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Abstract: Incremental capacity analysis (ICA), where incremental charge (Q) movements
associated with changes in potential are tracked, and cyclic voltammetry (CV), where cur-
rent response to a linear voltage sweep is recorded, are used to investigate the properties of
electrochemical systems. Electrochemical impedance spectroscopy (EIS), on the other hand,
is a powerful, non-destructive technique that can be used to determine small-signal AC
impedance over a wide frequency range. It is frequently used to design battery equivalent-
circuit models. This manuscript explores the relationships between ICA, CV and EIS and
demonstrates how sweep rate in CV is related to charging (C) rate in ICA. In addition, it
shows the connection between observations linked to rate of charge movement in CV and
ICA and intermittent, irregular behavior seen in EIS when performed on a battery. It also
explains the use of an additional DC stimulus during EIS to ensure reliability of battery
impedance data and to facilitate equivalent-circuit modeling, and suggests a method for
obtaining data analogous to CV from a whole battery without risking its destruction.

Keywords: electrochemical impedance spectroscopy; cyclic voltammetry; incremental
capacity analysis; equivalent-circuit model; battery; nonlinear analysis

1. Introduction

Cyclic voltammetry (CV) and incremental capacity analysis (ICA), both of which relate
aspects of electrochemical activity to cell terminal voltage, are widely used in the evaluation
of electrochemical systems. CV measures current while potential is swept linearly as a
function of time [1-5], whereas ICA tracks charge (Q) movements associated with changes
in potential (dQ/dV) when a constant current is applied [6,7]. More specifically, incremental
capacity refers to changes in increments of charge JQ seen with successive fixed increments
of voltage 0V [7]. An incremental capacity curve is constructed by tracking the increments
of capacity associated with the voltage steps. Differential voltage analysis (DVA) on the
other hand plots the reciprocal relationship dV /dQ [8] Both ICA and DVA (which will
not be discussed further in this manuscript) describe cell phase transition characteristics
during intercalation and de-intercalation processes at the electrodes during charging and
discharging [9], but constitute different ways of viewing this information.

While these methods provide simple but useful information about peak currents
and potentials that can help to characterize the electrochemistry of a system, a further
method, electrochemical impedance spectroscopy (EIS), holds a special place because it
presents data as a function of frequency that can reveal a great deal of information about
the characteristics and condition of a cell and inform the development of equivalent-circuit
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models (ECMs) [5,10-12]. Accompanying all these is the most basic method of charging
and discharging a cell (cycling), which allows the investigator to produce plots of potential
against some other variable (typically charge moved), the shapes of which are determined
by a cell reaction’s thermodynamic and kinetic properties [5,12].

Although the above methods are usually viewed as distinct techniques that give the
investigator different types of data, they are related both mathematically and in terms of
the information they can provide. Very slow cycling experiments and EIS at extra-low
frequencies (ELFs, down to as low as 1.0 uHz) that reflect the real-world usage cycles of
rechargeable batteries [13-16] have led to observations enabling us to clarify connections
between the above techniques, and to suggest a simple and inexpensive method for carrying
out ICA on batteries. They also explain the recently reported need to use background
direct currents to suppress electrochemical behavior that interferes with EIS measurements
at ELFs [16].

Relationships between CV and ICA have been explored previously [5,12,17]. In this
paper we extend these ideas with an emphasis on the significance of very low sweep or
cycling rates, and discuss their relevance to EIS, particularly when carried out at ELFs, and
the implications for fitting of battery ECMs. We suggest in addition how our method might
be used to allow analyses analogous to CV to be carried out on intact lithium-ion batteries.
Conventional CV involving the application of a voltage ramp with constant 4V /dt is
potentially hazardous because of the risk of thermal runaway, leakage of electrolyte or even
explosion as a result of the uncontrolled currents that might be generated. Other problems
include the relatively small active electrode area in a lithium-ion cell, which could limit
sensitivity and accuracy of CV, and potential unsuitability of the battery electrolyte for
this procedure.

