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H I G H L I G H T S  

• Capacitance of electrochemical capacitors exhibits a power law with test rate. 
• Constant phase element behavior of electrochemical capacitors is responsible. 
• Constant phase element parameters can be determined from multiple methods. 
• These parameters can be used to estimate the rate capability of capacitors.  
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A B S T R A C T   

The capacitances of electrochemical systems determined from cyclic voltammetry (CV) are difficult to compare 
due to the unavoidable constant-phase element (CPE) behavior of such systems. These difficulties can be illus
trated by simulated voltammograms of simplified circuits composed of a resistor in series with a CPE (R-CPE 
circuits). The capacitance extracted from CV of R-CPE circuits follows a power law relationship with sweep rate. 
By comparing the CV-obtained capacitance with that obtained from electrochemical impedance spectroscopy 
(EIS) data, a critical sweep rate can be defined as the rate where these capacitances intersect. This critical rate 
can be used to formulate an effective time constant for R-CPE circuits. Sweep rates at least two orders of 
magnitude below the critical rate should be used in CV to mitigate the influence of the system’s time constant on 
the measured capacitance. To allow for more accurate comparisons of supercapacitors, the CPE parameters R, Q, 
and α should be reported, rather than the capacitance vs. sweep rate data from CV measurements.   

1. Introduction 

Electrochemical double layer capacitors (EDLCs), also known as 
supercapacitors, are an energy storage technology with attractive power 
performance and long-term cycle stability [1]. There is ongoing dis
cussion regarding the proper methods of measuring and reporting the 
performance of supercapacitor devices [2–4]. The most important per
formance metric of a supercapacitor is its capacitance. The capacitance 
cannot be measured directly, so it must be calculated based on mea
surements of current, charge, and voltage [5,6]. Capacitance is expected 
to be a thermodynamic property and therefore constant for a given 
system, however, the capacitance calculated from electrochemical 
measurements, referred to hereafter as the “effective capacitance,” is 

known to be a function of the sweep rate in the case of CV or the current 
density in the case of galvanostatic measurements [7]. In EIS analysis, it 
is common to calculate the capacitance from the imaginary impedance 
as CEIS = (-ωZj)− 1 [4,8], however, this relationship also gives a 
frequency-dependent value of capacitance. The evolution of the effec
tive capacitance with charge rate is termed the rate capability of the 
capacitor and is another important metric for determining the applica
tion of a supercapacitor. However, differences in test methodologies 
make drawing informed comparisons between EDLCs reported in the 
literature difficult. It would therefore be preferable to report 
rate-invariant metrics rather than disparate values of effective capaci
tance at various charging rates. Methods for predicting the rate perfor
mance of supercapacitors based on easily obtainable, rate-invariant 
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metrics can facilitate faster testing procedures and more accurate com
parisons between devices. 

The variation in effective capacitance as a function of charging rate 
has been attributed to constant-phase element (CPE) behavior [7], and 
EDLCs can be reasonably well-modeled as a circuit composed of a 
resistor and CPE in series (R-CPE circuit). CPEs have been studied 
extensively through electrochemical impedance spectroscopy (EIS). The 
impedance of an R-CPE circuit is defined as 

Z =R +
1

(jω)αQ
(1)  

where Q is the CPE coefficient and α is the dispersion coefficient. Q has 
the derived units of F sα− 1, and the dispersion coefficient α is a unitless 
number 0 < α ≤ 1, with α = 1 being equivalent to ideal capacitive 
behavior. An equation for the current passing through an R-CPE circuit 
during a voltage sweep has been derived by Allagui et al. [9] as 

i(t)=Q
Vf − Vi

tf − ti

[
t1− α

Γ(2 − α) −
(RQ)t1− 2α

Γ(2 − 2α)+…
]

(2)  

where Vf and Vi are the final and initial voltages, and Γ(x) is the gamma 
function. 

Brug et al. derived the equation [10]. 

