the performance of three

electrode thickness is changed correspondingly. The optimum design occurgells which are designed for one discharge time and used under other con-
ate, = 0.19 andL, = 410pm. ditions. Compare with Fig. 10 in Ref. 4.

similar to Fig. 6 can be made for any time of discharge in order tois no grid)and ends at zero for a grid of infinite thickndgs., the
find the optimum design for other applications. mass of the grid is infinitely large such that both specific energy and

The performance of the optimized cell can now be compared topower are zero). From this plot, Trost al. identify the maximum in
the original cell, as shown the Ragone plots of the two cells in Fig.both the specific energy and the power and take the compromise as
7. The plot also shows the simulated peak power for the cells. Notédhe design that gives a ratio equal to the ratio of these two quantities.
that while the optimized cell shows a significant increase in the The authors then repeat this procedure for a different plate size and
specific energy, this comes at a loss of specific power. This loss iddentify the maximum compromise design for the cell. An alternate
seen both in the average-power and the peak-power values. Whilormulation was suggested by Thomessal.’ where the thickness
the cell optimized fo a 3 h discharge shows an invariant energy and porosity of a YO, electrode in a Li-polymer cell were opti-
during low-power operation, discharging the cell faster than 3 hmized for a compromise between the specific energy and the peak
results in a significant decrease in the energy of the cell. Clearly thespecific power at 80% DOD for a 30 s pulse. Here the authors
cell optimized for specific energy is not suited for high-power op- calculate the product of these two quantities for various cell designs,
eration, necessitating a compromise between the energy and powand identify the design that gives them the maximum. This is de-
capability. fined as the compromise between energy and power.

Trost et al*® show one way of optimizing for a compromise Both these studies achieve a compromise for a particular appli-
between the specific energy and the maximum specific power a€ation and provide the best possible design for that application.
50% DOD. The authors show this by changing the mass of the gridHowever, the optimization does not provide any information on the
for a specified plate siz@efined as a square root of the area), length ability of this cell to be used in another application. For example,
of the bus, and length of the post for a lead-acid cell. The authorswvhile the peak specific power is defined using a 10 s pulse at 80%
calculate these quantities for a 4 h discharge. First the authors pldPOD for a EV system, for a battery for a fuel cell hybi(EHCEV)
the specific energys. the maximum power for varying grid mass. this is defined at 20% DOD. Optimizing for one of these quantities
This gives them a loop in the power and energy which starts at zergloes not allow us to gauge the ability of the chemistry to satisfy the
for a grid of zero mas§.e., no current can be collected when there other. Therefore, it was decided that the optimization would be per-

formed without any peak pulse operations, but for a range of dis-
charge times, such that all applications ranging from photovoltaic to
2 HEVs can be covered. This can be thought of as a parallel to the

— I A B-<—DOE goal I approach taken by Newmgsee Fig. 10 in Ref. 4). Therefore, the
__\ /‘ -~ : procedure illustrated above for maximizing the specific energy for a
S ) ~ |Original cell 3 h discharge was repeated for other times of discharge, and the
£,7027,L =75 im design for each discharge time identified.

100

Optimized cell )
€,=0.19, L =410 um 7

Optimization for varying discharge timesFigure 8 shows the
results of such an optimization procedure, where a Ragone plot is
shown with the envelope curvsolid line) that maps the maximum
performance of this cell over discharge times ranging from 10 h to 2
min. This plot has a different design at each pds&e Fig. 9 and 10
for the design). The plot also shows the results of taking one of these

cells and using it under other applications. For example, a cell op-
I Y M : e timized for a 3 h discharge application performs adequately for
PoA TR 23 S TR0 longer discharge times, but has poor performance at shorter dis-
charge times. As longer discharge times have thicker electrodes with
less porosity, these cells are susceptible to large liquid-phase limita-

Figure 7. Comparison of the performance of the cell using the base-casetions' and hence operation under higher currents result in large

design from Table | and the optimized design from Fig. 64@ h dscharge.  l0sses. In order to use this chemistry for higher-power applications,
The plot shows a Ragone plot with both the average power and the peakhe cell design will need to be changed. Two examples of this are
power defined at 80% DOD for a 30 s pulse. given in Fig. 8. For example, if a 30 min discharge time were de-

