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Abstract

A comprehensive electrochemical impedance study is conducted on LiNi0.80Co0.15Al0.05O2

electrode material as a function of state-of-charge and aging. Electrodes are harvested
from four commercial batteries with different state-of-health conditions. Odd random phase
electrochemical impedance spectroscopy and the symmetric cell approach are applied in this
work in order to obtain reliable impedance results. An equivalent electrical circuit model is
constructed. The parameters related to the generalized finite-space Warburg element, the
CPE element and the charge transfer resistance are further interpreted. Valuable information
is obtained and closely linked to the physical phenomena. The charge transfer resistance
has been proved to be the most reliable parameter for the estimation of state-of-health.

Keywords: LiNi0.80Co0.15Al0.05O2, Reliable impedance, ORP-EIS, Aging phenomena,
State-of-health estimation

1. Introduction1

The lithium-ion battery technology has been boosted in the recent years due to the ongo-2

ing electric vehicles (EVs) and hybrid electric vehicles (HEVs) revolution in the automotive3

industry. But there are remaining challenges for making them competitive with respect to4

conventional vehicles. A reliable diagnostic tool for the evaluation of the state-of-health5

(SoH) is one of the remaining challenges due to the complexity of the battery system as6

well as the degradation scenarios. Electrochemical impedance spectroscopy (EIS) has been7

proposed as a promising technique for the non-destructive SoH diagnosis [1].8

Theoretically, EIS is capable to provide information about all battery components by a9

single measurement of a full cell with each component having its characteristic frequency re-10

sponse. However, cathode and anode materials often have similar kinetic parameters, which11
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results in the difficulty to differentiate their frequency response [2, 3]. The implementation12

of a reference electrode has been proposed to gain insights into the impedance of individual13

electrodes [2, 4, 5]. Nevertheless, some researchers have found that the reference electrode14

can easily induce impedance distortions depending on the geometrical factors [6–9]. In15

this work, we apply another well-established approach: the use of symmetric cells where16

working electrode (WE) and counter electrode (CE) are identical [10]. Levi et al. [7] have17

summarized that measurements on two-electrode symmetric cells lead to true artifact-free18

impedance results.19

The LiNi0.80Co0.15Al0.05O2 (NCA) cathode material is a competitive candidate for the new20

generation of batteries [11]. Several EIS studies on the NCA cathode material have been21

reported [12–15]. Abraham et al. [14] have investigated the EIS response of NCA electrodes22

at different state-of-charge (SoC) levels. The EIS results show significant dependence on23

the SoC level due to the crystal structure changes of the NCA electrode material during the24

(de)lithiation process. Other researches have investigated the EIS responses of NCA-based25

full cells or half cells at a fixed SoC level with different aging conditions [13–15].26

There is a remaining ambiguity about EIS responses of NCA electrodes as a function of27

both the SoC and the aging condition. This aspect hinders the further development of a28

reliable EIS-based SoH diagnosing tool. We try to tackle this ambiguity in this work by the29

systematic characterization of NCA electrodes that are harvested from commercial pouch30

cells (5 Ah) with different aging conditions. A large format commercial pouch cell is neces-31

sary in order to harvest sufficient identically aged materials for consistent characterizations.32

The EIS measurements are performed at nine different SoC levels for each commercial cell33

with the two-electrode symmetric cell approach. The in-house developed odd random phase34

EIS (ORP-EIS) [16–19] is applied for this EIS study to control the data quality by eval-35

uating the linearity, stationarity and noise level of the measured impedance. In addition,36

ORP-EIS is a multisine-based technique that can remarkably reduce the measuring time.37

Galvanostatic capacity test, cyclic voltammetry (CV) and scanning electrode microscopy38

(SEM) are also performed on the NCA electrodes in order to obtain extra information for39

the data interpretation of the EIS results.40

2. Experimental41

2.1. Sample preparation42

The four pouch cells contained LiNi0.80Co0.15Al0.05O12 cathodes and Li4Ti5O12 anodes.43

They were HEV-optimized cells with the thin-layer coated electrode and commercially avail-44

able. The manufacturer provided specifications of the cells shown in Table 1. The cells were45

aged by the battery tester (PEC - SBT 0550) and cycled at 1C rate, within the 5% - 95%46

