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This study reports for the first time, isothermal calorimetric measurements of the instantaneous heat
generation rate at each electrode of ionic liquid-based electric double layer capacitors (EDLCs) at
different temperatures. Indeed, EDLCs generate reversible and irreversible heat during normal operation
and the properties of ionic liquids are known to depend strongly on temperature. Here, the EDLC cell
consisted of two identical activated carbon electrodes separated by a mesh separator submerged in ionic
liquid-based electrolyte consisting of 1 M N-butyl-n-methylpyrrolidinium bis(trifluoromethane sulfonyl)
imide (Pyrq4TFSI) dissolved in propylene carbonate (PC). The instantaneous heat generation rate at each
electrode was measured at 20 °C, 40 °C, and 60 °C under galvanostatic cycling using an in operando
calorimeter. The potential window was limited to 1 V to compare with results from similar devices using
aqueous or organic electrolytes. The time-averaged irreversible heat generation was attributed to Joule
heating and decreased with increasing temperature due to the associated decrease in internal resistance.
Furthermore, the reversible heat generation rates at the positive and negative electrodes were mostly
exothermic during charging due to ion adsorption and endothermic during discharging due to ion
desorption. They increased slightly with increasing temperature as a result of increasing charge storage.
The reversible heat generation rate at the positive electrode was slightly larger than that at the negative
electrode. In fact, an endothermic dip was observed in the reversible heat generation rate at the negative
electrode at the beginning of charging caused by overscreening effect and/or desolvation of Pyrj,
cations as they enter the activated carbon pores.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Electric double layer capacitors (EDLCs) have drawn significant
attention as electrical energy storage systems thanks to their large
power densities, high cycle efficiency, and long cycle life compared
with batteries [1—4]. EDLC devices consist typically of two carbon-
based electrodes and a separator immersed in concentrated
aqueous, organic, or ionic liquid electrolytes [5,6]. They store
charges physically in the electric double layer (EDL) forming at the
porous electrode/electrolyte interface [5—8]. They are promising for

* Corresponding author.
E-mail address: pilon@seas.ucla.edu (L. Pilon).

https://doi.org/10.1016/j.electacta.2020.135802
0013-4686/© 2020 Elsevier Ltd. All rights reserved.

electrical energy storage applications requiring charging/dis-
charging at high rate such as the utility grid and regenerative
braking in hybrid or electric vehicles [7—13]. In such high power
applications, EDLCs can experience a significant amount of heat
generation resulting in excessively high cell temperatures [12—15].
Elevated temperatures, in turn, can lead to (i) increased self-
discharge rates [14—16], (ii) accelerated aging of the device
[12—18], and (iii) electrolyte decomposition and evaporation
[16,18,19]. On the other hand, depending on the electrolyte,
increasing the device temperature can increase the ion mobility in
the electrolyte leading to improved ionic conductivity and reduced
electrolyte resistance and equivalent series resistance (ESR) of the
device [20,21].

Ionic liquids (ILs) and their mixtures have been considered as
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Nomenclature

A Footprint area of the heat flux sensor, cm?

Caiff.m Gravimetric differential capacitance, F/g

Cine.m Gravimetric integral capacitance, F/g

D Diffusion coefficient, m?/s

I Current, mA

m Mass loading of active material in electrode, mg

nNe Cycle number

q’ Heat flux, mW/cm?

Q Heat generation rate, mW

Q Time-averaged heat generation rate, mW

R Resistance, Q

Rs Internal resistance for entire device, Q

S Heat flux sensor sensitivity, uV/(W/cm?)

t Time, s

t; Time immediately after the beginning of the
discharging step, s

tr Time at the end of the charging step, s

T Temperature or absolute temperature, ° C or K

v Scan rate, mV/s

a Ionic conductivity, mS/cm

Vs.min Minimum cell potential, V

Vs max Maximum cell potential, V

Vs(t) Cell potential, V

Superscripts and subscripts

c Refers to charging step

cd Refers to charging-discharging cycle
d Refers to discharging step

i Refers to ion species “i”

J Refers to Joule heating

T Refers to entire cell

rev,i Refers to reversible heat generation
+ or- Refers to positive or negative electrode

AV Voltage difference generated in the heat flux sensor,
uVv
z; Valency, -

Greek symbols

electrolytes in EDLCs due to their thermal stability at high tem-
peratures [22—27], their wide potential windows [25—30], and the
ability to operate at low temperatures [23,26,30,31]. Note, however,
that degradation may already occur at temperatures considerably
lower than the onset temperature of decomposition. Thus, the
maximum operating temperature must be adjusted accordingly
[25]. Neat ILs typically suffer from low ionic conductivity (~
1—20 mS/cm at room temperature) [22,24,32—36] compared with
organic or aqueous electrolytes (~ 200—800 mS/cm) [35,36].
However, their ionic conductivity increases sharply with increasing
temperature [22,37—40]. Another way to improve the ionic con-
ductivity of ILs consists of dissolving them in nitrile-based or
carbonate-based organic solvents such as acetonitrile (ACN), pro-
pylene carbonate (PC), and/or ethylene carbonate (EC)-dimethyl
carbonate (DMC) mixtures [22,23,41]. The improvement in ionic
conductivity and the decrease in viscosity are realized by reducing
the ion pairing association of the neat ILs via solvation [23].

