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Abstract 

Experimental measurements and quantitative models of the interfacial charge-transfer 

kinetics of Li-ion battery (LIB) active materials (AM) are essential for accurate predictions of LIB 

rate performance, safety, and lifetime. The Butler-Volmer (BV) equation is commonly used to 

describe interfacial kinetics in LIBs as a function of the transfer coefficient (α) and exchange 

current (I0). It is tacitly assumed that α ≈ 0.5, so experimental measurements of α for LIB AMs 

have rarely been attempted. In this work, mathematical models are derived to fit the apparent α 

and I0 values from the electrochemical data at high current densities by reformulating the BV 

equation to describe the current dependence of charge-transfer resistance (Rct) and differential 

charge-transfer resistance (R’ct). Pseudo-steady-state extrapolation chronopotentiometry (S3E-

CP), large-amplitude galvano EIS (LA-GEIS), and operando galvano EIS (O-GEIS) techniques 

are developed, and each is shown to be capable of accurately and precisely measuring the values 

of α and I0 while maintaining the conditions of stability, stationarity, and linearity. Symmetric coin 

cells are demonstrated as a simple and widely accessible tool for achieving the most accurate 

kinetic measurements, and preliminary results are reported for LiCoO2 symmetric cells at 50% 

state-of-charge. S3E-CP and LA-GEIS measurements yield apparent α values of, respectively, 

0.420 and 0.431, while O-GEIS measurements show that these data are consistent with a two-step 

reaction with α1 = 0.5 and α2 = 3. The equations and electrochemical methods developed herein 

are broadly applicable for empirically measuring and modeling the interfacial charge-transfer 

kinetics in rechargeable batteries.  
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1. Introduction 

 Electrochemical kinetic measurements are a powerful tool for the development of Li-ion 

batteries (LIB) to meet the increasing performance requirements of demanding applications, such 

as electrified transportation. Accurate mathematical models of the electrochemical kinetics of LIB 

active materials (AM) and experimental methods for their parameterization are crucial for 

optimizing the pulse power, charging rate, wide-temperature operability, and safety of LIBs [1,2]. 

In particular, multi-scale electrochemical-thermal models which integrate a porous-electrode 

model (i.e., P2D) at the stack level with thermal modeling at the cell and pack levels allows for 

the “virtual design” of LIBs, which can greatly reduce the experimental work required for battery 

development [3,4]. The measurement of electrochemical kinetics is also important for 

understanding and predicting the performance degradation of LIBs during cycling and calendar 

aging. For example, parasitic reactions between the electrolyte and AMs can cause severe 

interfacial impedance growth, especially at high temperatures, which poses a significant challenge 

for commercially relevant LIB AMs like layered oxide cathodes and silicon anodes [5,6]. 

The electrochemical kinetics of LIB AMs can generally be separated into bulk (i.e., 

diffusion) kinetics and interfacial (i.e., charge-transfer) kinetics, although in many cases these are 

highly interdependent. In the literature, the interfacial charge-transfer kinetics of LIB AMs are 

generally assumed to follow the Butler-Volmer equation (BV), which describes the relationship 

between current (I) and overpotential (η) based on two kinetic parameters, the exchange current 

(I0) and the transfer coefficient (α). Based on the tacit assumptions that α ≈ 0.5 and αa + ac = 1, the 

BV Equation is often formulated as [7,8]: 

(1) 𝐼 = 𝐼0 (exp (
𝛼𝐹

𝑅𝑇
𝜂) − exp (−

(1−𝛼)𝐹

𝑅𝑇
𝜂)) 
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Accordingly, I0 is typically calculated from the charge-transfer resistance (Rct) measured with 

electrochemical impedance spectroscopy (EIS) under linearized conditions as [7]: 

(2) 𝑅𝑐𝑡 =
𝑅𝑇

𝐹𝐼0
  

The fundamental feature of BV kinetics is that the current versus overpotential relationship is 

linear at small overpotentials but becomes exponential at large overpotentials. EIS measurements 

are advantageous because they are quick, non-destructive, and can deconvolute Rct from other 

sources of resistance in the cell [9–11]. However, when EIS measurements are conducted within 

the linear region of BV kinetics (i.e., at low overpotentials), it is impossible to directly measure 

the value of α or I0, because infinitely many combinations of α and I0 can yield the same Rct value. 

Therefore, to experimentally measure α and I0, the electrochemical measurements must be 

conducted in the non-linear region of BV kinetics (i.e., at high current densities).  

Electrochemical measurements of the interfacial kinetics of LIB AMs at high current 

densities (i.e., > 10 mA cm-2) have only rarely been reported in the literature [12–20]. Several 

electrochemical techniques have been employed for such measurements, including 

chronopotentiometry, chronoamperometry, cyclic voltammetry, and EIS. Other mathematical 

models besides the BV equation have also been proposed to fit the experimental data from these 

measurements [13,14,20]. In the literature, there are many conflicting reports, and there is not a 

clear consensus on the validity of the various experimental methods and theoretical models 

employed. In our previous work, it was found that the accuracy of some of these measurements 

from the literature may be questionable due to experimental errors, including uncompensated 

ohmic resistance and/or counter electrode polarization, or impedance artifacts causes by the 

counter and/or reference electrode in 3-electrode cells [18]. We also developed a novel pseudo-

steady-state extrapolation (S3E) approach for Tafel analysis, which enables direct measurement of 
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the apparent BV kinetic parameters at high current densities through simple chronopotentiometry 

experiments. Surprisingly, it was found that LiFePO4 (LFP) electrodes obey the BV equation with 

an apparent α value of ~ 1.5 for both the anodic and cathodic reactions, but due to “double Tafel 

slope” behavior arising from a non-uniform current distribution, the true α value for the interfacial 

charge-transfer reaction of LFP was shown to be ~ 3 [18]. This result is fundamentally inconsistent 

with the nearly universal assumption of α ≈ 0.5 in the literature, and with the classical theories of 

electron-transfer reactions on which this assumption is based [7,21]. In the context of this finding, 

and the lack of consensus in the literature, we believe it is necessary to critically re-examine the 

quantitative models and experimental methods which are used to measure the interfacial charge-

transfer kinetics in LIBs.  

Herein, mathematical models and electrochemical techniques are developed to measure the 

interfacial charge-transfer kinetics of LIB AMs at high current densities. First, a comprehensive 

treatment of Butler-Volmer kinetics is provided: starting with a generalized formulation of the BV 

equation, which assumes symmetry, but is agnostic to the specific reaction mechanism(s), a series 

of equations are derived which can be used to fit the apparent values of α and I0 from the 

experimental electrochemical data. Specifically, equations are developed to describe the 

dependence of charge-transfer resistance and differential charge-transfer resistance on current 

density. We develop three electrochemical techniques for interfacial kinetic measurements at high 

current density: pseudo-steady-state extrapolation chronopotentiometry (S3E-CP), large-

amplitude galvano EIS (LA-GEIS), and operando galvano EIS (O-GEIS). We discuss in detail the 

practical considerations of conducting electrochemical kinetic measurements at high current 

densities, and quantitatively show that each technique is capable of accurately and precisely 

measuring the values of α and I0 while satisfying the necessary conditions of stability, stationarity, 
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and linearity. Lithium cobalt oxide (LiCoO2) symmetric cells are used as an exemplary model 

system to demonstrate the theory and methods developed in this work, and preliminary 

measurement results are reported and discussed.  

 

2. Experimental Procedures 

2.1. Active Materials Synthesis, Electrode Fabrication, and Cell Assembly 

 The complete experimental details on active material synthesis, electrode coating, and cell 

materials and assembly are provided in the supplemental information. Briefly, lithium cobalt oxide 

(LCO) was synthesized with a nominal composition of LiCo0.97Al0.02Ti0.005Mg0.005O2 through a 

molten salt reaction with a sodium sulfate flux, yielding single-crystal particles with an average 

size of ~ 3 μm. LCO electrodes were prepared by slurry coating onto carbon-coated Al foil. The 

coatings had a composition of 97.5 wt% AM, 1.0 wt% poly(vinylidene difluoride), 1.0 wt% carbon 

black, and 0.5 wt% vapor-grown carbon nanofibers. The electrode coatings had mass loadings of 

1.2 – 1.4 mg cm-2 and were calendared to a density of 3.9 – 4.1 g cm-3 to achieve a coating thickness 

of ~ 3 μm. The electrolyte used for all experiments was 1.2 M LiPF6 + 0.1M LiPO2F2 + 0.1M 

lithium 4,5-dicyano-2-trifluoromethylimidazole (LiTDI) in a 25 : 75 w/w mixture of 

fluoroethylene carbonate (FEC) : dimethyl carbonate (DMC).  

Coin cells were built with CR2032 cases and contained a wave spring, a top (1 mm thick) 

and bottom (0.6 mm thick) Al spacer (both 16.2 mm diameter), one ¾” diameter ceramic-coated 

polyolefin separator (Celgard, H1409, 14 μm), 40 μL of electrolyte, and two 16 mm diameter LCO 

electrodes. For each symmetric cell, the two electrodes were paired to ensure they had a nearly 

identical mass (< 2% difference). Symmetric cells with pristine LCO electrodes were assembled 

to measure the pore resistance of the electrodes under blocking conditions. LCO symmetric cells 
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with electrochemically delithiated LCO electrodes were prepared by pre-cycling the LCO 

electrodes versus Li-metal counter electrodes in Swagelok cells. The LCO was charged at a ~ 2C 

rate to 4.15 V vs. Li/Li+, then held at 4.15 V until a C/50 current cutoff. After extracting the 

electrodes from Swagelok cells, they were rinsed thoroughly with DMC and dried under vacuum 

to remove the residual solvent, then two delithiated LCO electrodes were used to build a symmetric 

coin cell with fresh electrolyte.  

2.2. Electrochemical Techniques 

All electrochemical measurements were conducted on LCO symmetric cells, which 

contained electrodes with a mass loading of ~ 1.3 mg cm-2. The electrodes were either pristine 

(blocking condition) or charged to 4.15 V vs. Li/Li+ (intercalating condition), corresponding to ~ 

50% state-of-charge (SOC).  The cells were housed in a temperature chamber with 0.1 °C precision 

(Espec), and unless otherwise stated, measurements were taken at 25.0 °C. A Biologic VMP-300 

potentiostat was used for all measurements. The EIS Quality Indicators option in EC-LAB 

software was enabled, which calculates the total harmonic distortion (THD) and non-stationary 

distortion (NSD) for every EIS measurement. Potential-controlled EIS (PEIS) was conducted with 

a 10 mV excitation amplitude about a constant cell voltage of 0 V. Pore resistance (Rp) of the 

electrodes was measured with the PEIS of symmetric cells under blocking conditions in the 

frequency range of 500 kHz – 10 Hz. Linearized charge-transfer resistance (𝑅𝑐𝑡
0 ) was measured 

with PEIS of symmetric cells under intercalating conditions in the frequency range of 500 kHz – 

1 Hz. The values of Rp and 𝑅𝑐𝑡
0  were fitted from the Nyquist data with Morasch’s method [22]. 

Specifically, for both blocking and intercalating conditions, the solution resistance (Rs) was 

calculated by a linear interpolation of the high-frequency (HF) intercepts of the Nyquist plots. Rp 

was quantified under blocking conditions by a linear extrapolation of the Nyquist data at 250 – 
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2500 Hz to calculate the low-frequency (LF) intercept; the difference between the HF and LF 

intercepts is equal to Rp/3. The value of Rp measured under blocking conditions was used to 

calculate the ohmic resistance (RΩ) used for IR compensation of the kinetic measurements. For 

impedance measurements, RΩ = Rs + Rp/3, while for direct-current measurement, RΩ = Rs + Rp. For 

PEIS and LA-GEIS measurements, Rct was quantified by subtracting RΩ from the real impedance 

at the LF touchdown point of the semicircle. The touchdown point was interpolated from the 

Nyquist data by calculating dZIm/dZre for each point, then applying quadratic interpolation of the 

7 points centered around the minimum value of dZIm/dZre. For PEIS and O-GEIS measurements, 

Rct was also quantified by fitting the Nyquist data to an equivalent-circuit model with Biologic 

EC-Lab software.  

Pseudo-steady-state extrapolation chronopotentiometry (S3E-CP) was conducted by 

applying a series of short galvanostatic pulses with current density ranging from 5 to 100 mA cm-

2 with 10 points per decade in logarithmic spacing. Each pulse was terminated at a capacity limit 

of 15 μAh cm-2 (~ 10% SOC) and voltage data were recorded every 0.05 μAh cm-2. Immediately 

after each pulse, the cell was held at an applied voltage of 0 V to reset the open circuit voltage 

(OCV) and allow the cell to cool between measurements. The rest time varied with current density, 

ranging from 3 min at 5 mA cm-2 to 30 min at 100 mA cm-2. PEIS data were taken after each rest 

step to ensure stability of the measurements. For each pulse, a linear fit was applied between a 

capacity range of 6 and 13.5 uAh cm-2 to calculate the intercept at zero capacity, which gives the 

extrapolated pseudo-steady state voltage for each current density. The IR drop was subtracted from 

the voltage versus current data based on the value of RΩ measured with PEIS, and the residual was 

divided by two to give the overpotential of a single electrode. The overpotential versus current 
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data were fitted to both a BV model (Eq. 9-13) and a Tafel model (Eq. 14). Excel Solver was used 

to fit the apparent values of α and I0 with least-squares error minimization. 

