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Differential voltage analyses of high-power, lithium-ion cells
1. Technique and application�
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Abstract

TheC/25 discharge data from 18650-size cells containing LiNi0.8Co0.1Al0.1O2 cathode and graphite anode laminates were analyzed through
the use of the differential voltage, dV/dQ, curves. Using half-cell data, the peaks in the dV/dQcurve of the full cell data were assigned. Analysis
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f the relative peak shifts allowed for the determination of the source of capacity fade. For cells formed and aged at 45◦C for 40 weeks (capaci
ade = 7.5%), the analysis indicated negligible loss of accessible material at the anode and at the cathode. Capacity loss of th
e accounted for, largely, by side reactions at the anode. This type of analysis can be used when the introduction of a reference
ifficult or impractical.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Lithium-ion batteries have attracted much interest since
he initial report in the early 1990s[1]. These batteries
sually consist of a lithiated metal oxide positive electrode
cathode), such as LiCoO2, LiMn2O4, or LiNiO2, a carbon
egative electrode (anode) and a lithium salt dissolved in
n organic electrolyte. Lithium-ion batteries have found
any uses in consumer electronics. Such batteries are also
eing considered for use in automotive applications by the
.S. Department of Energy and automobile manufacturer-
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These secondary batteries operate by intercalatin
intercalating lithium-ions in both the cathode and anode.
potential of the cell is defined by the difference in the lithi
electrochemical potential between the two electrodes.
the anode and cathode of graphite-based, Li-ion cells
potential profiles versus a lithium metal reference that
with the amount of lithium in each electrode. Graphite
tercalation is typically a first-order phase transition and
sists of many potential plateaus as lithium enters or le
the structure. Intercalation in the cathode of choice, lay
oxides, exhibits typically higher-order phase transitions
which the potential changes gradually with lithium cont
Thus, the lithium content in an electrode is not only a mea
of its state of charge (SOC) or discharge, but also a me
of the voltage of the electrode versus a reference elect
Without a reference electrode, however, the cell voltage
measure of the difference of the potentials of the cathod
anode. It does not tell the lithium content or SOC of ei
electrode.
378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2004.07.021
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Intercalation compounds similar to those used in the
lithium-ion cell have been studied by many electrochemical
techniques, such as electrochemical voltage (or potential)
spectroscopy (EVS)[2–36] and galvanostatic intermittent
titration [37]. A typical EVS cell consists of an intercalation
compound, such as TiS2 [2,3] or TaS2 [4], and a counter elec-
trode with a flat voltage profile, like lithium or sodium metal.
The EVS technique uses small, discrete voltage steps while
monitoring cell current. When the current reaches a low,
limiting value, the cell potential is close to its equilibrium
value and the voltage versus lithium content can be calcu-
lated[2,3]. EVS has been extended to a continuous voltage
sweep using a very low sweep rate, 10�V s−1 [5,11]. Data
from these measurements were used to calculate differential
capacity curves (dQ/dV, approximated as�x/�V, where�x
is the number of moles or Ah of metal intercalated in a given
step and�V is a discrete voltage change). These curves have
been used to elucidate phase transitions and infer information
about the mechanism of the intercalation/de-intercalation of
materials into the host lattice[12–36,38].

As described above, most of the information on electrode
performance is derived from well-defined electrochemical
systems, in which the counter electrode maintains constant
voltage during reduction and oxidation. Data from actual
lithium-ion batteries can be more complex than those from,
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Table 1
Cell chemistry

Cathode electrode Anode electrode
8 wt.% PVDF binder
(Kureha KF-1100)

8 wt.% PVDF binder (Kureha #C)

4 wt.% SFG-6 graphite
(Timical)

92 wt.% MAG-10 (Hitachi)

4 wt.% carbon black
(Chevron)

4.9 mg cm−2 loading density

84 wt.%
LiNi 0.8Co0.1Al0.1O2

35�m-thick coating/side

8 mg cm−2 loading density 18�m-thick Cu current collector
35�m-thick coating/side
30�m-thick Al current
collector

Electrolyte Separator
1.2 M LiPF6 in EC/EMC
(3:7 by wt.)