SoC window and at 25 °C or 45 °C. The aging conditions and abbreviations are summarized47

in Table 2. BoL (begin-of-life) represents the condition of NCA electrodes as harvested from48

the non-aged fresh cell and acts as the reference condition. C25-2000 represents the NCA49

electrodes harvested from the commercial cell that were aged at 25 °C for 2000 cycles. The50

same terminology applies for the other two electrode types, C45-500 and C45-1100.51
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The disassembling of the four aged commercial cells followed the established proce-52

dures [20, 21]: the cells were fully discharged and then transferred into an argon-filled glove53

box (Jacomex GP). After opening the cell case, the NCA electrode sheets were collected and54

rinsed in dimethyl carbonate (DMC). Next, one side of the electrode coating was removed55

from a double-coated electrode sheet by cotton swaps soaked with N-methyl-2-pyrrolidone.56

After the treatment, several 18 mm diameter round NCA electrodes (2.545 cm2) were cut57

from the electrode sheet and rinsed two times in DMC then dried under vacuum overnight.58

The round NCA electrodes were tested in the commercially available electrochemical59

cells (EL-CELL, ECC-ref) with a compact sandwich cell design. The cells were prepared in60

the three-electrode configuration for CV and galvanostatic capacity tests. Symmetric two-61

electrode cells were assembled for EIS tests. The three-electrode cell consisted of the round62

NCA electrode as working electrode (WE), lithium metal as both counter electrode (CE) and63

reference electrode (RE), and a 1.5 mm thickness glassy-fiber separator (EL-CELL). The cell64

was filled with 500 µL commercial electrolyte LP30 (Ube Industries), 1 M LiPF6 in ethylene65

carbonate and dimethyl carbonate with 1:1 ratio by volume. The two-electrode symmetric66

cell consisted of two identical round NCA electrodes (same SoC and aging condition) as WE67

and CE, the LP30 electrolyte and the glass-fiber separator.68

The original cut 18 mm electrodes were at the discharged state. So, the two identical69

NCA electrodes were further prepared as follows: 1) two original 18 mm NCA electrodes70

were assembled individually into two three-electrode cells (with lithium as CE and RE); 2)71

the two three-electrode cells were cycled at a constant current (1C) at room temperature72

for 10 cycles; 3) at the last discharge cycle, the two NCA electrodes were discharged to73

the target SoC levels (i.e., 20%, 30%, ... 100%) using the coulomb counting method; 4) a74

three hours relaxation followed; 5) the two identical NCA electrodes were harvested from75

the two three-electrode cells inside the glove box and immediately assembled together with76

the fresh electrolyte and separator into the two-electrode symmetric cell; their potential77

difference was smaller than 5 mV. By this method, two NCA electrodes can be cycled to78

an identical condition and nine SoC levels are evenly distributed for both BoL and aged79

electrodes. The drawback is that the SoC level is defined individually according to the80

electrode capacity so it deviates between electrodes. Instead, the electrode potential is used81

here to differentiate the SoC level since it intrinsically reflects the electrode SoC level, and,82

indeed, the measured potentials are comparable between different aged electrodes. The83

EIS results were successfully reproduced for the NCA electrodes harvested from different84

electrode sheets within the same pouch cell.85

2.2. Experimental characterization86

Cyclic voltammetry (CV) was performed between 3.0 V and 4.3 V vs. Li/Li+ for three87

cycles at a scan rate of 20 µV/s. Capacity tests for the harvested NCA electrodes were88

carried out by the constant current cycling (charge/discharge) at 0.2C (0.28 mA) with 3.089

V and 4.3 V vs. Li/Li+ cut-off potentials for three cycles. The experiments were done at90

room temperature by using VMP3 potentiostat (Bio-Logic).91

The SEM images were obtained with JSM-IT300 (JEOL). The particle size distribution92

analyses was processed through treatment with ImageJ software (NIH).93
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ORP-EIS measurements were performed by an in-house designed set-up consisting of94

a Wenking Potentiostat POS 2 (Bank Elektronik) and a PCI-4461 DAQ-card (National95

Instruments). A frequency range of 1 mHz - 5 kHz and amplitude of 5 mV RMS were96

chosen for the experiments. One test session lasted 5000 s and for each symmetric cell, 597

test sessions were performed with 400 s relaxation time between the sessions. The impedance98

spectra showed the fewest time-variant behavior at the third session, similarly to the behavior99

previously observed and discussed by Barai et al [22]. Thus, the third session results were100

used in this work. It must be noticed that the obtained impedance response from the101

symmetric cell was the sum of two electrodes and should be divided by two. The quantitative102

analysis of the impedance was carried out by equivalent electrical circuit (EEC) modeling.103