2. Experimental Methods

The battery used in the present experiments was a new lithium nickel cobalt aluminum
oxide (NCA) 4.8 Ah 3.7V 21700 cell. Measurements were taken at 22 °C using two-quadrant
precision sources (HP/ Agilent/Keysight 66332 A units) via four-wire connections controlled
through GPIB interfaces by Raspberry Pi 4 computers running custom software written in

C [16,18] (Figure 1).
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Figure 1. System architecture.
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2.1. Battery Cycling and Incremental Capacity and Voltammetric Analysis

The software used for battery cycling, “bcp66”, is a command line program called
by scripts that set parameters for each run, allowing many experiments to be queued
and executed (see https://github.com/CDunnNZ/Batteries for source code, accessed on
21 May 2025). Typically batteries are cycled according to industry standard CC (constant
current) or CC-CV (constant current-constant voltage) protocols. (The acronym “CV” is
used in electrochemical research to designate cyclic voltammetry, but in an industrial battery
context the same acronym is used to designate “constant voltage”, a part of charging and
discharging protocols). The bcp66 program allows the user to specify charge and discharge
currents (cycling rate calculated with reference to the cell’s nominal capacity in ampere-
hours) which are applied in constant current mode until pre-specified voltage limits are
reached. At this point, a constant voltage phase may begin if desired; if not, the software
stays in constant current mode and switches immediately to the next charge or discharge
phase. Rest periods can also be requested. The software allows the user to specify currents
at which to end constant voltage phases, and dwell times, the maximum period to wait
for constant voltage phases to end. Other parameters include number of cycles, the final
charge (percent) at the end of cycling, and a wait time or period to continue recording after
cycling is finished and current has returned to zero. Output is presented in a “.tvi” text
file with time, voltage, current, charge moved (AQ) and repetition-number columns. The
66332A units return approximately eight records per second.

2.1.1. Data Processing

Data were processed by scripts in MATLAB® or AWK. All processing starts by import-
ing timestamped current and voltage values from .tvi files created by the measurement
system into arrays containing time, voltage and current data. An arbitrary voltage interval
is specified (5mV in the examples shown in this manuscript), and a calculation performed
as the script loops through the arrays to calculate the quantity of charge moved and the
time taken for each voltage increment. This information is then used to create three further
arrays containing charge moved as a function of time, charge moved as a function of voltage
(incremental capacity dQ/dV) and change in voltage as a function of time (dV'/dt) for each
voltage increment.

2.1.2. Connecting Incremental Capacity and Voltammetry
We assume a battery has some function relating open circuit terminal voltage to charge
available, V(Q). In the case of CV a linear voltage ramp is applied, so that

av
=k 1)

hence
V(t) =kt+V 2)

where k is the constant voltage sweep rate, ¢ is time in seconds, and Vj the battery’s open
circuit voltage at the start of the sweep. Also
_dQ  dQadv _ dQ

W="a=wva *w ®)
In CV, current I(t) is plotted against voltage V(t), and the rate of change of voltage (dV /dt)
is constant. Current represents rate of reaction, which varies as the absolute voltage varies.
Equation (3) shows that incremental capacity dQ/dV is in fact equal to I(t)/k, which is
current (dQ/dt, which may vary in this scenario) divided by the voltage sweep rate k, a
constant (dV /dt, which does not vary) that now acts as a scaling factor.
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Furthermore, CV experiments assume that the concentration of reagents is not affected
by diffusion, which is equivalent to saying that the sweep rate k (i.e., 4V /dt held constant)
is slow (so that concentration gradients that would build up by diffusion-affected processes
do not form). Moreover, the peaks of a CV plot are influenced by sweep rate [1,3].

In ICA, a constant current is used, so

I(t)=c (4)
and so i0  dQdv
where c is the constant current value. Then
aQ ¢
dt

and [ dv] (which is equal to dQ/dV as shown by Equation (6)) is plotted against voltage.

Note the contrast between the CV scenario described by Equation (3), where dV /dt is
constant (k), and the ICA scenario of Equation (6) where current is held constant (c) and
dV /dt can vary.

