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Figure 3. Nyquist diagrams for Li/SOC], at different SoCs with Kramers-Kronig compatibility for D-size cell and AA-size cell.

discharges Li quantity decreases resulting in the observed capacitance
decrease.

Harmonic analysis.—In performing harmonic analysis, we first
ensured that there are no nonlinear contributions from the instrument
or the applied excitation signal. This was achieved by constructing
a dummy cell with the equivalent circuit components that are cho-
sen to be as close as possible to the fit results of the D-size cell at
80% SoC. The dummy cell composed of one resistance connected in
series to three resistor and capacitor in parallel combinations. G-EIS
was performed with the same parameters used for the D-size cell and
the harmonics of the voltage response signals were analyzed. The re-
sulting EIS is shown in Figure 5a. As can be seen from the Nyquist
diagram, the dummy cell impedance resembles the Li/SOCl, with
three distinctive regions. The harmonics of the voltage response sig-
nal is also shown in Figure 5b in which only the principal harmonic
occur between (1073 — 10~* V) with other harmonics at a negligibly
low level between (107° — 1077 V).

This result shows that there are no harmonics coming from the
instrument or as a result of the amplitude of the applied excitation
signal when the sample is linear. The distinction between the harmonic
spectra of the dummy cell and the ones shown in Figure 6 for the
Li/SOCI, cells is the higher noise level. The higher noise level is

expected due to the electrochemical reactions taking place during the
discharge of the cell which does not exist in the passive components
of the dummy cell.

Harmonic analysis of the voltage response signals for passivated
and depassivated D-size and AA-size cells are presented in Figure 6.
Harmonic spectra for measurements in which the cell is passivated
are shown in Figure 6a. Spectra for measurements with passivation
treated cells and with moderate and high negative DC offset are shown
in Figures 6b and 6¢ respectively.

It should be mentioned that the change in the voltage of the
cells during the measurement due to the applied DC offset was
not enormous. This is related to the unique chemistry of the
Li/SOCI, which shows very stable voltage throughout discharge.
Considering the entire spectrum the DC Voltage difference between
the beginning and the end of the measurement with low DC off-
set (i.e. where passivation layer is present) was S0mV for D-size
and 30mV for AA-size cells. The same for the passivation treated
cells with moderate DC offset(when passivation layer reforms) was
70mV for D-size and 30mV for AA-size cells while less than 2mV
drift was observed for the high DC offset(no passivation layer)
measurements.

When a single frequency is considered, voltage drifts of the mea-
sured voltage signal at 4 mHz for all measurements also show small

Table II. Parameters of the equivalent circuit model between 100 — 20% SoC for D-size.

%SoC Rs(m€) R;(mQ) Y (mF), o R>(mQ) Y,(mF), an R3(mQ) Y3(F), o3
100 104.1 200.9 0.4, 1.00 58.5 41.2,0.93 3473 19.0, 0.93
95 98.5 127.1 1.2, 1.00 47.6 327.1,0.90 457.2 16.7,0.91
90 98.0 78.3 1.8, 1.00 37.8 488.4,0.90 485.0 15.5,0.90
85 96.1 70.3 1.9, 1.00 279 689.2, 0.90 490.6 15.6,0.91
80 97.8 40.9 2.9,1.00 29.3 715.7,0.90 494.7 15.6, 0.92
75 98.3 413 2.8,1.00 25.8 857.0, 0.90 479.3 15.6, 0.92
70 99.8 494 2.4,1.00 25.1 937.9,0.90 461.5 16.9, 0.92
60 100.7 34.5 3.6, 1.00 24.7 981.7,0.90 477.4 15.0, 0.90
50 100.0 52.7 2.7, 1.00 28.7 898.1, 0.90 492.1 14.4,0.90
40 101.8 57.0 3.4,0.97 354 930.4, 0.90 482.3 13.8, 0.90
30 106.8 48.4 4.5,0.96 62.6 851.6, 0.85 533.2 11.1,0.85
25 119.6 439 6.1,0.94 923 871.2,0.80 5579 9.4,0.80
20 148.7 64.3 12.5,0.82 186.8 553.9,0.80 567.3 7.6, 0.80
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Figure 4. Equivalent circuit model and its components (Rg, Ry, Y1, R2, Y2, R3, Y3) vs. SoC for D-size and AA-size cell.

Table III. Parameters of the equivalent circuit model between 100 — 45%SoC for AA-size.