25�m-thick Celgard 2325 separator

Previously, we described the results from calendar life test-
ing at Argonne National Laboratory (ANL) under the U.S.
Department of Energy’s (DOE’s) Advanced Technology De-
velopment (ATD) Program[39]. Here, 0.8 Ah high-power
lithium-ion cells were tested using the procedures given in
the PNGV Battery Test Manual[40]; in these tests, the cal-
endar life tests were conducted at a fixed SOC. As part of the
calendar life testing conducted under the ATD Program, ref-
erence performance tests (RPTs) were performed after every
4 weeks of testing. These tests are used to measure the per-
formance of the battery with time. As part of these tests low-
constant-current (C/25 rate) full charge and discharge tests
were conducted to measure the amount of accessible capac-
ity and to determine the relationship between cell potential
and capacity under quasi-equilibrium conditions. Since these
cells were designed for high-rate applications, the resulting
charge and discharge curves contain electrode phase infor-
mation with a minimum amount of kinetic artifacts and are
well suited for further analyses.

Preferably, reference electrodes should be used to identify
which electrode produced which part of the discharge curve
as well as the source of change in a battery system as it ages.
However, introducing a reference electrode into a sealed bat-
tery represents a challenge. In the present paper, we show
the utility of the dV/dQ curves to identify electrode sources
o sible
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or instance, Li/TiS2 cells. Very little information about th
erformance of individual lithium-ion electrodes in act
atteries is available in the literature where both electro
otential varies with lithium content. The full cell discha
nd charge voltage versus capacity data contains therm
amic information from both electrodes.

To separate the electrode information, one can use e
Q/dVor dV/dQ. The main difference between the two der
ives is that the peaks in the dV/dQ curve represent pha
ransitions, whereas the peaks in the dQ/dV curve represen
hase equilibria. Graphically speaking, the approximatio
Q/dV by �x/�V, �V can be zero for a given�x (e.g., in a
wo-phase equilibrium region); the result is division by z
common problem in plotting dQ/dV of graphite versus L
V/dQ does not have this problem since�x, and hence, dQ,
s always non-zero. The derivative of voltage with res
o capacity, dV/dQ, is well suited for graphical analysis
attery data, since the voltage of a cell can be written a

cell = Vcathode− Vanode

dV/dQ)cell can be written as

dV

dQ

)
cell

=
(

dV

dQ

)
cathode

−
(

dV

dQ

)
anode

.

hat is, the contributions from the anode and cathode
rodes add linearly. This contrasts to the way the contribu
dd when using dQ/dV,

dQ

dV

)
cell

= 1

(dV/dQ)cathode− (dV/dQ)anode
f capacity fade either by side reactions or loss of acces
ctive material.

. Experimental

.1. 18650-sized cells

Detailed information regarding the cell construction
he testing regime is given in[39]. The cell chemistry i
iven in Table 1. The cells have an average active are
46.3 cm2. Eleven weld-sealed 18650-sized cells were fa
ated to ANL’s specifications for this work. The cells und
ent formation cycles at the manufacturer before delive
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ANL. After characterization at 25◦C, one cell was removed
from testing. This left 10 cells for calendar life tests at 45◦C
at 60% SOC (3.741 V).

The cells were characterized in terms of their charge and
dischargeC/25 capacities before the tests began. After four
weeks at temperature, the cells were cooled to 25◦C and
RPTs were performed. The RPTs consisted of portions of
the characterization tests, including theC/25 tests. The cells
were then heated back to the soak temperature. The process
was repeated until the power fade at the 300-Wh line was
greater than 50%. See[39,41] for more information.

2.2. Half cells

Materials from fresh cells were subjected to post-test anal-
yses. Among these analyses, small sections of the cathodes
and anodes were characterized in terms of theirC/25 capac-
ities. Details of the post-test experiments and results will be
described in a later paper[42]. The half cells consisted of
1.6 cm2 sections of aged electrodes, new separator material,
fresh electrolyte and excess lithium metal foil. The materials
were assembled as button cells and cycled at room temper-
ature between 3 and 4.3 V for the cathode and∼50 mV and
1.5 V for the anode specimens.

The charge and discharge voltages were measured and
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Fig. 1. A plot of−Q0dV/dQ vs. capacity for a typical cell att = 0. The SOC
vs. capacity convention used in this figure is implicit for the rest of this paper.

In the analysis of the half-cell data, full-cell potentials
were calculated by subtracting the anode potential from that
of the cathode. Similarly, the full-cell derivative was calcu-
lated as the difference between the derivatives of the cathode
and the anode. For the electrode slippage calculation (see
Section 3for a full explanation), the electrode alignments rel-
ative to each other were shifted left to right in terms of which
section of the total electrode capacity was actually used in
the cell. The cell capacity was defined as that between the
voltage limits of 4.1 and 3.0 V.