Wb o
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Negative in Fig. 8. The current density can be used to decide the area required to
0.30 — satisfy a specified load requirement.
2025
g changes significantly with the time of discharge, with values ranging
£ o020l from a thickness of 55@um and a porosity of 0.15 for 10 h opera-
' tion to 135um and 0.34 for a 2 min discharge.
The optimum current density corresponding to the envelope plot
015 in Fig. 8 is shown in Fig. 10. For a particular discharge time, a cell
built with the design shown in Fig. 9, when discharged at the opti-
o101l Lo el L mum current, shown in Fig. 10, would result in the battery potential
EIOTRL T T eReTyy 2o AT reaching 2.5 V at exactly the discharge time. As noted by Thomas

(b) et al., the current required for a given application is decided by the
load?® Therefore, one could use the optimum in Fig. 10 to estimate
Figure 9. Optimized thickness and porosity corresponding to the envelopethe optimum area of the electrode to sustain this load. Figure 9 and
plot in Fig. 8. A cell fabricated with the design shown here would yield the 10 provide a starting point for an electrode development program
maximum specific energy at that discharge time. The optimization was perand provide guidelines for cell design for a wide variety of applica-
formed for the positive electrode thickness and porosity. The excess capacittions. The values that are used in these figures are listed in Table Il
ratio of the anode to cathode was held constant at 10% while the negativefor convenience.
electrode porosity was held constant at 0.33, and hence the negative- \/sarigys solutions can be devised in order to improve the perfor-
elec_t!'ode thickness changes corresponding to the change in design of t%ance of the system and help it achieve the DOE goals. In this study
positive electrode. LT . ;
we have maintained the anode porosity constant. One could adjust
the porosity and thickness of the anode while keeping its capacity
constant, such that the anode-to-cathode capacity ratio is main-

Time of discharge (h)

sired, a cell optimized for that discharge time would be built. How-
ever, as illustrated in Fig. 8, this cell, when used under other condi
tions, shows losses in energy at longer discharge times and losses
power at shorter discharge times. While the former occurs becaus
the electrodes are not large enough to minimize the impact of th
current collectors, the latter occurs because the electrode are t
large for higher-power operations where losses in the solution phas
become important. In summary, Fig. 8 asserts that while a batter
designed for one application may be inadequate for a different ap

plication, a change in the design could make it satisfy the needs OE

tained. During discharge the concentration increases in the anode,
leading to a decrease in the conductivity as it crosses the conductiv-
ity maximum. Thicker anodes may therefore experience liquid-
gwase limitations, which could be ameliorated by also optimizing
ver the porosity of the negative electrode. However, thicker anodes

gare needed only when the discharge time is |g@age seen for the

gositive electrode in Fig.)9and under these conditions the concen-
ation would not rise in the anode significantly since there would be

Yadequate time for the concentration to equilibrate across the cell.

uring high-power operation, the thickness of the electrode is small,
nd the porosity used in this study.33)is large enough that limi-

this application. The figure also gives an indication of how much the
losses are when not operating at the design for which it is optimized.
Figure 8 also shows the DOE goal for comparison. While a true
conclusion as to the ability of this chemistry to attain the DOE goal
can be made only by performing the optimization for the compro-
mise, as mentioned previously, the fact that the knee of the Ragone
plot is much lower than the DOE goal, suggests that achieving the
goal may be difficult.

Table Il. The optimized designs that provide the maximum spe-
cific energy at each discharge time obtained using this study. The
table corresponds to Fig. 9 and 10. Note that the negative elec-
trode porosity was held constant at 0.33.

. . . L Thickness, Thickness,  Optimum

Figure 9a and b show the design resulting from the optimization positive Porosity, negative current
studies. Figure 9a plots the thickness of the positive and negative pischarge electrode positive electrode density
electrodes while Fig. 9b shows the porosity of the positive electrode time (h) (wm) electrode (pm) (A/m?)
for the various discharge timésorresponding to the dotted lines in
Fig. 8). Note that the negative electrode porosity was not changed in 10 iig 8}95 Sgg'gm 2?'29
the simulations, and that the negative-electrode thickness is a con- 285 0'23 171'0 40'9
sequence of the assumption that the anode-to-cathode capacity ratio g 220 0.25 128.6 59.4
is held constant. The figure follows the expected trend that high- g o5 180 0.27 102.4 83
power operation requires thinner electrodes and greater porosity 0.0833 150 0.31 80.7 123
compared to low-power operation. The figure shows that the design  0.0333 135 0.34 69.4 145
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tations should be minimal. Therefore, we believe that even if thiselectrode constant. The time of discharge was varied from 10 h to 2
quantity were optimized for, the improvements would not be signifi- min in order to map the maximum performance of this material
cant. One could decrease the anode mass in the cell even further inder all applications. The effect of changing the capacity ratio of
order to increase the amount of cycleable lithium. As seen in Fig. 5the electrodes was qualitatively studied.

