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ABSTRACT: Simultaneous optimisation of capacity and rate-performance in battery 

electrodes would be much simplified by access to a simple equation relating rate-performance 

to electrode thickness. While a number of equations have been proposed, data on the effect of 

electrode thickness on rate-performance is not extensive enough to identify the most 

appropriate model for thickness-dependence. Here, using LiNi0.815Co0.15Al0.035O2 (NCA) as a 

model system, we use chronoamperometry as a procedure to rapidly generate capacity-rate 

curves for >50 different electrode thicknesses. Using a semi-empirical fitting equation, we 

extract the characteristic time () associated with charge/discharge for each thickness (LE). We 

find the resultant -LE curve to be inconsistent with minimal models based on liquid- or solid-

phase-diffusion alone, but to be in excellent agreement with a relatively simple rate model 

which includes liquid- and solid-phase-diffusion effects as well as electrical and 

electrochemical limitations. Thickness-dependent impedance measurements show that the 

magnitudes of the electrochemical and solid-state diffusion contributions are perfectly in line 

with the outputs of the rate model. 
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INTRODUCTION 

The demand for efficient energy storage solutions is expected to remain high as the world 

expands the use of electric vehicles. Rechargeable Li-ion batteries (LIBs) are used to satisfy 

much of this demand thanks to their efficiency, cyclability and  high capacity.1 While 

maximisation of capacity and energy density is the focus of many papers on LIBs, achieving 

good rate-performance is also important, both for high power and fast-charging purposes, 

especially for applications in electric vehicles.2  

However, combining good rate-performance with high absolute capacity can be challenging. 

The accessible capacity of a battery electrode can depend strongly on the current (i.e. rate) at 

which it is charged or discharged. While high capacities, even approaching the theoretical 

maximum, might be achieved at low charge/discharge currents, the achievable capacity tends 

to fall off sharply above some threshold charge/discharge current, IT. For analysis purposes, it 

is often useful to consider the charge discharge rate, R, which we define rate as 

charge/discharge current divided by measured capacity at that current: R=I/Q.3,4 Then the 

threshold rate, above which capacity falls off is given by RT=IT/Q. Clearly, we would want this 

threshold rate to be high in order to achieve maximal capacity at as high a rate as possible. 

However, various papers have shown that RT depends strongly on a number of electrode 

parameters including conductivity, porosity and thickness.3,5-8  

In particular, the dependence of battery properties on electrode thickness is a very significant 

(and often neglected) area because of the opposite dependences of capacity and rate-

performance on thickness. Increasing electrode thickness enhances areal capacity and is an 

accepted strategy to improve energy density.6 However, as mentioned above, increasing 

thickness also results in a reduction in RT and hence a degradation of rate-performance.3,5,9,10 

The combination of these effects means that while thin electrodes display low absolute capacity 

but excellent rate-performance, thick electrodes display high absolute capacity only at low rate. 

As a result there is a trade-off between maximisation of capacity and rate-performance4 that is 

not always fully appreciated. 

One way to optimise the trade-off between capacity and rate-performance, is to identify the 

electrode thickness where the best combination of these parameters occurs.4 To do this, it is 

important to understand in quantitative detail how both capacity and rate-performance scale 

with electrode thickness. If both scalings are known, it is straightforward to develop an 
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equation which yields the optimum electrode thickness in terms of the physical parameters of 

the system.4 For capacity, there is a simple relationship between areal capacity (Q/A) and 

thickness (LE): / /EQ A L Q V=  where Q/V is the volumetric capacity. However, the situation 

is not so simple for rate-performance. Firstly, one must identify a quantitative figure of merit 

for rate-performance. Secondly, the dependence of that figure of merit on electrode thickness 

must be well known. While there are candidates for use as figures of merit and proposals for 

their length dependence (see below), a final candidate has not been agreed upon. 

Usually, rate-performance is reported by quoting specific capacities at high specific currents.11 

However, this approach can be misleading as it ignores electrode thickness (while a high 

specific capacity may be demonstrated at high specific current using very thin electrodes, this 

will not be achievable using electrodes of thickness relevant to practical applications).12,13 

Preferably, a figure of merit for rate-performance should be a single number which can be 

measured in a reproducible way and can be quantitatively related to electrode properties 

through a physical model. One candidate for such a figure of merit would be the threshold rate, 

above which capacity begins to decay (RT).10,14,15 Alternatively, the inverse of RT can be 

related4,16 to a characteristic time, , which is a measure of the minimum charge/discharge time 

which still yields the maximal capacity.3,4,7,8,11,17  Recently, we proposed a semi-empirical 

equation3,8 which can be used to fit capacity-rate data outputting  in a reproducible manner. 

We have demonstrated that this parameter is a powerful figure of merit which can be used to 

quantify the dependence of rate-performance on a number of factors such as electrode 

thickness, conductivity and porosity as well as ion diffusivity and ionic conductivity.3,11,18 

This leaves the question as to how exactly  depends on electrode thickness. A number of 

papers have proposed models which can be used to generate equations for  in terms of 

electrode thickness.16 For example, both Cornut et al. and Wong et al. have proposed models 

based on solid state diffusion which would imply that  does not depend on LE at all (i.e.
0

EL 

).15,19 Perhaps more relevant, Heubner et al.7,10,14 have published a set of papers based on liquid 

phase diffusion limitations which either explicitly or implicitly16 propose that
2

EL  . 

