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Abstract

This study investigates the effect of temperature on the heat generation and the associated
electrochemical phenomena occurring in IL-based EDLCs. The EDLCs consisted of two
identical activated carbon electrodes with neat Pyr;, TFSI or Pyry, TFSI diluted in propylene
carbonate (PC) as electrolytes. The instantaneous heat generation rate at each electrode
was measured by isothermal calorimetry between 5 and 80 °C under constant current cycling
and potential window of 2.5 V. First, the instantaneous heat generation rate was similar at
each electrode in neat IL. However, it was smaller at the negative electrode in diluted IL and
featured endothermic dips growing with increasing temperature > 40 °C due to overscreening
effects, ion desolvation, and/or decomposition of PC. The irreversible heat generation was
similar in each half-cell and decreased with increasing temperature due to the reduction in
internal resistance, particularly with neat IL. The irreversible heat generation exceeded Joule
heating in all cases, especially at high temperature and low current. This was attributed
to ion desorption and charge redistribution in the porous electrodes. Finally, the reversible
heat generation for both electrolytes was larger at the positive than at the negative electrode

due to the difference in anion and cation sizes.



Nomenclature

A

Caiffm
Oint,m

t+

C

AV

Zi

Footprint area of the heat flux sensor, cm?

Gravimetric differential capacitance, F/g

Gravimetric integral capacitance, F/g

Diffusion coefficient, m? /s

Current, mA

Current density, mA /cm?

Mass loading of active material in electrode, mg

Cycle number, -

Heat flux, mW/cm?

Heat generation rate, mW

Time-averaged heat generation rate, mW

Resistance, €2

Internal resistance for entire device, €2

Heat flux sensor sensitivity, 4V /(W /cm?)

Time, s

Time immediately after the beginning of the discharging step, s
Time at the end of the charging step, s

Temperature or absolute temperature, °C or K

Voltage difference generated in the heat flux sensor, uV

Valency, -

Greek symbols

€

v

g

Dielectric constant, -
Scan rate, mV/s

Tonic conductivity, mS/cm

Vs min, Vs,maz Minimum, maximum cell potential, V



¥s(t)

Cell potential, V

Superscripts and subscripts

C

cd

rev,t

+ or -

Refers to charging step

Refers to charging-discharging cycle
Refers to discharging step

Refers to ion species “i”
Refers to Joule heating
Refers to entire cell

Refers to reversible heat generation

Refers to positive or negative electrode



1 Introduction

Electric double layer capacitors (EDLCs) feature large power densities, high cycle efficiency,
and long cycle life [1-11]. They have received significant interest for applications requiring
charging/discharging at high rates such as the utility grid and regenerative braking in hybrid
or electric vehicles [1-11]. EDLCs consist typically of two carbon-based electrodes and
a separator immersed in concentrated aqueous, organic, or ionic liquid-based electrolytes
[12,13]. They store electrical energy in the electric double layer (EDL) formed by ions at
the porous electrode/electrolyte interface [10-13]. Their energy density F (in J/m?) can be
expressed as [1],

E = %0 Ay? (1)

where C'is the specific capacitance of the cell (in F/m?) and A, is the potential window (in
V). Increasing A1) can significantly increase the energy density E. However, Ay is limited
by the electrochemical stability of the electrolyte [1]. Similarly, increasing temperature
moderately enhances ion transport and increases the capacitance C'. However, in high power
applications, EDLCs can experience a considerable amount of heat generation resulting in
excessively high cell temperature [8,9,14,15]. Elevated temperatures, in turn, can lead to
(i) accelerated aging of the device [8,9,14-18], (ii) increased self-discharge rate [14,15,17],
and (iii) thermal decomposition of the electrolyte [17-19].

Ionic liquids (ILs) and their mixtures have been considered as promising electrolytes for
EDLCs for their good thermal stability [20-25], wide operating potential windows [23-28],
and operation at low temperatures [21,24,28,29]. However, neat ILs typically suffer from
low ionic conductivity (~ 1 to 20 mS/cm at room temperature) [20,22,30-34] compared with
aqueous electrolytes (~ 200 to 800 mS/cm) [33,34]. Nevertheless, their ionic conductivity
increases strongly with increasing temperature [20,35-38]. Another way to increase the ionic
conductivity of ILs is to dilute them in carbonate-based organic solvents such as propylene
carbonate (PC) or a mixture of ethylene carbonate (EC)- dimethyl carbonate (DMC) as

well as in nitrile-based solvent such as acetonitrile (ACN) [20,21,39]. The increase in ionic



conductivity and the associated decrease in viscosity in diluted ILs are due to the reduction
in ion pairing via solvation [21]. However, diluted ILs tend to be less electrochemically
and thermally stable than their neat IL counterpart [21]. In addition, despite the wide
theoretical potential window of ILs, they may react with the carbonaceous electrode surface
as a result of catalytic activity [40,41]. Moreover, elevated temperature can shorten the
operating potential window due to solvent decomposition [42].

The present study aims to assess the effect of operating temperature on the instanta-
neous heat generation rate and the associated electrochemical phenomena taking place in
carbon-based EDLCs with either neat IL or diluted IL electrolytes cycled under a large poten-
tial window. The cells consisted of two activated carbon electrodes separated by a chemical
resistant mesh immersed in either neat N-butyl-N-methylpyrrolidinium bis(trifluoromethane
sulfonyl)imide (Pyr;4TFSI) or 1 M Pyri4TFSI in PC electrolytes. The instantaneous heat
generation rate at each electrode was measured using a recently developed in operando
isothermal calorimeter [43] at temperatures ranging from 5 to 80 °C under galvanostatic cy-
cling and a potential window Ay, = 2.5 V. The results were analyzed in terms of reversible
and irreversible heat generation rates to provide insight into the physicochemical processes
occurring during operation under large potential windows and high temperatures. The result

can also be used in the design of thermal management solutions for EDLCs.