CB =Q1
αR1− α

α (3)  

to convert the CPE parameters to units of capacitance. Eq. (3) was 
derived under the assumption that the observed frequency dispersion of 
the CPE was due to a distribution of time constants across the electrode 
surface. This equation gives a single, rate-invariant value of capacitance 
for the R-CPE system. In CV testing, the effective capacitance can be 
calculated from 

CCV =

∫ Vf
Vi i(V)dV

v
(
Vf − Vi

) (4)  

based on the total charge stored on the capacitor. Allagui et al. published 
equations for calculating the effective capacitance of an R-CPE circuit 
based on its charging rate [9]. The authors derived equations both for 
galvanostatic charge-discharge and CV based on a fractional derivative 
approach expanding on the work of Montella and Westerlund [11,12] to 
calculate the capacitance based on the charge rate and the CPE pa
rameters. Their relation for CV analysis is given by 

CA =
Q

Γ(3 − α)

( ν
ΔV

)α− 1
(5)  

where Q and α are the CPE parameters, ν is the sweep rate, and ΔV is the 
voltage window. Eqs. (4) and (5) should be equal, but as will be dis
cussed later, this is not always the case. 

In the present work, the capacitance calculated from Eqs. (4) and (5) 
is compared directly to the capacitance calculated from the Brug for
mula, Eq. (2), for both simulated and experimental supercapacitors. The 
intersection between the calculated capacitances is used to derive a 
critical CV sweep rate for an R-CPE system. The results demonstrate the 
difficulty in obtaining accurate resistance values from CV and provide 
additional support for the argument that CPE behavior of EDLCs arises 
from surface distributions of time constants. Lastly, a case is made for 
reporting CPE parameters of EDLCs as a way to more easily compare 
their performance. 

2. Methods 

Simulations were performed using R software. Voltammograms of 
simulated circuits were calculated using Eq. (2), and the capacitance 
was calculated from Eq. (4) with 1000 time steps using the trapezoidal 
rule. To account for current from Eq. (2) approaching -∞ at t = 0, the 

first time step was removed from the data for calculating capacitance. 
This allowed for a more accurate depiction of the critical rate of the R- 
CPE circuit. Since Eq. (2) is symmetric in the forward and reverse scans, 
only the forward scan was used to calculate the capacitance. 

The construction of the CNT-based capacitors has been described 
elsewhere [13]. Briefly, anodized aluminum oxide (AAO) templates 
were made using a two-step anodization. The templates were then 
coated with carbon to form carbon nanotubes (CNTs) via chemical vapor 
deposition (CVD). Electrodes formed in this way were assembled in a 
pouch-cell capacitor configuration within a dry Ar glovebox before 
introducing the solvent-free ionic liquid electrolyte (1-ethyl-3-
methylimidazolium tetrafluoroborate, EMIM-BF4, Iolitec). Once sealed, 
the cells were removed from the glovebox for testing. 

Electrochemical testing was performed on a Versastat 3 potentiostat 
(Princeton Applied Research). For CV, sweep rates were 10, 50, 100, and 
500 mV s− 1 on the voltage range of 0–1 V or − 0.1 – 1 V. Differences in 
voltage ranges between devices were accounted for in the calculations. 
Three scans were performed at each sweep rate and the third was used 
for analysis. The same devices were tested using EIS on the frequency 
range 105–10− 1 Hz with a signal amplitude of 10 mV. To calculate the 
CPE parameters from EIS, the low-frequency region <25 Hz was fitted 
using an R-CPE circuit. EIS data was fitted using the measurement model 
software [14]. 

3. Results and discussion 

The time-domain response of an ideal R-C circuit can be written as 

i(t)= νC
[
1 − exp

(
−

t
RC

)]
(6)  

where ν is the sweep rate [15]. Voltammograms simulated from Eqs. (2) 
and (6), shown in Fig. 1, exemplify the important differences between 
the R-CPE (red) and R-C (black) circuits. 

