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Abstract

TheC/25 discharge data from 18650-size cells containing 4810y 1Al 91O, cathode and graphite anode laminates were analyzed through
the use of the differential voltageytQ, curves. Using half-cell data, the peaks in thMdfQ curve of the full cell data were assigned. Analysis
of the relative peak shifts allowed for the determination of the source of capacity fade. For cells formed and agedmt4tbweeks (capacity
fade = 7.5%), the analysis indicated negligible loss of accessible material at the anode and at the cathode. Capacity loss of the cell could
be accounted for, largely, by side reactions at the anode. This type of analysis can be used when the introduction of a reference electrode is
difficult or impractical.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction supported Freedom Cooperative Automotive Research
(FreedomCAR) Program.

Lithium-ion batteries have attracted much interest since  These secondary batteries operate by intercalating/de-
the initial report in the early 1990FL]. These batteries intercalating lithium-ions in both the cathode and anode. The
usually consist of a lithiated metal oxide positive electrode potential of the cell is defined by the difference in the lithium
(cathode), such as LiCaQLiMNn 204, or LINIO,, a carbon electrochemical potential between the two electrodes. Both
negative electrode (anode) and a lithium salt dissolved in the anode and cathode of graphite-based, Li-ion cells have
an organic electrolyte. Lithium-ion batteries have found potential profiles versus a lithium metal reference that vary
many uses in consumer electronics. Such batteries are alsavith the amount of lithium in each electrode. Graphite in-
being considered for use in automotive applications by the tercalation is typically a first-order phase transition and con-
U.S. Department of Energy and automobile manufacturer- sists of many potential plateaus as lithium enters or leaves

the structure. Intercalation in the cathode of choice, layered
oxides, exhibits typically higher-order phase transitions, in
* The submitted manuscript has been created by the University of which the ,po_tentlal Changes gradually V_Vlth lithium content.
Chicago as Operator of Argonne National Laboratory (‘Argonne”) under 1 NUS, the lithium contentin an electrode is not only ameasure
Contract No. W-31-109-ENG-38 with the U.S. Department of Energy. The Of its state of charge (SOC) or discharge, but also a measure
U.S. Government retains for itself, and others acting on its behalf, a paid-up, of the voltage of the electrode versus a reference electrode.
nonexclgsiv_e, irrevocabl_e worldwide!icensein said _articleto reproduce, pre— Without a reference electrode, however, the cell voltage is a
Zﬁ;ed?se;;:\;?/tgﬁbﬁgltséf ggﬁ“&iﬁ;’?fﬁt:‘;tgif;?}“ﬂf’esg d perform publicly ., o asure of the difference of the potentials of the cathode and
* Corresponding author. Tel.: +1 630 252 4516; fax: +1 630 252 4176. anode. It does not tell the lithium content or SOC of either
E-mail addressbloom@cmt.anl.gov (I. Bloom). electrode.
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Intercalation compounds similar to those used in the Tablel
lithium-ion cell have been studied by many electrochemical Cell chemistry

techniques, such as electrochemical voltage (or potential)Cathode electrode Anode electrode
spectroscopy (EVSJ2-36] and galvanostatic intermittent ?K"lvltr-:/:]:\é'?':lii)%c;er 8wt.% PVDF binder (Kureha #C)
titration [37]. AtyplcaI. EVS cell consists of an intercalation 4Wt.% SFG-6 graphite 92wt % MAG-10 (Hitachi)
compound, such as Ti$2,3] or TaS [4], and a counter elec- (Timical)

trode with a flat voltage profile, like lithium or sodium metal. 4wt.% carbon black 4.9mg cnr? loading density
The EVS technique uses small, discrete voltage steps while (Chevron)

monitoring cell current. When the current reaches a low, 84Wt% 35pm-thick coating/side