%0SoC Rs(©) Ri(©) Yi(WF), oy R2(Q) Yo (mF), ap R3(Q) Y3(F), o3
100 1.36 1.26 27,0.97 0.29 14.9,0.75 3.7 1.78, 0.75
95 1.04 0.86 346, 0.87 0.58 91.9,0.75 4.6 1.69, 0.79
920 1.04 0.52 1070, 0.78 0.67 102.9, 0.80 4.7 1.63, 0.80
80 1.08 0.48 654, 0.84 0.67 82.9,0.75 5.1 1.34,0.75
70 1.19 1.09 236, 0.89 0.72 99.2,0.75 4.7 1.17,0.75
60 1.22 0.70 541, 0.82 1.05 57.6,0.75 52 0.86, 0.75
55 1.26 1.21 261, 0.86 1.34 55.0,0.75 53 0.75,0.75
50 1.41 1.82 152, 0.87 233 36.8,0.75 53 0.66, 0.75
45 1.63 7.07 446, 0.75 7.44 7.7,0.75 9.8 0.001, 0.75
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Figure 5. (a) Nyquist diagram for the dummy cell measured with SmA AC excitation, (b) Harmonic spectrum for the voltage response of the dummy cell.

values. Drift of 2.5mV was observed for both passivated cells. 3.8mV component at (10~%) with remaining harmonics at negligible levels
and 7.5mV were seen for D-size and AA-size cells respectively with (1073) for both cells.
moderate DC offset whereas less than 1mV for high DC offset mea- The nonlinear responses shown in Figure 6a were obtained for both
surement for both cells. These values were not corrected prior to FFT cells while maintaining a high degree of passivation. The response
for the harmonic analysis. contained the principal harmonic accompanied with appreciable am-
The harmonic spectra show linear behavior for the measurements plitudes of the second harmonic. The remaining harmonics were at
where passivation was treated and a high negative DC offset was ap- undetectable amplitudes. We refer this behavior to the passivation ef-
plied, see Figure 6¢. The response contains the principle harmonic fect on the anode. The presence of the passivation layer during the
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Figure 6. Harmonics spectrum for the voltage response signal from 1Hz to 1mHz for D-size cell and from 1Hz to 4mHz for AA-size cell. (a) passivated cell(D-size:
—2mA, AA-size: —0.1mA), (b) moderated DC offset (D-size: —10mA, AA-size: —5SmA), (c) high DC offset(D-size: —50mA, AA-size: —10mA).
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measurement causes nonlinear behavior which results in the appear-
ance of the second harmonic.

The second nonlinear response was observed for the cells in which
the passivation layer was treated before the measurement however,
moderate DC offsets were applied during the measurement, see Fig-
ure 6b. In this case, the second harmonic shows appreciable amplitudes
at the lower end of the frequency range (<10mHz) for the D-size cell
and at frequencies lower than (<1Hz) for AA-size cell. This analysis
shows that the moderate offset was not high enough to prevent passi-
vation layer formation while the measurement is being performed.

These results show the ability of harmonic analysis as well as the
accurate measurement of EIS for Li/SOCI,. They demonstrate the
ability of SEI (passivation) layer detection using the harmonic analysis
accompanied with the EIS of the cell and especially highlights that
the nonlinear part of the impedance response contains information
regarding the SEI. Further studies are underway to gain deeper insights
regarding the nature of the passivation layer formation using harmonic
analysis along with EIS.

One concern about the harmonic response is regarding the drift.
Voltage drift would also manifest itself in the harmonic response, es-
pecially in the low frequency region. As can be seen in Figure 6b for
both cells, the lower frequency harmonics are larger, slowly decaying
toward the higher frequencies. This drift is due to the passivation layer
forming through the experiment and is not visible in the high or low
offset cases since the passivation layer is not present or always present
in the high and low offset cases respectively.