LA-GEIS measurements were collected with a single impedance scan for each spectrum, 

with 9 – 11 points per scan (4 – 6 s scan time). The excitation current amplitude ranged from 1 to 

100 mA cm-2 with 10 points per decade in logarithmic spacing. The frequency range was varied 

with current density from 1 – 10 Hz at 1 mA cm-2, to 3 – 15 Hz at 100 mA cm-2. The data for each 

scan were collected from low to high frequency with no averaging and with a 0.1 period wait time 

between each frequency. The rest time between scans varied from 1 min at 1 mA cm-2 to 10 min 

at 100 mA cm-2. The value of Rct was calculated by quadratic interpolation of the semicircle 

touchdown point. The root-mean-square (RMS) current during LA-GEIS is equal to 1/√2 times 

the current excitation amplitude. The Rct versus RMS current data were fitted to Eq. 13 with least-

squares error minimization (Excel Solver) to fit the value of I0, and the value of α was calculated 

from Eq. 7. To ensure the condition of the linearity, LA-GEIS data were fitted only within the 

current range where the THD was < 2%. Preliminary LA-GEIS measurements, which were not 

used for quantitative analysis, were also conducted. The preliminary data were collected with a 

single point per scan (~ 0.5 s scan), a 5 min rest between each scan, a frequency range of 1 Hz – 

100 kHz, and current excitation amplitudes ranging from 1 – 250 mA cm-2. 

O-GEIS measurements were conducted with a single impedance point per scan without 

averaging between a frequency range of 100 – 794 Hz. The applied current density ranged between 

5 – 25 mA cm-2 with 10 points per decade in logarithmic spacing, and the current excitation 

amplitude was 10% of the applied current density, ranging from 0.5 – 2.5 mA cm-2. The drift 

correction option in the EC-Lab software was enabled to compensate for changes in the cell voltage 

during measurements. Between each scan, the cell was held at 0 V to reset the OCV and allow for 
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cooling. The rest time ranged from 2 min at 5 mA cm-2 to 5 min at 25 mA cm-2. The differential 

charge-transfer resistance (𝑅𝑐𝑡
′ ) at each current density was calculated by an equivalent-circuit-

model fit of the impedance data between a frequency of 100 and 794 Hz to an equivalent circuit 

of Z = RΩ + Rct/Q, with the value of RΩ determined from PEIS under blocking conditions. The 𝑅𝑐𝑡
′

 

versus current data were fitted to a one-step BV model (Eqs. 39-40) by least-squares error 

minimization (Excel Solver) to fit the value of I0, and the value of α was calculated from Eq. 7. 

The data were also fitted to a two-step BV model (Eqs. 23 and 39), assuming α1 = 0.5 and α2 = 3, 

to calculate the values of I0,1 and I0,2 by least-squares error minimization. 

To measure the direct-current voltage response of the cell during LA-GEIS and O-GEIS 

measurements, two potentiostat channels were connected in parallel; one channel ran the EIS 

measurement and the other channel measured the OCV every 0.2 ms. The magnitudes of the 

voltage harmonics were calculated from the discrete Fourier transform of the voltage versus time 

data with EC-Lab software. Large amplitude sinusoidal voltammetry (LASV) was conducted at a 

frequency of 10 Hz between a voltage of -1 V to 1 V, and the data are shown for the 2nd -10th cycle. 

 

3. Theory and Calculation 

3.1. Introduction to the Butler-Volmer Equation 

The BV equation can be written in many different notations, depending on the underlying 

assumptions made. For example, the form of the BV equation given by Bard and Faulkner (Eq. 1) 

assumes the interfacial reaction to be an elementary one-step, single-electron reaction with 

electron-transfer as the rate-determining step, so the transfer coefficient is assumed to be αa + αc = 

1 [7]. However, in real electrochemical systems, complex multi-step interfacial reactions can 

occur, where the apparent (i.e., experimentally measured) value of α can differ from the intrinsic 
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α value(s) for the individual reaction step(s) [23,24]. The measured α value can also be strongly 

influenced by porous electrode phenomena [1,18,25]. As strictly defined by IUPAC, the transfer 

coefficient is a directly determined experimental quantity, the value of which can only be obtained 

by measuring the relationship between current and overpotential at high overpotentials (i.e., from 

the Tafel slope), according to [24]: 

(3) 𝛼 ≡ (
𝑅𝑇

𝐹
) (

𝑑 ln 𝐼

𝑑𝜂
 )  

It must be clearly emphasized that all the equations and methods developed in this work relate 

purely to the experimental measurement of the apparent α value as defined by Eq. 3; as such, they 

are valid for any positive values of α and I0 and are entirely agnostic to the specific reaction 

mechanism(s). Accordingly, we begin with a generalized form of the BV equation, which accounts 

for asymmetry of both the exchange current (I0) and transfer coefficient (α) between the anodic (a) 

and cathodic (c) directions [8]: 

(4) 𝐼 = 𝐼0,𝑎 exp (
𝛼𝑎𝐹

𝑅𝑇
𝜂) − 𝐼0,𝑐 exp (

𝛼𝑐𝐹

𝑅𝑇
𝜂) 

where I is the current and η is the overpotential. The values of α and I0 in Eq. 4, and all equations 

derived from it, are treated purely as unknown empirical parameters, which must be fitted from 

the experimental electrochemical data. In this notation, both the temperature and concentration 

dependence of the interfacial kinetics are included in the terms for the exchange current.  

The mathematics of the BV equation can be greatly simplified if the kinetics are assumed to 

be symmetric between the anodic and cathodic directions [7]. As will be discussed in detail later 

(Section 4.2), the experimental methods can also be simplified, and the accuracy of the 

experimental data can be ensured, by conducting electrochemical kinetic measurements in 

symmetric cells. In this case, even if the interfacial kinetics of the AM are asymmetric (e.g., αa ≠ 

αc), the measured voltage versus current data of the symmetric cell are necessarily symmetric: 
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because the two electrodes are in series, as one electrode undergoes the anodic reaction at a certain 

current density, the other electrode simultaneously undergoes the cathodic reaction at the same 

current density. The apparent transfer coefficient measured in a symmetric cell is approximately 

the average value between the anodic and cathodic directions: 

(5) 𝛼 ≈ (𝛼𝑎 + 𝛼𝑐)/2 

If the measured interfacial kinetics are assumed to be symmetric between the anodic and cathodic 

directions (i.e., I0 = I0,a = I0,c and α = αa = αc), then Eq. 4 can be simplified to [7,16,20]: 

(6) 𝐼 = 2𝐼0 sinh (
𝛼𝑓

𝑅𝑇
𝜂) 

3.2. Resistance vs. Current Notation of the Butler-Volmer Equation 

The interfacial-charge transfer kinetics in LIB AMs ultimately manifest as, and can only be 

measured by, the electrical resistance within the battery cell. As such, it is convenient to 

characterize the interfacial kinetics in units of resistance (i.e., Ω cm2). In the literature, the 

interfacial charge-transfer resistance (Rct) is typically measured with electrochemical impedance 

spectroscopy (EIS) by applying a sufficiently small voltage excitation (e.g., < 10 mV) to ensure 

that the kinetics remain in the linear region [11,26,27]. For clarity, we refer to the value of Rct 

measured within the linear region of the kinetics as the linearized charge-transfer resistance (𝑅𝑐𝑡
0 ), 

which for a one-step reaction can be calculated from α and I0 according to [7,8]: 

(7) 𝑅𝑐𝑡
0 =

𝑅𝑇

2𝛼𝐹𝐼0
   

However, it must be emphasized that since there are infinitely many combinations of α and I0 

which yield the same value of 𝑅𝑐𝑡
0 , it is fundamentally impossible to directly measure α or I0 within 

the linear region of the kinetics. Measurements of α and I0 must, therefore, be conducted within 

the non-linear region of the kinetics (i.e., at high current densities).  
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According to Ohm’s law, Rct can be defined for any non-zero value of current as the ratio 

between overpotential and current: 

(8) 𝑅𝑐𝑡 ≡ 𝜂 𝐼⁄  

Eq. 6 can be analytically solved for the overpotential, giving: 

(9) 𝜂 = (
𝑅𝑇

𝛼𝐹
) sinh−1 (

𝐼

2𝐼0
) 

For one-step symmetric kinetics, the BV equation can be reformulated to describe the current 

dependence of the charge-transfer resistance [16,20]: 

(10) 𝑅𝑐𝑡 = (
𝑅𝑇

𝛼𝐹
) (

1

𝐼
) sinh−1 (

𝐼

2𝐼0
) 

A dimensionless resistance (r) and a dimensionless current (i) can also be defined as: 

(11) 𝑟 ≡ 𝑅𝑐𝑡/𝑅𝑐𝑡
0  

(12) 𝑖 ≡ 𝐼/2𝐼0  

Upon inserting Eq. 7 and substituting the dimensionless variables, Eq. 10 can be rewritten in a 

simplified dimensionless notation:  

(13) 𝑟 = 𝑖−1 sinh−1(𝑖) 

Importantly, Eq. 13 reveals that regardless of the specific values of α and I0, there is a universal 

dimensionless relation between charge-transfer resistance and current density for one-step 

symmetric BV kinetics. 

As an example, Fig. 1A-B shows the calculated overpotential versus current behavior (i.e., 

Tafel plots) for one-step symmetric BV kinetics with different values of α or I0; Fig. 1C-H shows 

the same data in the resistance notation given by Eq. 10. From the Tafel plots, we observe the 

familiar behavior of BV kinetics: I0 essentially describes the current above which the kinetics enter 

the non-linear region, while α describes the rate at which overpotential scales with current (i.e., 
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the Tafel slope) within the non-linear region. The Tafel slope (b), in volts per decade, is related to 

α according to [7]: 

(14) 𝑏 =
𝑅𝑇 ln 10

𝛼𝐹
 

The resistance versus current plots reveal that Rct is constant and equal to 𝑅𝑐𝑡
0  within the linear 

region (i.e., I < I0). However, Rct begins to decrease once the current approaches I0, and Rct decays 

logarithmically with current within the non-linear region (i.e., I > I0). It is evident that I0 greatly 

affects both the magnitude of 𝑅𝑐𝑡
0  and the current dependence of Rct, while α affects only the 

magnitude of Rct (Fig. 1 C-D). The current dependence of Rct can be better understood by plotting 

the normalized charge-transfer resistance (r) versus either current or overpotential (Fig. 1E-H). 

Regardless of the value of I0, the kinetics begin to enter the non-linear region at a fixed 

overpotential, which can be referred to as the exchange voltage (V0): 

(15) 𝑉0 = 𝐼0𝑅𝑐𝑡
0 =

𝑅𝑇

2𝛼𝐹
 

In other words, because 𝑅𝑐𝑡
0  is inversely proportional to I0, a higher linearized resistance causes 

the exchange voltage to be reached at a proportionally lower exchange current. From these 

observations, it can be understood that the non-linearity of BV kinetics manifests as a decrease in 

charge-transfer resistance with increasing current above I > I0, and that the overpotential is the true 

driving force of this non-linearity. Additionally, for any values of α and I0, it can be proven that 

Rct approaches zero at extremely high current density, according to: 

(16) lim
𝑖→∞

(𝑖)−1 sinh−1(𝑖) = 0 
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Figure 1. Current dependence of charge-transfer resistance for symmetric BV kinetics. 

Mathematical models of symmetric Butler-Volmer kinetics showing (A-B) overpotential (η) 

versus current (I), (C-D) charge-transfer resistance (Rct) versus current, (E-F) normalized charge-

transfer resistance (r = Rct / R
0

ct) versus current, and (G-H) normalized charge-transfer resistance 

versus overpotential. Calculations are performed (A, C, E, G) for an exchange current of 1 mA 

cm-2 and a transfer coefficient of 0.5 or 3, and (B, D, F, H) for a transfer coefficient of 0.5 and an 

exchange current of 0.1, 1, or 10 mA cm-2.  
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3.3. Differential and Linearized Charge-Transfer Resistance  

In the same way that BV kinetics can be linearized at small overpotentials (i.e., about a 

current of zero), the kinetics can also be linearized about any value of applied current, even within 

the non-linear region of the kinetics. The slope of the overpotential versus current curve has units 

of resistance (𝑅 = 𝑉/𝐼). The charge-transfer resistance (Rct) can be visualized as the average slope 

of the overpotential versus current curve between the origin and the applied current (Fig. 2A). By 

extension, the differential charge-transfer resistance can be visualized as the local slope (𝑑𝑉/𝑑𝐼) 

of the overpotential versus current curve at any point (I, η) on the curve. Similarly, the linearized 

charge-transfer resistance (𝑅𝑐𝑡
0 ) can be visualized as the local slope of the overpotential versus 

current curve at a current of zero. The differential charge-transfer resistance (𝑅𝑐𝑡
′ ) can be formally 

defined as the rate of change of overpotential with respect to current: 

(17) 𝑅′𝑐𝑡 ≡ 𝑑𝜂 𝑑𝐼⁄   

Exact expressions for 𝑅𝑐𝑡
′  can be obtained by differentiation of the steady-state overpotential versus 

current relationship with respect to current, which for one-step symmetric BV kinetics (Eq. 9) 

yields: 

(18) 𝑅𝑐𝑡
′ = (

𝑅𝑇

2𝛼𝐹𝐼0
) (1 + (

𝐼

2𝐼0
)

2
)

−
1

2

 

Since Rct is undefined at a current of zero from Eq. 8, the linearized charge-transfer resistance (𝑅𝑐𝑡
0 ) 

must be defined as the limit of the differential charge-transfer resistance as the current approaches 

zero: 

(19) 𝑅𝑐𝑡
0 ≡ lim

𝐼→0
𝑅𝑐𝑡

′  

Evaluating this limit for Eq. 18 yields the same expression for 𝑅𝑐𝑡
0  as given by Eq. 7. The current 

dependence of 𝑅𝑐𝑡
′  can also be expressed in a simplified dimensionless notation as:  
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(20) 𝑟′ = 𝑅𝑐𝑡
′ /𝑅𝑐𝑡

0  

(21) 𝑟′ = (1 + 𝑖2)−
1

2  

Notably, the charge-transfer resistance (Eq. 10) and differential charge-transfer resistance (Eq. 21) 

follow a different current dependence, with 𝑅𝑐𝑡
′  decreasing much more sharply with increasing 

current than Rct (Fig. 2B).  