2 Background

2.1 Neat and diluted Pyr;4,TFSI ionic liquid-based electrolytes

Ionic liquid Pyr;4 TFSI and its mixtures with organic solvents have been used widely as
electrolytes in EDLCs due to their exceptional thermal, electrochemical, and cycling sta-
bility [26,31,44-46]. In fact, the operating potential window of neat Pyr;4TFSI can be as
high as ~ 3.5 V in the temperature range of 20 to 60 °C [29] compared with < 3 V for
organic electrolytes (e.g., ACN) and ~ 1 V for aqueous electrolytes [47]. The maximum

potential windows of Pyr4TFSI mixtures in PC or ACN were recommended to be up to 3.5



V at 20 °C [29]. In addition, Pyri, TFSI-based electrolytes show larger power and/or energy
densities and better capacitance retention compared to the widely used organic electrolyte
tetraethylammonium tetrafluoroborate (TEABF,) in PC or ACN [26, 48]. Furthermore,
leakage current was about three times smaller in activated carbon (AC)-based EDLCs with
Pyr, TEFSI, neat or diluted in PC, than with TEABF, in PC [49]. Indeed, the ionic conduc-
tivity of neat Pyr4TFSI is as low as ~ 2.0 mS/cm at 20 °C [50,51]. However, it depends
strongly on temperature and increases to ~ 7.0 mS/cm at 60 °C [45,52]. In addition, the
ionic conductivity of 1 M Pyr4TFSI in PC increased to 10.3 mS/cm at 25 °C [26].

2.2 Experimental calorimetry
2.2.1 Calorimeter device

Few experimental studies have investigated heat generation in EDLCs [43,53,54]. Dandev-
ille et al. [53] measured time-dependent temperature evolution in two-electrode cells under
galvanostatic cycling in a custom-made isothermal calorimeter. The heat generation rate in
the entire cell was calculated by deconvoluting the measured time-dependent cell temper-
ature during cycling [53]. Moreover, the heat generation rate in an AC-based EDLC cell
electrode was assumed to be equally divided between the two electrodes [53]. In addition,
heat generation was decomposed into (i) irreversible heat generation due to Joule heating
and (ii) reversible heat generation caused by EDL formation [53].

More recently, Munteshari et al. [43,54] developed an in operando isothermal calorime-
ter with integrated thermoelectric heat flux sensors to measure the instantaneous irreversible
and reversible heat generation rates at each electrode of an EDLC cell. The authors inves-
tigated EDLC cells consisting of two identical AC-based electrodes immersed in aqueous or
organic liquid electrolytes under constant current cycling [ with potential window < 1.0
V and at constant temperature of 20 °C [43,54]. The irreversible heat generation rate at
each electrode was found to be proportional to I? under constant current cycling. The total

irreversible heat generation in the cell was in excellent agreement with Joule heating ex-



pressed as Cé ;7 = R,I? where R, is the internal resistance of the device measured from IR
drop and found to be independent of current I [43]. The 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 [55, 56].
However, at the negative electrode, the reversible heat generation rate was first endothermic
and then exothermic during charging [43]. This was attributed to the presence of negatively
charged functional groups associated with carboxymethyl cellulose (CMC) binder forming at
the negative electrode and responsible for the overscreening effect [54]. In fact, the hydroxyl
(—OH) and carboxymethyl (—CH,COONa) functional groups of the CMC binder dissociate
in 1 M LiPFg in EC:DMC organic electrolyte forming negatively charged functional groups
(—O7) and (—CH,COO™) that electrostatically attracted cations (e.g., Lit), creating over-
screening of the electrode surface [54,57]. In order to charge-balance the inner Helmholtz
layer in the electrolyte, an additional layer of anions (e.g., PFg ) was required [54,57]. Thus,
the negative electrode containing such functional groups was first charged by desorption of

these sub-layer anions (endothermic) followed by cation adsorption (exothermic) [54, 58].

2.2.2 Effect of potential window

As previously discussed, the operating potential window is an essential parameter for improv-
ing the specific energy of EDLCs. However, the operating potential window may be limited
by the electrochemical stability window (ESW) of the electrolyte at a given temperature.
Leyva-Garcia et al. [40] investigated the effect of potential window on the electrochemical
performance of porous activated carbon (AC) electrodes with (i) neat Pyry, TFSI or (ii) 1 M
Pyr14TFSI in PC electrolytes at 20 °C. The authors observed a redox peak in the CV curves
at the negative electrode in 1 M Pyri4,TFSI in PC electrolyte whereas no redox peak was
observed in neat Pyr{4,TFSI. They attributed this redox peak to PC solvent decomposition at
the negative electrode under large potential [40]. Indeed, under large potential windows, PC
decomposes (i) at the cathode to produce propane and hydrogen gases due to PC reduction

or (ii) at the anode to produce carbon dioxide, propylene oxide, and other byproducts due



to PC oxidation [40, 59, 60].

Moreover, Borenstein et al. [41] reported that a significant amount of FSI™ anions in-
tercalated in the positive electrode of an AC-based EDLC with neat Pyr;4FSI ionic liquid
electrolyte after 3,000 galvanostatic cycles at Ay, = 3.4 V [41]. This finding was confirmed
by scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDX) mea-
surements.