Heat generation in EDLCs under normal operating conditions
can be attributed to (i) irreversible heat generation including Joule
heating [1,42—44] and (ii) reversible heat generation due to ion
diffusion, steric effects, and changes in the entropy of mixing of the
electrolyte [ 14,44—47]. During charging, ions migrate to and adsorb
onto the electrode/electrolyte interface to form an electric double
layer (EDL). Thus, the electrolyte undergoes a process from a
disordered state to an ordered state. Then, its entropy is reduced
and, at constant temperature, thermal energy is released, i.e., the
process is exothermic. By contrast, during discharging, ions redis-
tribute into the bulk electrolyte, the electrolyte entropy increases
and the process is endothermic.

The present study aims to assess, for the first time, the effect of
operating temperature on the instantaneous heat generation rate in
EDLCs consisting of two activated carbon electrodes separated by a
mesh separator immersed in an ionic liquid-based electrolyte. The
instantaneous heat generation rate at each electrode was measured
in a recently developed in operando calorimeter [48] under galva-
nostatic cycling at 20 °C, 40 °C, and 60 °C. The results were analyzed
in terms of reversible and irreversible heat generation rates and
compared with similar measurements on EDLCs but with aqueous
and organic electrolytes at 20 °C. They can provide insight into the
physicochemical processes occurring during normal operation.

They can also be used in the design of thermal management solu-
tions for EDLCs.

2. Background
2.1. Pyri4TFSI ionic liquid electrolyte

Ionic liquid N-butyl-N-methylpyrrolidinium  bis(trifluoro-
methane sulfonyl)imide (Pyri4TFSI) and its mixtures with organic
solvents has been used extensively as electrolytes in EDLCs due to
exceptional cycling stability, thermal stability, and wide operating
potential window [28,33,49—51]. The potential window of neat
Pyr4TFSI or of its mixture with PC can be as high as ~ 3.5 V [31]
compared with < 3V for organic electrolytes (e.g., acetonitrile) and
~ 1V for aqueous electrolytes [52]. Despite the fact that the onset
temperature of decomposition of neat Pyri4TFSI is about
350—385 °C [38,53], its temperature range of use is recommended
from 20 to 60 °C [31]. In addition, Pyri4TFSI-based electrolytes
shows larger power and/or energy densities and also better
capacitance retention compared to tetraethylammonium tetra-
fluoroborate (TEABF;) in PC or ACN, as conventional organic elec-
trolytes [28,54]. Furthermore, leakage current was about three
times smaller in AC-based EDLCs with neat Pyr14TFSI or Pyri4TFSI in
PC than with TEABF, in PC [55]. Here, ionic conductivity of neat
Pyr4TFSI is as low as ~ 2.0 mS/cm at 20 °C [53,56], however, it
depends strongly with temperature and increases to ~ 7.0 mS/cm at
60 °C [50,57]. In addition, by mixing Pyri4TFSI ionic liquid in PC
(1:1 wt%), the electrolyte ionic conductivity increased from 2.6 to
10.3 mS/cm at 25 °C [28]. However, the potential window and the
operating temperature may be further limited by the solvent
decomposition [58].

2.2. Effect of temperature on EDLCs

Several studies have investigated the effect of temperature on
the performance of EDLCs with various electrolytes [17—21,59—67].
Electrochemical measurement methods such as cyclic voltammetry
(CV), galvanostatic charge/discharge cycling, and impedance spec-
troscopy (EIS) were performed within the temperature range
of —40 °C—100 °C on (i) commercial EDLC devices and module



A. Likitchatchawankun et al. / Electrochimica Acta 338 (2020) 135802 3

[17,20,21,60—62] and on (ii) scientific test cells in three-electrode
setup [63] and two-electrode cells [19,20,59,67]. First, the cell in-
ternal resistance Rs; was found to decrease with increasing tem-
perature due to the associated increase in ion mobility in organic
[17,19,62] as well as in ILs [20] electrolytes. For the same reason, the
specific capacitance increased with increasing temperature
[19,20,62,63,68] which was sometimes attributed to additional
faradaic reactions [19,63].