2.3. The ORP-EIS technique and data modeling104

ORP-EIS is a multisine-based technique. The odd random phase multisine signal is gen-105

erated by MATLAB software and composed of a sum of harmonically related sine waves106

with random phases. Only the odd harmonics are excited and one out of three consecutive107

harmonics is randomly omitted [18]. By recording the potential and current signals simul-108

taneously at all the measured frequencies (including the non-excited omitted frequencies),109

the linearity of the impedance measurement can be evaluated [18]. Each test session is110

performed by applying 5 consecutive periods of the excitation signal. The first period is111

omitted to eliminate possible transients and the other 4 periods are used to calculate the112

standard deviation at each frequency.113

The noise level is estimated by the standard deviation calculated at the non-excited114

frequencies.The non-linearity is evaluated by the difference between the noise level and the115

impedance at the non-excited odd frequencies; the latter contains noise + non-linearities.116

The overlap of the two curves indicates the absence of non-linearities, that is, a linear117

system. The standard deviation at the excited frequencies, which corresponds to noise +118

non-stationarities, is compared to the noise level to determine the non-stationarities. If the119

standard deviation at the excited frequencies is different from the standard deviation at the120

non-excited frequencies, the measured system presents a non-stationary behavior [18, 19].121

The equivalent electrical circuit modeling is done by means of the in-house designed122

MATLAB toolbox by using a Gauss-Newton algorithm followed by a Levemberg Marquard123

minimization scheme [16]. The goodness-of-fit is assessed by comparing the complex residual124

against the noise curves. A good fit is achieved if the residual curve falls within the noise125

of the ORP-EIS measurement [23]. In addition, the best-fit parameters and their relative126

errors (i.e. parameter uncertainties) are also provided.127

3. Results and discussion128

3.1. Characterization of the harvested electrodes129

The NCA cathodes were harvested from three aged and one fresh commercial cells and130

characterized in laboratory three-electrode cells with lithium metal CE and RE electrodes.131

Figure 1 shows the charge and discharge curves of four NCA electrodes at 0.2C rate. Results132

of the third charge/discharge cycle are presented since it is after the first two cycles that133
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the cells reach stabilization. C45-1100 shows the lowest capacity value and C25-2000 shows134

the value closest to the BoL electrode even though it has the highest number of cycles. The135

results clearly show that the cycling temperature has more impact on the capacity loss of136

the NCA electrode than the number of cycles.137

Cyclic voltammograms of the four NCA electrodes are demonstrated in Figure 2. Results138

of the second cycle are presented. Due to the ultra-slow scan rate, only the first cycle is used139

for the stabilization. Four characteristic redox peaks are present due to fact that the NCA140

electrode material undergoes several phase transitions during lithium deintercalation (anodic141

scan) and intercalation (cathodic scan) processes [24, 25]. This indicates the variation of142

electrochemical kinetics at different potentials. Therefore, it is necessary to systematically143

characterize the EIS response as a function of the SoC level. By comparing the four CVs,144

all the redox peaks are still present in the aged electrodes but with decreased peak currents145

especially in the low potential range. It implies that the phase transitions of the NCA146

material remain but the electrode capacity decreases. The anodic peak around 3.65 V vs.147

Li/Li+ slightly shifts towards a lower potential after aging.148

Figure 3 shows the cross-sectional SEM image of the NCA electrode from the BoL cell.149

The coating thickness of the NCA material is only about 16 µm since the cell is optimized150

for the power density [26]. It has been revealed by several studies that the thickness of the151

electrode coating greatly influences the impedance response due to the distortions from the152

porous structure [27–29]. In this work, the thin-coated electrode system is chosen in order153

to simplify the impedance study and focus on the degradation of the cathode material itself.154

Figure 4 shows the surface morphology of the four harvested NCA electrodes. Spherical-155

like secondary NCA particles are composed by smaller size of primary particles. There are156

no obvious morphological changes between BoL and aged electrodes. A statistical particle157

size distribution analysis is performed based on the SEM images at a x500 magnification.158

The particles whose radius is smaller than 1 µm are excluded from the analysis, since such159

small particles are most likely the fragments of primary particles and they create artifacts for160

the analysis. The results of the particle size distribution are shown in Figure 5. The bottom161

and top of the box represent the first and third quartiles and the band inside the box is162

the median. The bars indicate the lowest and highest datum within 1.5 interquartile range,163

and the dots are the outliers. It is clear that not only the mean value of the particle size164

increases with the aging level but also the width of the distribution increases and slightly165

shifts towards higher particle sizes. This can be explained by the volume expansion and166

contraction of NCA particles during the charge and discharge processes. Additionally, the167

electrode cycled at 45 °C presents a higher particle size than the electrode cycled at 25 °C.168