3. Results

3.1. Half-cells

A plot of −Q0dV/dQ versus capacity for a cell att = 0 is
given inFig. 1. It contains peaks that cannot be definitively
assigned without additional information. Half-cell data were
used to assign the peaks inFig. 1 to the cathode and anode.
The voltage versus capacity data from an anode half-cell and a
cathode half-cell can be mathematically summed to yield the
voltage versus capacity behavior of the full cell. The deriva-
tive of the calculated voltage versus capacity curve should at
least be qualitatively similar to that calculated from 18650
c ex-
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t SOC
t fresh
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L

half-
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s nd
ecorded at the 30 s rate. This yielded about 2500–4800
oints for analyses. The large number of data points
eeded to resolve some of the features of interest.

.3. Data reduction and calculations

TheC/25 charge and discharge data from the test
s well as from the half cells were noisy due to the v
low charge/discharge rates. Mathematical filtering was
o average out the noise and accentuate the peaks. T
ering was performed using Microsoft Excel and consi
f calculating the percent depth-of-discharge (%DOD)
ach point based in the experimental data and then usin
ORECAST function to interpolate the cell capacity and v
ge at evenly spaced %DOD intervals. Typically, 0.5% D

ntervals were used, yielding 200 points for subsequent
ipulation and plotting.−Q0dV/dQ was calculated as−Q0
�V/�(Ah), whereQ0 is the measuredC/25 capacity of th

ell, in Ah,�(Ah) is the change in the capacity of the cell i
iven interval and�V is the change in cell voltage as a res
f �(Ah). The−Q0 factor served to normalize the derivativ
ased on cell capacity. Further smoothing of−Q0dV/dQwas
ccomplished by using a 5-point moving average. Plo
Q0dV/dQ versus capacity density (mAh cm−2) were then
nalyzed for trends in peak position and pattern.

Before comparing the 18650-cell and half-cell data,
8650-cell data were shifted relative to the data from
node half cell. The active area was also decreased.
ligned the voltage versus capacity discharge curves o

wo types of cells. Once the adjustments were made,
ere not changed.
ell data. It should be noted that the half cells contained
ess lithium compared with that found in an 18650 cell,
ere charged and discharged beyond the voltage exp

imits seen by the electrodes in a full cell; thus, the appa
apacity density of the half cells will be greater. Since the
ential of lithiated graphite is about 150 mV above lithiu
he cathode was charged to 4.3 V to obtain the same
hat the cathode would see at the top of charge in a
8650 cell. As a reminder, the 18650 cells that were
ere cathode limited, even after formation, as is typica
i-ion cells.

The raw voltage versus discharge capacities of the
ell discharges for the cathode and anode, as well as
um, are given inFig. 2a. A comparison of the sum a
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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
2.10 mAh. (b) Cell potential vs. capacity from an 18650 cell and the sum of
half cells fromFig. 2a.

the 18650 full-cell data is given inFig. 2b. Fig. 3 shows
the plots of−Q0dV/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. FromFigs. 2b and 3,
however, a comparison of the sum of the half-cell data

Fig. 3. −Q0dV/dQ vs. capacity (discharge only), assuming ideal alignment,
for anode and cathode half cells and their sum. The derivative calculated
from the 18650 cell that was the source of the anode and cathode materials
is given for comparison.

Fig. 4. (a) Effect of electrode slippage on cell voltage vs. capacity curve.
The amount of electrode slippage is 0.31 mAh cm−2. The calculated cell
capacity is 2.08 mAh. (b)−Q0dV/dQ vs. capacity from the data inFig. 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 cm−2.
(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 4.1 V).
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 the−Q0dV/dQ curve changes
markedly with changes in the relative movement of the
half-cell data, as seen in a comparison ofFigs. 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 cm−2 that grows in as the relative elec-
trode adjustment increases from 0 to 0.31 mAh cm−2 and
hence its distance relative to the peak at∼0.1 mAh cm−2
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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.

decreases. This is a result of exposure of material now be-
ing accessed at the high-voltage end of the cathode. Indeed,
even the composition of the peak at∼0.1 mAh cm−2 changes
with increasing adjustment. With no adjustment, the peak at
0.1 mAh cm−2 represents cathode only; at 0.63 mAh cm−2

adjustment, the peak represents the sum of cathode and anode
peaks.

Comparing the−Q0dV/dQ curve from the 18650 cell to
that calculated (seeFig. 4b) shows that there is good quali-
tative agreement. Even though there is some shifting due to
the differences in cell construction, all the features present in
the−Q0dV/dQ curve from the 18650 cell are present in the
derived half-cell data curve. The derivatives from the cath-
ode and anode are shown to illustrate how their derivatives
contribute to the entire cell. FromFig. 4b, two out of three
peaks contain contributions from both cathode and anode.