Similarly, both Johns et al.20 and Gallagher et al.21 proposed diffusion limited models which 

can be modified16 to give the same result. However, all of these models focus on single rate 

limiting effects. In reality, multiple factors may simultaneously affect rate-performance. 

Recently, we proposed a model for  which incorporated a number of rate limiting effects 
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including diffusive and capacitive (electrical) and electrochemical factors.3 This paper 

proposed an equation for  in terms of LE with included quadratic (
2

EL ), linear ( EL ) and 

constant (
0

EL ) terms. Fitting of a number of published data sets showed very good agreement 

and implied that a single quadratic term (
2

EL  ) is not enough to describe most experimental 

data.  

However, this outcome cannot be considered conclusive, simply because published electrode 

thickness dependent capacity-rate data sets are not extensive enough. Published papers tend to 

report capacity versus rate curves (which can be fitted to get ) for no more than 4-6 electrode 

thicknesses. This is simply not enough data to definitively prove one model over another. The 

reason for the lack of published data is simple. Galvanostatic charge discharge (GCD) 

measurements, which are normally used to characterise rate-performance, can be extremely 

slow, especially at low rate (low current). This limits the number of capacity-rate data points 

that can practically be measured in a given study with the outcome being: either a limited 

number of capacity-rate data points in each capacity versus rate curve, and/or a small number 

of capacity versus rate curves in a given study. Such limitations make it prohibitive to acquire 

the type of large data sets needed to test models.  However, this paradigm has recently changed 

with the demonstration by Heubner et al.22 (and confirmation by us8) that chronoamperometry 

(CA) can be used to obtain extensive capacity-rate data sets in a much more rapid fashion. CA 

allows individual capacity versus rate curves to be measured at least 3 times faster than using 

GCD. This capability allows the generation of the type of extensive data sets, consisting of 

multiple capacity versus rate curves, required to test models for rate-performance. In addition, 

a capacity versus rate data set obtained by CA might have thousands of data points, orders of 

magnitude more than GCD-based capacity versus rate curves that typically contain <10 data 

points. Recently, we have used this capability to quantitatively analyse the dependence of  on 

electrode conductivity.18 

In this paper, we characterise the rate-performance of a model electrode system at a wide range 

of thicknesses (10-257 µm) using CA to record capacity-rate data. We employ the semi-

empirical fitting equation proposed by Tian et al.3 to obtain τ and analyse its dependence on 

electrode thicknesses. This work clearly shows that a single quadratic term (
2

EL  ) cannot 

describe our data but, at the very least, a linear term ( EL ) must be added, with the likelihood 
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that a small constant (
0

EL ) term is also needed. By fitting the data to our previously proposed 

model, we show that the model fit parameters are quantitatively consistent with expectations.  

Furthermore, we use electrochemical impedance spectroscopy (EIS) to analyse the thickness 

dependent capacitive, diffusive and charge-transfer properties of the electrodes, obtaining 

results which support the outputs of our rate model. 

RESULTS AND DISCUSSION 

Electrode materials 

In order to quantitatively study the dependence of rate-performance on electrode thickness, we 

chose LiNi0.815Co0.15Al0.035O2 (NCA) as a model system due to its high usable discharge 

capacity, high specific energy and power density, and long storage cycle life.23 In addition, we 

chose to use 0.5 wt% single-walled nanotubes (CNT) as both binder and conductive additive 

due to their proven record for yielding high specific capacities even at high electrode 

thickness.6 Battery cathodes for electrochemical measurements were produced via slurry 

casting a mixture of CNT and NCA powder, as described in the methods section. The anodes 

were evaluated in a half-cell configuration with Li as the counter electrode. Two sets of cells 

were prepared, one with a separator thickness (LS) of 16 µm and another with LS = 38 µm. Both 

sets contained a wide range of electrode thicknesses, ranging from ~10 µm to ~250 µm.  

The NCA electrode morphology was examined using scanning electron microscopy (SEM), 

with a typical cross-sectional image shown in figure 1A. This shows the electrode to consist of 

large (~10 m), roughly spherical “secondary particles” of NCA with sections of the nanotube 

segregated network just visible (white arrows). We note that no significant changes in 

morphology were observed for electrodes of different thickness (Figure S1). Figure 1B shows 

a magnified image showing a number of secondary particles as well as a closer view of the 

nanotube network (white arrow). The NCA secondary particles are made up of agglomerates 

of primary particles as shown in figure 1C. This image also shows a number of nanotubes (e.g. 

as illustrated by the arrow) wrapping the secondary particle. Shown in Figure 1D is a histogram 

of the NCA primary particles’ size (i.e. diameter) as measured by SEM. The primary particles 

have an average size of 645±24 nm, in agreement with literature (670 nm).24 Similarly, a 

histogram of the secondary particles’ diameter is shown in Figure 1E, with an average diameter 
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of 8.4±0.5 µm, close to the manufacturers specifications and in line with previous reports (~6 

μm).25 

Figure 1B shows how the CNTs assemble into a web-like structure around the NCA secondary 

particles. This is a segregated network, which occurs when the CNT network is forced to wrap 

around large particles.6 These networks yield high electronic conductivity: here we measured 

the average out-of-plane conductivity of our electrodes to be 0.4 S/, surprisingly high for such 

a low CNT loading. In addition, such networks generate very high toughness which has been 

shown to facilitate the production of very thick electrodes.6 Furthermore, the use of CNTs tends 

to give large low-rate capacities, which often approach the theoretical value.6,26,27  

Rate measurements 

To obtain rate-performance data, chronoamperometric current transients (see ref 8 for more 

information) were recorded for each electrode thickness over both sample sets. The current 

transient data was then converted8 to specific capacity (Q/M) versus charge/discharge rate (R) 

as described in Methods. Here, R is defined as ( / ) / ( / )R I M Q M= , where I/M is the specific 

current (current per unit mass) and Q/M is the experimental specific capacity measured at I/M, 

rather than the theoretical capacity, which is used to calculate C-rate. In this way, R-1 is a 

measure of the actual charge/discharge time (rather than some notional charge/discharge time 

that might only apply at low rate, as is the case with C-rate). This is important if one is to 

perform quantitative analysis.  