The above equations reveal that 𝑅𝑐𝑡, 𝑅𝑐𝑡
′ , and 𝑅𝑐𝑡

0  represent three distinct types of charge-

transfer resistances, and each of these is a real physical quantity, which can be experimentally 

measured with the appropriate electrochemical techniques. As an example, Fig. 2C-D shows the 

calculated current and voltage versus time data for: PEIS with a 10 mV excitation, LA-GEIS with 

a 100 mA cm-2 excitation, S3E-CP with a 100 mA cm-2 applied current, and O-GEIS with a 100 

mA cm-2 applied current and a 10% (10 mA cm-2) excitation. The calculations assume symmetric 

BV kinetics with α = 0.5 and I0 = 1 mA cm-2. Direct-current techniques like S3E-CP can be used 

to measure the value of Rct as a function of applied current. Rct can also be measured by LA-GEIS, 

but due to the periodic nature of impedance measurements, LA-GEIS technically measures the 

root-mean-square (RMS) value of the charge-transfer resistance during the sinusoidal excitation 

[28]. 𝑅𝑐𝑡
0  can be measured with EIS using a sufficiently low amplitude excitation (of either voltage 

or current) applied about the equilibrium voltage of the cell. 𝑅𝑐𝑡
′  can be measured with O-GEIS by 

calculating the impedance response to a small-amplitude sinusoidal excitation, which is 

superimposed on a large applied direct current bias.  
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Figure 2. Electrochemical methods for measuring Rct and R’ct at high current densities.   

(A) Calculated overpotential versus current data for symmetric BV kinetics (α = 0.5, I0 = 1 mA 

cm-2), showing how charge-transfer resistance (Rct), differential charge-transfer resistance (R’ct), 

and linearized charge transfer resistance (R0
ct) are measured from the slope of the overpotential 

versus current curve. R0
ct is the local slope at I = 0, R’ct is the local slope at the applied current, and 

Rct is the average slope between I = 0 and the applied current. (B) Dimensionless plots of 

normalized resistance (r = Rct / R
0
ct) versus normalized current (i = I / 2I0), showing the universal 

relationships of Rct and R’ct with current. (C-D) Calculated current and overpotential versus time 

data for PEIS with a 10 mV excitation, LA-GEIS with a 100 mA cm-2 excitation, S3E-CP with a 

100 mA cm-2 applied current, and O-GEIS with a 100 mA cm-2 applied current and a 10 mA cm-2 

excitation.  
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3.4. Multi-Step Reactions 

Interfacial charge-transfer reactions in electrochemical systems often involve multiple 

reaction steps [7]. For multi-step reactions, the experimentally measured (i.e., apparent) α value is 

understood to be a compound parameter, which can be different than the α values of each 

elementary reaction step [24]. The mechanisms of multi-step electron-transfer reactions can often 

be understood through analysis of the apparent α value, for example, by the quasi-equilibrium 

method [7,23]. However, it must be reiterated that the equations developed in this work are related 

purely to the experimental measurement of the apparent α value, and should not be construed to 

imply any mechanistic conclusions about the apparent α value. It must also be recognized that the 

empirical models derived so far, which assume one-step symmetric BV kinetics, may not provide 

a sufficiently accurate description of the interfacial kinetics for multi-step reactions. For the sake 

of mathematical simplicity, we assume that the interfacial kinetics can be fully described by the 

BV equation, but this assumption is understood not to be universally valid for real electrochemical 

systems.  For example, there are many reported cases of elementary steps in multi-step reactions 

(e.g., coupled chemical reactions) which do not follow the BV equation; this can, but does not 

necessarily, cause the measured interfacial kinetics to deviate from the BV equation [7,23]. If the 

measured kinetics of at least one reaction step is to deviate from the BV equation, this deviation 

would manifest as a quantitative disagreement between the experimental data and the 

mathematical models developed herein, in which case alternative models would be needed to fit 

the empirical data. However, no such disagreement is observed in the present work. 

 We, therefore, assume that the experimentally measured interfacial kinetics can be described 

by a series of n observed reaction steps, each of which obeys symmetric BV kinetics (Eq. 6) with 

arbitrary values of αn and I0,n, according to: 
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(22) 𝐼𝑛 = 2𝐼0,𝑛 sinh (
𝛼𝑛𝐹

𝑅𝑇
𝜂)  

The quasi-equilibrium assumption is often used to describe the kinetics of multi-step reactions in 

terms of a single rate-determining step (RDS), but this assumption is only valid when the rate 

constant (i.e., I0) for the RDS is at least 100 times lower than that for all the preceding steps, a 

condition which cannot be generally assumed [23,24]. Alternatively, the steady-state assumption 

can be adopted: under constant current, it can be assumed that the effective concentrations of all 

intermediate species in the multi-step reaction approach steady-state values at sufficiently long 

timescales (i.e., at low frequencies) [23,24]. Under this assumption, the current must be equal for 

each reaction step (I = In), so the total charge-transfer resistance for a multi-step reaction with n 

steps in series is equal to the sum of the resistances of each step: 

(23) 𝑅𝑐𝑡 = ∑ 𝑅𝑐𝑡,𝑛𝑛  

From Ohm’s law, the total overpotential is likewise the sum of the overpotentials of each step: 

(24) 𝜂 = ∑ 𝜂𝑛𝑛  

Assuming all reaction steps follow one-step symmetric BV kinetics, the expressions for the total 

overpotential, charge-transfer resistance, differential charge-transfer resistance, and linearized 

charge-transfer resistance for a multi-step reaction are given by the summations:  

(25) 𝜂 = (
𝑅𝑇

𝐹
) ∑ {(𝛼𝑛)−1 sinh−1(𝐼/2𝐼0,𝑛)}𝑛  

(26) 𝑅𝑐𝑡 = (
𝑅𝑇

𝐹
) (

1

𝐼
) ∑ {(𝛼𝑛)−1 sinh−1(𝐼/2𝐼0,𝑛)}𝑛  

(27) 𝑅𝑐𝑡
′ = (

𝑅𝑇

2𝐹
) ∑ {(𝛼𝑛 𝐼0,𝑛)

−1
(1 + (𝐼/2𝐼0,𝑛)

2
)

−
1

2
}𝑛  

(28) 𝑅𝑐𝑡
0 = (

𝑅𝑇

2𝐹
) ∑ {(𝛼𝑛 𝐼0,𝑛)

−1
}𝑛  

where αn and I0,n are, respectively, the transfer coefficient and exchange current for the nth reaction 

step.   
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At low current densities (𝐼 ≪ 𝐼0,𝑛 for all n), all reaction steps will be in the linear region of 

BV kinetics. As in the case of a one-step reaction, there are infinitely many combinations of αn 

and I0,n which give the same value of 𝑅𝑐𝑡,𝑛
0 , so kinetic measurements within the linear region cannot 

discern the values of α or I0, nor whether the reaction is one-step or multi-step. At high current 

densities (𝐼 ≫ 𝐼0,𝑛 for all n), all the reaction steps will be in the Tafel region with an apparent Tafel 

slope of: 

(29) 𝑏 =
𝑅𝑇 ln 10

𝐹
∑ (𝛼𝑛)−1

𝑛  

Therefore, the apparent values of α and I0 measured for a multi-step reaction at sufficiently high 

current density are: 

(30) 𝛼 = (∑ (𝛼𝑛)−1
𝑛 )−1 

(31) 𝐼0 = (
𝑅𝑇

2𝐹𝑅𝑐𝑡
0 ) ∑ (𝛼𝑛)−1

𝑛  

At either very low or very high current densities, a multi-step reaction is expected to behave 

analogously to a single-step reaction with these apparent values of α and I0. Under such conditions, 

it is impossible to directly measure the α value for each reaction step, since the same apparent α 

value can be described by infinitely many combinations of αn. Nonetheless, these equations can 

still be used to constrain the possible values of αn for each reaction step, which are consistent with 

the apparent α value. For example, for a two-step reaction with α1 = 0.5 and α2 = 3, the apparent α 

value would be 3/7 (0.4285).  

As an example, Fig. 3 shows modeling of the charge-transfer resistance (Fig. 3A,C,E) and 

differential charge-transfer resistance (Fig. 3B,D,E) for one-step and two-step reactions following 

symmetric BV kinetics. Data are shown for Step 1 having α1 = 0.5 and I0,1 = 1 mA cm-2, and Step 

2 having α2 = 3 and I0,2 values ranging from 0.01 – 10 mA cm-2. Fig. 3A-B shows 𝑅𝑐𝑡,𝑛 and 𝑅𝑐𝑡,𝑛
′  

for each individual reaction step, while Fig. 3C-D shows the total Rct and 𝑅𝑐𝑡
′  for the two-step 
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reactions (colored lines) compared to that of Step 1 only (black line). When 𝐼0,2 ≫ 𝐼0,1, the 

magnitude of 𝑅𝑐𝑡,2 is negligible compared to 𝑅𝑐𝑡,1, and 𝑅𝑐𝑡,2 does not begin to decrease until a 

much higher current density. When 𝐼0,2 = 𝐼0,1, the magnitude of 𝑅𝑐𝑡,2 is proportionally smaller 

than 𝑅𝑐𝑡,1 due to the larger α value, but both steps follow the same current dependence. When 

𝐼0,2 ≪ 𝐼0,1, the magnitude of 𝑅𝑐𝑡,2
0  is much greater than 𝑅𝑐𝑡,1

0 , but 𝑅𝑐𝑡,2begins to decrease at a much 

lower current density than 𝑅𝑐𝑡,1. Consequently, even when I0,2 is 100 times lower than I0,1, the 

magnitude of 𝑅𝑐𝑡,2 becomes lower than 𝑅𝑐𝑡,1at a relatively low current density of ~ 3 mA cm-2.  

Overall, depending on the relative magnitudes of 𝐼0,𝑛 for each step, several limiting cases 

can emerge with different implications to the measured α value. When 𝐼0,2 ≫ 𝐼0,1, 𝑅𝑐𝑡,2 is much 

smaller than 𝑅𝑐𝑡,1 across the entire current range, and the two-step reaction behaves like a one-step 

reaction with α = 0.5. When 𝐼0,2 = 𝐼0,1, the two-step reaction behaves as a one-step reaction with 

α = 0.4285. When 𝐼0,2 ≪ 𝐼0,1, more complex behavior emerges at low current density, where 𝑅𝑐𝑡,2  

decreases significantly with current, while 𝑅𝑐𝑡,1 remains essentially constant until 𝐼 >  𝐼0,1. When 

the difference between I0,1 and I0,2 is large, a “plateau” in the resistance versus current plots can 

emerge in the current range between I0,1 and I0,2. Because 𝑅𝑐𝑡
′  decreases more quickly with current 

than Rct, the differential charge-transfer resistance provides a more pronounced separation between 

the resistance versus current features for each reaction step. Comparing the normalized Rct and 𝑅𝑐𝑡
′  

versus current curves for a two-step reaction with relatively small differences between I0,1 and I0,2, 

it is evident that differential resistance measurements can resolve much larger changes in the 

magnitude of resistance, and in the shape of the resistance versus current curve (Fig. 2E-F). In 

summary, at either very low or very high current densities, or when 𝐼0,1 = 𝐼0,2, a two-step reaction 

will be indistinguishable from a one-step reaction, but the apparent α value can still indicate the 

possibility of a two-step reaction. Additionally, differential-charge transfer resistance 
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measurements at intermediate current densities appear to be a suitable tool for directly 

deconvoluting the resistance contributions of multiple reaction steps in series, even when the 

exchange currents are similar. 

 

 

 

Figure 3. Current dependence of Rct and R’ct multi-step symmetric BV kinetics. 

Mathematical models of symmetric Butler-Volmer kinetics, showing (A,C,E) charge-transfer 

resistance (Rct) and (B,D,F) differential charge-transfer resistance (R’ct) versus current for (A-B) 

one-step reactions and (C-F) two-step reactions with different values of α and I0. The first step 

(black curve) is kept constant with α1 = 0.5 and I0,1 = 1 mA cm-2. The second step has α2 = 3, and 

has I0,2 values ranging from (A-D) 0.01 – 10 mA cm-2 or (E-F) 0.1 – 1 mA cm-2.  
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3.5. Ohmic Resistance 

The total measured resistance of the cell (R) is equal to the sum of the ohmic resistance (RΩ) 

and the charge-transfer resistance (Rct) [7]: 

(32) 𝑅 = 𝑅Ω + 𝑅𝑐𝑡 

Since the ohmic resistance does not change with current, the measured differential resistance (R′) 

of the cell can be expressed analogously:  

(33) 𝑅′ = 𝑅Ω + 𝑅𝑐𝑡
′  

The measured cell voltage under direct current conditions is given by: 

(34) 𝑉 = 𝐼𝑅Ω + 𝜂(𝐼) 

Fig. 4 shows, in various representations of the data, how the ohmic resistance of the cell affects 

the measured cell polarization and resistance. Even a small ohmic resistance of 1 Ω cm2 can have 

a significant impact on the current versus voltage relation at high current densities, resulting in the 

appearance of “deformed Tafel plots”, which have sometimes been observed in the literature (Fig. 