this can have a significant impact on the specific energy. While this  The optimization studies show that while the DOE energy goals
would increase the probability of lithium deposition, it is not clear as for a 3 h discharge can be achieved, achieving the power goals may
to how much excess is actually needed. Natural graphite is thoughbe more challenging for the cell chosen. Possible solutions for im-
to have more first-cycle irreversible capacity loss compared to me{proving performance include decreasing the particle size of the elec-
socarbon microbeadélCMB) carbons, and hence the finalin trodes, removing excess anode capacity, increasing the salt concen-
Li,Cs would be lower in NG for the same amount of excess anodetration, and removing the residual mass of the cell. Slower discharge
capacity. It is possible that a more detailed understanding of théimes allowed for thicker electrodes with less porosity in order to
first-cycle loss and the lithium deposition reaction would help to seeminimize the impact of the current collectors. Faster discharges re-
whether this ratio can be decreased further. As shown in Fig. 4guire thinner cells with more porosity in order to minimize liquid-
decreasing the particle size helps in increasing the power capabilitphase limitations. While electrode thicknesses in the order of 550
of the cell. It is possible that optimizing a cell with a smaller particle wm and a porosity of 0.15 were obtained for the 10 h operation, for
size may indeed provide greater power capability for these cellsa 2 min discharge, a thickness of 1@5n and a porosity of 0.34
Another strategy is to increase the concentration of the salt. Considwere estimated. Estimating the maximized specific energy for a va-
ering that transport limitations are very important in thick cells, riety of Li-ion chemistries for a range of discharge times would
higher concentrations may help in offsetting these limitations. How- provide a means for gauging the applicability of a particular chem-
ever, this will enhance the risk of precipitating the salt, especially inistry for a given application.

the anodé& Finally, the size of the current collectors used in this
study is probably larger than those in real cells. Decreasing the size ) ) ]
of the current collectors will help in decreasing the mass of the cell ~ Financial support from the Assistant Secretary for Energy Effi-
and thereby increase the specific energy. However, real cells havéiency and Renewable Energy, Office of FreedomCAR and Vehicle
additional mass arising from device packing and related electronics]echnologies of the U.S. Department of Energy under contract no.
which are not included in this model. Incorporation of this added DE-AC03-76SF00098 is gratefully acknowledged. We acknowledge
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mass may offset the higher current-collector weight used here. ~ Dr. Kathy Striebel and Dr. Joongpyo ShiitiBNL) for providing the

The optimum values that are predicted in Fig. 9 depend on theexperimental data used in Fig. 2.
added mass in the (?ell. N_ewmar_1 prOVIde_S an eSt'm_ate for the change Lawrence Berkeley National Laboratory assisted in meeting the publica-
in the optimum design with an increase in the residual mass of thgjon costs of this article.

cell The author shows that as the residual mass increases, both the
optimum thickness and porosity increase for all times of discharge.

A residual mass that is 10 times the mass of the separator results in_
an approximate doubling of the thickness and a 40% increase in the2.

porosity over a range of discharge times. A better estimate of the
actual residual masses in a cell, including the size of the current

that used in this paper, and get a performance map of the various,

usefulness of a particular chemistry when used for a specific appli-

cation. 10.

Conclusions

11.

The ability of a battery chemistry to be used for a particular
application requires proper cell design. This paper uses a mathemati-
cal model as a tool to optimize the design for a natural graphite/iron

phosphate lithium-ion cell with a liquid electrolyte. Simulation of 74
Ragone plots where both the average power and the peak power ab.
the cell, calculated at 80% DOD for a 30 s pulse, showed that thel6.
cell performance was considerably lower than the DOE goals.17'
Elimination of the ohmic drops and a reduction in particle size of the 1g

positive electrode were seen to be helpful in increasing the power

capability of the cell. Particle sizes less than 26 nm for the positivel9- : ,
0. N. Takami, A. Satoh, M. Hara, and T. Ohsafi, Electrochem. Soc142, 371

electrode showed no improvement in performance because of limi#©"
21.

In order to improve the specific energy of the cell, an optimiza- 22.
tion procedure was initiated. The cell was optimized for the porosity 23 !
4. P. Arora, M. Doyle, and R. E. Whitd, Electrochem. Soc146, 3553(1999).

. " . 5. S.-Y. Chung, J. T. Bloking, and Y.-M. Chian§ature Mat.,2, 123(2002).
ratio of the two electrodes, the thickness and porosity of the sepayg 9 2 Y (e002)

tations shifting to the negative electrode.

and thickness of the positive electrode, while holding the capacit

rator, the electrolyte concentration, and the porosity of the negative

12.
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