Figure 2 plots Q/M vs. R for four representative values of LE (see figure S2-4 for all data) We 

note that the data density is much higher than obtained from GCD measurements and data 

points are available even in the very low R regime. It is evident that the rate (RT) at which Q/M 

starts to decline, shifts from high R to low R with increasing LE. This is indicative of rate-

performance getting worse for thicker electrodes, as has been qualitatively demonstrated 

previously.3,5,28,29  

Before discussing the rate-performance, it is worth noting that the low-rate capacity, extracted 

from the rate curves for these electrodes at R=0.01 h-1, is relatively high (referred to as (Q/M)0.01 

1/h). Shown in Figure 3A are values of (Q/M)0.01 1/h plotted versus electrode thickness, LE, for 

NCA-NT composite electrodes measured using separators with two different thicknesses. We 

find that, for thin electrodes, the low-rate capacity is roughly thickness-independent at ~200 

mAh/g, very close to the theoretical capacity of NCA (196 mAh/g). However, we do see a 
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slight fall off in (Q/M)0.01 1/h for thicknesses above ~100 m, possibly indicating reduced 

electrolyte penetration into very thick electrodes. Averaging over all electrodes with thickness 

<100 m gives an average value of (Q/M)0.01 1/h=201 mAh/g. 

Fitting capacity-rate data 

We now focus on analysing the rate-performance. Recently,3 we demonstrated a simple method 

for generating the characteristic time, , referred to above. We showed that rate-performance 

can be assessed by fitting capacity-rate data to a semi-empirical equation: 

( )( )1 ( ) 1
nn R

M

Q
Q R e

M


−− = − −

 
                      

(1) 

Here Q/M is the measured specific capacity (mAh/g, here normalised to active mass) while R 

is the rate defined via the specific current (I/M) as ( / ) / ( / )R I M Q M= . We note that, unlike 

C-rate, which is defined via the theoretical capacity, R is calculated from the measured specific 

capacity (at a given current). In this way, R is a measure of the actual charge/discharge time. 

Fitting Q/M vs. R data yields the parameters QM,  and n, of which the last two quantify the 

rate-performance. We note that the parameter, QM, represents the specific capacity at very low 

rate. For GCD measurements, the best way to reliably obtain this value is via fitting using 

equation (1). However, when using CA data, because very low values of R are available, the 

low-rate capacity can be reliably read of the graph (i.e. (Q/M)0.01 1/h as shown in Figure 3A). 

 As mentioned above,  is the characteristic time associated with charge/discharge and can be 

considered the minimum time required to charge the electrode to its maximum capacity. This 

parameter is particularly useful as it can be related to RT,4,16 the threshold rate above which the 

capacity falls off. If we define RT as the rate at which the capacity has fallen to 90% of its 

maximum, low rate value, then 
1/(0.1) /n

TR =  (see figure 2).  Because of its relationship with 

RT, which is an important physical parameter,  is a useful figure of merit for rate-performance.  

Finally, n describes how rapidly Q/M decays at high rate. Taylor-expanding the exponential in 

equation 1 (retaining the first three terms) shows the high-rate behaviour to be given by 

( / ) ( ) / 2n

highR MQ M Q R − . Thus, n is the exponent controlling the power-law decay of 

capacity with rate at high-rate (figure 2). Diffusion limited electrodes are thought to give n~0.5 
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while electrodes limited by electrical resistances yield n~1.3 Knowledge of  and n allow a 

proper quantitative analysis of the rate-performance of a given electrode and the comparison 

with other electrodes.  

A number of papers3,4 have shown equation (1) to fit capacity-rate data obtained from 

galvanostatic charge-discharge data extremely well. We have used this function to fit all 

capacity-rate data sets for NCA electrodes with different electrode and separator thicknesses 

with examples shown in Figure 2. In all cases the equation fits the capacity-rate curves 

extremely well at both high rates as well as intermediates rates (i.e. for R~RT). However, we 

note that, for the thinner electrodes, the fit quality is not perfect at very low values of R, a factor 

that we attribute to the details of the CA response of NCA. In all cases, we extracted values of 

 and n from the fits as will be discussed below. 

To quantify rate-performance, the most important parameter is , which is plotted versus LE in 

Figure 3B for both separator types (n-data will be discussed below). This graph shows  to 

increase strongly with LE: over an 30 increase in electrode thickness we find a roughly 250 

increase in time constant (consistent with a significant reduction in rate-performance as LE is 

increased). We note that such a degradation in rate-performance with increasing thickness has 

been reported by a number of researchers5,29,30 with a number of such published data sets 

presented as  versus R in our recent review paper.3 The sample set with the thicker separator 

displays consistently higher values of  over the whole LE-range although this difference is 

most apparent for thinner electrodes. 