4A-B) [13,14,20]. When 𝑅𝛺 ≫ 𝑅𝑐𝑡
0  , the BV kinetics become completely obscured and the voltage 

versus current relation becomes essentially ohmic. At very high current densities, as the value of 

Rct approaches zero, the cell resistance plateaus at the value of RΩ (Fig. 4C-D). Regardless of the 

cell design or electrochemical technique, it is unavoidable that appreciable ohmic resistance will 

be included in the measurement. From these observations, it can be concluded that minimizing the 

ohmic resistance of the cell is critically important for obtaining accurate kinetic measurements at 

high current densities. Furthermore, ohmic resistance must always be quantitatively accounted for 

in the methods for data analysis.  Ideally, RΩ should be precisely measured, for example by PEIS, 

to allow for quantitative IR correction.  If this is not feasible, then Eqs. 32-34 can also be used to 
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fit the value of RΩ as an independent parameter; however, we have found that the accuracy of this 

approach is limited except when 𝑅𝑐𝑡
0 ≫ 𝑅𝛺. 

 

 

 

Figure 4. Effects of ohmic resistance on high-current kinetic measurements.  

Mathematical model of polarization for symmetric Butler-Volmer kinetics, including ohmic 

resistance, showing (A) current versus polarization, (B) polarization versus current with a 

logarithmic scale (Tafel plot), (C) resistance versus polarization, and (D) normalized resistance 

versus current. Calculations were performed with α = 0.5, I0 = 1 mA cm-2, and ohmic resistance 

(RΩ) of 0, 1, or 10 Ω cm2.   
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3.6. Electrochemical Measurement Techniques 

There are several electrochemical techniques which can be used to measure the interfacial 

charge-transfer resistance of LIB AMs at high current densities. These techniques can be separated 

into three general classes: those which use direct current (i.e., chronopotentiometry), those which 

use alternating current (i.e., EIS), and those which use a superposition of the two (i.e., operando 

EIS). In this work, we employ four electrochemical techniques: PEIS, S3E-CP, LA-GEIS, O-

GEIS. A general overview of each electrochemical technique is provided in the following section.  

PEIS is used to measure 𝑅𝑐𝑡
0  by applying a small amplitude voltage perturbation about the 

equilibrium voltage of the cell [11]. The voltage perturbation should generally be limited to 5 – 25 

mV to maintain linearity of the impedance response [27]. The interfacial charge-transfer resistance 

manifests as a semi-circle in the Nyquist plot, and the value of 𝑅𝑐𝑡
0  can be calculated through 

conventional techniques, such as equivalent-circuit analysis or other graphical methods. PEIS 

provides two main utilities in the context of high current density electrochemical measurements. 

First, PEIS provides a simple and rapid assessment of whether the kinetics are stable with time. 

PEIS should be conducted intermittently during measurements to detect any changes in 𝑅𝑐𝑡
0  with 

time due to, for example, resistive heating or irreversible impedance growth. Secondly, while the 

values of α and I0 cannot be independently measured with PEIS, the direct measurement of 𝑅𝑐𝑡
0  

constrains the possible values of α and I0 based on Eq. 7. Specifically, by using the dimensionless 

notations for Rct and 𝑅𝑐𝑡
′  given, respectively, by Eqs. 13 and 21, α can be eliminated as an 

independent variable and the kinetics can be fully described in terms of 𝑅𝑐𝑡
0  and I0. This allows for 

accurate analysis even for truncated datasets, which do not include significant data within the linear 

region. For these reasons, PEIS should always be conducted alongside the other methods for 

kinetic measurements at high current densities.  

https://doi.org/10.26434/chemrxiv-2024-hndjp ORCID: https://orcid.org/0000-0002-0257-3086 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-hndjp
https://orcid.org/0000-0002-0257-3086
https://creativecommons.org/licenses/by/4.0/


 

 27 

The S3E methodology effectively eliminates the intrinsic non-stationarity of direct current 

measurements, as is discussed in detail in our previous work [18]. Briefly, the S3E-CP method 

consists of applying a series of short galvanostatic pulses across a wide range of current densities, 

while cycling the cell back to the same initial condition between each pulse. To approximate 

steady-state conditions, the voltage versus capacity data for each current pulse is extrapolated to a 

capacity of zero, yielding a dataset of voltage versus current. The overpotential is calculated by a 

subtraction of the IR drop, and the BV kinetic parameters can be fitted from the overpotential 

versus current data. S3E-CP measurements provide only the apparent electrode-level kinetic 

response, and unlike EIS, cannot directly deconvolute the contributions of multiple resistive 

processes within the electrode. Specifically, when Rct ≈ Rp, a non-uniform current distribution can 

occur within the porous electrode at high current densities, which is generally expected to preclude 

accurate measurement of the BV kinetic parameters [1,29]. Accurate S3E-CP measurements of α 

and I0 can be obtained in the limiting case of Rct ≫ Rp, where the current distribution is uniform at 

high current densities; this condition can often be achieved with thin electrodes. However, there is 

also a limiting case in which Rct ≪ Rp (i.e., Rct is immeasurably small and cannot be detected by 

EIS). In this case, the current distribution becomes semi-infinite at high current densities, resulting 

in a “double Tafel slope” behavior: this allows for an indirect measurement of the apparent α value 

of the AM [1,18]. 

LA-GEIS measurements are conducted by applying a large-amplitude sinusoidal current 

perturbation about the equilibrium voltage of the cell. To measure Rct as a function of current, it is 

vital to use a current excitation instead of a voltage excitation, otherwise the effective current 

excitation would become frequency dependent [26]. When the current excitation amplitude (𝐼∗) is 

high enough to enter the non-linear region of the kinetics (i.e., 𝐼∗ ≈ 𝐼0), a non-linear voltage 
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response to the sinusoidal current perturbation is generated, which manifests in two ways [30–32]. 

First, according to Eq. 13, the interfacial impedance should decrease with increasing current 

excitation amplitude, so the values of α and I0 can –  in theory – be calculated by simply fitting the 

Rct versus current data to the reformulated BV equation. However, the non-linear voltage response 

also generates harmonic distortions of the impedance signal, which overestimate the magnitude of 

the linear impedance. When this harmonic distortion is significant, typical methods for EIS data 

analysis which assume the condition of linearity will give inaccurate results [33,34]. However, 

linearity of the impedance signal can be maintained if the analysis is limited to the weakly non-

linear region of the kinetics where the harmonic distortion is sufficiently low.  

O-GEIS measurements are conducted by applying a small-amplitude sinusoidal current 

excitation, which is superimposed about a large applied direct current. The applied current serves 

to bias the kinetics into the non-linear region, but does not directly contribute to the impedance 

measurement; the impedance is calculated only from the sinusoidal voltage response to the current 

excitation, and O-GEIS therefore measures the differential charge-transfer resistance (𝑅𝑐𝑡
′ ) [28,34]. 

With a small amplitude current excitation (i.e., 10% of the applied current), the impedance 

response is sufficiently linear even when the direct current bias is well within the non-linear region 

of the kinetics. O-GEIS can allow an independent measurement of the anodic and cathodic 

kinetics, since the applied current can be either positive or negative, however such measurements 

would require three-electrode cells. Unfortunately, it is challenging to maintain stationarity at both 

high current density and low frequency, which generally limits O-GEIS measurements to lower 

current densities than the other techniques.  
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4. Experimental Results 

As discussed in detail in our previous work, it is highly challenging to obtain accurate 

electrochemical kinetic measurements of LIB AMs at high current densities [18]. Several 

necessary conditions must be maintained to ensure the accuracy of the measurements and data 

analysis. First, the AM, electrode, and cell designs must be optimized to eliminate any extraneous 

resistances or other artifacts in the data. Second, the ohmic resistance must be precisely measured 

and quantitively accounted for in the data analysis. Third, the condition of stability must be 

maintained: the kinetics of the system must be time-invariant and cannot change appreciably 

during or because of the kinetic measurements. Finally, for EIS measurements, the conditions of 

stationarity and linearity must be maintained to ensure validity of the data analysis. In the following 

section, it is quantitatively shown how each of these conditions can be satisfactorily met for S3E-

CP, LA-GEIS, and O-GEIS measurements by optimizing the measurement methodology.  

4.1. Active Material, Electrode, and Electrolyte Design 

Regardless of the specific measurement method, it is critical to ensure that the AM, electrode, 

and cell design is optimized to eliminate any extraneous resistances or other artifacts, which could 

undermine the accuracy of the measurements. Rct is inversely proportional to the electrode loading, 

while Rp is directly proportional to electrode loading [22,35,36]. Generally, the electrodes and 

separator should be as thin as possible, and the electrolyte should be as conductive as possible, to 

ensure that Rct ≫ Rp. LiCoO2 (LCO) was synthesized with a narrow particle size distribution of ~ 

1-5 µm by employing 0.5% Ti as a dopant to control crystal growth, allowing high-quality 

electrodes to be fabricated with a thickness of ~ 3 µm and a coat weight of ~ 1.3 mg cm-2 [37]. 

Notably, the single-crystal morphology is favorable to prevent particle cracking at high voltages, 

as this leads to changes in electrochemical surface area [38,39]. The electronic resistance of the 
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electrodes, and particularly contact resistance with the current collector, must be completely 

eliminated to obtain the most accurate measurements. This typically requires calendaring the 

electrode at high pressures, using a carbon-coated aluminum current collector, and maintaining 

high stack pressure during testing, but usually does not require large amounts of conductive carbon 

[40–42]. Contact resistance, like pore resistance, can be easily measured with PEIS of symmetric 

cells under blocking conditions [22]. Other than the low loading, the properties of the electrodes 

used in this work are comparable to those used in commercial cells; the LCO electrodes contain 

97.5 wt% AM, are calendared to a density of 4.0 g cm-3 (~ 20% porosity), and show no measurable 

contact resistance.  

It is also critical to avoid degradation (i.e., impedance growth or capacity loss) of the AM 

during high-current measurements, which can expose the AM surface to extreme voltages. Given 

the notorious surface instability of LCO, both the AM and electrolyte were optimized to reduce 

surface reactivity [43].  The LCO is doped with 2% Al, 0.5% Ti, and 0.5% Mg to suppress 

deleterious phase transitions and oxygen loss at the surface [37]. The electrolyte uses FEC and 

LiPO2F2 additives to form passivation layers on the LCO surface, while the LiTDI additive inhibits 

chemical degradation of the electrolyte and subsequent reaction of acidic species with the LCO 

surface [6,44,45]. Without LiTDI, severe impedance growth occurs in LCO symmetric cells over 

a timescale of several hours, making it impossible to obtain accurate measurements (Fig. 6A). 

With 0.1M LiTDI, the impedance growth is much less severe (1% increase every ~ 6 h) and is 

highly linear with time, regardless of whether high-current measurements are conducted. Severe 

impedance growth of LCO symmetric cells has been observed previously, and is likely caused by 

chemical reactions of the AM surface with protic impurities in the electrolyte (e.g., H2O, HF), 

which may otherwise be consumed at the anode in half or full cells [46,47]. The kinetic 
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measurements conducted in this work generally require many data points collected across a wide 

range of current density and/or frequency, and each dataset takes several hours to collect. To 

mitigate the effects of this time-dependent impedance growth, the measurement conditions for 

each technique were optimized to reduce the total measurement time to < 5 h, ensuring a < 1% 

change in impedance over the course of the measurement. However, the irreversible impedance 

growth still leads to minor differences in the I0 value measured between the different techniques, 

since the datasets were collected sequentially for the same cells.  

4.2. Cell Design 

Since the electrochemical data necessarily contain contributions from each component of the 

cell, it must be ensured that the measured voltage or impedance can be fully attributed to the 

working electrode (WE) [9,10,48]. Several different cell designs can be used for kinetic 

measurements, including half cells, full cells, 3-electrode cells, or symmetric cells. It must be 

emphasized that it very rarely appropriate to use a two-electrode half cell with a Li-metal counter 

electrode (CE) for interfacial kinetic measurements, since the impedance of the Li-metal CE is 

typically large and unstable in conventional electrolytes. The Li-metal CE can completely obscure 

the impedance spectrum of the WE during EIS, and cause an appreciable polarization during DC 

measurements [18,49]. For DC measurements, the use of a reference electrode (RE) in a 3-

electrode cell can eliminate the polarization of the CE, but Li-metal is still a poor choice for CE 

since it is prone to degradation at high current densities. In a 3-electrode cell, Li-metal is typically 

an unsuitable CE for EIS measurements, since the impedance of the WE is distorted when the CE 

impedance is higher than the WE impedance [51-53]. We have found that LiFePO4 and Li4Ti5O12 

are ideal CEs, while Morasch et al. have shown that free-standing Graphite on Li-metal is a suitable 

CE [18,50]. However, even if the CE impedance is sufficiently low, impedance distortions can 
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arise from the RE due to geometrical asymmetry of the cell, or stray capacitance/inductance or the 

RE [51–53]. Morasch et al. have also shown that these RE impedance artifacts can be eliminated 

with a gold wire micro RE in a Swagelok T cell, allowing accurate deconvolution of WE and CE 

impedance [50,54,55]. Unfortunately, this cell design requires a very thick separator which may 

make it unsuitable for direct-current measurements at high current density; however, this may not 

be problematic for LA-GEIS or O-GEIS measurements. The main disadvantage of 3-electrode 

measurements is that they generally require expensive custom-made cells that are delicate and 

tedious to assemble, which both limits experimental throughput and makes these measurements 

inaccessible for many researchers.  