;Starting from line 338

NUMBEROFCYCLES =5
NUMBEROFPOINTS = 16
DDSCutoff = 100.0
Pstat.SetVoltage (0.0)

Conclusions

Accurate EIS for Li/SOCI, primary batteries can only be obtained
galvanostatically under discharge. It can be achieved by applying a
negative DC offset along with the AC excitation signal such that the
total current is always negative. The obtained EIS data show three
characteristic frequency regions. These are represented in the Nyquist
diagram as three time-constants at high, moderate and low frequen-
cies. Fitting the data with a proper equivalent circuit model enabled
for speculations relating the EIS to the electrochemical process of the
cell. Harmonic analysis of the voltage response signals showed linear
behavior for the cells treated for passivation and nonlinear behavior
for the passivated cells. Confirmation of such response was obtained
by the harmonic analysis of a constructed dummy cell representing the
impedance of the Li/SOCI, battery. These observations show the appli-
cability of nonlinear harmonic analysis to the investigation of primary
batteries along with EIS. Further studies elucidating the relationships
between the total harmonic content of the cell, the passivation kinetics
and the overall voltage response needs to be pursued to achieve a full
description of the system using both linear and non-linear EIS.

Appendix A. Measurement Script

The standard measurement script in the Gamry Framework software was modified to
record the current and the voltage during a sine wave application. This involved setting up
a sine wave signal and recording the raw data with the same settings as the actual EIS mea-
surement. The modification to the standard Galvanostatic EIS.exp script is shown below.

Output.Close() ; Close the main file, so that doesn't get corrupted

if (ReadZGalv.Zfreq() gt DDSCutoff)

Pstat.SetDDSAmpl(1.41*Sac) ; Setup the sine wave application

Pstat.SetDDSFreq(ReadZGalv.Zfreq())

Pstat.SetDDSEnable(TRUE)

Signal = ICONST.New("SIGNAL",Pstat,IDCReq.Value(), NUMBEROFCYCLES*1.0/Freq,
& 1.0/(NUMBEROFPOINTS*Freq)) ;

else

Pstat.SetDDSEnable(FALSE)

Mysignal = VectorNew(Index(NUMBEROFCYCLES*NUMBEROFPOINTS))
VectorRLE = VectorNew(VectorCount(Mysignal))

SampleTime = 1.0/(ReadZGalv.Zfreq()*NUMBEROFPOINTS)

i=0

while(i It VectorCount(Mysignal))
MyPhase = ((i*SampleTime)*ReadZGalv.Zfreq()- Index((i*SampleTime)
& * ReadZGalv.Zfreq())) * 2.0*PI
Mysignal[i] = IDCReq.Value() + IACReq.Value()*Sin(MyPhase)

VectorRLE[i] =1

i=i+1
Signal = IARRAY.New("SIGNAL", Pstat, IDCReq.Value(), 1, SampleTime,
& Mysignal, VectorRLE, BIASMODE_INPUT)
Pstat.SetSignal(Signal)

Curve = IVT.New ("CURVE", Pstat)

Curve.SetPlotView(0.05, "Time", IVT_Vf, 0.0, "V", "V", IVT_Im, 0.0, "I", "A")

Pstat.SetCell (CellOn)
Curve.Activate()

Curve.Run()
Pstat.SetDDSEnable(FALSE)

Filename = Sprint(".\\LissGalv\\",Freq)
LissOutput = OUTPUT.New ("OUTPUT",Filename, "Output &File")

LissOutput.Open()
Curve.Printl()
LissOutput.Close()
Output.Append()
Pstat.SetVoltage (Sdc)
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Figure B1. Harmonics spectrum for the current excitation signal from 1Hz to ImHz for D-size cell and from 1Hz to 4mHz for AA-size cell.

This script is set to collect 5 cycles of 16 points each after the standard measurement
that the script already performs. The standard script performs optimization of the hardware,
in addition to the measurement. The hardware settings are preserved from the standard

measurement to the additional measurement. In between every frequency, 30 seconds of

stabilization time is added for equilibration. For analysis shown above, the first two cycles
(i.e. 32 points) were ignored before the FFT.

Appendix B. Harmonic Analysis of the Current Excitation Signal

Figure B1 shows the harmonics in the frequency domain of measured current exci-
tation signals for frequencies between 1 Hz to 1 mHz for D-size and between 1Hz to
4 mHz for AA-size cell. The principal harmonic which represent the AC excitation signal
is shown with the resulting harmonics up to its fifth multiple. It is clear from Figure B1
for both cells that only the fundamental signal at (10~ A) is present with the others at
levels that are five orders of magnitude lower (10~® A) which is the noise level of the mea-
surement. The AA-size harmonics spectrum shows higher noise level than the D-size due
to the smaller DC offset and AC excitation signals used. This analysis demonstrates that
there cannot be any harmonics in the response signal forming as a result of our excitation
signal.
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