Watanabe et al. [30] have published similar results.169

3.2. ORP-EIS characterization170

It is the first time that ORP-EIS is applied to a battery system. Figure 6 presents171

the ORP-EIS results obtained from the symmetric cells with the NCA electrodes harvested172

from the four pouch cells. The electrode potentials are around 3.82 V vs. Li/Li+, which is173

at the mid-SoC level. It is evident that the four impedance spectra are similar, but with174

the increased impedance for the aged electrodes. The main contributions in the impedance175
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spectra occur at the mid frequency range (around 10 Hz), which corresponds to the charge176

transfer process, and at the low frequency range (below 0.1 Hz), which is associated with177

diffusion processes [12, 14]. In the high frequency region, there is a less significant contri-178

bution assigned to the behavior of the interface passivation layer and an inductive effect,179

which is an artifact induced by the test equipment [28, 31].180

Besides the impedance spectra, the non-linearities, the non-stationarities and the noise181

level are presented in the Bode plot by three extra curves: noise level, non-linearities +182

noise level and non-stationarities + noise level. For ideal EIS data, the three lines should183

overlap and be at least two orders of magnitude lower than the impedance response [31].184

Non-stationarities are observed in all the impedance results in this work. We attribute this185

non-stationary behavior to the highly reactive electrode surface. This behavior has been186

systematically studied by Barai et al. [22]. The non-stationarities level could be reduced by187

increasing the measured low frequency limit, which results in a reduction of the measuring188

time. Yet, in this way, the low frequency response would be traded off. Nevertheless, here189

the noise distortions are about three orders of magnitude lower than the impedance response;190

therefore, the quality of the EIS data is still ensured. The non-linearities are subtler and191

seem to be parallel with the non-stationarities. In this case, it might be an artifact induced192

by the non-stationarities related to the calculation of the distortion curves [18].193

A Voigt type EEC model is constructed according to the impedance spectra, as shown in194

Figure 7. L represents the inductance of the equipment. Rs represents the electrolyte ohmic195

resistance. The parallel Rp and Cp represent, respectively, the resistance and capacitance196

related to the passivation layer on the electrode-electrolyte interface, corresponding to the197

small arc at high frequencies. The parallel Rct and the constant phase element (CPE) are198

related to the charge-transfer process, which is seen as the dominating arc in the Nyquist199

plots. The generalized finite-space Warburg (GFW) describes the diffusion behavior [32–200

34]. During the discharge of the NCA electrode, the lithium ions intercalate into the NCA201

material at the solid-electrolyte interface and diffuse from the interface into the bulk of the202

material. The lithium ions diffuse in the opposite way for the charging reaction. In this way,203

the GFW element is added in series with Rct and parallel with CPE [31]. The distributed204

elements CPE and GFW are used in order to model the dispersed impedance response.205

Their mathematical expressions are given by:206

ZCPE =
1

Q(jω)α
(1)

ZGFW = RL
coth(jωτ)φ

(jωτ)φ
(2)

where j is the imaginary unit and j2 = -1, ω is the angular frequency, Q is the parameter207

related to the double layer capacitance, α is the constant phase exponent (0 < α < 1), RL208

is the low-frequency limiting resistance, τ is the characteristic diffusion time constant, and209

φ is the experimental parameter related to the non-uniform diffusion [31, 35].210

The impedance results are fitted using the ECC model (Figure 7). The modeled impedance211

data sufficiently match the experimental data as shown in Figure 6. In order to properly212
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assess the goodness-of-fit, the complex residual is compared with non-stationarities + noise213

level. Practically, the two curves coincide but some deviations are present at the high214

frequency and the low frequency regions. It implies that the model is less adequate to pre-215

dict the impedance behavior at these regions. Nevertheless, the fitted residual relative to216

the impedance magnitude is always below 10%. The same criterion is applied to all the217

impedance modeling in this work, with equivalent fitting quality results, which indicates the218

validity of the proposed EEC model.219

Table 3 provides the best-fit parameters and the relative parameter errors for the four220

NCA electrodes at potentials around 3.82 V vs. Li/Li+. Rct, CPE, GFW are the main221

elements of the ECC model and all their associated parameters present low uncertainties.222

In this work, the generalized diffusion model is sufficient to achieve a good fitting since the223

thin-electrode coating results in a simple diffusion response. By increasing the electrode224

coating thickness, more complex diffusion models [36, 37] should be applied in order to225

adequately describe the diffusion behavior containing both the porous diffusion and the226

solid-state diffusion. The latter case is outside the scope of this work. L, Rp and Cp are the227

parameters related to the high frequency response. They present higher uncertainties. The228

errors are especially high in the case of L, representing the system artifact, for which only229

few data points are collected. The estimated values of Rp and Cp might be influenced by230

the poor certainty of L. Nevertheless, L, Rp and Cp represent minor contributions to the231

whole impedance response so that the overall fitting quality is still acceptable.232