To make the electrochemical methods developed in this work widely accessible, we 

demonstrate that high-quality kinetic measurements can be obtained using only symmetric coin 

cells. Symmetric cells are ideal for the most precise EIS measurements; since there are two WEs, 

there are no artifacts or distortions which can arise from the CE or RE [10,48,56]. There is also 

little ambiguity in the data analysis: the WE impedance is simply half of the cell impedance. The 

main disadvantage of symmetric cells is that they, by definition, cannot determine the symmetry 

of the kinetics between the anodic and cathode directions; 3-electrode cells are generally needed 

for this purpose. Symmetric cells can be assembled by electrochemically pre-cycling two identical 

electrodes versus any CE (e.g., Li-metal) to the desired SOC, then extracting and rinsing the 

electrodes, and building them into a coin cell with fresh electrolyte. Although somewhat tedious, 

this process is simple and reproducible and allows for rapid parallel testing. Advantageously, due 

to their sloping voltage profile, LCO symmetric cells can be quickly reset to the same SOC 

between each measurement by a short constant voltage hold at 0 V. 
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4.3. Measuring Ohmic Resistance for IR Correction 

Accurate measurements of Rct require quantitatively accounting for the ohmic resistance of 

the cell, particularly the pore resistance (Rp) of the electrodes. Rp can be measured with PEIS of 

symmetric cells under blocking conditions, which use the same electrolyte as for intercalating 

conditions, but are assembled with pristine electrodes [22]. This approach requires careful control 

of the electrode coating and cell building process to ensure that the coat weights of the electrodes 

are nearly identical (e.g., < 2% different) between separate cells. The solution resistance (Rs) for 

both cells is determined by a linear interpolation of the high-frequency (HF) intercept of the 

impedance spectra. The low-frequency (LF) intercept under blocking conditions is calculated by a 

linear extrapolation of LF impedance data to ZIm = 0 (Fig. 5A-B). The difference between the HF 

and LF intercepts is equal to one third of the pore resistance (Rp/3) [22]. The total ohmic resistance 

(RΩ) under intercalating conditions is the sum of the solution resistance and pore resistance. 

Notably, there is a difference in the magnitude of the measured ohmic resistance between EIS and 

direct-current (DC) methods; for EIS measurements, RΩ = Rs + Rp/3, while for DC measurements, 

RΩ = Rs + Rp.  

Once the value of RΩ is measured, the value of Rct can be calculated from the impedance 

spectra using either equivalent-circuit analysis or graphical methods. Since the symmetric cell 

contains two WEs, the measured value of Rct is divided by two to give the contribution of a single 

electrode (Fig. 5C). For equivalent-circuit analysis, the PEIS spectra are fitted to a circuit of Z = 

RΩ + Rct/Q, with the value of RΩ determined from PEIS (Fig. 5D). Alternatively, Morasch’s 

method can be used to calculate Rct by subtracting the measured ohmic resistance from the real 

impedance value at the touchdown point of the semicircle [22]. A more precise measurement of 

Rct can be obtained with this method by a quadratic interpolation of the Nyquist data near the 

https://doi.org/10.26434/chemrxiv-2024-hndjp ORCID: https://orcid.org/0000-0002-0257-3086 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-hndjp
https://orcid.org/0000-0002-0257-3086
https://creativecommons.org/licenses/by/4.0/


 

 34 

touchdown point (Fig. 5E). Specifically, the data point nearest the touchdown point is identified 

by finding the minimum value of dZIm/dZRe, then a quadratic equation is fit to the 7 data points 

centered around this point, and the root of the quadratic equation gives the interpolated ZRe value 

of the touchdown point. This graphical method requires fewer data points than equivalent circuit 

fitting, which can reduce the total measurement time. This graphical method is also advantageous 

because the data analysis is simpler to automate and involves less subjectivity in selecting the data 

range for fitting. However, the touchdown point interpolation method may only give accurate 

results for very well-resolved semicircles, and therefore may not be suitable for many systems. 

 

Figure 5. Deconvolution of ohmic and charge-transfer resistances with PEIS.   

(A-B) Impedance spectrum of an LCO symmetric cell with pristine electrodes (blocking condition) 

between a frequency range of 500 kHz and 10 Hz, showing how the pore resistance (Rp) is 

calculated by linear extrapolation of the Nyquist data between a frequency of 250 – 2500 Hz. (C) 

Impedance spectrum of an LCO symmetric cell with electrodes charged to 4.15 V vs. Li/Li+ 

(intercalating condition) between a frequency range of 500 kHz and 1 Hz, compared to the 

spectrum blocking conditions, which is adjusted for the high-frequency intercept to improve 

comparability. (D-E) Comparison of results for the quantification of charge-transfer resistance 

from the PEIS spectrum by (D) equivalent-circuit modeling with a circuit of Z = RΩ + Rct/Q, and 

by (E) quadratic interpolation of the touchdown point of the semicircle.  
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4.4. Stability 

Besides irreversible resistance changes caused by AM or electrolyte degradation, there can 

also be reversible resistance changes, particularly due to changes in temperature. From the PEIS 

measurements of an LCO symmetric cell at different temperatures from 0 to 30 °C, the activation 

for the interfacial charger-transfer reaction was calculated from the Arrhenius equation to be 54.8 

kJ mol-1 (Fig. 6B-C). At 25 °C, a 0.1°C or 1.0°C increase in temperature will therefore cause, 

respectively, a 0.7% or 7.0% decrease in the measured interfacial resistance. Consequently, very 

precise temperature control (± < 0.1°C) with an environmental chamber is required to ensure the 

accuracy and comparability of the measurements.  More importantly, even very slight resistive 

heating, which can occur during high-current measurements, significantly affects the measured 

resistance. The otherwise stationary nature of LA-GEIS enables the use of very high current 

excitations, making it the most affected by resistive heating. Fig. 6D shows the first PEIS spectra 

collected immediately after a single-point LA-GEIS measurement at 1Hz with different excitation 

currents, while Fig. 6E shows the impedance versus time measured with PEIS every ~ 15 seconds 

afterwards. At an excitation of below 25 mA cm-2, the resistive heating is negligible, while at 100 

mA cm-2, the measurement causes a 4% decrease in impedance. At very high current densities, 

and especially at low frequencies, the resistive heating becomes so severe that not even a single 

impedance point can be collected without temperature changes affecting the accuracy of the 

measurement [57]. Ideally, the impedance change due to resistive heating should be limited to < 

1%, which under these conditions limits the maximum excitation current to ~ 50 mA cm-2.  

Resistive heating can be minimized by reducing the number of data points needed for 

analysis, so the touchdown point interpolation method was used to calculate Rct for LA-GEIS 

measurements. Fig. 6F shows the impedance versus time during relaxation after collecting a LA-

https://doi.org/10.26434/chemrxiv-2024-hndjp ORCID: https://orcid.org/0000-0002-0257-3086 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-hndjp
https://orcid.org/0000-0002-0257-3086
https://creativecommons.org/licenses/by/4.0/


 

 36 

GEIS spectrum between 1 – 10 Hz with different excitation currents. The heating is more severe 

than for single-point measurements, but an excitation of up to 25 mA cm-2 can be achieved while 

limiting the reversible impedance change to < 1%. When collecting the LA-GEIS datasets at 

multiple current densities, it is also necessary to allow the cell to fully relax between each 

measurement, otherwise the small temperature changes from each scan will add up. To mitigate 

resistive heating, the required rest time between measurements was determined as a function of 

current for each technique, and ranged from 2 to 30 min. Since the severity of resistive heating 

will be strongly dependent on both the magnitude of resistance and thermal properties of the cell, 

the maximum current and required rest times will need to be optimized for each specific system 

and electrochemical technique. 

For O-GEIS, the resistive heating is not a significant factor limiting the data accuracy or 

maximum achievable current density. For S3E-CP measurements, the effect of heat generation 

within each current pulse is already inherently accounted for by the pseudo-steady-state 

extrapolation methodology [18]. However, when collecting a S3E-CP dataset, the resistive heating 

will affect each consecutive pulse unless the rest time between pulses is sufficient for full 

relaxation. The resistive heating is less severe for S3E-CP, for which the measurement time is 

inversely proportional to current, than for LA-GEIS, for which the measurement time is constant. 

The effects of resistive heating on total measurement time are also not as problematic for S3E-CP 

as for LA-GEIS, because only one measurement is needed per current. Overall, S3E-CP 

measurements can be conducted at much higher current densities than the other methods developed 

in this work. For example, satisfactory data were collected at a current density of up to 250 mA 

cm-2 with a 1 h rest time between pulses, but this leads to long measurement times.  
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Figure 6. Maintaining stability during repeated high-current kinetic measurements.   

(A) Normalized impedance magnitude (|Z|) at 4 Hz versus rest time measured with PEIS for LCO 

symmetric cells at 50% state-of-charge, with an electrolyte containing 1.2 M LiPF6 + 0.1 M 

LiPO2F2 in 25 : 75 w/w FEC : DMC, and with or without 0.1 M LiTDI. (B) Impedance spectra of 

an LCO symmetric cell measured with PEIS (500 kHz – 100 mHz) at various temperatures 

between 0 and 30°C, with equivalent-circuit fits to calculate the values of Rct. (C) Plot of linearized 

charge-transfer resistance measured with PEIS versus inverse of temperature, with a best fit line 

to calculate the activation energy from the Arrhenius equation. (D) Impedance spectra of an LCO 

symmetric cell collected with PEIS (1 Hz – 10 kHz) immediately after single-frequency (1 Hz) 

LA-GEIS measurements with excitation amplitudes ranging from 10 to 100 mA cm-2. (E) 

Normalized |Z| at 4Hz versus relaxation time after single-frequency LA-GEIS measurements (1 

Hz, ~ 0.5 s per scan). (F) Normalized |Z| at 4 Hz versus relaxation time after multi-frequency LA-

GEIS measurements (1 – 10 Hz, 10 points per decade, ~ 5 s per scan).  
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4.5. Stationarity  

LA-GEIS is inherently stationary at relatively high frequencies (> 1 Hz), since large 

concentration or resistance changes do not have time to accumulate, and no net capacity change 

occurs due to the measurement. DC measurements (e.g., chronopotentiometry) are inherently non-

stationary: the cell voltage changes continuously during the measurement, due to the sloping OCV 

profile of LCO, as well as the resistance growth arising from concentration polarization of both 

the AM and electrolyte. However, stationary conditions for chronopotentiometry measurements 

can be easily approximated with a pseudo-steady-state extrapolation (S3E) approach [18]. This is 

because DC measurements allow rapid data acquisition times (e.g., < 1 ms), so large amount of 

voltage versus capacity data can be collected before the resistance growth becomes severe, even 

at extreme current densities. A simple linear extrapolation of the voltage versus capacity data to a 

capacity of zero can give a remarkably accurate approximation of steady-state conditions (Fig. 

7A).  

O-GEIS measurements, like chronopotentiometry, are inherently non-stationary. 

Unfortunately, EIS data collection requires averaging the voltage data over at least one, and ideally 

many, excitation periods [11,28,34]. At low current densities and/or high frequencies, it can be 

possible to collect an entire O-GEIS spectrum without appreciable changes in the cell voltage.  

However, at high current densities and/or low frequencies, the cell voltage can change significantly 

even during the measurement of a single impedance point, which can lead to inaccurate results 

(Fig. 7A) [57,58]. For high-current O-GEIS measurements, the data should ideally be collected 

with a single impedance point per scan, and drift correction must be employed to compensate for 

changes in the cell voltage during the measurement of each impedance point. The process of drift 

correction can be visualized by subtracting the voltage versus time data of O-GEIS and S3E-CP 
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measurements at the same applied current, revealing a highly linear sinusoidal voltage response to 

the O-GEIS excitation (Fig. 7B). The Biologic EC-Lab software has a built-in drift correction 

option, which accounts for changes in the cell voltage using a Fourier transform methodology. 

However, for the EC-Lab drift correction feature to perform well, many excitation periods must 

be averaged to avoid truncation errors when calculating the discrete Fourier transform. 

The data acquisition time for a single impedance point is inversely proportional to frequency, 

while the total capacity for each O-GEIS measurement is directly proportional to both the 

acquisition time and current density. As a result, at both high current densities and low frequencies, 

very significant capacity changes (e.g., > 10% SOC) can occur during the collection of a single 

impedance point, which leads to severe non-stationarity (Fig. 7C). The effectiveness of the Fourier 

transform method of drift correction is also hindered by the lower number of excitation periods 

which can be collected at low frequencies. Non-stationarity for O-GEIS measurements manifests 

as a severe distortion of the impedance spectrum at low frequencies (Fig. 7D) [59].  Stationarity 

can be quantitatively assessed with a Kramers-Kronig (KK) transformation of the impedance data, 

but unfortunately the KK transform is not suitable for truncated spectra, as are used in this work 

[57,60]. Alternatively, stationarity can be assessed based on the value of the non-stationary 

distortion (NSD), which is calculated from a discrete Fourier transform based on the magnitude of 

the impedance response (|Y|) at frequencies adjacent to the fundamental frequency (f), according 

to: 

(35) 𝑁𝑆𝐷 =
1

|𝑌𝑓|
√|𝑌𝑓−∆𝑓|

2
+ |𝑌𝑓+∆𝑓|

2
  

For O-GEIS measurements, the impedance spectrum starts to become visibly distorted once the 

NSD reaches ~ 10%, which occurs below a frequency of ~ 10 Hz (Fig. 7E). A conservative limit 

of 3% NSD was set, which limits the lower frequency to 100 Hz at 25 mA cm-2 applied current  
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Figure 7. Maintaining stationarity during high-current O-GEIS measurements.  