. Al ; i LiNiggC0y.1Al0.102
limiting value, the cell potential is close to its equilibrium 8 mg o2 loading density 1@m-thick Cu current collector

value and the voltage versus lithium content can be calCu- 35, m.thick coating/side
lated[2,3]. EVS has been extended to a continuous voltage 30um-thick Al current

sweep using a very low sweep rate, s ! [5,11]. Data collector
from these measurements were used to calculate differentialE'ng,‘\’/'lyE‘?P o EC/EMC S’;garator:_ « Coluard
capacity curves @/dV, approximated aax/AV, whereAx (57 by 'WtF;s n um-thick Celgard 2325 separator

is the number of moles or Ah of metal intercalated in a given
step andAV is a discrete voltage change). These curves have
been used to elucidate phase transitions and infer informationPreviously, we described the results from calendar life test-
about the mechanism of the intercalation/de-intercalation of ing at Argonne National Laboratory (ANL) under the U.S.
materials into the host lattid&2—36,38] Department of Energy’s (DOE’s) Advanced Technology De-

As described above, most of the information on electrode velopment (ATD) Prograni39]. Here, 0.8 Ah high-power
performance is derived from well-defined electrochemical lithium-ion cells were tested using the procedures given in
systems, in which the counter electrode maintains constantthe PNGV Battery Test Manu§d0]; in these tests, the cal-
voltage during reduction and oxidation. Data from actual endar life tests were conducted at a fixed SOC. As part of the
lithium-ion batteries can be more complex than those from, calendar life testing conducted under the ATD Program, ref-
for instance, Li/Ti$ cells. Very little information about the  erence performance tests (RPTs) were performed after every
performance of individual lithium-ion electrodes in actual 4 weeks of testing. These tests are used to measure the per-
batteries is available in the literature where both electrodes’ formance of the battery with time. As part of these tests low-
potential varies with lithium content. The full cell discharge constant-current®/25 rate) full charge and discharge tests
and charge voltage versus capacity data contains thermodywere conducted to measure the amount of accessible capac-
namic information from both electrodes. ity and to determine the relationship between cell potential

To separate the electrode information, one can use eitherand capacity under quasi-equilibrium conditions. Since these
dQ/dV or dv/dQ. The main difference between the two deriva- cells were designed for high-rate applications, the resulting
tives is that the peaks in thevfliQ curve represent phase charge and discharge curves contain electrode phase infor-
transitions, whereas the peaks in tH@/dV curve represent  mation with a minimum amount of kinetic artifacts and are
phase equilibria. Graphically speaking, the approximation of well suited for further analyses.

dQ/dV by AX/AV, AV can be zero for a givenx (e.g., in a Preferably, reference electrodes should be used to identify
two-phase equilibrium region); the result is division by zero, which electrode produced which part of the discharge curve
a common problem in plotting@dV of graphite versus Li.  as well as the source of change in a battery system as it ages.
dv/dQ does not have this problem sing&, and hence, @, However, introducing a reference electrode into a sealed bat-

is always non-zero. The derivative of voltage with respect tery represents a challenge. In the present paper, we show
to capacity, ¥/dQ, is well suited for graphical analysis of the utility of the d//dQ curves to identify electrode sources
battery data, since the voltage of a cell can be written as of capacity fade either by side reactions or loss of accessible

active material.
Veell = Veathode— Vanode

(dV/dQ)cel can be written as )
2. Experimental

(50).s= (80) e (30)
d0 /e \dQ/cathode \AO ) anode 2.1. 18650-sized cells

That is, the contributions from the anode and cathode elec-

trodes add linearly. This contrasts to the way the contributions Detailed information regarding the cell construction and

the testing regime is given if89]. The cell chemistry is

dd wh i /dV. . ) X

add when using @/dV, given in Table 1 The cells have an average active area of
d_Q . 1 846.3 cnt. Eleven weld-sealed 18650-sized cells were fabri-
dv /) e "~ (dV/dQ)cathode— (AV/dQ)anode cated to ANL's specifications for this work. The cells under-

went formation cycles at the manufacturer before delivery to
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ANL. After characterization at 25C, one cell was removed 2
from testing. This left 10 cells for calendar life tests at@5 18
at 60% SOC (3.741 V). 16

The cells were characterized in terms of their charge and 5, 14
dischargeC/25 capacities before the tests began. After four g 12

weeks at temperature, the cells were cooled t6@%and § 1]
RPTs were performed. The RPTs consisted of portions of & 08
the characterization tests, including 1B&5 tests. The cells " 06

were then heated back to the soak temperature. The proces
was repeated until the power fade at the 300-Wh line was
greater than 50%. S¢89,41]for more information.