Comparing the sum of theC/25 discharge half-cell data
shown inFig. 4a with that from the 18650 cell (seeFig. 5)
shows that there is now good agreement. The shapes of
the two curves are very similar. The calculated curve has
15�Ah cm−2 less capacity than the 18650 curve, however,
which is not significant.

With this satisfactory level of agreement, usingFig. 4b,
the peaks inFig. 1 can now be assigned. Peak 1 is from the
high SOC phase transition in the cathode. Peak 2 represents
c tly is
f 3, 4,
a ode.

3
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Fig. 6. TypicalC/25 discharge voltage vs. cell capacity response as a cell
ages for a calendar life cell at 45◦C. The time interval between curves is 4
weeks.

Differentiation of the discharge curves and plotting of
them against capacity from the top of charge yields the curves
shown inFig. 7. FromFig. 7, it can be seen that most of the
peaks in the plots shift to the left with calendar time. This is
due to the aging processes that occur in the cell. It is inter-
esting to note that Peak 1 at∼0.1 mAh cm−2, which occurs
at high SOC, does not shift appreciably.

As the cell ages, a new peak, labeled “2a” inFig. 7, ap-
pears. Peak 2 separates from Peak 2a as the capacity of the cell
decreases. Peak 2a appears to be “fixed” at∼0.45 mAh cm−2.
ComparingFig. 7with Fig. 4b shows that Peak 2a represents
a cathode phase transition.

3.3. Analysis of 18650-cell data

Since the peaks in the−Q0dV/dQ curve have been as-
signed, let us now analyze the 18650-cell data given inFig. 7
to determine if the source of capacity fade can be identified.
In this analysis we are going to classify capacity fade into
two groups. The first is when there is a loss of accessible
active material (LAAM) in an electrode; the second is when

F a
c rtical
o

ontributions from both the cathode and anode, but mos
rom the mid-SOC phase transition of the anode. Peaks
nd 5 are from the low-SOC phase transitions of the an

.2. 18650 cells

As the 18650 cell aged, it lostC/25 capacity. The typica
ischarge voltage versus capacity behavior as the cell

s shown inFig. 6. (The effect of time on the charge volta
ersus capacity curve is similar and is not shown.) The in
apacity of this cell was 0.97 Ah. In a previous paper,
apacity of the cell was shown to depend ont1/2 [39]. The
ell shown inFig. 6exhibited 7.5%C/25 capacity fade afte
0 weeks.
ig. 7. The discharge-only portion ofQ0dV/dQ vs. capacity density for
alendar life cell. The time interval between curves is 4 weeks. A ve
ffset was added for the sake of clarity.
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Fig. 8. Distances between peaks as a function of time. Peaks 1 and 2a are
from the cathode; Peaks 2, 3, and 4 are from the anode. Cross-electrode peak
distances were not calculated.

there is a shift in the alignment of the electrodes due to side
reactions (SASR) at one of the electrodes. The latter source
of capacity fade is equivalent to the adjustments we made
above to align the electrodes with the cell data. We saw that,
as the curves were brought together, the overall cell capac-
ity would decrease without decreasing the capacity of either
electrode.

The calculated distances between the cathode and anode
peaks inFig. 7 are given inFig. 8. Part of the data for the
distance between Peaks 1 and 2a is projected since Peak 2
is hard to discern att < 16 weeks. From this figure, the dis-
tances between peaks do not change, within experimental
error.

4. Discussion

As mentioned above, there are assumed two main reasons
for capacity fade: LAAM and SASR. Examples of the two
are given schematically inFig. 9a and e, respectively, using
the data fromFig. 4a.

From Fig. 9a, the capacity window starts with a large
usable window between 4.1 and 3 V. If capacity is lost by
LAAM, then we assume that the capacity of electrode is
uniformly decreased. This also means that the capacity be-
t the
p time.
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t rve.
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t e to
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anode contributions. This process can occur when the battery
is being cycled or when it is at rest, as in a storage experiment.
The net effect on the−Q0dV/dQ curves is that the capacity
window shrinks, the peaks of the affected electrode—in this
case, the cathode—move closer together, and peaks of the
unaffected electrode are lost at either end, as shown inFig. 9d.
A similar scheme can be envisioned for the anode.