Moreover, temperature can have a negative effect on the self-
discharge rate of EDLCs [14—16]. Indeed, at high temperatures,
ions possess higher mobility leading to higher desorption rates and
self-discharge [17,67,69]. Furthermore, high operating tempera-
tures and/or high applied voltages can lead to accelerated aging of
EDLCs due to thermal and electrochemical degradation of the
electrolyte and/or electrode materials [60,70]. Indeed, increasing
the operating temperature resulted in increasing aging rate in some
commercial EDLCs [18]. First, under high temperature, electrolyte
may decompose to produce gases such as Hy, CO, and other organic
byproducts [70]. Such gas production leads to excessive pressure
rise inside the cell thus increasing the risks of explosion [71]. The
gases generated can also obstruct access of the porous electrodes to
the liquid electrolyte leading to a decrease in the device capacitance
and/or an increase in its resistance [60,70]. Similarly, high tem-
perature can promote accelerated decomposition reactions in the
electrode and/or in the electrolyte by oxidation/reduction reactions
resulting in solid byproducts [72]. These byproducts can adhere to
the electrode/electrolyte interface thus reducing the electrode
active surface area [72].

2.3. Heat generation in EDLC devices

2.3.1. Thermal modeling of EDLCs

Several thermal models have been proposed in the literature to
predict the temperature evolution in EDLCs using numerical or
analytical methods [13—16,44—47]. Many of these models solved
the transient energy conservation equation with heat generation
accounting only for Joule heating [13,15,16]. By contrast, Schiffer
et al. [14] developed a thermal model for EDLCs including irre-
versible Joule heating and reversible heat generation due to
changes in entropy of the electrolyte during EDL formation at the
electrode/electrolyte interface (entropy of mixing), as explained
previously. The reversible heat generation rate was modeled to be
linearly proportional to the imposed current under galvanostatic
cycling [14].

More recently, d’Entremont and Pilon [45] developed a first-
order time-dependent thermal model for EDLCs based on the
lumped-capacitance approximation and accounting for both irre-
versible Joule heating and reversible heat generation rates. The
latter was also modeled as linearly proportional to the imposed
current during galvanostatic cycling [45]. The temporal tempera-
ture evolution predicted was in good agreement with experimental
data acquired from commercial EDLCs and reported in the litera-
ture [14—16]. Furthermore, the same authors developed a more
refined physical model based on first principles by coupling (i) the
modified Poisson-Nernst-Planck (MPNP) model with (ii) the energy
conservation equation to derive expressions for both the irrevers-
ible and reversible heat generation rates in EDLCs with symmetric
[46] or asymmetric [47] binary electrolytes for different ion di-
ameters and diffusion coefficients. The two main contributions of
heat generation rate in EDLCs arise from (i) ions decreasing their
electrical potential energy and (ii) ion transport towards states of
smaller entropy (heat of mixing) [47]. The former can be decom-
posed into three different contributions namely Joule heating, ion
diffusion, and steric repulsion [47]. In addition, the heat of mixing
arises from concentration and temperature gradients [47]. In all

cases, the source of irreversible heat generation was exclusively
Joule heating [46,47]. In addition, larger ion concentrations, diffu-
sion coefficients and/or ion valencies led to smaller irreversible
heat generation rate due to an increase in electrolyte electrical
conductivity [47]. On the other hand, the instantaneous reversible
heat generation was attributed to ion diffusion, steric effects, and
entropy changes during charging and discharging [46,47]. It was
found to be exothermic during charging and endothermic during
discharging [46,47]. For binary asymmetric electrolytes, the
reversible heat generation rate was different at the positive and
negative electrodes [47]. In fact, the reversible heat generation rate
at a given electrode increased with increasing valency and
decreasing diameter of the counterion but was independent of ion
diffusion coefficients [47].

2.3.2. Experimental calorimetry

Few experimental studies have investigated heat generation in
EDLCs [44,48,73]. Dandeville et al.[44] developed an electro-
chemical calorimeter measuring time-dependent temperature
variation in two-electrode cells under galvanostatic cycling. Here,
the heat generation rate in the entire cell was calculated by
deconvoluting the measured time-dependent cell temperature
during cycling [44]. In addition, the heat generation rates at both
electrodes in a AC-based EDLC cell were assumed to be identical
and equal to half of that measured in the entire cell [44]. Further-
more, heat generation was decomposed into (i) irreversible heat
generation caused by Joule heating and (ii) reversible heat gener-
ation caused by electric double layer (EDL) formation [44]. More
recently, Munteshari et al. [48,73] developed an in operando calo-
rimeter measuring the time-dependent irreversible and reversible
heat generation rates at each electrode of supercapacitors. The
authors investigated EDLC cells consisting of two identical AC-
based electrodes immersed in different organic or aqueous liquid
electrolytes under cycling at constant current [ [48,73]. For all
aqueous and organic electrolytes tested, the irreversible heat gen-
eration rate at each electrode was found to be proportional to I
under constant current cycling with a potential window of 1 V. The
total irreversible heat generation in the cell was equal to Joule
heating expressed as Q] = RI? where R; is the internal resistance of
the device measured from IR drop and found to be independent of
current I [48]. Irreversible heat generation was the smallest in
aqueous electrolytes as they typically have the largest ionic con-
ductivity [35,36]. Furthermore, reversible heat generation rate at
the positive electrode was (i) exothermic during charging due to
ion adsorption and (ii) endothermic during discharging due to ion
desorption, as predicted theoretically [46,47]. By contrast, at the
negative electrode, the reversible heat generation rate was first
endothermic and then exothermic during charging [48]. This was
shown to be caused by negatively charged functional groups
associated with carboxymethyl cellulose (CMC) binder forming at
the negative electrode and responsible for the overscreening effect
[73]. Indeed, the CMC binder consisted of carboxymethyl (—
CH,COONa) and hydroxyl (— OH) functional groups [73]. These
groups dissociated in 1 M LiPFg in EC:DMC organic electrolyte
forming negatively charged functional groups ( — CH,COO™) and ( —
07) that attracted cations (e.g., Lit), leading to overscreening of the
electrode surface [73,74]. In order to balance the charge of the inner
Helmholtz layer in the electrolyte, an additional layer of anions was
required [73,74]. Therefore, the negative electrodes containing CMC
was first charged by repelling this anion layer (endothermic) fol-
lowed by cations adsorption (exothermic) [73,75].