For an overview of the measured EIS data, Nyquist plots of all results are presented233

in Figure 8. The four sub-figures correspond to the four harvested NCA electrodes at the234

different electrode potentials. First of all, all the impedance results show a similar impedance235

spectrum that consists of two semicircles and a diffusion tail. For the BoL electrode, the236

impedance is significantly increased in the low and high electrode potential regions. A237

similar behavior has been reported and discussed by Abraham et al. [14]. This can be also238

observed on the aged electrodes, C25-2000 and C45-500. As for the most aged electrodes239

C45-1100, the impedance is increased in the low electrode potential region but not in the240

high potential region. It might relate to the unexpected self-discharge behavior during the241

relaxation step after the electrodes are brought to the potential above 4.0 V vs. Li/Li+.242

Therefore, we could not successfully bring the electrodes to the target SoC levels. By using243

the Constant Current Constant Voltage (CCCV) protocol, the self-discharge behavior could244

be partially suppressed. Yet, we did not change the charging protocol in order to keep the245

consistency between the impedance measurements.246

3.3. Impedance interpretation247

All EIS data for the four electrodes at the different electrode potentials, shown in Fig-248

ure 8, are also fitted with the proposed EEC. The impedance interpretation is focused on249

Rct, CPE, GFW since they contribute the most to the impedance response; however, all250

parameters related to the electrochemical system are presented and discussed below.251

Figure 9 displays the model parameters related to the high frequency phenomena. In252

Figure 9 (a), the electrolyte ohmic resistance Rs does not show a clear trend respect to both253

the electrode potential and the aging level. The variations are attributed to the experimental254
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errors. In Figure 9 (b) and (c), Rp and Cp relate to the electrode surface passivation layer.255

Due to the low active material loading density resulting from the thin-layer coated electrode,256

their fitted values are low compared to the other fitted parameters and Rp and Cp have257

minor contributions to the total impedance. During the post-mortem processes to harvest258

the electrodes, the passivation layer might be altered, which makes the further interpretation259

of the related parameters difficult and not substantially relevant.260

The interpretation of the dispersed diffusion impedance of a porous electrode is un-
doubtedly challenging. Meyers et al. [38] and Levi et al. [36] have theoretically studied the
impedance response of a porous electrode composed of intercalation particles by model calcu-
lation. Recently Cericola et al. [29] have experimentally investigated the impedance response
of graphite electrodes by varying the porous structure (porosity, particle size, thickness etc.).
They all prove that the impedance response of the diffusion region is dependent on the elec-
trode porous structure. In this work, a generalized finite-space Warburg element is sufficient
to model the diffusion response since the porous structure here presents minor effects be-
cause of the thin-coated electrode (Figure 3). The physical standing ground of the GFW
element has been derived from the distribution of activation energies treatment [39]. Later
on, the generalized diffusion behavior has been theoretically studied by Diard et al. [40],
Bisquert et al. [41] and Criado et al. [42]. RL, τ and φ are the three parameters associated
with the GFW element. RL is the limiting resistance of the finite-space Warburg, but its
physical interpretation for the GFW is still unclear. Here we focus on the parameters τ and
φ. When φ = 0.5, GFW becomes an ideal finite-space Warburg element, for which the solid
state diffusion of Li+ inside the host material can be described by the equation [43]:

τ =
l2

DLi+
(3)

where l is the effective diffusion length and DLi+ is the solid-state diffusion coefficient of261

lithium ions.262

Figure 10 shows the plotted Warburg parameters as a function of the electrode potential.263

The inset figure shows that the exponential factor evolves around a value of 0.4 for all the264

experiments. When φ deviates from 0.5, the impedance response in the diffusion region265

is dispersed. Cabanel et al. [44] has studied EIS of the proton intercalation in Nb2O5266

and derived an empirical expression to calculate the diffusion coefficient from the non-ideal267

finite-space Warburg element. Here we could not further retrieve the diffusion coefficient268

due to the uncertainty of the effective diffusion length: for the solid-state diffusion, this269

length is associated with the size of both the primary particles and the secondary particles,270

and meanwhile the porous diffusion also plays a role in the overall diffusion response [29].271

Nevertheless, τ is still inversely proportional to DLi+ for the electrodes obtained from the272

same batteries, since the porous structure is unaltered (or has minor changes) at different273

electrode potentials. From Figure 10, it can be seen that τ drops rapidly with the increase274

of the electrode potential in the low potential region and reaches a steady state around 3.7275

V vs. Li/Li+. Then it starts increasing again in the high potential region above 4.2 V vs.276

Li/Li+. Hence a parabolic-like behavior is observed. Since DLi+ is inversely proportional to277