More recently, Munteshari et al. [61] studied the effects of potential window ranging from
1 to 4 V on the heat generation rate in cells consisting of two identical porous AC electrodes
with either neat Pyry,TFSI or 1 M Pyr, TFSI in PC electrolytes using in operando isother-
mal calorimeter at 20 °C. For devices with neat Pyry,TFSI electrolyte, an endothermic dip
appeared in the instantaneous heat generation rate at the positive electrode for cell potential
window of 4.0 V as a result of TFSI™ intercalation, as confirmed by EDX spectroscopy [61].
On the other hand, for devices with 1 M Pyr4,TFSI in PC electrolyte, an endothermic dip
appeared in the instantaneous heat generation rate at the negative electrode starting from
cell potential window of 3.0 V as a result of PC decomposition [61]. In addition, the ir-
reversible and reversible heat generation rates at both electrodes increased with increasing
potential window for given current in both neat and diluted Pyr4TFSI electrolytes [61]. For
1 M Pyry,TFSI in PC electrolyte, the irreversible heat generation rate increased sharply as
the potential window increased from 3.0 V to 3.5 V due to PC decomposition at potential
window of 3.5 V [61]. Furthermore, unlike previous studies [43,54] with cell potential win-
dow Ay < 1V, the total irreversible heat generation rate of the entire cell exceeded Joule
heating for Ay > 1 V in both neat and diluted Pyr;, TFSI electrolytes [61]. This additional
irreversible heat generation rate was attributed to the heat generation associated with charge
redistribution in the porous carbon electrode and identified as the leakage current dissipated

through the pore resistance [61].



2.2.3 Effect of temperature

Numerous studies have investigated the effect of temperature on the performance of EDLCs
with various electrolytes [16,18,19,42,62-71]. Electrochemical measurement methods such as
galvanostatic charge-discharge cycling (GCD), cyclic voltammetry (CV), and electrochemi-
cal impedance spectroscopy (EIS) were performed within the temperature range of —40 to
100 °C on (i) test cells in three-electrode setup [67] and two-electrode cells [19, 62,64, 71]
and on (ii) commercial EDLC devices and module [16,42,62,63,65,66]. The specific ca-
pacitance was found to increase with increasing temperature as a result of increasing ion
mobility [19,62,66,67,72]. For the same reason, the cell internal resistance Ry decreased
with increasing temperature in organic [16,19,66] as well as in ILs [62,73] electrolytes. How-
ever, increasing the operating temperature can have a negative effect on the self-discharge
rate of EDLCs [14,15,17]. In fact, at high temperatures, ions feature higher desorption rates
leading to device self-discharge [16,71,74]. Moreover, high operating temperatures and/or
high applied voltages can lead to accelerated aging of EDLCs due to thermal and electro-
chemical degradation of the electrolyte and/or of the electrode materials [18,42,75]. First,
for temperatures larger than the onset of decomposition temperature, electrolytes may de-
compose to produce gases such as carbon monoxide (CO), hydrogen (Hs), and other organic
byproducts, as previously discussed [75]. These gases can lead to pressure rise inside the
cell leading potentially to explosions [76]. The gases generated can also block access to the
pores in the electrodes to the liquid electrolyte, leading to an increase in cell resistance and
a decrease in the device capacitance [42,75]. High temperatures can also accelerate decom-
position reactions in the electrolyte and/or in the electrode by oxidation/reduction reactions
producing solid byproducts [77]. These byproducts can attach onto the electrode/electrolyte
interface thus reducing the electrode active surface area [77].

Most recently, we investigated the effect of operating temperature on irreversible and
reversible heat generation rates in a full-cell device consisting of two identical porous AC
electrodes with 1 M Pyri4TFSI in PC electrolyte cycled with a potential window of 1 V [73].

The instantaneous heat generation rate at each electrode was measured at temperatures

10



ranging from 20 to 60 °C [73] using an in operando isothermal calorimeter [43]. The mea-
surement were similar at both electrodes and proportional to /2. Their sum was equal to
Joule heating given by 6_2 7(T) = Ry(T)I* where R,(T) is the internal resistance of the device
measured at temperature T and [ is the imposed current. The internal resistance R,(7T") and
thus Cé J(T) decreased with increasing temperature due to the increasing electrolyte ionic
conductivity [73]. However, the reversible heat generation rate was found to be independent
of temperature for the potential window of 1 V considered [73].

Overall, previous calorimetric studies have investigated the instantaneous heat genera-
tion rate in EDLCs (i) with aqueous or organic electrolytes for potential window Ay < 1.0
V at 20 °C [43], (ii) with neat Pyri,TFSI or 1 M PyryTFSI in PC for potential window
varying from 1.0 V to 4.0 V at 20 °C [61], and (iii) with 1 M Pyr;,TFSI in PC for potential
window of 1.0 V and temperature varying from 20 to 60 °C [73]. The present study aims to
assess the effect of temperature on reversible and irreversible heat generation rates in EDLC
with IL-based electrolyte under galvanostatic cycling. Here, a potential window of 2.5 V
was chosen as a stable potential window for both neat Pyri4TFSI and 1 M Pyr4,TFSI in
PC electrolytes at 20 °C. The operating temperature was varied between 5 and 80 °C to
assess its effect on the heat generation rate. The results can also be used to design thermal

management strategies for EDLCs and to determine the operating limits of the devices.

3 Materials and Methods

3.1 Electrode and device fabrication

Activated carbon slurries were prepared by mixing (i) activated carbon (YP-50F, Kuraray
Chemical), (ii) TX-100 surfactant (DOW Chemical), (iii) carboxymethyl cellulose (CMC,
DOW Chemical) used as a thickening agent/binder, and (iv) styrene-butadiene rubber (SBR,
MTT Corp.) as a binder, in DI water in an 80:5:1.5:13.5 weight ratio. The slurry was drop-
casted onto carbon-coated aluminum current collector sheets (MTT Corp.) with 1 x 1 cm?

footprint area. The current collectors were previously treated by oxygen plasma to enhance
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their hydrophilicity and ensure uniform spreading of the slurry. The mass loading on each
electrode was 2.5 mg of slurry (2.0 mg of AC) corresponding to an electrode thickness of about
60 pum. The electrodes were dried in a vacuum oven at 120 °C for 24 h before being assembled
into full-cell devices in a glove box under argon (Ar) atmosphere (< 1 ppm Hy0/O5).