0 0.2 04 0.6 0.8 1 1.2
2.2. Half cells 100 % SOC Capacity, mAh/cm? 0%S0C

Materials from fresh cells were subjected to post-test anal- Fig. 1. A plot of—QodV/dQ vs. capacity for a typical cell at= 0. The SOC
yses. Among these analyses, small sections of the cathode¥s: capacity convention used in this figure is implicit for the rest of this paper.
and anodes were characterized in terms of t6&6 capac-
ities. Details of the post-test experiments and results will be  In the analysis of the half-cell data, full-cell potentials
described in a later pap§42]. The half cells consisted of ~ were calculated by subtracting the anode potential from that
1.6 cn? sections of aged electrodes, new separator material,of the cathode. Similarly, the full-cell derivative was calcu-
fresh electrolyte and excess lithium metal foil. The materials lated as the difference between the derivatives of the cathode
were assembled as button cells and cycled at room temperand the anode. For the electrode slippage calculation (see
ature between 3 and 4.3V for the cathode ard mV and Section Jor a full explanation), the electrode alignments rel-
1.5V for the anode specimens. ative to each other were shifted left to right in terms of which

The charge and discharge voltages were measured angection of the total electrode capacity was actually used in
recorded at the 30 s rate. This yielded about 2500-4800 datahe cell. The cell capacity was defined as that between the
points for analyses. The large number of data points was voltage limits of 4.1 and 3.0 V.
needed to resolve some of the features of interest.

2.3. Data reduction and calculations 3. Results

The C/25 charge and discharge data from the test cells 3.1. Half-cells
as well as from the half cells were noisy due to the very
slow charge/discharge rates. Mathematical filtering was used A plot of —QodV/dQ versus capacity for a cell &t 0 is
to average out the noise and accentuate the peaks. The filgiven inFig. 1 It contains peaks that cannot be definitively
tering was performed using Microsoft Excel and consisted assigned without additional information. Half-cell data were
of calculating the percent depth-of-discharge (%DOD) for used to assign the peakshig. 1to the cathode and anode.
each point based in the experimental data and then using thélhe voltage versus capacity data from an anode half-celland a
FORECAST function to interpolate the cell capacity and volt- cathode half-cell can be mathematically summed to yield the
age at evenly spaced %DOD intervals. Typically, 0.5% DOD voltage versus capacity behavior of the full cell. The deriva-
intervals were used, yielding 200 points for subsequent ma-tive of the calculated voltage versus capacity curve should at
nipulation and plotting—QodV/dQ was calculated as Qg least be qualitatively similar to that calculated from 18650
x AVIA(Ah), whereQg is the measure@/25 capacity of the  cell data. It should be noted that the half cells contained ex-
cell, in Ah, A(Ah) is the change in the capacity of the cellina cess lithium compared with that found in an 18650 cell, and
given interval and\V is the change in cell voltage as aresult were charged and discharged beyond the voltage expected
of A(Ah). The—Qq factor served to normalize the derivatives limits seen by the electrodes in a full cell; thus, the apparent
based on cell capacity. Further smoothing-@odVv/dQ was capacity density of the half cells will be greater. Since the po-
accomplished by using a 5-point moving average. Plots of tential of lithiated graphite is about 150 mV above lithium,
—QodV/dQ versus capacity density (mAh cH) were then the cathode was charged to 4.3V to obtain the same SOC
analyzed for trends in peak position and pattern. that the cathode would see at the top of charge in a fresh