The currents of the two circuits are not greatly different, as can be 
seen in Fig. 1a. This current can be used to calculate capacitance through 

i= νC (7)  

where i is the current and ν is the sweep rate [16]. 
When Eq. (7) is applied to normalize the current, as in Fig. 1b, the 

differences between the R-C and R-CPE circuits become clearer. For the 
ideal case, the capacitance reaches a steady-state value after a short 
time, based on the time constant of the circuit, and the curves overlap for 
each scan rate. For the R-CPE circuit, the i/ν curves show a monotonic 
increase with decreasing scan rate. Eq. (7) can also be used to calculate 
capacitance by fitting the line produced by plotting the capacitive cur
rent against sweep rate. Gharbi et al. compared the value of CA calcu
lated using CPE parameters obtained from EIS to the value of 
capacitance calculated from the slope of Eq. (7) and found that a con
stant value of capacitance cannot be obtained when the system behaves 
as a CPE [17]. Those authors also pointed out the importance of scan 
rate selection for CV measurements of capacitance, and again raised the 
possibility of CPE behavior originating from surface distributions of time 
constants as proposed by Brug et al. [10]. The simulated R-CPE circuits 
in the present work are able to recreate Gharbi’s experimental result, as 
shown in Fig. 2a. The current of the R-CPE circuit does not follow a 
linear trend with sweep rate; therefore, the capacitance cannot be esti
mated from the slope. Plotting the data on a log-log scale, as in Fig. 2b, 
shows that the current of the R-CPE follows a power law with sweep rate 
based on the value of α, as has been previously reported [7]. However, 
the pre-exponential term of this relationship has not been discussed. 
Based on the simulations, the complete power law fitting has been found 
to be 

i
(
Vf
)
=

Q
Γ(2 − α)ΔVα− 1να (8) 
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meaning that the pre-exponential term can be directly related to the 
value of the CPE parameter Q. Eq. (8) was found to hold only at low 
sweep rates. Importantly, the value of the resistance does not influence 
the current at these low rates. This power law effect indicates that the 
calculated capacitance from Eq. (7) will never reach a stable value, even 
at very low scan rates [18]. 

Similar relationships between current and sweep rate have been used 
in pseudocapacitive research by using 

i(V)= k1ν + k2ν1
2 (9) 

to determine the relative contributions of surface capacitive (k1ν) 
and diffusive (k2ν1/2) current at a particular potential [19]. This analysis 
glosses over the CPE behavior of the electrode by assuming that the 
current can be described as a superposition of ideally capacitive (α = 1) 
and ideally diffusive (α = 0.5) currents, neither of which are true. When 
Eq. (9) is applied to the R-CPE data presented in Fig. 2, there is no linear 
region in a plot of i/ν1/2 as a function of ν1/2. Restricting the analysis to 
sweep rates above 1 mV s− 1, more commonly used experimentally, a 
quasi-linear region can be fitted to obtain k1 = 2.4 and k2 = 0.28, sug
gesting that some amount of the current is due to diffusive effects, when 
in fact the entire current response is from resistive and constant-phase 

elements. The analysis using Eq. (9) over a truncated range of sweep 
rates might be used to suggest that CPE behavior originates from 
diffusive effects, but since the full sweep rate range cannot be fitted well 
by Eq. (9), this conclusion is erroneous. 

The effective capacitance calculated from Eq. (4) can also be plotted 
against sweep rate with similar results. R-CPE circuits simulated using 
Eq. (2) and their corresponding effective capacitances are shown as a 
function of sweep rate in Fig. 3. Two distinct regimes are visible, 
distinguished by a critical rate. Below this critical rate, the effective 
capacitance exactly follows a power law with sweep rate as in Eq. (5), 
but above the critical rate, the system exhibits resistive behavior. The 
switch from capacitive to resistive behavior results in an effective 
capacitance far below the expected value. 