(A) Voltage versus time data from an S3E-CP measurement of an LCO symmetric cell at 25 mA 

cm-2 applied current, compared to O-GEIS measurements at the same applied current with an 

excitation of 2.5 mA cm-2 at a frequency of 1 Hz or 10 Hz. Data were recorded in a dual-channel 

configuration. (B) Voltage response to the sinusoidal current excitation calculated by subtracting 

the voltage versus time data from O-GEIS and S3E-CP measurements. (C) Voltage versus 

normalized capacity for O-GEIS measurements at applied currents of 5 or 25 mA cm-2 and 

frequencies of 1, 10, or 100 Hz. (D) Comparison of the impedance spectra for PEIS (500 kHz – 1 

Hz, 10 mV excitation) and O-GEIS (794 Hz – 1 Hz) with a 25 mA cm-2 applied current and 2.5 

mA cm-2 excitation. (E) Non-stationary distortion (NSD) versus frequency for O-GEIS 

measurements at 25 mA cm-2, calculated with EC-Lab Quality Indicators. (F) NSD versus applied 

current for O-GEIS measurement at frequencies of 100, 250, and 794 Hz.  
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density. A frequency range of 100 – 794 Hz is still sufficient to fit half of the semicircle with 

equivalent-circuit analysis, and most of the data for each spectrum maintains NSD of < 2% (Fig. 

7F). Overall, although non-stationarity restricts the lower frequency limit of O-GEIS 

measurements, satisfactory data to measure the interfacial kinetics can still be obtained at relatively 

high current densities.  

 

4.6. Linearity  

In the literature, it is widely stated that linearity is a necessary condition for accurate EIS 

measurements, but there are inconsistencies in terminology which should be clarified 

[11,26,61,62]. First, it must be emphasized that there is a fundamental difference between the 

linearity of the current versus overpotential relation (i.e., the kinetics), and the linearity of the 

impedance signal (i.e., the measurement). Additionally, the term “non-linearity” has been used in 

the literature to describe both kinetics for which the current versus overpotential relation is 

exponential, or for which the current versus overpotential relation is asymmetric between the 

anodic and cathodic directions. For clarity, we refer to the former case as non-linearity, and the 

latter case as asymmetry. Both non-linearity and asymmetry of the kinetics can, but do not 

necessarily, result in a non-linear impedance signal [30]. Likewise, it is possible for the impedance 

signal to contain significant non-linear contributions even if the kinetics are linear and symmetric 

[63]. To measure the interfacial kinetics with EIS at high current densities, it must therefore be 

ensured that the impedance signal is sufficiently linear even though measurements are conducted 

within the non-linear region of the kinetics. 

There are many methods reported in the literature for assessing the linearity and symmetry 

of interfacial kinetics.  For example, deviation from an elliptical response in the Lissajous (I vs. 
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V) plots provides qualitative evidence of non-linearity, while differences in current between the 

anodic and cathodic direction indicate asymmetry [61,64]. From LASV measurements of LCO 

symmetric cells, the kinetics appear to be highly non-linear, but almost perfectly symmetric (Fig. 

8A). This non-linearity is also visible in the voltage versus time data from LA-GEIS measurements 

(Fig. 8B). A decrease in resistance with increasing excitation amplitude is viewed as a telltale sign 

of non-linear behavior during EIS measurements [27]. Indeed, the decrease in interfacial 

impedance with increasing excitation amplitude for LA-GEIS measurements is clear evidence of 

non-linear kinetics (Fig. 8C). In the literature, it has sometimes been stated that the EIS data are 

“corrupted” by this non-linearity, rendering the data invalid for methods of data analysis which 

assume linearity, such as equivalent circuit analysis [26,27,62]. On the contrary, this decrease in 

interfacial resistance is not an artifact or distortion of the impedance data; it is literally the physical 

manifestation of the non-linear current versus overpotential relationship. In fact, this decrease in 

interfacial resistance with increasing current is exactly the non-linearity which must be 

experimentally measured to fit the electrochemical data to the BV equation.  

Unfortunately, for EIS measurements, the combined effects of non-linear kinetics and a 

large-amplitude excitation can result in harmonic distortions of the impedance signal, which 

complicate data analysis [32,33,61]. Specifically, modern potentiostats use a frequency response 

analyzer (FRA) to measure the impedance, which essentially works by taking a Fourier transform 

of the DC data to calculate the magnitude and phase shift of the impedance signal [28]. The FRA 

can separate the response at the fundamental frequency (i.e., the linear response) from the 

responses at other frequencies. When the LA-GEIS current excitation amplitude is sufficiently 

large to reach the non-linear region of the kinetics, a series of voltage responses with decreasing 

amplitudes are also generated at integer multiples of fundamental frequency; these voltage 
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responses are referred to as the harmonics [30–33,62]. Although the FRA can separate the linear 

response from the harmonics, the magnitude of the linear response is still distorted by the 

harmonics, causing an overestimation of the measured linear impedance [33]. Qualitatively, these 

harmonic distortions manifest as a visible elongation of the semicircle at low frequency (Fig. 8C). 

The harmonics can be measured by calculating the discrete Fourier transform of the voltage versus 

time data from EIS, which is done automatically by many modern potentiostats (Fig. 8D-E). In the 

case of half-wave symmetry (i.e., current-voltage relation is symmetric about the origin), only odd 

harmonics are generated; this condition is achieved by the physical symmetry of symmetric cells, 

even if the kinetics are asymmetric (Fig. 8D) [65]. At high excitation currents (e.g., 100 mA cm-

2), the magnitude of the harmonics becomes quite significant relative to the linear response, and 

harmonic responses above the noise level can observed up to the 19th harmonic (Fig. 8E). Overall, 

measuring the interfacial kinetics at high current densities with EIS requires either quantitatively 

accounting for these harmonic distortions, or ensuring that they are negligible; in this work, the 

latter approach is taken because it is significantly simpler.  

Several analysis techniques are available for assessing the linearity of EIS measurements, 

the most quantitative of which is to calculate the total harmonic distortion (THD), which is the 

ratio of the magnitudes of the harmonics relative to the fundamental frequency [61]. The THD, 

calculated up to the Nth harmonic, is given by: 

(36) 𝑇𝐻𝐷𝑁 =
1

|𝑌1|
√∑ |𝑌𝑛|2𝑁

𝑛=2  

where |Yn| is the magnitude of the response signal at each harmonic frequency [33,61]. The THD 

versus frequency data, which is calculated up to 7th harmonic in the EC-LAB software, is shown 

for LA-GEIS measurements with different current excitations (Fig. 7F). THD is always low (< 

1%) at high frequencies (e.g., > 1 kHz) where ohmic resistance and double-layer capacitance, 
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which are both linear processes, dominate the voltage response [66]. For low excitation currents, 

THD remains small even at low frequencies because the interfacial kinetics are maintained within 

the linear region. For high excitation currents, THD increases sharply with decreasing frequency 

in the intermediate frequence range, where the voltage response shifts from mostly capacitive to 

mostly faradaic [66]. THD plateaus at low frequencies, and as a function of current, to values of ~ 

10%. In general, a THD of < 1% is considered sufficiently linear, while a THD of > 3% can be 

considered problematic [61]. To ensure linearity conditions for LA-GEIS data analysis, the current 

range used to fit the kinetic data was limited to ~ 10 mA cm-2 RMS to maintain THD < 2%.  

For O-GEIS measurements, the harmonic distortions are negligible. Due to the small-

amplitude excitation (≤ 2.5 mA cm-2), the amplitude of the sinusoidal voltage response is limited 

to < 25mV (Fig. 7B). Only the even harmonics are generated above the noise level, which arise 

from a slight asymmetry of the voltage response about the direct current bias due to the non-linear 

kinetics (Fig. 8G). THD for all O-GEIS measurements is maintained at <1%, which is considered 

exemplary (Fig. 8H) [61]. Notably, THD is sensitive to the excitation current, and there can be 

tradeoffs between reducing THD and increasing the signal-to-noise ratio. At low applied current 

densities, the excitation amplitude can be increased to ~ 25% of the applied current to achieve 

better signal-to-noise, while at high applied current densities, the excitation can be as low as < 5% 

while maintaining sufficient signal-to-noise. Overall, for either LA-GEIS measurements at 

relatively low current densities, or for O-GEIS measurements even at high current densities, the 

impedance signal is shown to be sufficiently linear for accurate EIS data analysis.  

https://doi.org/10.26434/chemrxiv-2024-hndjp ORCID: https://orcid.org/0000-0002-0257-3086 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-hndjp
https://orcid.org/0000-0002-0257-3086
https://creativecommons.org/licenses/by/4.0/


 

 45 

 
Figure 8. Maintaining linearity of the impedance response at high current densities.  
(A) Current versus voltage data from large amplitude sinusoidal voltammetry (LASV) of an LCO 

symmetric cell between -1 V and 1 V at a frequency of 10 Hz. (B) Voltage versus time data collected in a 

dual-channel configuration for LA-GEIS measurements at 10 Hz with root-mean-square (RMS) current 

excitations of 10, 32, and 100 mA cm-2. (C) Preliminary impedance spectra collected with single-point LA-

GEIS measurements at frequencies of 100 kHz – 1 Hz with RMS current excitations of 1 – 178 mA cm-2. 

(D) Magnitude of the voltage response as a function of frequency calculated by a direct Fourier transform 

of the voltage versus time data from LA-GEIS measurements at 10 Hz and 100 mA cm-2 RMS excitation. 

(E) Magnitude of the odd voltage harmonics as a function of frequency for LA-GEIS measurements at 10, 

32, or 100 mA cm-2 RMS excitation. (F) Total Harmonic Distortion (THD) calculated up to the 7th harmonic 

versus frequency for LA-GEIS measurements with RMS excitations of 1 – 100 mA cm-2. (G) Magnitude 

of the voltage harmonics from O-GEIS (10 Hz, 25 mA cm-2 applied current, 10% excitation) as a function 

of frequency, calculated by a direct Fourier transform of the voltage versus time data from Figure 7B. (H) 

THD versus applied current for O-GEIS measurements at 100 Hz with a 10% excitation.  
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4.7. S3E-CP Measurement Results  

 For the S3E-CP measurements, LCO symmetric cells at 50% SOC were subjected to 

galvanostatic pulses with current density ranging from 5 – 100 mA cm-2. Each pulse was 

terminated at a capacity limit of 15 μAh cm-2, which is ~ 10% of the cyclable capacity of the 

symmetric cell. Immediately after each pulse, the cell was held at an applied voltage of 0 V. This 

resulted in a peak current comparable to the galvanostatic pulse, and the current decayed to less 

than a C/100 rate within 3 min. The length of the rest step at 0 V was varied as a function of current 

(from 3 to 30 min) to reduce measurement time while mitigating resistive heating. After each rest 

step, a PEIS measurement was taken to ensure stability. The maximum current density was limited 

to 100 mA cm-2 to reduce the total measurement time. Before and after collecting the S3E-CP 

dataset, which took ~ 4 h, the impedance measured with PEIS increased by only 0.3% (Fig. 9A). 

For each current pulse, a linear fit was applied to the voltage versus capacity data in the range of 

50 – 90% of the normalized capacity of the pulse, or a capacity of 7.5 – 13.5 μAh cm-2 (Fig. 9B). 

This capacity range was selected to maximize the average R2 value of the best fit lines across the 

entire current range, which ranged from 0.9996 to > 0.9999. To obtain accurate data, the same 

capacity range should be used across the entire current range, and the optimal capacity range 

should be determined for each specific system. The minimum current density was limited to 5 mA 

cm-2 because it was found that the sloping voltage profile of LCO, unlike the flat voltage profile 

of LFP, caused inaccuracy of the extrapolated voltage at very low current densities [18]. 

The intercept of each best fit line at a capacity of zero yields the extrapolated pseudo-steady-

state voltage for each applied current density. The measured polarization of the cell contains 

contributions from both the overpotential and the IR drop. The overpotential is calculated by 

subtracting the IR drop according to the value of ohmic resistance measured with PEIS, with RΩ = 
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Rs + Rp = 3.52 Ω cm2 (Fig. 9C). The appearance of a well-defined Tafel slope after IR correction 

indicates that the IR correction is successful (Fig. 9D). Nonetheless, the IR correction may be 

imperfect, which could lead to a slight inaccuracy of the measured values of α and I0. The 

overpotential versus current data were fitted to both a one-step BV model (Eqs. 9 - 13) and a Tafel 

model (Eq. 14). The BV model yields α = 0.422, I0 = 4.43 mA cm-2, and 𝑅𝑐𝑡
0  = 6.87 Ω cm2. From 

the measured Tafel slope of 141 mV per decade, the Tafel model yields α = 0.418 and I0 = 4.43 

mA cm-2. Based on the agreement between the BV and Tafel models, it is likely that accurate S3E-

CP results can be obtained from truncated datasets in either the weakly non-linear or Tafel regions 

of the kinetics. Surprisingly, the value of 𝑅𝑐𝑡
0  measured with S3E-CP (6.87 Ω cm2) is higher than 

that measured with PEIS (4.84 Ω cm2) by a factor of 1.42, which is almost exactly equal to √2 

(Fig. 9E). This translates to a proportionally lower measured I0 value for DC than for EIS 

measurements, according to: 

(37) 𝑅𝑐𝑡
0 (𝐷𝐶) ≈  √2 𝑅𝑐𝑡

0 (𝐸𝐼𝑆)  

(38) 𝐼0(𝐸𝐼𝑆) ≈ √2 𝐼0(𝐷𝐶)  

Despite this difference, the S3E-CP data perfectly fit the BV equation for a 1-step reaction with α 

≈ 0.42, as shown by the agreement with the BV model in the dimensionless plot of normalized 

resistance versus normalized current (Fig. 9F).  