Constant-current data can be used to generate plots that are representative of ICA
or a current-derived analogy of CV (in which cell voltage is presented on the x-axis as an
independent variable). The latter are not conventional electrochemical CV plots because
we have not applied a voltage ramp and measured the current response. Rather, we have
applied constant charge and discharge currents and tracked voltage increases and decreases
with time at the sample rate of the instruments. When we plot the data, however, we do
so in the same way as if voltage had been increased in a linear manner by the operator. In
the interests of clarity, we will therefore refer to “CV-type” or “current-derived” plots in
this manuscript.

It is worth noting here that the assumption that a battery obeys a state equation
relating open-circuit terminal voltage to charge available, V(Q), is not true in general. If
we accept that the battery embodies a fractional (constant-phase) element (CPE), this is
mathematically not the case. (In general, charge Q is a functional of voltage, Q = Q[V (¢)].
Differentiating with respect to time yields

n =190 _ [ sa v

-7 /
dt vy ar |,

t=t'

and this full form must be evaluated. In a typical quasi-static situation this is not necessary.
Discussion of this is beyond the scope of this manuscript).

2.2. EIS Measurement

Full details of the procedure used to conduct EIS at ELFs using the 66332A units
controlled by Raspberry Pi computers via GPIB interfaces have been reported previ-
ously [16]. Using the hardware described above, another command line program written
in C, “bzdcp66” (see https:/ /github.com/CDunnNZ/Batteries, accessed on 21 May 2025),
is used to make multitone impedance measurements by sourcing and sinking current, and
recording times, currents and voltages in three-column .tvi files. The complex impedance
Z(w) for each frequency of interest
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is obtained from the .tvi data by performing a discrete-time Fourier transform using a
program based on software originally designed for use with SPICE [19], and the magnitude
and phase results presented in Bode plots (Nyquist plots convey no useful information
at ELFs). The measurement software is distinguished by its ability to impose a small-
signal, multiple-frequency (multitone) stimulus in addition to a “working” stimulus signal
simultaneously. This is accomplished by superimposing the EIS multitone, which involves
very small voltage perturbations and hence very small charge movements, on a periodic
square wave which is associated with much greater movement of charge and aims to
simulate the effect of a working DC signal (Figure 2).
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Figure 2. 3000-s segment of a time domain plot to illustrate the use of a small-signal sinusoidal
multitone superimposed on a 1.5 A 1720 nHz square wave “working” current.

As reported previously [16] and demonstrated by the example in Figure 3 (which is
based on data from an early experiment with the apparatus described in Figure 1), this
charge displacement stabilizes the impedance spectrum against impedance drift phenom-
ena and maximizes measured data quality, showing the true working impedance of a
battery and optimizing data for ECM fitting [16]. We suggest that there is a relationship
between the effects of rate of charge movement on EIS impedance measurements and what
we observe in ICA and CV-type plots derived from battery cycling experiments.
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Figure 3. Magnitude and phase impedance curves from extra-low frequency (down to 20 pHz)
electrochemical impedance spectroscopy on a 4.0 Ah lithium iron phosphate (LiFePO4) 26700 battery.
This example shows results from consecutive measurements on the same cell with (a) a small-signal
measurement multitone stimulus only, and (b) the same small signal multitone superimposed on
a 1320 uHz 3.0 A square wave. Note the variability between measurements in (a), particularly in
phase results and especially at the lowest frequencies. In (b), increasing impedance magnitude and
phase changes at very low frequencies with each successive measurement reflect changing impedance
characteristics of the battery with ongoing use.

2.3. ECM Fitting

Electrochemists and engineers use ECMs to characterize a battery’s internal processes
and to describe and predict state of charge and state of health. Since the publication
of the work of Randles in 1947 [20], researchers have acknowledged the need to use
CPEs, also known as fractional (or “lossy”) capacitors, in battery models [10]. This is
because the double-layer capacitance of solid electrodes is not purely capacitative and
displays frequency dispersion, and CPEs are necessary to model this non-ideally polarizable
behavior [21].