Overall, previous calorimetric studies have investigated the
instantaneous heat generation rate at constant temperature around
20 °C in EDLCs with aqueous or organic electrolytes [44,48,73]. To
the best of our knowledge, neither heat generation in IL-based



4 A. Likitchatchawankun et al. / Electrochimica Acta 338 (2020) 135802

EDLCs nor the effect of temperature on the irreversible and
reversible heat generation rates in EDLCs have been investigated to
date. In fact, ILs enable normal operation under a wide range of
temperature and their properties are known to depend strongly on
temperature. In addition, for ILs dissolved in organic solvents, sol-
vated ions must be fully or partially desolvated in order to enter the
pores and to form EDL at the electrode/electrolyte interface during
charging [8,76]. Desolvation is an endothermic process since the
enthalpy of solvation is always positive (exothermic) due to van der
Waals forces controlling the interaction between the ions and the
solvent molecules [36,77,78].

The present study aims to perform isothermal calorimetric
measurements in IL-based EDLCs under galvanostatic cycling at
temperature between 20 and 60 °C. The irreversible and reversible
heat generation rates in EDLC cells made of AC-based electrodes
with electrolyte consisting of 1 M Pyr4TFSI in PC were investigated
and compared with results from similar devices and potential
window but using aqueous or organic electrolytes [48]. The results
can also be used to develop thermal management strategies for
EDLCs.

3. Materials and methods
3.1. Electrode and device fabrication

Activated carbon slurries were prepared by mixing activated
carbon (YP—50F, Kuraray Chemical), TX-100 surfactant (DOW
Chemical), carboxymethyl cellulose (CMC, DOW Chemical) as a
thickening agent/binder, and styrene-butadiene rubber (SBR, MTI
Corp.) as a binder, in DI water in an 80:5:1.5:13.5 wt ratio. The
slurry was drop casted onto carbon-coated aluminum current col-
lector sheets (MTI Corp.) with 1 x 1 cm? footprint area. The current
collectors had been previously treated by oxygen plasma to
enhance their hydrophilicity and ensure uniform spreading of the
slurry. The electrodes were dried in a vacuum oven at 120 °C for
24 h before being placed in a glove box under argon (Ar) atmo-
sphere (< 1 ppm H»0/03). The mass loading on each electrode was
2.5 mg (2.0 mg of AC) corresponding to an electrode thickness of
about 60 um.

The EDLC cell consisted of two identical activated carbon elec-
trodes separated by a 1 mm-thick chemical-resistant poly-
propylene mesh separator with electrolyte made of 1 M Pyr4TFSI
ionic liquid electrolyte dissolved in PC. Here, PC was used to dilute
the ionic liquid Pyr14TFSI in order to increase the ionic conductivity
of the electrolyte and improve the wetting of the AC electrodes
without sacrificing thermal stability since the boiling temperature
of PC is around 240 °C [23]. In addition, the concentration of 1 M
Pyr14TFSI in PC was selected in this experiment because it corre-
sponds to the maximum ionic conductivity of about 8.3 mS/cm and
its lowest viscosity around 5 mPa s at 20 °C [79]. Finally, the device
was assembled and placed in the calorimeter compartment inside
the glove box under Ar atmosphere before being taken out for
isothermal calorimetric measurements at temperature between
20 °C and 60 °C.