4.8. LA-GEIS Measurement Results 

For LA-GEIS measurements, a touchdown point interpolation method was used to calculate 

the magnitude of Rct from the impedance spectra (Fig. 5). The current excitation ranged from 1 to 

50 mA cm-2, with 10 points per decade spacing in logarithmic spacing. At each current, the 

impedance spectrum was collected in a single scan with no averaging. Since the characteristic 

frequency of the semicircle increases as the resistance decreases, a variable frequency range was 
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Figure 9. S3E-CP measurement results. 

(A) PEIS spectra (500 kHz – 1 Hz) of an LCO symmetric cell collected before and after the S3E-

CP measurements. (B) Raw voltage versus capacity data from S3E-CP pulses at current densities 

of 5 – 100 mA cm-2, showing how a linear extrapolation from the selected data range is used to 

calculate the pseudo-steady-state voltage. (C) Steady-state voltage versus current data, showing 

how the overpotential is calculated by subtracting the IR drop from the measured polarization. (D) 

Overpotential versus current data from 5 to 100 mA cm-2, with a BV Equation (Eq. 9) fit to 

calculate α and I0 by least squares error minimization, and a linear fit to calculate α and I0 from the 

Tafel Equation (Eq. 14). (E) Charge-transfer resistance (Rct) versus current data with a BV model 

fit (Eq. 10), showing a 1.42x difference in the linearized charge-transfer resistance between S3E-

CP and PEIS measurements. (F) Dimensionless plot of normalized charge-transfer resistance (r) 

versus normalized current (i), comparing the experimental data and BV model (Eq. 13). 
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used to resolve the touchdown point while minimizing the number of data points. The frequency 

range varied from 1 – 10 Hz at 1 mA cm-2 to 3 – 15 Hz at 50 mA cm-2. The rest time between 

impedance scans ranged from 1 min at 1 mA cm-2 to 10 min at 50 mA cm-2. PEIS spectra were 

collected after each rest step to ensure stability. Before and after collecting the LA-GEIS dataset, 

which took ~ 2 h, the impedance measured with PEIS decreased by 0.4% (Fig. 10A) due to slight 

resistive heating.  

The raw impedance data for the LA-GEIS measurements are shown in Fig. 10B, while the 

interpolated touchdown points are shown in Fig. 10C. Two factors must be accounted for to 

accurately fit the LA-GEIS data to the BV model. First, the RMS current, not the current excitation 

amplitude, must be used to fit the Rct versus current data; otherwise, α will be underestimated by 

a factor of √2 and I0 will be overestimated by a factor of √2. Second, it must be ensured that the 

harmonic distortion of the impedance signal is sufficiently low to satisfy the condition of linearity. 

With an upper limit of 2% THD, the maximum RMS current for fitting the LA-GEIS data is limited 

to ~ 10 mA cm-2, which corresponds to a normalized current (𝑖 = 𝐼/2𝐼0) of ~ 1. Generally, the 

current range of 0.1 <  𝑖 <  1 seems to be ideal for accurate analysis of the LA-GEIS data. Within 

this current range, the measured Rct decreases by ~ 12%, which is sufficient to fit the experimental 

data. (Fig. 10D). The normalized resistance (𝑟 = 𝑅𝑐𝑡/𝑅𝑐𝑡
0 ) versus normalized current data were 

fitted to Eq. 13 with least squares error minimization to calculate the value of I0, and the value of 

α was calculated from Eq. 7. Within the optimal RMS current range of < ~ 10 mA cm-2, the LA-

GEIS measurements yield α = 0.431 and I0 = 6.11 mA cm-2. If the LA-GEIS data at high current 

density are used to fit the BV model, the value of α is underestimated due to harmonic distortions, 

however this leads to only a relatively small inaccuracy. For example, α = 0.438 is calculated for 
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Figure 10. LA-GEIS measurement results. 

(A) PEIS spectra (500 kHz – 1 Hz) of an LCO symmetric cell collected before and after the LA-

GEIS measurements.  (B-C) Nyquist plots of the raw impedance data collected from PEIS (500 

kHz – 1 Hz) and LA-GEIS (1 – 15 Hz) with excitation currents of 2.5 – 50 mA cm-2, showing the 

interpolated touchdown points of the semicircles. (D) Charge-transfer resistance (Rct) versus root-

mean-square (RMS) current data calculated by subtracting the real impedance at the touchdown 

points by the ohmic resistance measured with PEIS.  (E) Total harmonic distortion (THD) versus 

RMS current for LA-GEIS measurements at 1 Hz. (F) Normalized charge-transfer resistance (r) 

versus normalized current (i) data, with a BV model fit (Eq. 13) to the current range of i < 1, where 

THD < 2%. 
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data with RMS excitation currents of < ~5 mA cm-2, while α = 0.409 is calculated for data with 

RMS excitation currents of < ~25 mA cm-2. The α value agrees extremely well between S3E-CP 

and LA-GEIS measurements, and the value of 𝑅𝑐𝑡
0  agrees perfectly between LA-GEIS and PEIS 

measurements.  However, the values of 𝑅𝑐𝑡
0  and I0 from PEIS and LA-GEIS both differ by a factor 

of √2 from those measured with S3E-CP.  

4.9. O-GEIS Measurement Results  

O-GEIS measurements were conducted between the frequency range of 100 – 794 Hz, with 

an applied current density ranging from 5 to 25 mA cm-2, and a current excitation of 10% of the 

applied current (0.5 – 2.5 mA cm-2).  The maximum current and minimum frequency were limited 

to ensure stationarity, and NSD of < 3% was maintained for all measurements. The data were 

collected with a single impedance point per scan with no averaging, and with the EC-Lab drift 

correction feature enabled. Between each scan, the cell was held at 0 V applied voltage for rest 

times ranging from 2 min at 5 mA cm-2 to 5 min at 25 mA cm-2. PEIS spectra were collected 

between each current density to ensure stability. Before and after collecting the O-GEIS dataset, 

which took ~ 3 h, the impedance measured with PEIS increased by 0.6% (Figure 11A). The raw 

impedance data for the entire dataset is shown in Fig. 11B. The differential charge-transfer 

resistance (𝑅𝑐𝑡
′ ) at each applied current is quantified by fitting each impedance spectrum to an 

equivalent-circuit model of Z = RΩ + Rct/Q, with the value of RΩ measured with PEIS (Fig. 11C). 

The capacitance (2.9 mF s) and phase angle (0.89) of the constant phase element (Q) are nearly 

identical between PEIS and O-GEIS measurements and are consistent with values reported in the 

literature [39]. 

Since O-GEIS combines an impedance measurement with an applied DC bias, the empirical 

√2 difference in the magnitude of I0 measured between EIS and DC techniques must be 
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quantitatively accounted for in the data analysis.  Specifically, to obtain α values from O-GEIS 

which are consistent with the other measurement techniques, the expressions for differential 

charge-transfer resistance must be modified by a factor of √2 according to: 

(39) 𝑅′𝑐𝑡 = (
𝑅𝑇

2𝛼𝐹𝐼0
) (1 + (

𝐼

2√2 𝐼0
)

2
)

−
1

2

 

(40) 𝑟′ = (1 +
𝑖2

2
)

−
1

2
 

If this modification is not made, then the data are still equally consistent with the BV equation, but 

the calculated values of α and I0 disagree with the other techniques: α is underestimated by a factor 

of √2, and I0 is overestimated by a factor of √2. This is the same error that occurs for LA-GEIS 

measurements if the current is not calculated on an RMS basis. Counterintuitively, it seems that 

the applied DC bias must be treated on an RMS basis for the O-GEIS data analysis.  

The experimental 𝑅𝑐𝑡
′  versus current data fit the one-step BV model reasonably well, yielding 

α = 0.460, I0 = 5.79 mA cm-2, and 𝑅𝑐𝑡
0  = 4.82 Ω cm2 (Fig. 11D). The value of I0 from O-GEIS is 

higher than from S3E-CP by a factor of ~ √2, similarly to LA-GEIS. The measured α value of 

0.460 from O-GEIS also differs slightly from the values obtained from S3E-CP (0.420) and LA-

GEIS (0.431) measurements, which agree more closely with each other. Upon close inspection of 

the normalized resistance versus current plots, the BV model for a one-step reaction does not fit 

the O-GEIS data well within the intermediate current range: the resistance decreases more quickly 

than expected at low current densities, but more slowly than expected at high current densities 

(Fig. 11E). This indicates the possibility of a multi-step reaction, as shown by Fig. 3. At either 

very low or very high current density, a two-step reaction with α1 = 0.5 and α2 = 3 is predicted to 

behave as a one-step reaction with an apparent α value of 0.429. The values of α = 0.42 obtained 

from S3E-CP measurements at high current densities, and α = 0.43 obtained from LA-GEIS at low  
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Figure 11. O-GEIS measurement results.  

(A) PEIS spectra (500 kHz – 1 Hz) of an LCO symmetric cell collected before and after the O-

GEIS measurements. (B) Nyquist plots of the raw impedance data collected from PEIS (500 kHz 

– 1 Hz), and O-GEIS (100 – 794 Hz) with applied currents of 5 – 25 mA cm-2 and a 10% current 

excitation. (C) Representative equivalent-circuit fits of the impedance spectra used to calculate Rct 

from PEIS and O-GEIS measurements.  The circuit model is Z = RΩ + Rct/Q, and the value of RΩ 

is measured with PEIS under blocking conditions. (D) Differential charge-transfer resistance (R’ct) 

versus applied current data from O-GEIS measurements, fitted to a 1-step BV model (Eq. 40) with 

least squares error minimization to calculate the values of α and I0. (E) Plot of normalized 

differential charge-transfer resistance (r’) versus applied current, comparing the experimental data, 

a 2-step BV model (assuming α1 = 0.5 and α2 = 3) with I0,1 and I0,2 values calculated by least 

squares error minimization (Eqs. 23 and 39), and the 1-step BV model. (F) Calculated R’ct versus 

current data from the fitted 2-step BV model, showing the contribution of each reaction step to the 

measured differential resistance.  
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current densities, are both highly consistent with a two-step reaction with α1 = 0.5 and α2 = 3. 

Therefore, the 𝑅𝑐𝑡
′  versus current data were also fitted to a two-step BV model, assuming α1 = 0.5 

and α2 = 3, to calculate the values of I0,n for each reaction step. The 2-step BV model fits the data 

more closely in the intermediate current range, yielding I0,1 = 7.37 mA cm-2 and I0,2 = 3.21 mA 

cm-2. The contribution of each reaction step to the measured differential resistance (i.e., 𝑅𝑐𝑡,𝑛
′ ) can 

be calculated as a function of current from the fitted two-step BV model (Fig. 11F). Step 1 (α = 

0.5) accounts for most (78%) of the total linearized charge-transfer resistance compared, even 

though 𝐼0,2 < 𝐼0,1. For Step 2, 𝑅𝑐𝑡
′  also begins decreasing at a lower current density than for Step 

1, so 𝑅𝑐𝑡,2
′  becomes negligible compared to 𝑅𝑐𝑡,1

′  at high current densities.  However, since the 

exchange current between the two steps is similar, the overall resistance versus current density 

relation is not significantly different between the one-step and two-step BV models. In such a case, 

a one-step BV model may be a reasonable approximation. Overall, the O-GEIS data clearly fit the 

predicted relationship between differential charge-transfer resistance and current density for BV 

kinetics, but the data appear to be more consistent with a two-step reaction with α1 = 0.5 and α2 = 

3, than with a one-step reaction with α ≈ 0.46.  

 

5. Discussion 

The BV equation predicts that the charge-transfer resistance and differential charge-transfer 

resistance should decrease with current density following a universal dimensionless relationship. 

Across all the electrochemical techniques investigated, the experimentally measured decrease in 

resistance as a function of current density is shown to be fully and quantitatively consistent with 

the BV equation. The finding that LCO obeys BV kinetics at high current densities can likely be 

broadly generalized to most other LIB AMs. The deviations from BV kinetics reported for LIB 

https://doi.org/10.26434/chemrxiv-2024-hndjp ORCID: https://orcid.org/0000-0002-0257-3086 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-hndjp
https://orcid.org/0000-0002-0257-3086
https://creativecommons.org/licenses/by/4.0/


 

 55 

  

 

AMs in the literature are probably caused by uncompensated ohmic resistance in the measurements 

[12–14,20]. Additionally, non-linearity during EIS measurements is typically avoided in the 

literature because it is believed to cause inaccurate analysis. However, we quantitatively show that 

both O-GEIS and LA-GEIS measurements can be conducted within the non-linear region of the 

kinetics, while maintaining a sufficiently linear impedance response. The decrease in interfacial 

impedance with increasing current is not an artifact or distortion of the EIS data; it is literally the 

non-linearity of BV kinetics, and this is something to be precisely and quantitatively measured, 

not to be avoided.  