In the past, graphs of  versus LE have usually included only 4-6 electrode thicknesses3 which 

is not enough to definitively quantify the thickness dependence. Here, including both separator 

types, we have measured 51 different electrodes with thickness ranging between 10 and 250 

m. We believe such an extensive thickness-dependent study is unprecedented and will allow 

us to quantify the dependence of  (and so the rate-performance) on LE.  

As discussed in the introduction, a number of papers have proposed that
2

EL  , under the 

assumption that rate-performance is limited by diffusion of ions within the porous interior of 

the electrode.7,10,14 If this were the case, then we would expect;3 2 3/2/E BL EL D P = , where PE is 

the porosity of the electrode and DBL is the ion diffusion coefficient in the bulk electrolyte. We 

have plotted this prediction on figure 3C (dashed line) approximating31,32 DBL=310-10 m2/s 
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and using PE=0.31 (calculated from the electrode density of 3.1 g/cm3). Although the dashed 

line is parallel to the experimental data for very thick electrodes, it is approximately 8 below 

the experimental data. In addition, it is clear that the 
2

EL   behaviour described by this 

minimal model cannot describe thin electrodes, which deviate significantly from the
2

EL   

behaviour. Such a deviation is reasonable as thin electrodes might be expected to be limited by 

solid state diffusion in active particles, a behaviour which should be independent of LE. In any 

case, this clearly shows that liquid-diffusion models proposing 
2

EL   alone are not sufficient 

to describe rate-performance. Although this mechanism may be dominant under certain 

circumstances, in general, we expect a number of other processes such as electrical effects18,33 

or solid state diffusion19,34 to also contribute to the rate limitations. 

Quantitative analysis of  data 

Clearly the  versus LE behaviour is too complex to be described by models incorporating a 

single rate limiting process but actually depends on multiple processes occurring in concert. 

We can understand these results by considering a model which we recently reported, which 

describes  in terms of the various timescales associated with electron and ion motion in the 

system.3 There are three main contributions to : the RC charging time associated with the 

system, the timescale associated with ion diffusion and the time associated with the 

electrochemical reaction (see ref 3 for more information). Each of these contributions can be 

broken into one or more terms which can be combined to yield equation (2a). The RC terms 

include contributions from the electrical resistance of the electrode (term 1) as well as the ionic 

resistances of the electrolyte within the pores of the electrode (term 2) and within the separator 

(term 4). The diffusive terms include contributions from the times required for ions to diffuse 

through the electrolyte-filled porous interior of the electrode (term 3), the time required to 

diffuse through the separator (term 5) and the solid-state diffusion time (term 6). The final term 

(7) describes the timescale associated with the electrochemical reaction, tc, which we link 

below to the exchange current density via the charge transfer resistance. 

This yields the following equation3 
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2 2
, , ,2

3/2 3/2 3/2 3/2

1
        

2 2

Term       1              2                 3                      4                  5   

V eff V eff S V eff S AM
E E c

OOP BL E BL E BL S BL S AM

C C L C L L
L L t

P D P P D P D


  

     
= + + + + + +     

     

        6       7

             

(2a) 

Here CV,eff is the effective volumetric capacitance of the electrode, OOP is the out-of-plane18 

electronic conductivity of the electrode material, PE and PS are the porosities of the electrode 

and separator respectively while LS is the separator thickness. Here BL is the overall (anion 

and cation) ionic conductivity of the bulk electrolyte (S/m) while DBL is the ion diffusion 

coefficient in the bulk electrolyte. In addition, LAM is the solid-state diffusion length associated 

with the active particles (related to particle size); DAM is the solid-state Li ion diffusion 

coefficient within the particle. It should be noted that DAM is an effective value, averaged over 

all states of charge. In most cases, the volumetric capacitance of a battery electrode will not be 

known. However, we have shown empirically that CV,eff is directly proportional to the low-rate 

total (i.e. normalised to total electrode volume) volumetric capacitance of the electrode, QV, 

which applies over a range of electrode materials, such that , / 28 F/mAhV eff VC Q = appears to 

be a general relation.3,18 

Equation (2a) is a trinomial quadratic equation which can be written in abbreviated form: 

2

E EaL bL c = + +                       

(2b) 

where a, b and c can be found by comparison of equations (2a) and (2b) (see below). This 

function clearly has the correct form to describe the data in Figure 3B as it will be dominated 

by the 
2

EL  term at high electrode thickness but will be much flatter for thin electrodes as one or 

both of the other terms dominate. We have fitted equation (2b) to the data in Figure 3B for both 

separator thicknesses, finding very good fits in each case. The fit parameters are given in the 

panel (see figure caption for errors).  

We can test the model by comparing the fit parameters to equation (2a). We start with the b-

parameter. By comparison of equations (2a) and (2b): 
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3/2

, /S V eff BL Sb L C P=                                  

(3a) 

Because the blue and red data sets differ only in the separator thickness, they should both have 

the same values of b/LS. We find b/LS values of (1.420.45)1011 s/m2 and (1.440.8)1011 

s/m2 for the LS=38 and LS=16 m separators respectively. Notwithstanding the error, these 

values are extremely similar as expected from our model. We can also test the absolute values 

of b/LS. For the electrolyte and separator used here, we expect BL=0.5 S/m and PS=0.4.3 Taking 

the value of b/LS with the smaller error gives ,V effC =1.80.61010 F/m3. As mentioned above, 

a range of electrode materials have shown , / 28 F/mAhV eff VC Q = .3 Combining the mean low 

rate specific capacity with the measured average density of these electrodes (3.1 g/cm3) yields 

QV=6.2108 mAh/m3, leading to a value of , / 29 F/mAhV eff VC Q = . The similarity of this value 

to that quoted above shows this NCA b-parameter data to be consistent with a range of other 

electrodes.3 

We now turn to the a-parameter. For the two data sets, these parameters are equal within error 

(as expected because a does not depend on LS) with a mean value of a=91.61010 s/m2. 