3.2. Device characterization

The device’s gravimetric integral capacitance Gy, (in F/g) was
evaluated from cyclic voltammetry (CV) curve as a function of scan
rate v according to Ref. [80],

o 1 1)
R $755 ay, (1)

where v is the scan rate varying from 5 to 30 mV/s. Here, m is the

total mass loading of AC (m = 4.0 mg) in both electrodes while I(y)
is the measured current at cell potential ¥ over the potential
window ranging between Y i, = 0 V and Y gy = 1 V. This po-
tential window may appear narrow for IL-based EDLCs but it was
selected (i) to facilitate comparison with previous experimental
studies measuring the heat generation rate at 20 °C in EDLCs using
aqueous and organic electrolytes [48,73] and (ii) to avoid parasitic
phenomena occurring under larger potential window range
including potential ion intercalation in AC [81] and/or electro-
chemical decomposition of solvent PC [58]. Subsequently, galva-
nostatic cycling was performed on the device with constant current
I ranging from 2 to 6 mA and at temperature of 20 °C, 40 °C, or
60 °C. Here, fifteen consecutive cycles were performed for each
value of current I to ensure that oscillatory steady state had been
reached in the calorimetric measurements. The gravimetric differ-
ential capacitance Cyif 5, (in F/g) can be estimated from galvano-
static cycling according to Ref. [80],

I
Caifr.m () = midy./de] (2)

where |dy,/dt| was estimated for each cycle, at the end of the
discharging and charging steps.

Furthermore, the internal resistance Ry was calculated from the
IR drop at the charging/discharging transitions under galvanostatic
cycling at current I [82—85],

Ys(t8) — s (to)
o (3)

Rs(I) =
where y,(t}) and y,(t; ) denote the potentials across the cell at the
end of the charging step and immediately after the beginning of the
discharging step, respectively. The IR drop, ¥s(tf) — ¥,(t7), was
obtained by estimating the cell potential y,(t;) 10 ms after the
beginning of the discharging step (i.e., tf — t; = 10 ms), as sug-
gested for supercapacitors by Zhao et al. [83] and successfully used
in our previous studies [48,73].

3.3. Isothermal calorimeter

In this study, the instantaneous heat generation rate at each
electrode of the device was measured under galvanostatic cycling
at constant temperature of 20 °C, 40 °C, and 60 °C using an in
operando calorimeter described in Ref. [48]. According to the
thermal analysis of a single electrode (see Supplementary Materials
of Ref. [48]), the instantaneous heat generation rate Q;(t) (in mW)
at each electrode is equal to the heat transfer rate q;.'(t) passing
through the thermoelectric heat flux sensor placed in thermal
contact with the current collector, such that [48],

AVy(
Si

Qi(t) =q; (1)A; = t)Ai with i= + or — (4)
where A; refers to the footprint area of the electrode (in cm?) and S;
denotes the temperature-dependent sensitivity of the heat flux
sensor provided by the manufacturer (in wuV/(W/m?)). Here,
subscript “i” refers to either the positive “+ ” or negative “— ”
electrode. In addition, AVj(t) refers to the voltage difference
measured within each thermoelectric heat flux sensor in thermal
contact with electrode “i”. The instantaneous total heat generation
rate in the entire device (denoted by subscript “T”) can be written as
Qr(t) = Q. (H+ Q_(t). _

In addition, the instantaneous heat generation rate Q;(t) in each
electrode can be decomposed as the sum of the irreversible Q; ;(t)
and reversible Q ., ;(t) heat generation rates, i.e., Q;(t) = Qi i(t) +
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Q're,,,i(t) [48,73]. By definition, time-averaging of the reversible heat
generation rate Q'm,’,»(t) at electrode “i” over a complete charging-
discharging cycle yields Q,,; = 0. Therefore, the time-averaged
heat generation rate Q;(t) over a cycle period t.; is equal to the
time-averaged irreversible heat generation rate Q;.; at electrode
“i”i.e. [48,73], '

Neteg
Q;(t) dt

(Ne=1)teq

= 1 s
Qirr,i=f withi= + or —. (5)
cd

Here, n. is the cycle number, chosen to be sufficiently large for Q;(t)

to reach oscillatory steady state. Finally, in the interest of

comparing the reversible heat generation rate at each electrode, the

instantaneous reversible heat generation rate Qrev,i(t) was time-

averaged solely over a charging period t. according to Refs. [48,73],
(T‘lc—l )t6d+tc

[r:eu‘i =r J Qrev,i(t) dt

(Ne—1)teq

withi=T, +, or —. (6)

4. Results and discussion
4.1. Cyclic voltammetry and gravimetric integral capacitance

Fig.1(a) shows the measured CV curves of the device at 20 °C for
five different scan rates v between 5 and 30 mV/s. All curves
featured a nearly rectangular and symmetrical shape characteristic
of ideal EDLCs. Fig. 1(b) shows CV curves of the device at different
temperatures for scan rate » = 20 mV/s. Here, the CV curves were
also rectangular at all temperatures and expanded slightly from 20
to 60 °C. This was likely due to the increase in electrical conduc-
tivity of the electrolyte with increasing temperature, as previously
discussed. Similar results were observed at all scan rates (see
Supplementary Materials).