Side reactions at an electrode consume some of its capac-
ity in a self-discharge process. An example of this is given
for side reactions on the anode inFig. 9e. Before the reac-
tion occurs, the usable capacity window, 4.1–3 V, is defined
by the limits marked “start” in the figure. After the side re-
actions occur, the cathode capacity is diminished and dis-
charge starts at a lower spot in the anode capacity window.
The anode capacity is assumed to be unaffected. As the cell
is purposely discharged, the voltage difference between the
electrodes parallels the line marked “start” to the line marked
“end.” The result of this process is that, upon recharge, the
anode is undercharged from its previous point. The net effect
on the−Q0dV/dQ curves is that peaks appear and disappear
at different ends of the SOC curves. In this case, anode peaks
emerge at low SOC and are lost at high SOC and vice versa
for the cathode (Fig. 9f).

It is important to note that reliable half-cell data are needed
for this analysis to be effective. It is also important to real-
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ween−Q0dV/dQ peaks is uniformly decreased, causing
eaks from the same electrode to move together with

n the example inFig. 9a, we assume that the capacity of
athode is lost during the discharge uniformly; after ch
ng back to 4.1 V, the next discharge curve would look
he “after fade” curve shown above the “before fade” cu
he new 4.1 V limit is marked as “end.” Capacity loss

his route will also cause the effective discharge curv
ave a higher slope and may expose new, higher-SOC
de material for cycling, as shown inFig. 9b, and hide
ome of the original high-SOC anode capacity, as show
ig. 9a.

Fig. 9c shows the effect of this type of capacity loss on
Q0dV/dQ curve for the entire cell. FromFig. 9d, the large
eak at∼0.4 mAh cm−2 represents the sum of cathode
aze that this analysis method will not identify the capa
ade mechanism or where on the electrode voltage profi
egradation is initiated.

During the initial formation process that most Li-ion ce
re put through after assembly, side reactions occur, for

he solid electrolyte interphase (SEI) layer on the anode
athode. It is conceivable that if the formation were inc
lete at room temperature, after heating the SEI layer
ide reactions would progress to a more complete for
his were to occur, one would expect to see a change i
eak pattern from the anode in the curves fort = 0,4 and 8
eeks, especially at low SOC. However, due to the natu
node and cathode curves, the value of−Q0dV/dQ from the
ell is large and might mask it.

Some−Q0dV/dQ curves, aligned to Peak 2, a high S
node peak, are shown inFig. 10a; the same curves align

o peak 1, a high SOC cathode peak, are given inFig. 10b.
uring the first 4-week-period there is no evidence of an
eaks moving together or cathode peaks moving toge
lthough they do appear to be moving relative to each o
his suggests that the capacity fade during the first 4-w
eriod is a result of SASR.

According to the discussion above, if side reactions
ur at the cathode, then, at the bottom of discharge,
athode peaks may emerge and the initial anode peak
isappear. The opposite would be true at the top of ch
ccordingly, if side reactions occurred at the anode
t the bottom of discharge, new anode peaks might ap
nd initial cathode peaks would disappear. Again, the
osite would be true at the top of charge. Inspectio
ig. 10a and b strongly suggest the presence of side
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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 was used. The light
grey sections of the cathode curves represent material that is not used during cycling. A similar process can occur at the anode. (b) Enlargement of theregion
around the “end” line in (a) showing new cathode material exposed due to the slight increase in potential of the anode “end point” (4.1 V cutoff is always
maintained). (c) Calculated effect of cathode active material loss on−Q0dV/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 signature from the anode at
high SOC (low-capacity end) is lost. (e) Effect of side reactions at the anode. The dashed lines represent starting points of the usable capacity window. The side
reactions occur at open circuit. Here, 6% of the anode capacity was lost in a side reaction. In this example, the anode potential is constant because it is on the
phase equilibrium plateau. (f) Calculated effect of anode side reactions on the−Q0dV/dQ curves of the cell. The data in figure (e) was used to calculate these
curves.
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Fig. 10. Plots of−Q0dV/dQ for t= 0, 4 and 8 weeks with (a) Peak 2 aligned.
and (b) Peak 1 aligned.

tions at the anode and the incomplete formation of the SEI
layer. Thus, the capacity fade is due to side reactions at the
anode.

5. Conclusions

In circumstances in which the introduction of a reference
electrode is not practical, much can still be gleaned from
the voltage profiles of aged cells. Half-cell data from the
respective electrodes can be used to identify phase transition
in full-cell data. The location of these transitions relative to
one another provide insight into the source for cell capacity
fade and the type of fade that is responsible for capacity loss
either loss of accessible active material or shift in alignment
of electrodes due to side reactions. Applying this technique
to cell data presented in an earlier publication[39] showed
that the capacity fade of those cells was due to side reaction
at the anode.
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