Before comparing the 18650-cell and half-cell data, the 18650 cell. As a reminder, the 18650 cells that were used
18650-cell data were shifted relative to the data from the were cathode limited, even after formation, as is typical for
anode half cell. The active area was also decreased. Thid.i-ion cells.
aligned the voltage versus capacity discharge curves of the The raw voltage versus discharge capacities of the half-
two types of cells. Once the adjustments were made, theycell discharges for the cathode and anode, as well as their
were not changed. sum, are given irFig. 2a. A comparison of the sum and
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Fig. 2. (a) Calculated cell (sum of half cells) and cathode and anode half-cell
potentials vs. discharge capacity. The capacity of the sum of the half cells is
2.10mAnh. (b) Cell potential vs. capacity from an 18650 cell and the sum of

half cells fromFig. 2a.

the 18650 full-cell data is given ifig. 2b. Fig. 3 shows

the plots of —QodV/dQ versus capacity density for anode,
cathode, and sum, as well as the derivative calculated from
the C/25 data from the 18650 cell from which the cath-
ode and anode materials originated. Frbigs. 2b and 3
however, a comparison of the sum of the half-cell data

-QodV/dQ, V

0.6 0.8 1 1.2

Capacity, mAh/cm?

Fig. 3. —QodV/dQ vs. capacity (discharge only), assuming ideal alignment,
for anode and cathode half cells and their sum. The derivative calculated
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Fig. 4. (a) Effect of electrode slippage on cell voltage vs. capacity curve.
The amount of electrode slippage is 0.31 mAhémThe calculated cell
capacity is 2.08 mAh. (b}-QodV/dQ vs. capacity from the data iig. 4a.

with the 18650-cell data shows that there are significant
differences in the shape of the curves, especially in the
derivative.

If the effective capacity windows of the electrodes are ad-
justed relative to one another (electrode slippage), the shape
of the voltage versus capacity curves changes subtly. This
is shown inFig. 4a for the adjustment of 0.31 mAh crA.

(The sum of the data is not shown beyond the voltage lim-
its of the data taken from the 18650 cells of 3.0 and 4.1V).
ComparingFig. 4a with Fig. 2a shows that the effects of the
adjustment are to decrease the usable anode capacity, utilize
more of the higher-voltage section of the cathode and anode,
and decrease the overall accessible capacity at the prescribed
voltage limits. One also sees that the change in the sum of the
curves is subtle when the curves are moved together because
of the flat potential of the anode at high SOCs.

In contrast, the shape of theQpdV/dQ curve changes
markedly with changes in the relative movement of the
half-cell data, as seen in a comparisonFags. 3 and 4b
From the figures, one sees that as the amount of relative
electrode adjustment increases, features and their positions
change. An example of the complexity is the peak in the
range of 1-1.4 mAh cn? that grows in as the relative elec-

from the 18650 cell that was the source of the anode and cathode materialstmde adjustment increases from 0 to 0.31 mAhénand

is given for comparison.

hence its distance relative to the peak~d.1 mAhcnt?
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Fig. 5. The sum of half cells and 18650 cell potential vs. capacity curves.

The capacity of the 18650 cell was 0.97 Ah. Fig. 6. TypicalC/25 discharge voltage vs. cell capacity response as a cell

ages for a calendar life cell at 48. The time interval between curves is 4
weeks.

decreases. This is a result of exposure of material now be- _ o _ _

ing accessed at the high-voltage end of the cathode. Indeed, Differentiation of the discharge curves and plotting of
even the composition of the peak-a.1 mAh cnT2 changes them against capacity from the top of charge yields the curves
with increasing adjustment. With no adjustment, the peak at shown inFig. 7. FromFig. 7, it can be seen that most of the
0.1 mAhcnt? represents cathode only; at 0.63 mAh&m peaks in the plots shift to the left with calendar time. This is
adjustment, the peak represents the sum of cathode and anodéue to the aging processes that occur in the cell. It is inter-

peaks. esting to note that Peak 1 &0.1 mAh cnt2, which occurs
Comparing the-QodV/dQ curve from the 18650 cell to  at high SOC, does not shift appreciably. _
that calculated (seEig. 4b) shows that there is good quali- As the cell ages, a new peak, labeled “2a'Fig. 7, ap-

tative agreement. Even though there is some shifting due toPears. Peak 2 separates from Peak 2a as the capacity of the cell
the differences in cell construction, all the features present in decreases. Peak 2a appears to be “fixec’Ga#5 mAh cn2.

the —QodV/dQ curve from the 18650 cell are present in the ComparingFig. 7with Fig. 4o shows that Peak 2a represents
derived half-cell data curve. The derivatives from the cath- & cathode phase transition.

ode and anode are shown to illustrate how their derivatives

contribute to the entire cell. Frofig. 4b, two out of three 3.3. Analysis of 18650-cell data

peaks contain contributions from both cathode and anode.