Fig. 2 plots the gravimetric integral capacitance Gy, of the
device investigated [Equation (1)] as a function of scan rate » for the
three different temperatures. Here, Cj,; ,, was around 15—25 F/g, a
typical value for carbon-based electrodes with organic or IL-based
electrolytes for the range of scan rate considered [73,86—88].
Fig. 2 also indicates that the gravimetric integral capacitance Ciy¢
decreased slightly with increasing scan rate » for all three tem-
peratures, as generally observed in various AC-based [48,89,90] and
graphene-based [86] EDLCs. This can be attributed to ion-diffusion
limitations in the porous electrodes [91]. Finally, Fig. 2 establishes
that the gravimetric integral capacitance Cj,,, increased with
increasing temperature for any given scan rate. For example, Gyt
at v =20 mV/s was 17 F/g at 20 °C and 21 F/g at 60 °C. This was due
to better ion mobility at higher temperature.

4.2. Galvanostatic cycling

Fig. 3(a) shows galvanostatic charge-discharge curves plotting
the cell potential y,(t) as a function of time ¢ at 20 °C for five
different values of imposed current I ranging from 2 to 6 mA. The
cell potential y(t) varied almost linearly with time t between the
minimum Y ;;, and maximum y; ,,q, potentials, except for the IR
drop. These results confirm the near ideal EDLC behavior of the
device also observed in CV curves. Fig. 3(a) indicates that as ex-
pected the IR drop ¥ (t) — ¥s(t;) increased with increasing cur-
rent I [48,73,92]. In addition, Fig. 3(b) shows the galvanostatic
charge-discharge curves obtained at current I = 4 mA for different
temperatures. Here, the IR drop was the largest at 20°C and
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Fig. 1. Cyclic voltammogram from a two AC-electrode cell with 1 M Pyr4TFSI in PC
electrolyte (a) at 20 °C for scan rates » between 5 and 30 mV/s, and (b) for scan rate
v = 20 mV/s at temperature between 20 °C and 60 °C.

decreased with increasing temperature. This was due to the
increasing electrolyte ionic conductivity with increasing tempera-
ture. In addition, the charging-discharging time t.4 increased with
increasing temperature from 25 s at 20 °C to 34 s at 60 °C, as also
observed in Refs. [19,20,63,68]. This increase in capacitance can be
attributed to (i) the decrease in the electrolyte viscosity resulting in
better infiltration of the electrolyte in the porous electrode
[34,93,94] and to (ii) the increase in ion mobility in the electrolyte
[19,20,62,63,68]. Similar results were obtained for different cur-
rents (see Supplementary Materials).
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Fig. 4(a) shows the internal resistance Rs obtained from the IR
drop [Equation (3)] as a function of galvanostatic cycle number n.
Here, Ry was plotted for fifteen galvanostatic cycles at 20 °C, 40 °C,
and 60 °C for each value of current I ranging from 2 to 6 mA. Here,
the internal resistance Ry was fairly constant throughout 5 x
15 = 75 cycles for each temperature considered. In addition,
Fig. 4(b) shows the average internal resistance Rs as a function of
imposed current I for 20 °C, 40 °C, and 60 °C. Here, the average
internal resistance Rs was relatively constant and independent of
imposed current I. It is evident that both Rs and Ry decreased with
increasing temperature from around Ry = 26.0 + 0.3 Q at 20 °C
down to 17.9 + 0.2 Q at 40 °C, and 13.8 + 0.2 Q at 60 °C due to
enhanced ions mobility.

Fig. 5(a) shows the gravimetric differential capacitance Cyi r,, as
a function of galvanostatic cycle number n. calculated by Equation
(2). Here, Cyjr m Was plotted for fifteen cycles at 20 °C, 40 °C, and
60 °C for five different values of imposed current ranging from 2 to
6 mA. First, Fig. 5(a) indicates that Cy ,, decreased with increasing
current I. This could be due to ion diffusion limitation through the
porous electrode under high current and fast charging time. In
addition, Cyj, increased with increasing temperature for any
given current I. For example, for I = 4 mA, Cgyy » Was 15.0 F/g at
20°C and increased by 15% and 24% at 40 °C and 60 °C, respectively.
Furthermore, Cyjf ,, was only slightly larger during charging than
during discharging for any current imposed I and at any tempera-
ture, suggesting high energy efficiency. In fact, Fig. 5(b) shows the
coulombic efficiency defined as the ratio of the discharging time t,;
to the charging time ¢, i.e., CE = t;/t. where t. and t; are the
duration of the charging and discharging steps, respectively (Fig. 3).
Here, CE was about 98% for the first cycle at each current I and
reached nearly 100% in subsequent cycles indicating highly
reversible capacity and good stability of the device even at 60 °C.