Previous work18 has shown term 1 in equation (2a) can be neglected in most circumstances 

once OOP is above ~0.1 S/m. We measured the mean out-of-plane conductivity of our electrode 

materials to be OOP=0.4 S/m allowing us to remove term 1 from equation (2a). This allows us 

to write: 

,

3/2 3/2

1

2

V eff

BL E BL E

C
a

P D P

 
 + 
 

                                                                                       

(3b) 

Taking the values of ,V effC  and BL quoted above, calculating PE=0.31 from the electrode 

density and taking DBL=310-10 m2/s gives a=1241010 s/m2, equal within error to the 

experimental value. 

Finally, we consider the c-parameter, which is given by 
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2 2

3/2

S AM
c

BL S AM

L L
c t

D P D
= + +                                                                             

(3c) 

and so describes diffusion within the electrolyte in the separator, solid state diffusion within 

the active particles as well as the timescale of the electrochemical reaction. Even with the 

extensive data sets available here, both fits gave values of c to be zero within error. This does 

not mean that c=0, just that it is too small to be reliably obtained using even these extensive 

data sets. Using the error margins of the fits, we can obtain an upper bound of c<17 s and c<22 

s for the LS=16 m and 38 m data respectively. We can test the validity of this upper limit by 

considering the three terms in the above equation (i.e. terms 5,6,7 in equation (2a)) individually. 

Taking DBL=310-10 m2/s and PS=0.4, yields values of 3s and 19s for the first term above for 

LS=16 m and 38 m respectively. The third term is discussed below but we expect it to be 

very small. This means that the solid-state diffusion contribution to c is at most 22-19=3 s 

which limits the possible values of DAM. It has been shown that, for spherical particles of radius, 

r, the diffusion length LAM=r/3.35  This means that if the solid state diffusion time is <3s, then

2 / 27AMD r . Because the mean radius of primary particles is ~320 nm, this means AMD

>410-15 m2/s. This is consistent with measurements which show the diffusion coefficient of 

Li in NCA to be ~10-16-10-14 m2/s (depending on the potential).36  

Analysis of the exponent, n 

Shown in Figure 3C is the exponent n, found by fitting capacity versus rate curves, plotted 

against electrode thickness, LE, for both separator types. In both cases, n falls very slightly from 

~1 at low electrode thickness to ~0.9 for the thicker electrodes. As mentioned above, values of 

n close to 1 are consistent with electrical (capacitive) effects being rate-limiting while values 

close to 0.5 indicate diffusive effects to be rate-limiting. With this in mind, the data in Figure 

3C would imply thin electrodes to be completely electrically limited while thicker electrodes 

see a small contribution from diffusive limitations.  

We can test this idea by looking at the relative magnitudes of the different terms in equation 

(2a). In that equation, terms 1, 2, and 4 describe electrical effects while terms 3, 5 and 6 are 

diffusive in nature (term 7 is the electrochemical reaction time). We can test whether electrical 
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limitations are indeed dominant by calculating the fraction of  associated with terms 1, 2 and 

4, i.e. E/.  

In this particular case, this task is simplified by the fact that term 1 is negligible because of the 

high electrode conductivity while we know from above that c is very small allowing us to 

neglect terms 5, 6 and 7. This means E/ is just term 2 + term 4 divided by term 2 + term 3 + 

term 4. Writing this fraction and rearranging yields: 

3/2

3/2

3/2

3/2

,

1 2

1 2 2

S E

E SE

S EBL

V eff BL E S

L P

L P

L P

C D L P





+



+ +

                                                                  

(4) 

We can plot this fraction in the inset of Figure 3C for each electrode type using the numerical 

values given above. We find this fraction to approach 1 at low values of LE, consistent with 

thin electrodes being purely electrically limited. However, as LE increases, the fraction falls 

slightly as diffusive limitations become non-negligible. In addition, the curve for the thin 

separator is below that of the thicker separator at all electrode thicknesses. All of these 

properties are consistent with the experimental n versus LE data. This supports our 

interpretation that the thinnest electrodes are electrically (capacitance) limited with some 

diffusion limitations appearing as electrodes get thicker. In addition, this analysis shows a 

degree of consistency between the n-data and -data, as expressed by equation (2a). 

Impedance analysis 

While the analysis above shows the values of the a- and b-parameters to be consistent with the 

model, it is important to confirm the relatively small values of the c-term predicted by the fits 

in Figure 3B. To achieve this, we performed impedance analysis on all electrodes in order to 

gather information about tc as well as to obtain an independent assessment of DAM. The 

electrodes were evaluated in the charged state (4.3 V) with a 10 mV voltage amplitude using a 

1M-0.01 Hz frequency range. Example curves for four different electrode thicknesses are 

shown in Figure 4 using both linear and logarithmic scales. It is immediately obvious that 

electrode thickness has a significant effect on the impedance curves. The shapes of the curves 
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reveal three semi-circles allowing us to propose the equivalent circuit displayed at the top of 

Figure 4. Using this circuit, we find reasonable fits in all cases. 