The equation for the impedance of a CPE is

1
Z =—— f 1
crE= G for & €(0,1) 8)

where Cr is the CPE value (its pseudo- or fractional capacitance, a constant with the
dimensions Fs*!), a is the CPE fractional order exponent, s = j27tf (where 27t f = w, the
angular frequency), and f is the frequency in hertz [22]. The total impedance of an R-CPE
model is expressed as
Zr—cre = Rs + Zcpe
1 ©)
= Rs + @
where R; is the series resistance and Zcpg is the impedance of the CPE (Equation (8))
in ohms.
Zcpg has a constant phase angle at a7t /2 [23], whereas the phase shift in pure capaci-
tors (wWhere « = 1) is 71/2. « is related to the deviation of the straight capacitative line from

90 degrees by angle 90(1 — «) degrees [21].



Metrology 2025, 5, 31

7 of 15

Conventional EIS and ECM fitting involves the presentation of data in the form of
Nyquist plots in which the changing relationship between real and imaginary impedance
with varying frequency reveals patterns characteristic of distinct electrochemical pro-
cesses [24]. This information is used to generate ECMs in which an individual circuit
element is used to represent each of these processes. Such ECMs can become complicated,
with many elements being required to model the cell’s behavior [10,24,25].

We have found that a three-element ECM models real-world measured battery
impedance data with precision similar to individual sample error [11]. The formulation of
such an ECM is made possible by the EIS measurement technique at ELFs as described in
Section 2.2 [16]. The fitting procedure used has been described previously [11], and involves
generation of an ECM via an optimization method based on the downhill simplex algorithm
of Nelder and Mead [26] that is implemented in C as a command line program [27]. The
optimization target is defined as a root mean square error (RMSE) value calculated from
complex impedances as indicated by the available data. The final RMSE reflects how well
the model fits the data, with a perfect fit defined as an RMSE approaching zero, while higher
values indicate noisier, poorer quality or ambiguous data. As previously [16], modeling
starts with the simplest ECM, a single resistor and CPE in series (R-CPE). If the RMSE
indicates a poor fit, we move to the next model in the chain of complexity, a resistor and
two CPEs in series (R-CPE-CPE). Links between these observations and electrochemical
behavior suggested by cycling experiments (Section 2.1) are explored.

3. Results and Discussion
3.1. Incremental Capacity and Voltammetry

Figure 4a shows a complete slow (C/48) discharge-charge cycle with its voltage
response. Note the uneven voltage trace: this is characteristic of slow charging and dis-
charging and corresponds to changes in the potential required to move charge. Plateaus in
the voltage versus time curve correspond to peaks in the dQ/dV (ICA) plot in Figure 4b
(shown most prominently by the shallow tangent and large peak at approximately 4.1V).
Each peak represents a different chemical reaction or intercalation environment, and the
area under the peak shows the capacity of that process. Thus, voltage plateaus (shallow
tangents) in Figure 4a represent large capacity increments in Figure 4b (i.e., a lot of charge
is moved for a small voltage change). These peaks describe cell phase transition charac-
teristics during the intercalation and de-intercalation of lithium ions [9]. Changes in peak
position and size have been investigated as potential markers of battery aging, with the
literature tending to focus on LiFePOy cells [6,7,28-30], although data on NCA [31] and
other chemistries [32-35] are also available.

We see the same pattern of peaks when charge movement is related to increments
of time and presented as current in a CV-type plot (Figure 4c). This is because dQ/dt
(i.e., current, as conventionally plotted in CV), is in fact 4Q/dV (i.e., incremental capacity)
multiplied by the scaling factor k (Equation (3)). Moreover, ICA is dQ/dt (which we define
as ¢; Equation (5)) multiplied by 1/k (i.e., #/dt ; Equation (6)). Although we have not
carried out a true CV on the battery for reasons discussed earlier (Section 2.1.2), these
relationships and observations indicate that CV might yield the same information as ICA
in the presence of very low rates of movement of charge.

Figure 5a shows the effect of increasing the rate of charge/discharge from 100 mA
(C/48) to 5 A (approximately 1C): the voltage response to the charge/discharge current
becomes smoother, reflecting increased uniformity of charge movement across the cell’s
terminal voltage range. The initial slope dV /dt on switching from discharge to charge is
vertical because there is a large change in potential difference over the resistive component
of the battery’s internal chemistry. If V = I x R, there is a total instantaneous shift of
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10 A x R when switching from —5 A to 5 A. In contrast, the vertical shift from discharge to
charge in Figure 4a is only 0.2 A x R.
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Figure 4. 4.8 Ah lithium NCA cell cycled with a charge/discharge current of 100mA (C/48).
(a) Cycling plot: cell current and voltage versus time. (b) Incremental capacity versus cell volt-
age (ICA plot). (c) Current versus cell voltage (CV-type plot).