Comparing the sum of th€/25 discharge half-cell data Since the peaks in the QodV/dQ curve have been as-
shown inFig. 4a with that from the 18650 cell (sd€g. 5 signed, let us now analyze the 18650-cell data givefign7
shows that there is now good agreement. The shapes ofto determine if the source of capacity fade can be identified.
the two curves are very similar. The calculated curve has In this analysis we are going to classify capacity fade into
15pAh cm2 less capacity than the 18650 curve, however, two groups. The first is when there is a loss of accessible

which is not significant. active material (LAAM) in an electrode; the second is when
With this satisfactory level of agreement, usifig. 4b,
the peaks irFig. 1 can now be assigned. Peak 1 is from the 2

high SOC phase transition in the cathode. Peak 2 represents 1|
contributions from both the cathode and anode, but mostlyis 1]
from the mid-SOC phase transition of the anode. Peaks 3, 4, > 14].5
and 5 are from the low-SOC phase transitions of the anode. g 12| 28

3 1B
3.2. 18650 cells Fos
0.6
As the 18650 cell aged, it lo&§/25 capacity. The typical 04
discharge voltage versus capacity behavior as the cell aged o2
is shown inFig. 6. (The effect of time on the charge voltage 0

0 0.2 0.4 06 0.8 1 1.2

versus capacity curve is similar and is not shown.) The initial
Capacity, mAh/cm?

capacity of this cell was 0.97 Ah. In a previous paper, the
capacity Of.the cell WQS .Shown ;O dependté’r_@ [39]' The Fig. 7. The discharge-only portion @lodV/dQ vs. capacity density for a
cell shown inFig. 6 exhibited 7.5%C/25 capacity fade after calendar life cell. The time interval between curves is 4 weeks. A vertical
40 weeks. offset was added for the sake of clarity.
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anode contributions. This process can occur when the battery
is being cycled orwhenitis at rest, as in a storage experiment.
The net effect on the-QpdV/dQ curves is that the capacity
window shrinks, the peaks of the affected electrode—in this

| e22-1
o2a-1 projected case, the cathode—move closer together, and peaks of the
44-3 . ..
242 unaffected electrode are lost at either end, as showigirgd.
i A similar scheme can be envisioned for the anode.

Side reactions at an electrode consume some of its capac-
e ity in a self-discharge process. An example of this is given
o ; - 150 155 250 ;5 30 35 4 fpr side reactions on the anodeFFlig. %. Before thg reac-

T Woks tion occurs, the usable capacity window, 4.1-3V, is defined

by the limits marked “start” in the figure. After the side re-
Fig. 8. Distances between peaks as a function of time. Peaks 1 and 2a areactions occur, the cathode capacity is diminished and dis-
fr_om the cathode; Peaks 2, 3, and 4 are from the anode. Cross-electrode peak:harge starts at a lower spot in the anode capacity window.
distances were not calculated. The anode capacity is assumed to be unaffected. As the cell

is purposely discharged, the voltage difference between the
there is a shift in the alignment of the electrodes due to side electrodes parallels the line marked “start” to the line marked
reactions (SASR) at one of the electrodes. The latter source“end.” The result of this process is that, upon recharge, the
of capacity fade is equivalent to the adjustments we made anode is undercharged from its previous point. The net effect
above to align the electrodes with the cell data. We saw that, on the—QodV/dQ curves is that peaks appear and disappear
as the curves were brought together, the overall cell capac-at different ends of the SOC curves. In this case, anode peaks
ity would decrease without decreasing the Capacity of either emerge at low SOC and are lost at h|gh SOC and vice versa
electrode. for the cathodeRig. 9).