Surprisingly, the magnitude of the 𝑅𝑐𝑡
0  was found to be a factor of √2 higher for S3E-CP 

measurements than for LA-GEIS and O-GEIS measurements. As a result, the measured I0 values 

from LA-GEIS and O-GEIS are a factor of √2 higher than from S3E-CP. This difference does not 

appear to be caused by a problem with the potentiostat hardware or software; EIS and DC 

measurements of a 100 Ω R-C circuit on the potentiostat calibration board yielded the same 

resistance value. There appears to be a real difference in the magnitude of the measured resistance 

between EIS and DC techniques, which is likely an artifact of the EIS measurement. For example, 

if the current is not calculated on an RMS basis for LA-GEIS data analysis, then the I0 value agrees 

with S3E-CP, but the α value disagrees by a factor of √2. For O-GEIS data analysis, it was 

empirically found that the applied DC bias must also be calculated on an RMS basis. It seems 

plausible that this discrepancy arises as an artifact of the RMS averaging which occurs during EIS 

measurement, but not during DC measurements [28]. Other differences in the magnitude of 

resistance measured between DC and EIS techniques have been shown in the literature. For 
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example, the measured electrode pore resistance is three times lower from EIS than from DC 

measurements [22]. We also previously showed that for nanosized LiFePO4, Rct is immeasurably 

small with EIS, but measurable with S3E-CP, due to differences in the active particle population 

dynamics between DC and EIS techniques [18]. To the best of our knowledge, there are no other 

reports in the literature directly comparing the magnitude of 𝑅𝑐𝑡
0  measured between DC or EIS 

techniques. Considering that practical LIB operation occurs only under DC conditions, it may be 

necessary to quantitatively account for this difference in electrochemical models of LIBs. For 

example, if the model is parameterized with EIS measurements, it is possible that the resistance 

under real-world conditions may be underestimated by a factor of √2. Further investigation is 

needed to better understand the origins and consequences of this phenomenon.  

There are undoubtedly many opportunities to further improve and extend the O-GEIS and 

LA-GEIS measurement techniques. Improved drift correction methods for O-GEIS could allow 

for accurate measurements at higher current densities and/or lower frequencies, which may be 

useful for some systems [57]. For example, it seems possible that a direct subtraction of the voltage 

versus time data between S3E-CP and O-GEIS measurements conducted under the same 

conditions, as shown by Fig. 7B, could be used to quantitatively account for voltage changes during 

the measurement. The experimental methods for LA-GEIS can easily be extended to the strongly 

non-linear region of the kinetics, although resistive heating may limit the maximum current 

excitation. However, the data would need to be analyzed with quantitative models for the non-

linear impedance response to account for the harmonic distortions; this can be referred to as non-

linear galvano EIS (NL-GEIS). One approach for NL-GEIS is to correct the impedance data for 

the distortions by subtracting the contributions of the disturbing terms at the fundamental 

frequency, which can be calculated with a Taylor series expansion from the experimentally 
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measured magnitudes of the harmonics [33,62]. Another approach for NL-GEIS is to directly 

calculate the BV kinetic parameters from the experimentally measured magnitudes of the 

harmonics with non-linear impedance models [30–32,67]. Exact expressions for the non-linear 

impedance response can likely be derived from a series expansion of the BV equation, which is 

infinitely differentiable [67,68]. Since linear processes like ohmic resistance do not generate 

harmonics, NL-GEIS may enable accurate measurements of the BV kinetic parameters without 

requiring explicit IR compensation [69]. NL-GEIS may also provide important information about 

the symmetry of the kinetics [67]. 

In the literature, it is nearly universally assumed that α ≈ 0.5 for the interfacial charge-transfer 

reactions in LIB AMs. In our previous work, however, S3E-CP measurements showed that α ≈ 3 

for LFP [18]. In this work, α ≈ 0.43 was experimentally measured for LCO with LA-GEIS 

measurements at low current densities, and with S3E-CP measurements at high current densities. 

It was quantitatively shown that neither irreversible impedance growth, resistive heating, ohmic 

resistance, nor harmonic distortions are appreciable sources of error in the data analysis. Despite 

the differences in the measured I0 values between EIS and DC techniques, there is excellent 

agreement between the α value measured with S3E-CP and LA-GEIS. It is extremely unlikely that 

this deviation from α ≈ 0.5 for LCO is a measurement error. An apparent α value of ~ 0.43 may 

seem at surface level to have little physical significance. However, the equations developed in this 

work predict that at either very high or very low current densities, a multi-step reaction will behave 

as a one-step reaction with apparent values of the BV kinetic parameters. The apparent α value for 

a two-step reaction with α1 = 0.5 and α2 = 3 is predicted to be 0.429, which agrees extremely well 

with the S3E-CP and LA-GEIS measurements in this work, and with S3E-CP measurements of 

LFP in our previous work [18]. Furthermore, the differential charge-transfer resistance 
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measurements from O-GEIS show that the data in the intermediate current range cannot be fit well 

by a one-step BV model, but are highly consistent with a two-step BV model. Overall, these 

findings suggest that the interfacial kinetics of the LCO studied in this work obey the BV equation 

for a two-step reaction with α1 ≈ 0.5 and α2 ≈ 3. However, these specific findings should not be 

generalized to other AMs and may not be broadly generalizable for LCO.   

 The common assumption of α = 0.5 for the interfacial charge-transfer reaction in LIB AMs 

is based on the underlying assumption that electron transfer across the electrical double layer is 

the RDS for the interfacial charge-transfer reaction [7]. However, Peled’s theory of the solid-

electrolyte interphase (SEI) suggests that there are three possible reaction steps for the interfacial 

charge-transfer reaction in LIBs: (i) (de)solvation of Li+ ions at the interface between the 

electrolyte and SEI, (ii) conduction of Li+ ions through the electronically insulating SEI, and (iii) 

charge-transfer (i.e., coupled ion/electron transfer) at the interface between the SEI and the AM 

[70,71]. An α value of ~ 3, as measured for LFP, is fundamentally inconsistent with electron-

transfer as the RDS [7,18]. LFP is also thermodynamically stable with nearly all electrolytes, so 

unlike other AMs such as LCO or graphite, it does not form a passivating SEI layer due to reactions 

with the electrolyte [72]. Therefore, a reaction step with α = 3 cannot plausibly be attributed to 

conduction of Li+ ions through the SEI. As we proposed in our previous work, a reaction step with 

α = 3 can most likely be attributed to (de)solvation of Li+ ions at the interface between the 

electrolyte and the AM or SEI [18]. Therefore, a reaction step with α = 0.5 for LCO could be 

attributed either to charge-transfer at the SEI/AM interface, or to Li+ conduction through the SEI, 

but not to both. A reaction step with α = 0.5 would be fully consistent with electron-transfer as the 

RDS [7]. However, assuming α = 0.5 for electron-transfer, the measured α value would be < 0.43 

if there were also appreciable resistances for both (de)solvation and SEI conduction. It is widely 
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known that due to their thermodynamic instability with the electrolyte at high SOC, lithium layered 

oxide cathodes typically form both a surface reconstruction (i.e., rock-salt) layer, as well as a 

surface film of electrolyte decomposition products, which together constitute the SEI [43]. 

Numerous studies have shown that the interfacial resistance of layered oxide cathodes is strongly 

correlated to the thickness and composition of the SEI [73–75]. Based on the literature, a reaction 

step with α = 0.5 for LCO could, therefore, also be plausibly attributed to Li+ conduction through 

the SEI. Unfortunately, much more detailed studies would be required, including measurements 

on a wide range of LIB AMs, to make any more definitive conclusions about the mechanisms of 

interfacial charge-transfer in LIBs.  

 

6. Conclusions 

The Butler-Volmer equation was reformulated to describe the dependent of charge-transfer 

resistance (Rct) on current density, showing that Rct is constant for I < I0, but decreases 

logarithmically with current at I > I0. Expressions were derived for the differential charge-transfer 

resistance (𝑅𝑐𝑡
′ ), which is the local slope of the overpotential-current curve at the applied current, 

and for the linearized charge-transfer resistance (𝑅𝑐𝑡
0 ), which is the limit of 𝑅𝑐𝑡

′  as the current 

approaches zero. For a symmetric one-step reaction, it was shown that Rct and 𝑅𝑐𝑡
′  both follow 

universal dimensionless relationships between normalized resistance (𝑟 = 𝑅𝑐𝑡/𝑅𝑐𝑡
0 ) and 

normalized current (𝑖 = 𝐼/2𝐼0), regardless of the specific values of α and I0. These expressions 

were generalized for multi-step reactions, and it was shown that at either very low or very high 

current densities, or when I0 is the same for all reaction steps, a multi-step reaction behaves 

analogously to a one-step reaction. However, when I0 is different between the reaction steps, 

complex behaviors can arise as the resistance for each step decreases with a different current 
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dependency. Differential resistance measurements were shown to be best suited for investigating 

multi-step reactions due to the more rapid decrease of 𝑅𝑐𝑡
′  than Rct with increasing current.   

LiCoO2 symmetric cells were demonstrated as ideal model system for studying the interfacial 

charge-transfer kinetics in LIBs. Three electrochemical techniques were developed for high 

current density kinetic measurements: S3E-CP, LA-GEIS, and O-GEIS. S3E-CP works by 

extrapolating the voltage versus capacity data from short galvanostatic pulses to a capacity of zero 

to approximate steady-state conditions. LA-GEIS works by applying a large amplitude current 

excitation about the equilibrium voltage of the cell, while O-GEIS works by applying a small-

amplitude current excitation about a much larger direct-current bias. O-GEIS, unlike the other two 

techniques, measures the differential charge-transfer resistance. The ohmic resistance was 

precisely measured with PEIS of separate symmetric cells under both blocking and interacting 

conditions to enable accurate IR compensation of the kinetic measurements. For each technique, 

it was quantitatively shown that the conditions of stability, stationarity, and linearity can be 

satisfactorily met with optimized measurement conditions. Although the interfacial resistance of 

LCO is highly sensitive to electrolyte impurities, the measurements appear to be generally non-

destructive at current densities of up to 250 mA cm-2. Due to the high activation energy for 

interfacial charge-transfer, extremely precise temperature control is needed for accurate 

measurements. At high current densities, even slight resistive heating of the cell (< 1°C) causes 

significant resistance changes, which can lead to inaccurate results, especially for LA-GEIS; this 

can be effectively mitigated with a limited current density and appropriate rest times between 

measurements. While S3E-CP and LA-GEIS are inherently stationary, O-GEIS measurements are 

sensitive to drift at high current densities and low frequencies; this can be mitigated by employing 

drift correction of the impedance data and limiting the measurements to high frequencies (e.g., > 
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100 Hz). Due to the small excitation amplitude, the impedance response from O-GEIS 

measurements was shown to be highly linear, even when the measurements were conducted within 

the strongly non-linear region of the kinetics. Conversely, due to the large amplitude excitation of 

LA-GEIS, harmonic distortions of the impedance response render the linear impedance 

measurement inaccurate at high current densities; however, the total harmonic distortion is 

sufficiently low within the weakly non-linear region of the kinetics to obtain accurate LA-GEIS 

measurements.  

S3E-CP measurements from 5 – 100 mA cm-2 show that the experimental data are fully 

consistent with the BV equation for a one-step reaction with α = 0.422 and I0 = 4.43 mA cm-2. LA-

GEIS measurements from 1 – 10 mA cm-2 also fit the BV equation with α = 0.431 and I0 = 6.11 

mA cm-2, although the experimental data deviates from the BV model at high current densities due 

to the harmonic distortions. Surprisingly, there is a ~ √2 different in the experimentally measured 

magnitude of 𝑅𝑐𝑡
0 , and therefore I0, between direct-current and EIS techniques.  This appears to be 

a physical phenomenon arising from the root-mean-square averaging of the impedance data. Since 

O-GEIS measurements involve both a DC and EIS component, this empirical difference must be 

accounted for to obtain an accurate analysis. O-GEIS measurements from 5 – 25 mA cm-2 show 

that the measured 𝑅𝑐𝑡
′  versus current data agree reasonably well with the BV equation for a one-

step reaction with α = 0.460 and I0 = 5.79 mA cm-2. However, a two-step BV model assuming α1 

= 0.5 and α2 = 3 was shown to fit the data much more closely and allowed for deconvolution of 

the resistance for each reaction step based on the assumed α values. Overall, the S3E-CP, LA-

GEIS, and O-GEIS measurements are all quantitatively consistent with a two-step charge-transfer 

reaction for LCO with transfer coefficients of α1 = 0.5 and α2 = 3. It is proposed that the reaction 

step with α = 3 could be attributed to Li+ (de)solvation at the SEI/electrolyte interface, while the 
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reaction step with α = 0.5 could plausibly be attributed to either electron-transfer or Li+ conduction 

through the SEI, but not to both. To the best of our knowledge, there are no existing theories in the 

literature which would quantitatively predict an α value for the (de)solvation or SEI conduction 

reactions in LIBs. 

These findings clearly illustrate the need to conduct electrochemical kinetic measurements 

across a wide range of current densities, including high current densities, to fully characterize the 

interfacial charge-transfer kinetics of LIB AMs. The quantitative models developed herein for 

measuring the apparent α and I0 values are universally generalizable to any electrochemical 

system, which obeys symmetric BV kinetics, although models must still be developed to treat the 

case of asymmetry. The experimental methods and electrochemical measurements techniques 

developed herein are expected to be broadly applicable for measuring the interfacial charge-

transfer kinetics of rechargeable battery active materials, although their implementation will surely 

need to be modified for each specific system. Our measurement results obtained so far of α ≈ 3 for 

LFP and α ≈ 0.43 for LCO suggest that the mechanisms of interfacial charge-transfer in LIBs 

cannot be fully explained by the classical theories of electron-transfer. Furthermore, these results 

imply that there may be a significant diversity of the interfacial kinetic behaviors in LIBs. The 

physical mechanisms of interfacial charge-transfer in LIBs can hopefully be clarified by applying 

the methodology developed in this work to study a wide range of LIB AMs and electrolytes. This 

will be a topic of future work.  
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