4.3. Instantaneous and time-averaged heat generation rates

Fig. 6(a)—(c) show the temporal evolution of the heat generation
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Fig. 3. Cell potential under galvanostatic cycling (a) at 20 °C under imposed current I
ranging between 2 and 6 mA, and (b) under imposed current I = 4 mA at 20 °C, 40 °C,
and 60 °C.

rates Q. (t) and Q_(t) measured at the positive and negative elec-
trodes and Qr(t) = Q. (t) + Q_(t) as functions of dimensionless
time ¢/t for five consecutive galvanostatic cycles under constant
current I = 4 mA and constant temperature of (a) 20 °C, (b) 40 °C,
and (c) 60 °C. The corresponding time-averaged heat generation
rates Qi+, Qir—, and Q. are also shown. The results indicate
that the heat generation rates, for all temperatures considered,
were repeatable cycle after cycle. The heat generation rate at the
negative electrode Q_(t) oscillated with smaller amplitude than
that at the positive electrode Q. (t) at 20 °C. This difference
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under imposed current I ranging from 2 to 6 mA. (b) Average internal resistance R; as a
function of imposed current I at 20 °C, 40 °C, and 60 °C.

between electrodes, however, vanished at 60 °C, as explained when
considering the reversible heat generation rate at each electrode. In
addition, the amplitude of oscillations in both Q, (t) and Q_(t)
increased with increasing temperature, as discussed later.

Fig. 6(d)—(f) show the corresponding time-averaged irreversible
heat generation rates Q. ,, Qirr._, and Qg [Equation (5)] under
galvanostatic cycling as functions of I? for constant current I
ranging from 2 to 6 mA at (d) 20 °C, (e) 40 °C, and (f) 60 °C. The error
bars correspond to two standard deviations or 95% confidence
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Fig. 5. (a) Gravimetric differential capacitance Cyyg ,, Of the IL-based EDLC cell inves-
tigated as a function of constant current cycle number during the charging and dis-
charging steps and (b) coulombic efficiency CE for consecutive cycles at temperatures
20 °C, 40 °C, and 60 °C and for current I ranging from 2 to 6 mA.

interval estimated by evaluating Qim- for five consecutive cycles.
Fig. 6(d)—(f) also show predictions for the heat generation rate due
to Joule heating expressed as Q; = Ry(T)I> where Ry(T) is the
average internal resistance reported in Fig. 4(b). These results
established that the measured total irreversible heat generation
rate Qm)T under galvanostatic cycling was in excellent agreement
with predictions of Joule heating Q] for all three temperatures
considered. In other words, Joule heating was the main cause of
irreversible heat generation in the EDLC cell investigated, for the
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potential window of 1 V. Similar results were obtained previously
with EDLCs consisting of AC-based electrodes with aqueous or
organic electrolytes under the same cycling conditions as in the
present study [48,73].

Furthermore, for all temperatures, the time-averaged irrevers-
ible heat generation rates Q;;_ and Q. at the negative and
positive half-cells were linearly proportional to I2 and the coeffi-
cient of proportionality corresponded to their respective re-
sistances R_ and R,. It is interesting to note that, at all
temperatures, R_ and R, were very similar and that their sum was
equal to the internal resistance Rs, i.e., R_.=R, and R_+ R, = R;.
Here, each half-cell resistance R, and R_ can be considered as the
resistance of the electrode and electrolyte in series. First, the pos-
itive and negative electrodes were synthesized in the same manner
and should be nearly identical. Second, the diffusion coefficients of
Pyr {r 4 cations and TFSI™ anions were similar when 1 M of Pyr4TFSI
is dissolved in PC, i.e.,, Do =D_ [57,95]. Therefore, the ionic con-
ductivities of the electrolyte in each half cell should also be similar,
as observed in Fig. 6, for all temperatures. Finally, Fig. 6 establishes
that both R, and R_ decreased with increasing temperature due to
the corresponding increase in ion mobility [23].

4.4. Reversible heat generation rates

Joule heating was shown previously to dominate irreversible
heat generation in EDLCs (Fig. 6). Thus, under constant current
cycling, the instantaneous irreversible heat generation rate was
independent of time, i.e., Q;.;i(t) = Qi = Ril%. Then, the instan-
taneous reversible heat generation rate Qrev,i(t) at electrode “i” can
be estimated by subtracting the irreversible heat generation rate
Q;r; from the instantaneous heat generation rate Q;(t) to yield