The power law dependence of the current of a CPE has been pointed 
out previously by Sadkowski [7] and related to the dispersion coefficient 
of the CPE, but the pre-exponential term has previously been ignored. 
When the test rate approaches the critical rate, the power law behavior 
is skewed by the influence of the finite time constant of the system, and 
the calculated capacitance is lower than that predicted by Eq. (5). Larger 
time constants, either from larger resistances or capacitances, lead to 
more sluggish behavior at the switching potentials that can lead to “leaf 

Fig. 1. Simulated voltammograms based on the R-CPE circuit (red) and the R-C circuit (black) for sweep rates of 10− 5 (dotted), 10− 4 (dashed), and 10− 3 (solid) V s− 1. 
The un-normalized current (a) doesn’t show an obvious difference between the two systems at low rates, but by normalizing to the sweep rate (b), the non-limiting 
behavior of the CPE circuit becomes clear. Since the CPE circuit never reaches a steady-state value of double-layer charging current, the calculated capacitance does 
not approach a limiting value. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Calculating capacitance from the slope of the current vs. sweep rate curves of the simulated circuits shows that (a) the R-CPE current cannot be modeled as a 
linear function of sweep rate as in Eq. (7). The slope of different line segments is shown as varying values of capacitance above the segments. Replotting the same data 
on a log-log scale (b) shows that the current of the R-CPE follows a power law whose slope is based on the value of α. The circuits here are the same as depicted in 
Fig. 1a. For each data point, the current at the final voltage, 1.2 V, was used. 
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like” voltammograms and reduced capacitance. The critical rate was 
found to be 

νc =Γ(3 − α)
1

α− 1(RQ)
− 1
α ΔV (10)  

by equating capacitance in the power law region, Eq. (5), with the 
capacitance calculated from the Brug formula, Eq. (3). Increasing Q or 
ΔV shifts the capacitance along the y-axis, and the slope is determined 
by the value of α. Importantly, R has no impact on the value of capaci
tance in the low-rate region. Thus, a single CV curve cannot be used to 
determine R. The only way to determine R from CV would be to 
experimentally determine the critical rate by taking measurements 
above and below this rate. This may be possible by placing a resistor of 
large known resistance in series with the capacitor during CV testing in 
order to artificially shift the critical rate into a measurable regime. 

Since ν = ΔV/t, Eq. (10) can be used to calculate an effective time 
constant for the R-CPE, 

τ =Γ(3 − α)
1

α− 1(RQ)
1
α (11)  

which obeys lim
α→1

τ = eγ− 1RC ∼ 0.66RC (γ is the Euler-Mascheroni con

stant, ~0.577) and lim
α→0

τ = RC
2 . The power law behavior of the capaci

tance of CPEs also implies that extrapolation to zero frequency [18] is 
impossible, since the capacitance of the R-CPE system does not exhibit 
limiting behavior. This means that, even at extremely low rates, CV will 
not give a sweep rate-independent value of capacitance [8,18] for a 
system that exhibits CPE behavior. Capacitance is also sometimes 
extrapolated to infinite frequency [20], which would result in purely 
resistive behavior and an effectively null capacitance. 

The power law trend shown in the simulated R-CPE circuits in 

Figs. 1–3 is also seen in experimental data. Capacitances taken from the 
literature calculated using Eq. (4) are shown in Fig. 4 as a function of 
sweep rate on a log-log scale. This collected data demonstrates that for 
all types of system (aqueous or non-aqueous, faradaic or non-faradaic), 
the effective capacitance follows the same power law trend as seen in the 
simulated R-CPE circuits. Even if individual CV scans reveal obvious 
redox processes, the capacitance from the integrated current is 

Fig. 3. Results from a simulated R-CPE circuit showing the effective capacitance calculated from Eq. (4) (filled symbols), the capacitance calculated from the Brug 
formula Eq. (2) (dashed line), the power law in the low-rate region (solid line) and the critical sweep rate (dotted line). The effect of each parameter is shown: Q and 
ΔV shift the plot along the capacitance axis, α controls the slope of the capacitance, and the critical rate is determined from Q, R, and ΔV. When kept constant, the 
circuit used in the simulation had Q = 2 F sα− 1, α = 0.8, R = 3 Ω, and ΔV = 1.2 V. 