In addition, the peaks in both the incremental capacity versus time and current versus
time plots that correspond to the shallow portions of the charge-discharge curve flatten
and become less distinct, and move apart so that the negative and positive portions are
no longer symmetrical (Figure 5b,c). Under these conditions both types of plot begin to
resemble more closely the CV traces typically seen in textbooks, in which the current change
with terminal voltage has a broad anodic (charging) region, with a corresponding cathodic
region upon discharge if the overall electrode process is behaving reversibly.
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Figure 5. 4.8 Ah lithium NCA cell cycled with a charge/discharge current of 5 A (approximately 1C):
three complete cycles. (a) Cycling plot: cell current and voltage versus time (one of three complete
cycles). (b) Incremental capacity versus cell voltage (ICA plot). (c) Current versus cell voltage
(CV-type plot).

The conventional view is that electrochemical processes have more time to reach
completion under the constant current conditions under which differential capacity is
collected [12]. The constant potential sweep rates used in CV on the other hand force
changes in potential regardless of the state of charge of the electrode which can increase
current beyond the kinetic limit of the cell and prevent some capacity from being accessed.

We contend that, regardless of whether current or potential is used as the stimulus,
the key underlying factor is rate of charge movement. Under very slow charge-discharge
conditions, the system can be said to be in a quasi-static state, with the electrode processes
within the cell approximating a succession of equilibrium states that reveal the variable
rates of charge movement. This applies whether current or voltage is constant, as discussed
earlier (Sections 2.1.1 and 2.1.2). If charge and discharge rates are increased, the cell
moves away from this equilibrium-like state and can no longer be described as being in a
quasi-static condition (see Figures 4 and 5).
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These observations underline the interrelationships between CV and ICA, and the
importance of rate of charge movement in maintaining a quasi-static measurement. They
also demonstrate how a controlled current stimulus might be used to obtain CV-like data
from an intact cell. One stated advantage of CV has been that it provides rate information
about the full cell, while dQ/dt plots have superior resolution and are more useful to
researchers focusing on electrode materials [12,17]. However, both CV and ICA have
associated rates. In one, dV /dt is constant, while in the other dQ/dt is constant. If changes
are slow enough to maintain a quasi-static environment (i.e., in the limit of §t approaching
zero, with very small incremental changes in voltage or charge movement), they can be
said to be equivalent.

It is worth noting here the very large current values indicated in Figure 4c. As ex-
plained in Section 2.1.1, these are not actual measured currents, but result from a calculation
based on charge movement. In other words, they represent currents that might have been
generated at the voltages indicated had a linear voltage ramp been applied. They underline
the danger of extreme heat generation or thermal runaway inherent in attempting to apply
even a gentle voltage ramp to an intact battery, as we would have no control over the
currents that might eventuate at certain terminal voltages.

3.2. Conditions for Reliable EIS and ECM Fitting

Rate of charge movement is also crucial in EIS, particularly when carried out at the
lowest frequencies. EIS is performed using sinusoidal tones (perturbations) which effec-
tively correspond to the derivative dV /dI of the battery characteristic at various frequencies
(rates). This corresponds to the slope of the trace in a voltammogram. Traditional small-
signal EIS measurement yields unreliable results, especially below 100 pHz, as described
previously [16] and demonstrated by the example in Figure 3.

We suggest that this is because the slope of the voltammogram can vary sharply at
sufficiently low rates. Addition of a large “working” square wave current in EIS mea-
surement might shift the current-voltage characteristic away from the quasi-static state
described above in Section 3.1. As shown by earlier published work [16], this has the effect
of stabilizing impedance values.

Figure 4c shows, for example, that the value of impedance when the battery is at 4.0V
will be very different from the value at 4.1V, since for a given increment in voltage the
increment in current will be very different. The working current pulls the battery away from
the small-signal, quasi-static condition, thus smoothing out the effect of the local peaks.
The current is no longer “small”, but although the working current is large it reverses
often enough for the net charge displacement it produces to remain small. Hence, the
battery does not discharge before the measurement is complete, nor do its characteristics
become nonlinear.