[48,73],

Qrev,i(t) = Qi(t) - airri

Fig. 7 plots the instantaneous reversible heat generation rates
(2) Qrey . (t) at the positive electrode, (b) Qye, _(t) at the negative
electrode, and (c) Qm;(t) in the entire cell as functions of the
dimensionless time t/t 4 for current I = 4 mA at constant temper-
ature of 20 °C, 40 °C, and 60 °C under oscillatory steady state. Here,
two different cycles were plotted for each temperature, namely
cycle number n. = 11 and 15. Fig. 7(a)—(c) establish that Q're,,ﬂ,(t),
Qre,,,,(t), and Q're,,tT(t) were repeatable from cycle to cycle and
featured a similar behavior for all temperatures considered. In
addition, the magnitude of the reversible heat generation rates
Qrev (), Qrey_(t), and Qe 7(t) increased slightly with tempera-
ture. The same observations were made for different currents (see
Supplementary Materials). This could be due to the fact that a larger
number of ions were adsorbed at the electrode/electrolyte interface
at higher temperature, as suggested by the larger capacitance
[Fig. 5(a)]. Moreover, Qy,  (t) was slightly larger than Qy, (t) for
any value of temperature and current considered. Based on our
previous first principle thermal model [47], this could be attributed
to the fact that smaller TFSI™ anions (~ 0.7 nm) were adsorbed at the
positive electrode during charging thus generating more heat than
adsorption of larger Pyr{4 cations (~ 1.1 nm) [57,79]. In addition,
the difference between Qe (f) and Qye,_(t) became smaller as
temperature increased. This could be due to the fact that higher
temperatures (i) facilitate the desolvation of large and solvated
Pyr{, cations and (ii) accelerate the desorption process of sub-layer
anions in overscreening effect at the negative electrode due to
better ion mobility. The reversible heat generation rates Qrew(t)
and Q're,,ﬁ,(t) at the positive and negative electrodes were both
mostly (i) exothermic during charging due to ion adsorption and (ii)
endothermic during discharging due to ion desorption. This was

withi= + or —. (7)

also consistent with results from numerical simulations [46,47].
Note that, Qrevt,(t) featured a small endothermic dip at the
beginning of the charging step that was not observed in Qrew(t).
This could be attributed to overscreening effect due to negatively
charged functional groups of CMC binder, as observed also with
organic and aqueous electrolytes [73]. Alternatively, it could be due
to complete or partial endothermic desolvation of Pyr}, cations of
their PC solvation shell while moving into the AC pores to form an
EDL during charging [8,36,76]. In fact, PC molecules are more likely
to interact with Pyr], cations forming solvated PC — Pyr{, cations
[96] while TFSI” anions were found not to be significantly solvated
by PC [97].

Finally, Fig. 7 shows the time-averaged reversible heat genera-
tion rates during a charging step (d) Q fev.1 At the positive electrode,
(e)Q¢,,_ atthe negative electrode, and (f) Q &, ; in the entire cell as
functions of current I ranging from 2 to 6 mA for - temperature T of
20 °C, 40 °C, and 60 °C. It indicates that Q &, ., Q&%, ,and Q&, ¢
increased slightly with increasing temperature while Q. was
larger than Q¢f,,  for any given current I, as expected from
analyzing Fig. 7(a)-7(c). In addition, Q&, ., Q%,_ . and Q&, ¢
increased linearly with imposed current I for all temperatures
considered. This was consistent with previous experimental results
for EDLC cells consisting of AC-electrodes with organic or aqueous
electrolytes [44,48,73] and with numerical simulations of EDLCs
[46].

During operation of commercial EDLCs, heat generation can
result in significant temperature rise [12—16]. Thus, thermal man-
agement measures should be taken to prevent overheating. To do
so, several strategies have been proposed including heat removal
from EDLC modules by forced convection air-cooling [16], by
circulating coolant, and by using phase change material [98]. The
results of the present study could facilitate (i) the definition of safe
modes of operation, (ii) the development of effective thermal
management strategies, and (iii) the improvement of existing
thermal model predicting the temperature evolution during
operation.

5. Conclusion

This study measured, for the first time, the effects of operating
temperature and the use of ionic liquid in organic solvent on the
irreversible and reversible heat generation rates at each electrode
of AC-based EDLCs. The electrolyte was 1 M Pyr4TFSI in PC and the
temperature varied between 20 and 60 °C while the potential
window was limited to 1 V to facilitate comparison with previous
studies on similar devices but using aqueous or organic electro-
lytes. The results establish that Joule heating was the main source of
irreversible heat generation for the operating conditions consid-
ered. Similar results have been obtained previously with aqueous
or organic electrolytes for similar devices and operating conditions
at 20 °C. The internal resistance Ry and, consequently, the irre-
versible heat generation rate decreased with increasing tempera-
ture due to enhanced ion mobility in the IL-based electrolyte. In
addition, the irreversible heat generation rates at the positive and
negative electrodes were similar. Furthermore reversible heat
generation rates at the positive and negative electrodes were
mostly exothermic during charging and endothermic during dis-
charging due to the change in entropy of the electrolyte system. It
increased slightly with increasing temperature and was larger at
the positive electrode due to the fact that adsorbing TFSI™ anions
were smaller than Pyr{, cations. The reversible heat generation rate
at the negative electrode featured a small endothermic dip at the
beginning of the charging step potentially due to overscreening
effect and/or endothermic desolvation of PC molecules from Pyr7,
cations.
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Fig. 7. Reversible heat generation rates (a) Q. (t) at the positive electrode, (b) Qe,_ (t) at the negative electrode, and (c) Q,7(t) in the entire cell as functions of the dimen-
sionless time t/t4 for two galvanostatic cycles under current I = 4 mA for temperature of 20 °C, 40 °C, and 60 °C. Time-averaged reversible heat generation rates during the charging
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