The calculated distances between the cathode and anode |tisimportant to note that reliable half-cell data are needed
peaks inFig. 7 are given inFig. 8 Part of the data for the  for this analysis to be effective. It is also important to real-
distance between Peaks 1 and 2a is projected since Peak 2ge that this analysis method will not identify the capacity
is hard to discern &t< 16 weeks. From this figure, the dis-  fade mechanism or where on the electrode voltage profile the
tances between peaks do not change, within experimentaldegradation is initiated.
error. During the initial formation process that most Li-ion cells

are put through after assembily, side reactions occur, forming

the solid electrolyte interphase (SEI) layer on the anode and
4. Discussion cathode. It is conceivable that if the formation were incom-

plete at room temperature, after heating the SEI layer and

As mentioned above, there are assumed two main reasonside reactions would progress to a more complete form. If
for capacity fade: LAAM and SASR. Examples of the two this were to occur, one would expect to see a change in the
are given schematically iRig. 9a and e, respectively, using peak pattern from the anode in the curvestfer0,4 and 8
the data fronFig. 4a. weeks, especially at low SOC. However, due to the nature of

From Fig. 9, the capacity window starts with a large anode and cathode curves, the value-QpdV/dQ from the
usable window between 4.1 and 3 V. If capacity is lost by cell is large and might mask it.

LAAM, then we assume that the capacity of electrode is  Some—QudV/dQ curves, aligned to Peak 2, a high SOC
uniformly decreased. This also means that the capacity be-anode peak, are shown kig. 10a; the same curves aligned
tween—QdV/dQ peaks is uniformly decreased, causing the to peak 1, a high SOC cathode peak, are giveRiin 1.
peaks from the same electrode to move together with time. During the first 4-week-period there is no evidence of anode
In the example irFig. 9a, we assume that the capacity of the peaks moving together or cathode peaks moving together;
cathode is lost during the discharge uniformly; after charg- although they do appear to be moving relative to each other.
ing back to 4.1V, the next discharge curve would look like This suggests that the capacity fade during the first 4-week-
the “after fade” curve shown above the “before fade” curve. period is a result of SASR.

The new 4.1V limit is marked as “end.” Capacity loss by According to the discussion above, if side reactions oc-
this route will also cause the effective discharge curve to cur at the cathode, then, at the bottom of discharge, new
have a higher slope and may expose new, higher-SOC cathcathode peaks may emerge and the initial anode peaks may
ode material for cycling, as shown iRig. %, and hide disappear. The opposite would be true at the top of charge.
some of the original high-SOC anode capacity, as shown in Accordingly, if side reactions occurred at the anode than
Fig. %a. at the bottom of discharge, new anode peaks might appear

Fig. 9% shows the effect of this type of capacity loss on the and initial cathode peaks would disappear. Again, the op-
—QodV/dQ curve for the entire cell. FrorRig. od, the large posite would be true at the top of charge. Inspection of
peak at~0.4 mAh cnt? represents the sum of cathode and Fig. 10a and b strongly suggest the presence of side reac-

Distance between peaks, mAh/cm?
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Fig. 9. (a) Capacity fades by loss of active material by, for example, particle isolation, at the cathode. In the example, a 17% capacity fade veakigided. T

grey sections of the cathode curves represent material that is not used during cycling. A similar process can occur at the anode. (b) Enlargesgiemt of the
around the “end” line in (a) showing new cathode material exposed due to the slight increase in potential of the anode “end point” (4.1V cutoff is always
maintained). (c) Calculated effect of cathode active material loss@gdV/dQ curves of the cell. (d) Calculated effect of fade by material loss or particle
isolation at the cathode. The cathode peaks move closer together while the separation between the anode peaks is constant. Any signaturegfram the anod
high SOC (low-capacity end) is lost. (e) Effect of side reactions at the anode. The dashed lines represent starting points of the usable capatig witelo
reactions occur at open circuit. Here, 6% of the anode capacity was lost in a side reaction. In this example, the anode potential is constarg be¢hase it i
phase equilibrium plateau. (f) Calculated effect of anode side reactions erQQ§aV//dQ curves of the cell. The data in figure (e) was used to calculate these

curves.
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