The implications of charge movement rates for EIS at ELFs are apparent when EIS
is performed with and without working currents as described in Section 2.2. As shown
in Figure 6a, with no working current (small measurement tones only, with the battery
consequently in the quasi-static state as shown in Figure 4), poor quality magnitude and
phase impedance plots are obtained. In particular, measured and fitted data do not match
well for phase below 20 pHz and impedance magnitude above 100 mHz. An ECM based
on two elements (R-CPE) only can be generated (Table 1), with no improvement in RMSE
when a second CPE is added to the model.
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Figure 6. Measured (solid lines) and fitted (dashed lines) magnitude (open circles) and phase (open
squares) impedance curves: extra-low frequency (down to 2.5 uHz) electrochemical impedance
spectroscopy on a 4.8 Ah lithium NCA cell. (a) Measurement multitone superimposed on a negligible
(10mA) square wave current. (b) Measurement multitone superimposed on a 500 mA square wave

“working” current.

Table 1. ECM parameter estimation.

ECM Rs « Cr C2 ao RMSE
bzdcp66 with 10 mA square wave (negligible working current)
R-CPE 38.53 0.7200 2397 0.1456
R-CPE-CPE 36.64 0.7445 3141 747.1 0.2731 0.1439
bzdcp66 with 500 mA square wave (working current)
R-CPE 26.80 0.9053 6160 0.1479
R-CPE-CPE 18.25 0.9913 14,250 155.3 0.2402 0.0296

CPE, constant-phase element; ECM, equivalent-circuit model; RMSE, root mean square error. R, series resistance
(ohm x 1073); Cr and C, fractional capacitances (F/ s(1=9)) of first (R-CPE model) and second (R-CPE-CPE model)
CPEs, with respective slopes denoted by a and a;.

Conversely, when the same measurement is made in the presence of a 500 mA square
wave (which moves charge at much higher rates as with fast cycling as shown in Figure 5),
stable and unambiguous magnitude and phase impedance plots are obtained (Figure 6b).
Using these data, a three-element ECM (R-CPE-CPE) with a good fit to the measured data
and substantial improvement in RMSE after addition of a second CPE can be generated
(Table 1). These results replicate previously reported findings in lithium titanate batter-
ies [16], and demonstrate that EIS at ELFs in an intact battery must be carried out in the
presence of currents that would be expected when the battery is in use.

Note the substantial difference in a values between the 10 mA and 500 mA scenarios
for the first CPE. With the 10mA (negligible) square wave, the second CPE cannot be
discerned, and the entire region of the Bode plot showing fractional capacitance has to
be described using a single CPE with a “compromise” best-fit value of « ~ 0.7. In the
presence of the 500 mA square wave, two CPEs with more finely tuned and accurate values
of # = 0.99 and a = 0.24 may be fitted.

The effect of the larger square-wave current begs the question as to what state the cell
is in (i.e., is it now in a non—quasi-static state?). On one hand, there are relatively large
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“working” currents flowing (i.e., in the presence of the 500 mA square wave); on the other,
those large currents reverse frequently, so that net charge flow is small over a period of
minutes. In answer to this question, we contend that the system should be considered to be
in a “pseudo—quasi-static” state, as evidenced by the reversible but asymmetric traces in
CV-type plots that continue to show peaks that might correspond to individual electrode
processes but that are greatly attenuated when compared with those seen in the presence
of very small cycling currents (Figure 5c).

Fitted lines corresponding to the circuit elements in each ECM are shown in
Figure 7a,b. Note in particular the impedance for CPE2 in Figure 7b. This element is
discernible only through ELF measurement [16] and confirmed here to be visible only when
the cell is not fully quasi-static but also not in perfect equilibrium, i.e., in the pseudo—quasi-
static state described above. Certainly the data are not obscured by diffusion, but neither
are the instantaneous currents small. We are in the region between “small-signal” measure-
ments that typically apply to EIS work (that assumes a linear device), and the “large-signal”
regime where nonlinear effects dominate.