Fig. 4. Literature data showing the power law dependence of capacitance on 
sweep rate. The power law dependence is seen in aqueous and non-aqueous 
systems, faradaic and non-faradaic systems, implying that CPE behavior is 
fundamental to measurements of the double-layer capacitance in electro
chemical systems. Capacitances from each source were normalized to the 
maximum value and then multiplied by a factor to better separate the data 
[21,27–40]. 
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indistinguishable from that of a simple R-CPE circuit [21]. Power limi
tations in supercapacitors, i.e. capacitive to resistive switching, have 
been previously attributed to ionic accessibility of pores in porous 
electrodes [22,23]. The present work indicates that the power limita
tions seen in supercapacitors are fundamentally a result of CPE behavior. 
While diffusive effects in porous structures and pore size distribution 
have also been used to account for CPE behavior [24,25], whether 
porosity is the sole or even main cause of the frequency dispersion of 
CPEs remains to be seen. 

The energy and power relationships of EDLCs can now be calculated. 
Using known equations 

E =
1
2

CΔV2 (12)  

and 

P=
E
Δt

=
Eν
ΔV

(13)  

and by inserting Eq. (5) for the capacitance, new equations relating the 
energy and power of an EDLC to its CPE parameters can be derived as 

E =
QΔV3− α

2Γ(3 − α)ν
α− 1 (14)  

and 

P=
QΔV2− α

2Γ(3 − α)ν
α (15)  

together resulting in 

E =

(
QΔV2

2Γ(3 − α)

)1
α

P
α− 1

α (16)  

where all parameters have their usual definitions. Note that Eqs. (15-17) 
were derived based on voltage-controlled charging (CV), meaning that 
similar but distinct equations are required for galvanostatic charge- 
discharge (GCD) analysis. Allagui et al. derived an alternative series of 
equations to calculate the energy stored in a CPE [26], but these equa
tions are expected to be different because the series resistance term is 
not included. 

To compare the classical EIS methods of determining CPE parameters 
with the CV methods, CPE parameters were calculated in three ways, 
with example data shown in Fig. 5. In Fig. 5a, individual CV curves were 
fitted using Eq. (2) to determine Q, α and R. In Fig. 5b, the capacitance 
calculated from Eq. (4) was plotted as a function of sweep rate and the 
slope and intercept were used to determine Q and α using Eq. (5). This 
method was unable to determine R due to lack of data around the critical 
rate. In Fig. 5c, the low-frequency (<25 Hz) EIS data was fitted to an R- 
CPE circuit using Eq. (3) as in Refs. [17,41] to determine Q, α, and R. In 

some devices, the EIS response included semicircles or other sloped lines 
in the higher-frequency region. While such high-frequency behavior 
may include very useful information in some cases [42], the following 
analysis shows that the low-frequency impedance measures the same 
CPE behavior that determines the CV response. 

The results of the different fitting strategies are shown in Fig. 6. The α 
value calculated from CV, shown in Fig. 6a, is consistently under
estimated as compared to the EIS value. Similarly, the value of Q is 
underestimated in most cases using the CV methods as compared to the 
EIS method, depicted in Fig. 6b. Nevertheless, the two different CV- 
based methods give similar results, seen by comparing the open and 
closed symbols in each figure. The error bars from the fittings using Eq. 
(6) were determined by taking the average value over the four scan rates 
in the fitted CV curves. The individual curve fitting was also used to 
determine R, and the results are shown in Fig. 7. Clearly, the resistance 
obtained from CV is not close to that determined from the EIS data (note 
the log scale). Considering the large discrepancy between the CV-fitted R 
and the EIS value, and the fact that the resistance varies so drastically 
with sweep rate, the resistance determined from the individual curve 
fitting cannot be physically realistic. Instead, it is thought to be an 
artifact of Eq. (2), which approaches –∞ as V → Vi