τ , this behavior is attributed to the variation of DLi+ through the whole electrode potential278
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region [14]. Ceder et al. [45] has correlated the Li+ solid-state diffusivity to the material’s279

c-lattice parameter by density functional theory (DFT) calculations. They also found that280

at a high electrode potential (i.e., high delithiation level) the c-lattice decreases due to the281

strong O-O interaction, leading to a lower DLi+ . At an electrode potential lower than 3.7282

V vs. Li/Li+ (i.e., the high lithiation level) the c-lattice parameter also drops significantly,283

which has been experimentally observed by Kleiner et al. [46].284

C45-1100 and C25-2000 show lower τ values than the other two batteries with less aging285

cycles. This might indicate a strong effect of the number of cycles on the τ values, due to286

the fact that both the porous structure and DLi+ change during cycling aging [30, 47, 48]. In287

addition, the change of the particle size shown in Figure 5 is another influencing factor that288

must be taken into account. The deviations between different batteries cannot be simply289

explained by the variation of DLi+ . For further quantitative analysis, more elaborated290

diffusion models are required [14, 49], which involve significant fitting complexities.291

The CPE parameters α and Q are plotted in Figure 11 (a) and (b), respectively. The292

exponential parameter α is used to mathematically describe the dispersion level of the293

impedance response. When α = 1, CPE behaves as an ideal capacitor. In this work,294

0.8 < α < 1, thus the deviation from the pure capacitive behavior is not drastic. The295

origin of the CPE behavior is often attributed to the surface inhomogeneity or dispersed296

charge-transfer reactions [35, 50].297

The BoL electrodes present lower α values that evolve with the electrode potential;298

especially at 3.65 V - 3.85 V vs. Li/Li+, α shows a considerable drop. Robert et al. [51]299

studied the activation mechanism of NCA by in-situ X-ray diffraction. They found an300

irreversible phase transition, the pristine phase to the solid-solution phase, between 3.40 V301

and 3.84 V vs. Li/Li+ in the initial cycles of the aging of pristine NCA electrodes. By302

considering the results from Robert et al., we attribute the origin of the low α value for303

the BoL electrodes to the existence of both pristine phase and solid-solution phase which304

results in the dispersion of charge-transfer reactions. For the aged electrodes, the α values305

increase and become stable at values above 0.9, due to the fact that after certain amount306

of cycles all the pristine phase has transited to the solid-solution phase which involves only307

one charge-transfer time constant. Here the small deviation of the α values from 1 results308

from the porous structure of the electrodes.309

When α = 1, Q has units of capacitance. In this work α < 1, thus Q does not directly310

represent the capacitance. However, for most of the results, the α values do not differ311

much from case to case and are close to 1, so it is still acceptable to compare Q values312

between the aged electrodes. Q associates to the double-layer capacitance, which reflects313

the active surface area of the electrodes. Figure 11 (b) shows the plot of Q against the314

electrode potential. For the aged electrodes, C25-2000, C45-500 and C45-1100, Q shows315

minor changes with the different electrode potentials. On the other hand, the BoL electrode316

behaves differently: it decreases with the higher electrode potential in the range of 3.65 V317

to 3.80 V vs. Li/Li+. This behavior is attributed to the changes of the α values in this318

potential region due to the presence of an irreversible phase transition. In this potential319

region, the dispersion of the CPE is induced by the extra time constant linked to the phase320

transition instead of the porous structure, so Q cannot be directly associated to the double-321
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layer capacitance here. In the potential range above 3.80 V vs. Li/Li+, Q becomes stable322

and can be linked to the double-layer capacitance since only the porous dispersion presents323

and α values close to 1. In Figure 11 (b), it is also clear that C45-1100 presents distinctively324

lower Q values than the other electrodes. BoL, C25-2000 and C45-500 electrodes show325

similar Q values, having the BoL electrodes slightly higher Q values than C25-2000 and326

C45-500; C25-2000 electrodes present slightly higher Q values than C45-500. The overall327

trend nicely corresponds to their capacity values as shown in Figure 1. The aging of the328

electrode leads to a decrease of the active surface area, which results in a lower Q value.329

Some studies [30, 48, 52] have revealed that the electrode aging process can cause the loss330

of electrical contact between the active particles due to the volume expansion. Some other331

studies [53–55] have found a formation of the NiO-like non-active surface layer on the active332

electrode particles. Additionally, both aging phenomena accelerate with the elevated cycling333

temperature.334

The CPE parameter Q shows the potential to be a reliable indicator for the SoH estima-335

tion if the α values are constant and close to 1. For the other situations where the α values336

largely deviate from 1, Q cannot be directly used to represent the double-layer capacitance337

anymore.338

Figure 12 shows the variation of the charge transfer resistance Rct with the electrode
potential. By increasing the electrode potential, Rct decreases firstly and starts increasing
again in the high potential region. The parabolic-like behavior is clearly observed in all four
NCA electrodes. Rct is linked to the electrochemical reaction kinetics by:

Rct =
RT

nFA0i0
(4)

where R is the gas constant, T is the absolute temperature in Kelvin, n is the number of339

electrons, F is the Faraday constant, A0 is the active surface area and i0 is the exchange340

current density. According to Equation 4, Rct is inversely proportional to A0i0. For the341

electrodes harvested from the same battery, A0 is unaltered with the electrode potential,342

so i0 should show the parabolic-like plot, but with the inverse trend. The parabolic-like343

trend of τ as a function of the electrode potential (Figure 10) is attributed to the significant344

changes of the crystal structure on the electrode potential regions below 3.7 V vs. Li/Li+.345

and above 4.2 V vs. Li/Li+. Therefore the similar parabolic-like behavior observed in346

Rct, is possibly also related to the drastic crystal structure changes, which might alter the347

equilibrium oxidation/reduction rate i.e., the exchange current density [14].348

Between the different NCA electrodes, the value of Rct follows the order: BoL < C25-2000349

< C45-500 < C45-1100. This order is maintained for almost the entire electrode potential350

range. It must be noticed that C45-1100 deviates from the parabolic-like trend for potentials351

above 4.0 V vs. Li/Li+. It possibly relates to the unexpected self-discharge behavior after352

the electrodes are brought to the high potential region. Nevertheless, the overall ”ranking”353

of Rct within the four electrodes shows the inverse order compared to the capacity values354

extracted from the electrode capacity test (Figure 1).355

The decrease of the active surface area A0 leads to an increase of Rct and a drop of the356

electrode capacity. The interface properties of the electrode material also play an important357

10



role here by directly influencing i0. C45-500 and C45-1100 show significant higher Rct than358

C25-2000 on the entire electrode potential range. Besides, C45-500 and C25-2000 show a359

similar electrode capacity in Figure 1. This behavior is attributed to the enhanced formation360

of the inactive NiO-like surface layer at the elevated cycling temperature [30, 54, 55]. This361

inactive layer reduces the electrochemical kinetics and also decreases the electrode active362

surface area [30].363

Overall Rct seems to be the most reliable parameter for the SoH evaluation. It presents364

distinctive differences between the four electrodes with different aging levels. In the low365

electrode potential region (< 3.7 V vs. Li/Li+) and the high electrode potential region (>366

4.2 V vs. Li/Li+), Rct rapidly increases due to the crystal structure changes. Therefore, we367

suggest to characterize Rct in the potential range 3.7 V to 4.2 V vs. Li/Li+ for the SoH368

estimation.369

4. Conclusion370

We have comprehensively studied the EIS response of the LiNi0.80Co0.15Al0.05O2 electrode371

material as a function of state-of-charge and aging. A Voigt type EEC model is constructed372

to model the EIS data. The parameters associated to the GFW, CPE and Rct elements are373

mainly discussed. Rct is the most reliable parameter for the SoH estimation of the NCA374

electrode. It is almost independent from the SoC levels in the potential range 3.7 V to 4.2375

V vs. Li/Li+. However, in the low electrode potential region (< 3.7 V vs. Li/Li+) and376

the high electrode potential region (> 4.2 V vs. Li/Li+), Rct rapidly increases due to the377

crystal structure changes of the material. The drastic changes of the characteristic diffusion378

time constant τ in the similar potential region are also attributed to the crystal structure379

variations. τ is inadequate for the SoH estimation due to the complex diffusion scenario.380

The CPE related parameter Q possibly works as an indicator for the SoH estimation and it381

is also nearly constant in the entire electrode potential range. However, in other systems,382

especially the thick-coated electrode system, Q might no longer accurately indicate the SoH383

level.384

For the SoH estimation of NCA based batteries using EIS, we suggest to obtain EIS data385

at middle SoC levels of batteries or within the potential range of the NCA electrode from386

3.7 V to 4.2 V vs. Li/Li+. And we suggest to focus on the charge transfer resistance Rct as387

the SoH indicator of the battery.388

In this work, reliable electrochemical impedance results are obtained by following the389

symmetric cell approach and applying the ORP-EIS technique. The symmetric cell approach390

completely eliminates the distortions from the counter electrode or reference electrode. The391

ORP-EIS provides information of the linearity, stationarity and noise level of the measured392

impedance and significantly reduces the measuring time.393
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Figure 1: Charge and discharge curves of NCA electrodes in three-electrode half cells. 0.2C constant current
with 3.0 and 4.3 V vs. Li/Li+ cut-off potential.
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Figure 2: Slow scan rate cyclic voltammograms of harvested NCA electrodes in three-electrode half cells.
Scan rate: 20 µV/s.
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Figure 3: SEM image of the cross-section of the BoL electrode
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Figure 4: SEM images of the four harvested NCA electrodes. The magnifications are x500 and x6500.
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Figure 5: Box plot of the particle size distribution of the four NCA electrodes.
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Figure 6: ORP-EIS experimental and modeled data of the harvested NCA electrodes. Test condition:
symmetric cell; 1 mHz to 5 kHz; 5 mV RMS.
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Figure 7: Constructed equivalent electrical circuit for the impedance fitting.