The impedance fits yield a number of parameters, including four separate resistances, three 

capacitances (one for each constant phase element) and a Warburg coefficient, all obtained for 

each value of electrode thickness for two data sets associated with two separator thicknesses. 

The impedance of a constant phase element is defined as 01/ ( )mZ Q i =    where Q0 and m 

are constants and 0<m<1. The associated capacitance can be calculated using 

1/

0( ) /m

p pC Q R R=  where Rp is the parallel resistance in the same circuit element.37,38 While all 

parameters are shown in the SI (Figure S5, Table S1), most of them show no significant 

electrode thickness dependence. However, the resistance, capacitance and Warburg coefficient 

associated with the rightmost Randles circuit (Figure 4) show large variations with electrode 

thickness. We associated these parameters with the charge transfer resistance (multiplied by 

electrode geometric area, A0), RCT.A0, the double layer capacitance (normalised to A0), CDL/A0, 

and the Warburg coefficient, W. Each of these parameters are plotted versus electrode 

thickness for both separator types in Figure 5. 

We expect the double layer capacitance to scale with the internal surface area associated with 

the electrode/electrolyte interface. Because thicker electrodes have more internal surface area, 

this means CDL should scale with electrode thickness. This is shown in figure 5A where we plot 

CDL/A0 versus LE. This data shows a linear increase up to LE~100 m above which it saturates, 

falling off at higher thicknesses. We assume such saturation may reflect poor electrolyte 

penetration at high electrode thickness, consistent with the fall off in low-rate specific capacity 

shown in Figure 3A.  

We can quantitatively analyse the linear increase by noting that the double layer capacitance is 

given by39 

0r Act
DL

A
C

 


=                                              

(5a) 

Where  is the double layer thickness, ε0 is the vacuum permittivity, εr is the relative 

permittivity and AAct is the surface area of the electrode/electrolyte interface. Assuming AAct is 
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the combined surface of all primary particles, then this area is the surface area per particle 

(4r2) times the number of particles (electrode-mass/mass-per-particle): 

03(1 )E E
Act

P A L
A

r

−
=                                            

(5b) 

where we use the fact that the ratio of electrode and NCA densities (ρE/ρNCA) can be expressed 

in terms of the electrode porosity, PE: (1 ) /E E NCAP  − = . Combining equations 5a and 5b 

yields 

0
0

3 (1 )
/ r E E

DL

P L
C A

r

 



−
=                                            

(5c) 

This equation predicts the observed linear increase for thin electrodes. Fitting the low-LE data 

and taking39 =1 nm and r=10 yields r=260 nm, close to the mean radius of primary particles 

as measured by SEM (320 nm). This confirms our association of this capacitance with the 

double layer. 

The linear increase in Figure 5A is consistent with a volumetric double layer capacitance of 

0.7 MF/m3. This is much smaller than the value of ,V effC  quoted above which raises questions 

as to the origin of ,V effC .There is no doubt that battery electrodes have effective capacitances 

much higher than 0.7 MF/m3. Typical commercial batteries have capacitances of ~1500 F 

(18650 cylindrical cell).40 Assuming the electrodes act like series capacitors, gives a single 

electrode capacitance of ~3000 F.  Approximating the single electrode volume as ~25% of the 

total yields an electrode volumetric capacitance of ~109 Fm-3, in line with ,V effC  but much 

larger than our measured double layer capacitance. Further work is needed to pinpoint the exact 

origin of ,V effC .  

The charge transfer resistance is plotted in Figure 5B and falls inversely with electrode 

thickness, reaching 310-4 .m2 for the thickest electrode. We attribute the fall-off with 

thickness to the fact that the total active nanoparticle surface area increases with electrode 

thickness. The charge transfer resistance is related to the exchange current density, j0, via
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0/CT G e ActR R T n Fj A= ,41 where ne = 1 is the number of electrons associated with the redox 

reaction, RG is the ideal gas constant, T is the temperature and F is the Faraday constant. Using 

the equation (5b), we obtain: 

0

03 (1 )

G
CT

e E E

R Tr
R A

n Fj P L
=

−
                                                                              

(6) 

Again, this equation describes the inverse behaviour observed in the graph. Fitting this equation 

to the data (taking ne = 1, r = 320 nm, PE = 31%) yields a value of j0 = 4.810-3 mA cm-2 of 

primary particle surface area, somewhat smaller than that previously found from simulations.42  

The current density crossing the electrolyte-electrode interface can be estimated using the 

linearized Butler-Volmer equation:35 0 / Gj j F R T=  where  is the overpotential. We can use 

this equation to estimate the timescale associated with the electrochemical reaction, tc (final 

term in equation (2a)), by linking it to the timescale associated with a charge moving across 

the interface. Then, ~ /c At q j  , where qA is the local charge density per unit area at the 

electrolyte/NCA interface. This parameter can be estimated from the double layer capacitance 

( / )A DL Actq C A V=  , where V is the potential drop across the electrolyte/NCA interface. 