The EDLC devices consisted of two identical activated carbon electrodes separated by
a 1 mm-thick chemical-resistant polypropylene mesh serving as a separator and as thermal
insulator. The devices were assembled using either (i) neat Pyr;,TFSI (Device 1) or (ii) 1
M Pyr4, TFSI diluted in PC electrolyte (Device 2). The concentration of 1 M Pyri,TFSI in
PC corresponds to the maximum ionic conductivity (~ 8.3 mS/cm) and the lowest viscosity
(~ 5 mPa-s) at 20 °C [78]. Finally, the device was assembled and placed in the calorimeter
compartment inside a glove box under Ar atmosphere before being taken out for isother-
mal calorimetric measurements at temperatures ranging from 5 to 80 °C. The isothermal

calorimeter was described in detail in Ref. [43].

3.2 Device characterization

First, linear sweep voltammetry (LSV) was employed to determine the electrochemical sta-
bility window (ESW) of the electrolytes with either (i) neat Pyri, TFSI or (ii) 1 M Pyr, TFSI
in PC incorporated in a two-terminal stainless steel coin cell (MTI Corp). Each coin cell, con-
sisted of two AC-based electrodes (previously described) with a diameter of 9.5 mm (3/8”)
separated by a Whatman glass microfiber D (Sigma-Aldrich). The coin cells were pressed to
a pressure of ~ 6 MPa inside of an argon-rich glovebox. LSV measurements were performed
at slow sweep rate of 0.1 mV/s at temperatures 20 °C, 40 °C, and 80 °C.

Second, cyclic voltammetry (CV) measurements were performed on Devices 1 and 2
inside the isothermal calorimeter at scan rate v ranging from 5 to 30 mV/s at temperatures
ranging from 5 to 80 °C. The device’s gravimetric integral capacitance Ci, ., (in F/g) was
evaluated from the CV curves as a function of scan rate v according to [79],

_ 1 1(1hs)
Cmt,m(y) B m(ws,max - ws,min) f 2v dws (2>
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Here, m is the total mass loading of AC in both electrodes (m = 4.0 mg) while I(1)5) is the
current measured at cell potential 1)5. A cell potential window between s ,,;, = 0 V and
Vs maz = 2.5 V was selected because it fell within the ESW of both electrolytes investigated
at room temperature [61].

Third, galvanostatic cycling combined with calorimetric measurements were performed
on the devices at constant current I ranging from 1 to 5 mA at temperatures between 5
and 80 °C. For a given temperature, fifteen consecutive cycles were performed for each value
of current I to guarantee that oscillatory steady state had been reached. In addition, the

gravimetric differential capacitance Cysfn (in F/g) was estimated according to [79],

I

Caiffm(l) = mldv./dl] (3)

where |di,/dt| was estimated at the end of the discharging or charging step for each cycle
at constant current I.

Furthermore, the internal resistance R, was calculated from the IR drop observed at
the charging/discharging transitions under galvanostatic cycling according to [80-83],

Us(t5) — s(te)

RA(1) =

(4)

where 1,(t) and 1(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, ¥,(t1) — 14(t; ), was obtained by estimating the cell potential ¢,(¢;) 10 ms after the
beginning of the discharging step (i.e., t7 — ¢, = 10 ms), as suggested for supercapacitors

by Zhao et al. [81] and successfully used in our previous studies [43, 54, 73].

3.3 Isothermal Calorimeter

The instantaneous heat generation rate at each electrode in Devices 1 and 2 was measured
under galvanostatic cycling at constant temperatures ranging from 5 to 80 °C. The instan-

753}
1

taneous heat generation rate @Q;(t) (in mW) at electrode was found by measuring the

heat transfer rate ¢/ (¢) through the thermoelectric heat flux sensor and in thermal contact
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with the current collector such that [43],

_AV()
- =3

A; with i = + or — (5)

where AV(t) refers to the instantaneous voltage difference measured within each thermo-

ws 5]
] 1

electric heat flux sensor in thermal contact with electrode “/”. Here, subscript refers to

either the positive “+” or negative “—" electrode. In addition, S; denotes the temperature-
dependent sensitivity of the heat flux sensor provided by the manufacturer (in zV/(W/m?))
and A; refers to the footprint area of the electrode (in ¢cm?). Then, the instantaneous to-
tal heat generation rate in the entire device (denoted by subscript “T”) can be written as
Or(t) = 01 (1) + Q_(1).

Moreover, the instantaneous heat generation rate Ql(t) in each electrode can be decom-
posed as the sum of the reversible Qm,,i(t) and irreversible Qimi(t) heat generation rates,
ie., Qz(t) = va,i(t) + Qimi(t) [43,54]. Furthermore, by definition, time-averaging of the

wsn
2

reversible heat generation rate Qrev,,-(t) at electrode over a complete charging-discharging
cycle yields Cj}rev,i = 0. Thus, the time-averaged heat generation rate of Ql(t) over a charging-
discharging cycle period t.4 is equal to the time-averaged irreversible heat generation rate
éimi at electrode “i”, i.e. [43,54],

Neled

- 1 .
cd
(ncfl)tcd

Here, n. refers to the cycle number chosen to be large enough for Qz(t) to have reached
oscillatory steady state.