23



E vs (Li/Li +)/V

3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3
Z'/Ω

0
10

20
30

40

Z"
/Ω

-40

-30

-20

-10

0

BoL EIS data
Fit

E vs (Li/Li +)/V

3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3
Z'/Ω

0
10

20
30

405060

Z"
/Ω

-60
-50
-40
-30
-20
-10
0

C25-2000 EIS data
Fit

E vs (Li/Li +)/V

3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3
Z'/Ω

0
20

40
60

80

Z"
/Ω

-80

-60

-40

-20

0

C45-500 EIS data
Fit

E vs (Li/Li +)/V

3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3
Z'/Ω

0
20

40
60

80

Z"
/Ω

-80

-60

-40

-20

0

C45-1100 EIS data
Fit

Figure 8: Nyquist plots of four harvested NCA electrodes as a function of the electrode potential, showing
the experimental and fitted EIS. Test conditions: symmetric cell; 1 mHz to 5 kHz; 5 mV RMS.
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Figure 9: (a) Electrolyte resistance Rs as a function of the electrode potential; (b) passivation layer resistance
Rp as a function of the electrode potential; (c) passivation layer capacitance Cp as a function of the electrode
potential. The error bars indicate the fitting errors.
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Figure 10: Characteristic diffusion time constant τ as a function of the electrode potential. The inset figure
is the plot of the exponential factor φ. The error bars indicate the fitting errors.
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Figure 11: (a) CPE parameter α and (b) CPE parameter Q as a function of the electrode potential. The
error bars indicate the fitting errors.
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Figure 12: Charge transfer resistance Rct as a function of the electrode potential. The error bars indicate
the fitting errors.
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Tables563

Table 1: General specifications of the commercial pouch cells

Item Specification
Nominal capacity 5 Ah
Nominal voltage 2.2 V
Standard charge method Constant current: 5 A to 2.8 V
Standard discharge method Constant current: 5 A to 1.5 V
Specific energy 42 Wh/kg
Energy density 90 Wh/L
Cell dimension (at SoC 50%) 276 mm×173 mm×4 mm
Weight Approx. 262 g
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Table 2: Aging conditions of the four commercial pouch cells

Abbreviation Temperature C-rate Cycles SoC window
BoL - - - -
C25-2000 25°C 1C 2000 5% - 95%
C45-500 45°C 1C 500 5% - 95%
C45-1100 45°C 1C 1100 5% - 95%
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Table 3: Best-fit parameters and relative parameter errors for the impedance data obtained from four NCA
electrodes at a mid-SoC level.

BoL (3.82 V) C25-200 (3.81 V) C45-500 (3.81 V) C45-1100 (3.83 V)
Parameter Unit Value Rel. error Value Rel. error Value Rel. error Value Rel. error
L H 3.65×10−6 28.66% 5.62×10−6 17.83% 4.83×10−6 11.33% 5.23×10−6 6.52%
Rs W 6.82 0.02% 5.76 0.02% 6.2 0.01% 6.45 0.04%
Rp W 0.27 1.69% 0.17 2.86% 0.22 1.16% 0.19 9.17%
Cp F 4.62×10−4 5.11% 9.15×10−4 5.68% 8.21×10−4 2.98% 8.81×10−4 10.71%
Rct W 12.32 0.07% 15.74 0.05% 25.65 0.03% 43.29 0.09%
Q(CPE) Fsα−1 2.32×10−3 0.07% 2.32×10−3 0.05% 2.28×10−3 0.04% 1.79×10−3 0.03%
α(CPE) / 0.92 0.03% 0.95 0.06% 0.95 0.03% 0.95 0.08%
RL(GFW) W 3.77 0.94% 3.08 0.31% 5.03 0.20% 5.28 0.28%
τ(GFW) s 7.50 2.10% 5.68 2.55% 9.12 1.75% 4.55 2.34%
Φ(GFW) / 0.42 0.41% 0.42 0.27% 0.41 0.39% 0.41 0.15%
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