Combining these equations yields: 0~ ( / ) /c G DL Actt R T C A V j F . Estimating /DL ActC A ~0.1 

F/m2 from equation (5a) and very crudely taking / ~ 1V   yields tc~0.05 s. This value is 

negligible compared to the timescale associated with diffusion through the separator (term 5 in 

equation 2a) and is certainly consistent with the fits in Figure 3B which show that the c-

parameter to be small for both sample sets. 

The Warburg coefficient, W, is plotted versus electrode thickness in Figure 5C. Here, we find 

W to fall inversely with thickness up to LE~100 m above which it saturates, again possibly 

because of poor electrolyte penetration. The Warburg coefficient can be related to the solid-

state diffusion coefficient via:43,44   

| / |

2

M
W

Act AM

V dV dx

FA D
 =                                  

(7a) 
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Where VM=410-5 m3/mol is the molar volume of the NCA, and |dV/dx| is the magnitude of the 

rate of change of potential with Li content in the active material (estimated from the GCD curve 

at the potential where the impedance spectrum was measured, dV/dx=-8 V at V=4.3 V see 

Figure S6). We note that AAct is the total interfacial area, as opposed to A0, the geometric 

area.41,45-47 Equation (7a) assumes semi-infinite diffusion and a small voltage perturbation. It 

is derived for the limiting case where either the perturbation frequency is high, the diffusion 

coefficient of the species in question is low or for thick electrodes. Our electrodes are 

significantly thick to satisfy the limiting criteria, which are described in more detail in the work 

of Ho et al.44 

Combining equation (7a) and (5b) we find: 

0

| / |

3 (1 ) 2

M
W

E E AM

rV dV dx

F P A L D
 =

−
                               

(7b) 

Which gives the inverse dependence on electrode thickness observed in the data. Fitting this 

curve to the data yields DAM=210-15 m2/s at a potential of 4.3V. This value is in agreement 

with Galvanostatic intermittent titration (GITT) results which yield a diffusivity of ~10-15 m2/s 

at 4.3 V.36  In NCA, the diffusion coefficient at 4.3 V is relatively low, with a maximum 

diffusivity of ~10-14 m2/s expected at 3.8-3.9 V.36 This means that our DAM-value is consistent 

with our estimation above that the effective diffusion coefficient is >410-15 m2/s. 

Taken together, the outputs of the impedance analysis confirm that the c-parameter in equation 

(2b) is small for the electrodes under study here, a result that is consistent with the fitting of 

the rate data (Figure 3B). Combined with the analysis of the a- and b-parameters given above, 

this shows that equation (2a) is in full quantitative agreement with the experimental data. We 

believe that not only can equation (2a) be used to quantitatively analyse capacity-rate data, but 

it could even be used to predict the performance of battery electrodes. 

We can illustrate the predictive power of our model by using equation (2a), combined with 

known values of the relevant physical parameters (as quoted in the text above and reproduced 

in the caption of Figure 6) to plot the predicted LE-dependence of  alongside the measured 

data (Figure 6). For both separators we find an excellent agreement between predicted and 

measured data, further underlining the validity of equation (2a). 
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CONCLUSION 

In conclusion, we have performed detailed measurements on the effect of electrode thickness 

on the rate-performance of lithium storing electrodes. We achieved this by using a semi-

empirical fitting equation to extract the characteristic time associated with charge/discharge 

from capacity versus rate data for samples with various combinations of electrode and separator 

thickness. This characteristic time increases super-linearly with electrode thickness. We find 

that this increase cannot be explained by models based only on liquid phase diffusion. 

However, the data is completely consistent with a model proposed by us which incorporates 

various rate-limiting mechanisms including both liquid and solid phase diffusion as well as 

electrical and electrochemical effects. Fitting the model to the data yields numerical outputs 

which are (within error) exactly as expected. To support these conclusions, we performed 

impedance spectroscopy on electrodes with a range of thicknesses. We found significant 

thickness dependences for the double layer capacitance, the charge transfer resistance and the 

Warburg coefficient. By combining standard models with a simple equation for the electrolyte-

electrode interfacial area, we can fit the thickness-dependent data for each parameter. From 

these fits, we can show that, for NCA at least, the timescale associated with the electrochemical 

reaction is small enough not to impact the rate-performance. In addition, we obtain a solid-state 

diffusion coefficient that is consistent with the outputs obtained by fitting the characteristic 

time versus electrode thickness data.   

 

METHODS 

Electrode Preparation 

All electrodes were prepared by the conventional slurry-casting method. 

LiNi0.815Co0.15Al0.035O2  (NCA, MTI Corp.) powder was mixed with a dispersion of single-

walled CNT in N-Methyl-2-pyrrolidone (NMP) (Tuball, 0.4 wt.% CNT in NMP, 2 wt.% 

Polyvinylidene fluoride (PVDF) as surfactant stabilizer , OCSiAl). The mixture was made 

uniform using a mortar and pestle. The slurry was then cast onto the Al current collector using 

a doctor blade. The doctor blade was used to achieve the investigated thickness range (10 – 

257 μm, mass loading 3.5 – 75 mg/cm2). The slurry was then dried overnight at 40 °C. This 

low temperature is required to avoid cracking in these segregated network composites. We note 
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that such low temperature drying has been described previously with6,8 or without18 an 

accompanying anneal at 100 °C. Following NMP evaporation, the mass fraction of CNT was 

0.5 wt% for all electrodes. Finally, the electrodes were calendered (MSK-HRP-MR100A) to 

achieve a density of ~3.1 g/cm3. The morphology of the NCA/CNT electrodes was examined 

using SEM. An accelerating voltage of 5 keV was used with a 30 μm aperture at a working 

distance of 5-6 mm (Zeiss Ultra Plus). 