T 10! : T
0 Q S— |Z| measured o— |Z| measured
0°F 0§ ——Rs ] . T T 7Rs
L% CPE1 K CPE1
R LIRS N N CPE2
n\, ‘\.-:'
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Figure 7. Measured impedance magnitude with fitted lines showing discernible equivalent cir-
cuit elements: 4.8 Ah lithium NCA cell. (a) Measurement multitone superimposed on a negligi-
ble (10mA) square wave. (b) Measurement multitone superimposed on a 500 mA square wave
“working” current.

We note here that the CPEs in this ECM do not represent physical elements inside the
battery. The procedure essentially sees the cell as a “black box”, and uses the measured
data to construct an electronic model with fractional capacitance based on as few elements
as possible that can reproduce those data. We have demonstrated that a three-element,
five-parameter ECM of the type shown here typically models real, measured data with
good precision [11]. In terms of how the model relates to the cell’s charging behavior, the
resistive part of the ECM reveals itself in the size of the instantaneous vertical jump in
voltage on reversal of the current in Figure 5a. The curve following this jump and the
roughly constant gradient dV /dt later in each charging period (Figure 5a) correspond to
the fractional capacitance effect of the CPEs.

4. Conclusions

These findings support the concept of equivalence of CV and ICA in terms of the
information they provide to the experimenter. Both methods have associated rates and,
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in both cases, rate of charge movement is the key variable that determines what the
investigator sees. Low rates of charge movement (with the cell consequently in a quasi-
static state) yield detailed peaks corresponding to individual reactions in incremental
charge or current plots, while greater rates lead to loss of resolution (as the cell transitions
into a pseudo—quasi-static state) and the generation of plots more closely resembling CV as
commonly presented in the literature. The current-controlled method with calculation of
cumulative charge movement while the cell is in the pseudo—quasi-static state described in
this manuscript may offer a practical solution, using basic equipment, to the problem of
performing an analysis that might give information analogous to CV on an intact battery
without risking destruction of the device under test.

Notwithstanding the difficulties mentioned above of attempting CV on a whole bat-
tery, we note here the recent work of Kim et al. [36], who have published CV profiles
for four different battery types (including NCA). These tests were carried out at a low
scan rate (0.05mV/s) using commercially available battery testing and environmental
control equipment with suitable safety features. The published NCA CV plot shows a
hysteresis with three redox peaks corresponding to oxidation at the positive electrode,
with corresponding reduction peaks, comparable to the plots shown in Figure 5 of the
present manuscript. This would seem to confirm the potential utility of our suggested
constant-current method, which does not require specialized and expensive commercial
battery testing equipment, and to underline the importance of rate of movement of charge
in terms of what the investigator sees.

Near-equilibrium quasi-static conditions are required to reveal electrode activity at
different terminal voltages when performing ICA. However, these conditions interfere
with small signal impedance measurements, or at least make them susceptible to small
changes in equilibrium point, when we attempt EIS at ELFs. Attempts to fit ECMs using
EIS data obtained under quasi-static conditions are therefore likely to result in unreliable
models. In constrast to previous authors, who have suggested that ECMs with numerous
components to represent individual electrochemical processes may be needed to model
fractional devices such as batteries [10,24,25], we have shown that a simple ECM consisting
of three elements only (R-CPE-CPE) is needed [11,16]. This ECM is discernible only via
EIS performed at ELFs, and only when the cell is in the pseudo—quasi-static state (i.e., the
conditions required for a CV-type analysis as described in this paper). Under the near-
equilibrium quasi-static conditions that are required for ICA, EIS at ELFs is only partially
successful in that the second CPE cannot be “seen”, and an R-CPE model, which is not
sufficient to fully characterize the cell, only can be generated.
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Abbreviations

The following abbreviations are used in this manuscript:

CC-CV  Constant current-constant voltage
CPE Constant-phase element

Cv Cyclic voltammetry

DVA Differential voltage analysis

ECM Equivalent-circuit model

EIS Electrochemical impedance spectroscopy
ELF Extra-low frequency

ICA Incremental capacity analysis

NCA Lithium nickel cobalt aluminum

RMSE  Root mean square error
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