Finally, in order to compare the reversible heat generation rate at each electrode, the
instantaneous reversible heat generation rate Q,ﬂem(t) was time-averaged only over a charging
period t. according to [43,54],

(ne—1)tcatte

g 1 i
revi = 3 / Qrev,i(t) dt with i =T, +, or —. (7)

rev,i n
c

(ne—1)teq
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4 Results and discussion

4.1 Combined thermal and electrochemical stabilities

Figure S1 plots the linear sweep voltammograms (LSVs) for coin cells with the same AC
electrodes as those used for calorimetric measurement with either neat Pyry,TFSI or 1 M
Pyri4,TFSI in PC electrolyte at scan rate of 0.1 mV /s and temperatures of 20 °C, 40 °C, and
80 °C. The current density i(1s) was defined as the ratio of the measured current response
I(1)s) during increasing coin cell potential ¢; over the footprint area of the AC-based electrode
in the coin cell, i.e., i(¢s) = I(1)s)/A with A = 0.7 cm?. The ESW depends on the choice
of the cutoff current density beyond which the electrolyte is considered unstable. The cutoff
current density typically ranges between 10 pA/cm? and 1 mA /cm? [84]. Figure S1 indicates
that the ESW of the neat Pyry,TFSI electrolyte decreased with increasing temperature from
above 5.5 V at 20 °C, to 4.6 V at 40 °C, and down to 3.7 V at 80 °C, based on the cutoff
current density of 0.5 mA/cm? suggested in Refs [84-86].

Moreover, the ESW of the 1 M Pyr;yTFSI in PC electrolyte was smaller than that of
neat Pyr14,TFSI for a given temperature due to the lower electrochemical stability of PC. In
addition, the ESW decreased with increasing temperature from 4.2 V at 20 °C, to 3.7 V at
40 °C, and 3.3 V at 80 °C. Note that, partial decomposition of some electrolyte components

may start below the reported ESW.

4.2 Cyclic voltammetry and gravimetric integral capacitance

Figures 1(a) and 1(b) show the CV curves measured for Device 1 with neat Pyr;,TFSI
ionic liquid electrolyte at different temperatures between 5 and 80 °C for scan rate (a) v
=5 mV/s and (b) v = 30 mV/s, respectively. The CV curves at both scan rates featured
leaf-like shape at low temperatures (< 20 °C) and became larger and more rectangular with
increasing temperature. These observations can be attributed to the increase in the ionic
conductivity and to decreasing viscosity of neat IL with increasing temperature [45, 52].

However, at T = 80 °C, small and broad peaks were observed around 3 ~ 1.0 — 2.0 V for

15



both positive and negative sweeps. This may be attributed to reversible faradaic reactions
involving electron transfer across the double layer, as observed in carbon-based SWNT at
100 °C [19] and graphene nanosheet at 60 °C in IL-based electrolytes [67].

Similarly, Figures 1(c) and 1(d) show the CV curves measured for Device 2 with 1 M
Pyri4TFSI in PC electrolyte at different temperatures from 5 to 80 °C for scan rate (¢) v =
5mV/s and (d) ¥ = 30 mV /s, respectively. Here, the CV curves were nearly rectangular at
both low and high scan rates and did not change significantly with temperature, including
at or below 20 °C. However, for slow charging at scan rate v = 5 mV/s, all curves featured
a peak at the end of the charging step near 15 o, = 2.5 V that became more prominent as
temperature increased, suggesting more ion storage due to increased ionic conductivity and
accessibility in porous electrode [87] but also parasitic redox reactions at higher potential [88].
For faster charging at scan rate v = 30 mV/s, this change in current response peak with
temperature was small due to ion transport limitation within shorter charging time and/or
slow redox reactions.

Furthermore, for a given scan rate v and temperature 7', Device 2 featured current
I(t) two to eight times larger than that in Device 1 owing to better ion mobility when
Pyr14TFSI is dissolved in PC. Moreover, the area enclosed by the CV curves of Device 1
expanded significantly with increasing temperature. By contrast, those of Device 2 almost
collapsed on top of each other except near s ;i and 15 me,. In other words, the increase
in temperature contributed greatly to improving the performance of Device 1 while it had a
modest effect on that of Device 2. This was due to the fact that neat Pyr;4, TFSI features ionic
conductivity and viscosity that depend strongly on temperature [45,52], unlike Pyr 4 TFSI
in PC.

Figures 2(a) and 2(b) plot the gravimetric integral capacitance Ciy., [Equation (2)]
as a function of scan rate v for temperatures 7' ranging from 5 to 80 °C for Devices 1 and
2, respectively. Figure 2 indicates that, for a given temperature, the gravimetric integral
capacitance Cj,:,, decreased with increasing scan rate v, as typically observed in various

EDLCs [43,89-91] and attributed to ion-diffusion limitation in porous electrodes at high
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scan rates [92]. In addition, the capacitance Cjpnt of Device 2 was about two to five times
larger than that of Device 1 for any given scan rate v and temperature 7. This was likely due
to the fact that the dielectric constant €, of PC was much larger than that of Pyry,TFSI. For
example, €,(PC) ~ 65 [93,94] while ¢, (Pyr;, TFSI) ~ 11.7 to 14.7 at 25 °C [95-97|. Similarly,
the viscosity of 1 M Pyr, TFSI in PC was much smaller than that of neat Pyry,TFSI leading
to better wetting of the porous AC electrodes [67]. Moreover, Figure 2(a) establishes that
the capacitance of Device 1 increased significantly with increasing temperature from ~4 F /g
at 5 °C to ~21 F /g at 80 °C due to the increasing ion mobility of the neat IL with increasing
temperature. On the other hand, Cjpt , of Device 2 increased slightly from ~25 F/g at 5 °C
to ~32 F/g at 60 °C. Interestingly, performance of Device 2 started degrading at 80 °C and

high scan rates.