Electrochemical Measurements 

The electrochemical performance of the electrodes was tested in CR2032 (MTI Corp.) coin-

cells. Circular discs (diameter=1.2 cm, A0=1.13 cm2) punched from the prepared NCA/CNT 

films were employed as the working electrode. LS was varied by using two Celgard separators 

with different thicknesses, LS=16 μm (Celgard C212) and LS=38 μm (Celgard 2340). The 

electrolyte was 1.2 M LiPF6 in ethylene carbonate/ethyl methyl carbonate (EC/EMC, 1:1 in 

v/v, BASF) with 10 wt.% fluoroethylene carbonate (FEC). Li metal was used as the counter 

electrode and the coin-cells were assembled in an Ar-filled glovebox (UNIlab Pro, Mbraun), 

with O2 and H2O levels < 0.1 ppm. 

The rate-performance was measured via CA method as we reported previously.8 The cells were 

first tested via GCD measurements (BioLogic VMP-3. Three cycles were performed between 

3-4.3 V at 1/10 C. After stable capacities were reached (capacity change <1%) and a Coulombic 

efficiency of >99% was achieved, the cells were charged to the upper cut-off voltage (4.3 V) 

at 1/10 C. EIS was conducted in a frequency range of 1M-0.01 Hz and with a voltage amplitude 

of 10 mV (BioLogic VMP-3). EC-Lab’s Z Fit software was used to analyse and fit the acquired 

impedance spectra. Following impedance spectroscopy, the cells were charged to the upper 

cut-off voltage at 1/30 C (4.3 V) this was done to ensure that the thicker electrodes were fully 

charged. CA was then performed at the lower cut-off potential (3.0 V). 

Current transients from CA were converted to specific capacity (Q/M) vs. rate (R) curves using 

the following equations: 8,22 

( )
0

t
Q

I M dt
M

=                                                                                                                    (8a) 
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I M
R

Q M
=                                                                                                                             (8b) 

where Q is the capacity, M is the active mass, I/M is the specific current and t is the timeframe 

given by the current transient. 

Supporting Information. SEM images, all CA curves, all impedance data, supporting tables. 
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Figures 

 

Figure 1: A: Cross-sectional SEM image of a NCA/CNT (0.5 wt.%) segregated network 

cathode. (B-C): Higher magnification images showing secondary particles and nanotube 

network (B) as well as the primary particles which make up each secondary particle (C).  (D-

E): Histograms showing the NCA primary particle length (A) (N = 100) and secondary particle 

diameter (B) (N = 81). In A-C, the arrows indicate the nanotube networks.  
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Figure 2: Specific capacity versus rate data plotted for four different electrode thicknesses (LE), 

as acquired from chronoamperometry. The curves are fitted to equation (1). The threshold rate, 

RT, where the capacity falls below 90% of its low-rate value, is shown for the thickest electrode. 

In addition, the exponent, n, describing the high-rate drop-off in capacity is indicated. 
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Figure 3: Data extracted from capacity-rate curves shown in Figure 2. A) Experimental specific 

capacity, measured at 0.01 h-1, (Q/M)0.01 1/h, plotted as a function of electrode thickness. B-C) 
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Characteristic time, , (B) and rate exponent, n, (C) each plotted versus electrode thickness 

(LE). Red and blue data points correspond to a separator thickness, LS, of 16 and 38 µm, 

respectively. The fit parameters in B are: LS=16 m: a=(8.41.7)1010 s/m2; b=(2.31.3)106 

s/m; c=215 s and LS=38 m: a=(9.11.6)1010 s/m2; b=(5.41.7)106 s/m; c=022 s. The 

dashed line in B is a plot of
2 3/2/E BL EL D P =  taking DBL=310-10 m2/s and PE=0.31. Figure 3C, 

inset: contribution to time constant calculated for electrical effects divided by the sum of 

contributions due to electrical and diffusive effects. These contributions are calculated using 

equation (4) as described in the text. 
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Figure 4: Nyquist plots of imaginary versus real impedance obtained from impedance 

spectroscopy for four different electrode thicknesses on (A) linear scale and (B) log-log scale. 

Solid lines represent fits to the circuit shown at the top of the figure. 
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Figure 5: Selected parameters calculated from fitting EIS data, each plotted versus electrode 

thickness (see SI for all fit parameters). (A) Double-layer capacitance (CDL), (B) Charge-

transfer resistance (RCT) and (C) Warburg coefficient (σW) versus electrode thickness (LE). In 

A and B, the data are adjusted to account for electrode geometric area (A0). The solid lines 

indicate fits as described in the text. 
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Figure 6: Data for time constant versus electrode thickness for both separator thicknesses. The 

solid lines represent predictions made using our model by plotting equation (2b) using the 

parameters given in the panel. These a-, b- and c-parameters were not obtained by fitting but 

rather were calculated, from equations 3 a,b,c, using known (either independently measured or 

obtained from the literature) physical parameters. The values of these parameters have been 

noted in the text i.e. , 28V eff VC Q= =286.2108 F/m3, BL=0.5 S/m, PS=0.4 [see ref 3 for more 

information about BL and PS],  PE=0.31, DBL=310-10 m2/s, LAM=r/3=107 nm, DAM=10-14 

m2/s,36 tc=0.05 s. 
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