+. Lower sweep rates 
have lower current magnitude at the switching potentials. When the 
voltammograms at lower rates are fitted with Eq. (2), the lower current 
magnitude is accounted for in the fitting by increasing resistance. This 
explains both the larger resistance at rates farther from the critical rate 
and the power law dependence of the fitted resistance on sweep rate. Eq. 
(2) can model the current in the quasi-steady-state region properly, 
which is why Q and α are much less affected by the rate, as shown by the 
small error bars in Fig. 6. 

Capacitance data from supercapacitors of varying CNT aspect ratio 
were plotted in a dimensionless scale in Fig. 8, where the solid line 
represents the expectation from Eq. (1). The measured data follows a 
clear trend, but this is shifted slightly away from the expected value. 
Simulated circuits verified that the dimensionless method used in Fig. 8 
successfully accounts for variation in Q, α, R, and ΔV. Therefore, the 
discrepancy lies in the value of CCV calculated using Eq. (10) or CB 
calculated from Eq. (4). This means that the calculated CCV is either 
higher than expected, or CB is lower than expected. The CPE parameters 
determined from EIS measurements were used to calculate CB since a 
value of R is required, and R was unobtainable from the CV data. It can 
be seen from the results in Fig. 6 that the CPE parameters differ between 
the two methods, however, the EIS-determined parameters were sys
tematically higher than the CV-determined ones, which should result in 
a larger than expected value of CB and a downward, rather than upward, 
shift in the data presented in Fig. 8. Another possibility is an underlying 
faradaic reaction in parallel with the CPE behavior. The capacitance 
from CV was calculated using the forward voltage sweep only, and 
voltammograms of all devices showed a sharp increase in current at 
approximately 0.7 V. To reduce the effect of this parallel faradaic 

Fig. 5. Experimental data (black) and its fitting (red) for different methods of calculating capacitance and CPE parameters. Individual CV curves can be fit using Eq. 
(7) (a), the capacitance calculated from Eq. (2) can be fit with a power law (b), and the EIS spectrum can be fit using the equivalent circuit in Eq. (3) (c). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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response, only the current below 0.5 V was used to calculate the 
capacitance from CV. The faradaic current passed at this voltage range is 
expected to be small, but it may have skewed the CCV values higher than 
expected, resulting in the discrepancy in Fig. 8. 

The dimensionless analysis demonstrates that the capacitance from 
CV only follows the expected trend for rates at least two orders of 
magnitude lower than the critical rate. As the test rate approaches the 
critical rate, the data begin to stray significantly from the expected 
trend. The agreement between the measured data points and the line of 
expectation in the dimensionless plot indicates that the CPE parameters 
determined from the low-frequency EIS response are directly related to 
the integral capacitance of the R-CPE circuit. The data in Fig. 8 also 
indicates that the high-frequency limit of the impedance is not the most 
suitable metric of resistance for supercapacitors. In this work, the 
intercept of the low-frequency arm of the Nyquist plot was used to 
determine the resistance, rather than the high frequency intercept of the 
impedance (see Fig. 5c). This value of resistance resulted in good 
agreement between datasets of CV capacitance. In the dimensionless 

format used here, changes in R will shift the data along the expected 
trend, indicating that this lower-frequency resistance is more important 
in determining the effective performance of supercapacitors than the 
high frequency intercept of the impedance. 