4.3 Galvanostatic cycling

Figure 3 plots the internal resistance R, obtained from the IR drop [Equation (4)] observed
in the galvanostatic charge-discharge curves (see Figure S2 in Supplementary Materials) as
a function of temperature 7" ranging from 5 to 80 °C for (a) Device 1 and (b) Device 2 for
imposed current I ranging from 1 to 5 mA. Figure 3(a) establishes that the internal resistance
R, of Device 1 with neat Pyri4TFSI electrolyte (i) was independent of the imposed current
I at any given temperature and (ii) decreased significantly with increasing temperature
from Ry, = 213 £ 6 Q at 5 °C to R, = 22 £ 5 Q at 80 °C. This observation was due
mainly to the significant increase in ionic conductivity of neat Pyr;, TFSI with temperature
[45,52]. Similarly, Figure 3(b) indicates that the internal resistance R of Device 2 with 1 M
Pyri4 TESI in PC electrolyte was nearly independent of the imposed current I and decreased
with increasing temperature 7. In fact, the internal resistance R, of Device 2 decreased
from around R, = 47 £ 3 Q at 5 °C to R, = 16 = 5 Q at 60 °C and was about two to
four times smaller than that of Device 1 at any temperature up to 60 °C. Interestingly, the
internal resistance Ry of Device 2 was larger at 80 °C than at 40 °C and 60 °C and depended

on the imposed current /. This was due to PC decomposition at high temperatures and
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large potential windows. In fact, neat PC can lose about 10% of its initial mass within 4
h at 60 °C due to PC reduction at the negative electrode forming gaseous propane and/or
hydrogen [59,99]. Note, however, that the rate of mass loss was smaller when mixed with
ILs [59,99]. Regardless, PC degradation impeded access of the liquid electrolyte to the
pores in the porous electrode resulting in large internal resistance [59,100]. Such increase in
internal resistance with increasing temperature is responsible for thermal runaway [101].
Figure 4 shows the gravimetric differential capacitance Cy;f¢., calculated from galvano-
static charge-discharge cycles [Equation (3)] as a function of cycle number n. under different
current I ranging from 1 to 5 mA for (a) Device 1 and (b) Device 2 at temperature 7" rang-
ing between 5 and 80 °C. First, Figure 4 indicates that Cgy;ss, decreased with increasing
current I in both devices. This could be due to ion diffusion limitation through the porous
electrode under high current and fast charging. In addition, for any imposed current [ in
both devices, Cg;tfm increased with increasing temperature, except for Device 2 beyond T
= 60 °C. However, Cy;ssnm of Device 1 was more sensitive to the temperature than that of
Device 2. For example, in Device 1, Cy; ¢, increased from 3.4 F/g at 20 °C to 16.1 F' /g at 60
°C during discharging at I = 4 mA. By contrast, in Device 2, Cy;ffm increased only slightly
from 27.4 F/g at 20 °C to 29.4 F/g at 60 °C also at I = 4 mA. Furthermore, Cy; ., in both
devices was slightly larger during charging than during discharging for any imposed current I
and temperature 7. This difference increased for smaller currents and higher temperatures.
This could be attributed to self-discharge caused by (i) higher ion desorption rate at the
electrode/electrolyte interface at high temperature and (ii) longer charging-discharging time
t.q at low current. Similar results were observed in devices composed of activated carbon
electrodes with 1 M TEABF, or 1 M EMIBF, in ACN electrolytes [71]. Interestingly, Cyiyf.m
of Device 2 at T' = 80 °C featured unusual fluctuations. This is consistent with the previ-
ous explanation that gaseous and/or solid byproducts generated during PC decomposition

impeded electrolyte from entering porous electrodes.
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4.4 Instantaneous heat generation rates

Figure 5 shows the instantaneous heat generation rates (a) Q- (t) at the positive electrode and
(b) Q_(t) at the negative electrode for Device 1 with neat Pyr4, TFSI electrolyte as functions
of dimensionless time ¢ /t.,4 for different temperatures ranging between 5 and 80 °C during four
consecutive galvanostatic cycles under constant current I = 4 mA. Similarly, Figures 5(c) and
5(d) show Q. (t) and Q_(t) for Device 2 with 1 M Pyr;, TFSI in PC electrolyte, respectively.
Note that, for Device 1, the imposed current I was limited to 2 mA at 5 °C due to an
excessively large resistance and IR-drop and thus short charging-discharging time ¢.;. For
both devices, Figure 5 indicates that the heat generation rate measurements were repeatable
cycle after cycle for all temperatures considered. Note that the heat generation rate due to
Joule heating — often considered as the only source of heat generation in EDLCs [9,15,17] —
is constant over time under constant current cycling. Instead, experimental measurements
in Figure 5 featured strong temporal oscillations due to additional heat generation processes
including reversible processes such as ion adsorption/desorption and solvation/desolvation.

Figures 5(a) and 5(b) indicate that Q(t) and Q_(t) at the positive and negative elec-
trodes of Device 1 had similar magnitude for all temperatures, except for 7' = 80 °C when
Q. (t) was larger than Q_(t). By contrast, in Device 2, the magnitude of Q. (t) was con-
sistently larger than that of Q,(t) at any given temperature. This difference became larger
with increasing temperature. Moreover, Figure 5 indicates that Q. (t) and Q_(t) decreased
with increasing temperature in Devices 1 and 2 for temperatures up to 60 °C. However, in
both devices, the amplitude of the oscillations in @, () and Q_(t) increased with increas-
ing temperature. In Device 2 at 80 °C, both Q. (¢) and Q_(t) increased due to the overall
increase in internal resistance as a result of PC decomposition [Figure 3(b)].

Furthermore, the instantaneous heat generation rate Q+(t) at the positive electrode
in both devices was strictly (i) exothermic during charging due to ion adsorption and (ii)
endothermic during discharging due to ion desorption. This was consistent with results
obtained from numerical simulations [55,56] and from previous experimental studies on AC-

based EDLCs with aqueous, organic, or IL-based electrolytes [43,54,61,73]. On the other
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hand, the instantaneous heat generation rate Q_(t) at the negative electrode of both Devices
1 and 2 featured an endothermic dip at the beginning of the charging step whose magnitude
increased with increasing temperature. This dip was more significant in Device 2 than in
Device 1. Indeed, for Device 1 with neat Pyry4,TFSI, a small endothermic dip can be observed
at T > 40 °C for potential window of 2.5 V. A similar endothermic dip was also observed
at T = 20 °C albeit for larger potential window of 3.5 V and 4 V in similar devices with
neat Pyry,TFSI electrolyte [61]. This dip was attributed to the overscreening effect at the
beginning of the charging step in presence of CMC binder at the negative AC-electrode with
neat Pyri4TFSI electrolyte, as explained previously [54,61]. Similarly, the fact that the
endothermic dip in Q_(t) during charging was larger in Device 2 than in Device 1 could
be due not only to the overscreening effect but also to the complete or partial endothermic
desolvation of Pyr{, cations of their PC solvation shell as they enter the AC nanopores to
form an EDL [11,34,102,103].

Finally, the endothermic dip at the negative electrode of Device 2 became noticeably
larger with increasing temperature as a result of increasing PC decomposition caused by
endothermic PC reduction reaction [61]. Note that, this dip dominated at the beginning of
the charging step due to the competing and sharply increasing exothermic heat generation

rate associated with cation adsorption throughout the charging step [61].

4.5 Time-averaged irreversible heat generation rates

Figures 6 and 7 plot the time-averaged irreversible heat generation rates (a) ém# at the
positive electrode, (b) ém«,f at the negative electrode, (c) CTQW,T in the entire cell, and (d)
the ratio QTM’T / é s of total irreversible heat generation rate to Joule heating as functions of
I? with imposed current I ranging from 1 to 5 mA and temperature T varying between 5 and
80 °C for Device 1 and Device 2, respectively. The error bars correspond to two standard
deviation or 95% confidence interval estimated by evaluating ém,i over five consecutive

galvanostatic cycles. In addition, Joule heating was estimated as
Qs = Ry(T)I* (8)
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where R,(T) is the average internal resistance reported in Figure 3, except for Device 2 at
80 °C when variations in R4(7") with imposed current I were accounted for.

Figures 6 and 7 indicate that ém,+ and QTW,, were fairly similar in each device and for
any given temperature. This was attributed to the fact that (i) the positive and negative
electrodes were synthesized in the same manner and should be nearly identical and (ii)
the diffusion coefficients of Pyr], cations and TFSI™ anions were similar in each electrolyte
considered [37,52,104,105]. In fact, the ratio of the diffusion coefficients of Pyrj, to that
of TFSI™ in neat Pyri4,TFSI, i.e., D, /D_ was reported to be equal to 1.2 at 20 °C and 1.1
at 40 °C [104] and approaching 1.0 as the temperature increases [37]. Similarly, in Device 2
(Figure 7), Dy ~ D_ in 1 M of Pyr 4 TFSI dissolved in PC at 20 °C [52,105]. Therefore, the
ionic conductivity of the electrolyte in each half cell were similar at all temperatures in each
device. The slight differences between CTQWHF and CTQW,, could be due to differences in the
electrode mass loading. In addition, the irreversible heat generation rates CTQW# and QTW,,
in Device 2 were typically smaller than those in Device 1 due, in part, to its smaller internal
resistance R, (Figure 3).

Moreover, Figure 6 establishes that the time-averaged irreversible heat generation rates
CTQW,JF and CTQZ-,,«,,«’_ at the positive and negative half-cells as well as QTimT in the entire Device
1 decreased significantly with increasing temperature from 5 to 80 °C. This was due, in
part, to the fact that the ionic conductivity of neat Pyry,TFSI and the wettability of the
electrodes increased sharply with increasing temperature. By contrast, Figure 7 establishes
that émﬁ, CT)W,_, and CTQW,T in Device 2 decreased slightly between 5 and 20 °C and
were nearly independent of temperature between 20 to 60 °C for any given current. These
observations are surprising given the decrease in internal resistance Ry(T) of Device 2 with
increasing temperature from 5 to 60 °C [Figure 3(b)]. It suggested that Joule heating was not
the only source of irreversible heat generation. However, éim% CTZZ-M,,,, and C}imT increased
significantly at 80 °C in Device 2 due to the partial PC decomposition resulting in electrode
pore blockage [42,75] and increasing cell resistance [Figure 3(b)].

Furthermore, CTQWHF, ém«,—, and CTQW,T in EDLCs with aqueous and organic electrolytes
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at 20 °C [43,54] and in IL-based electrolyte between 20 to 60 °C [73] all for cell potential
window Aty < 1 V were linearly proportional to I2. In fact, the total heat generation rate
C,TQW,T was equal to Joule heating, i.e., C_Q ;7 = R,I?. By contrast, CTQW,JF, ém,f; and QTM,T
in both Devices 1 and 2 with Ay, = 2.5 V did not vary linearly with I?, as indicated by
power law fit. In fact, the total irreversible heat generation rate CTQZ-MT in both Devices 1 and
2 exceeded Joule heating Cé s for any temperatures between 5 and 80 °C, i.e., CTQW,T / @ J >
1. The ratio CT?m,T/ é s increased with increasing temperature and decreasing current in
both Devices 1 and 2. Similar results were also observed in similar devices cycled at 20 °C
under large potential windows A up to 4 V [61]. This can be attributed to a combination
of phenomena namely (i) the charge redistribution in porous electrodes caused by higher
ions desorption rate with increasing temperature and modeled as the leakage current flowing
through the pore resistance [14,16,61,71,74] and (ii) the longer charging-discharging time
teq at low current (see Figure S3 in Supplementary Materials). In fact, the pore resistance
is responsible for EDLC self-discharge and increased with increasing potential window [14,

61,107, 108].