These data can be used to guide future CV experiments of super
capacitors. In order to calculate an accurate value of capacitance, the 
lowest sweep rate possible should be used, which may be counterintu
itive since the current at this low rate will be extremely low. For small 
capacitances (~1 μF), the noise level at extremely low (<1 mV s− 1) rates 
may obscure measurements. To determine resistance from CV, sweep 
rates both above and below the critical rate must be measured, and, in an 
unknown system, that may mean taking many CV scans. For the small 
time constants encountered in low-capacitance systems, the critical rate 
may exceed the highest possible sweep rate of many commonly used 
potentiostats. However, CV may not be necessary at all, since Eq. (5) 
may be applied using the CPE parameters determined from EIS to predict 
the entire rate capability of the system below the critical rate. Since EIS 
can also give the value of R, the critical rate can be determined easily. 

Fig. 6. Comparing α (a) and Q (b) from the different methods for experimental data shows that the two CV methods (individual curve fitting and power law fitting) 
give comparable results, and that the CV-based methods generally underestimate the CPE parameters compared to EIS. The dashed line shows the desired 1:1 
relationship. 

Fig. 7. Resistance determined as a function of sweep rate for selected devices. 
The dashed line with open symbols indicates the corresponding resistance 
determined from EIS by the intercept of the low frequency impedance with the 
Zr axis. 

Fig. 8. Experimental data from 11 different carbon nanotube-ionic liquid ca
pacitors plotted as dimensionless capacitance versus dimensionless rate. The 
solid black line gives the expected relationship based on Eq. (1). The CV rate 
should be at least two orders of magnitude lower than the critical rate in order 
to calculate CPE parameters from the capacitance. 
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This means that a single EIS scan can replace dozens of CV scans. In any 
case, the CPE parameters of R, Q, and α should be reported in order to 
make more meaningful comparisons between devices. 

In the present work, it has been shown that the power law depen
dence of capacitance with sweep rate in CV is the result of CPE behavior. 
The causes of CPE behavior have been an open topic in electrochemistry 
for decades, and explanations include physical [10] or energetic [43] 
heterogeneity across the electrode surface, current distribution due to 
electrode geometry [15,44], pore size distribution [25,45], resistivity 
distributions within films [46], and more [47–49]. The striking rela
tionship between the CV data and the Brug formula presented in Fig. 8 
may provide further evidence that CPE behavior in supercapacitors can 
generally be thought to arise from a surface distribution of time con
stants. Further work should be directed at determining a unified theory 
of CPE behavior. 

4. Conclusions 

It is well-known that supercapacitors exhibit non-ideal, CPE 
behavior, and that the capacitance of CPE circuits exhibits a power law 
dependence on CV sweep rate based on the CPE coefficient α. Until now, 
this power-law relationship has been analyzed only by relating the slope 
to the α-value of the CPE, but, in fact, the pre-exponential term has been 
shown to be directly related to the CPE coefficient Q. The power-law 
dependence has also been shown to hold only at low sweep rates, at 
least two orders of magnitude lower than the critical rate determined 
here. At higher rates, the time constant of the system will suppress the 
effective capacitance for both high-resistance and high-capacitance 
systems. It was further found that the capacitance calculated from the 
Brug formula based on the low-frequency CPE behavior in EIS was 
directly related to the integral capacitance obtained from CV, and 
therefore it is proposed that EIS be used in place of CV to report 
supercapacitor performance. The performance metrics of interest are Q, 
α, and R, since these determine both the critical rate and the energy- 
power profile of the device. For the analysis of the resistance, the 
intercept of the low-frequency CPE arm of the EIS data was shown to 
determine the effective device performance more so than the high- 
frequency limit of the impedance. Considering that several CV scans 
should be taken at each rate to allow the CV response to settle, and that 
many CV scans must be taken to get an accurate description of the rate 
capability of a supercapacitor, the time savings available by using the 
method in the present work are remarkable. It must also be considered 
that the resistance cannot be determined from CV unless many sweep 
rates are used, and that the critical rate may not be accessible to many 
researchers without specialized equipment. This method will allow for 
faster and easier testing of supercapacitors and more meaningful per
formance metrics for the comparison and rational design of high- 
performance supercapacitors. 
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