4.6 Reversible heat generation rates

As previously discussed, the instantaneous irreversible heat generation rate Qirr’i(t) cannot be
solely attributed to Joule heating and may vary with time. Thus, the instantaneous reversible
heat generation rate Qrev,i(t) = Ql(t) — Qirm-(t) cannot be estimated from our measurements.

Instead, Figure 8 shows the time-averaged reversible heat generation rates during a charging

step [Equation (7)] (a,c) @y, . at the positive electrode and (b,d) ). _ at the negative

rev,—

electrode as functions of current I for (a,b) Device 1 and (c,d) Device 2, respectively. Here
also, the current I ranged from 1 to 5 mA and the temperature T from 5 to 80 °C and

¢ . over five

rev,i

the error bars correspond to 95% confidence interval estimated by evaluating @
cycles. Figure 8 indicates that, in both Devices 1 and 2, C};ﬁw 4 was systematically larger
than éc . This could be attributed to the fact that TFSI™ anions are smaller (~ 0.7 nm)

rev,—

than Pyr], cations (~ 1.1 nm). In fact, d’Entremont et al. [56] established theoretically that
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adsorption of smaller ions at a given electrode resulted not only in larger integral capacitance
but also in larger reversible heat generation rate. Thus, TFSI™ adsorption at the positive
electrode during charging caused more reversible heat generation than Pyr], adsorption at
the negative electrode in Device 1 with neat Pyry,TFSI. Similar arguments apply to Device 2
where solvated PC-Pyr], ions were significantly larger than TFSI~ ions in the 1 M Pyr{, TFSI
in PC electrolyte [56].

Moreover, for any given current and temperature, ) 4 was typically larger in Device

C
rev
2 than in Device 1 due to the fact that the capacitance of Device 2 was significantly larger

than that of Device 1 (Figures 2 and 4). By contrast, éﬁew_ in Device 2 was smaller than in
Device 1 as solvated PC-Pyr, cations were larger compared to non-solvated Pyr], cations
in neat IL.

Figures 8(a) and 8(b) also establish that, for a given current in Device 1, C}ﬁev, . in-

c
rev,—

creased with increasing temperature whereas Cé generally did not change significantly
with temperature. This could be due to the endothermic dip previously observed in Q_(t)
at the negative electrode and associated with overscreening effect, ion desolvation, and/or
PC decomposition. Indeed, the magnitude of this endothermic dip increased with increas-
ing temperature and compensate the rise in reversible heat generation caused by increasing
capacitance.

Furthermore, in Device 1 with neat Pyr;,TFSI [Figures 8(a) and 8(b)], both O

rev,+

and éﬁev’f increased linearly with imposed current I for all temperatures considered. This
was consistent with results from numerical simulations of EDLCs [55]. Similar observations
were also made in previous experimental studies for EDLC cells consisting of AC-electrodes
with organic or aqueous electrolytes for potential window Ay, < 1V [43,54] and with neat
or diluted Pyr14,TFSI electrolyte for different potential windows between 1 V to 4 V at 20
°C [61]. Similarly, in Device 2 with 1 M Pyr{4TFSI diluted in PC [Figures 8(c) and 8(d)],
Tﬁev’ 4+ and éﬁevﬁ increased fairly linearly with imposed current / except for temperatures

T = 60 and 80 °C. This was due to the fact that the endothermic dip in the instantaneous

heat generation rate at the negative electrode [Figure 5(d)] attributed to overscreening effect
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and/or desolvation of Pyr{, from PC solvent shell and PC decomposition became significant

at 60 and 80 °C.

5 Conclusion

This study reported the irreversible and reversible heat generation rates in two sets of AC-
based EDLC devices with either (i) neat Pyr;4 TFSI or (ii) 1 M Pyr4TFSI in PC electrolytes.
The measurements were performed in an isothermal in operando calorimeter under galvano-
static cycling with potential window of 2.5 V and temperatures ranging from 5 to 80 °C.
The instantaneous heat generation rate at each electrode was measured under galvanostatic
cycling at temperatures between 5 and 80 °C for a potential window of 2.5 V. First, the
instantaneous heat generation rate was similar at each electrode in neat IL. By contrast, it
was smaller at the negative electrode than at the positive electrode in devices with diluted
IL in PC. Large oscillations in the instantaneous heat generation rate were observed due
to reversible processes such as ion adsorption/desorption and ion solvation/desolvation. In
addition, endothermic dips appeared and grew with increasing temperature above 60 °C at
the negative electrode at the beginning of the charging step. They were attributed to (i)
overscreening effects in both electrolytes as well as to (ii) desolvation of Pyr{, cations and
(iii) partial decomposition of PC in diluted IL electrolyte. Moreover, the irreversible heat
generation rate in both devices decreased with increasing temperature due to the significant
increase in the electrolyte ionic conductivity, particularly for the device with neat Pyr;, TFSI
electrolyte. The irreversible heat generation rates in the device with 1 M Pyr, TFSI in PC
increased sharply at 80 °C as a result of PC decomposition. In addition, the total irreversible
heat generation rate in each device exceeded Joule heating. This was attributed to addi-
tional irreversible heat generation caused by charge redistribution in the porous electrode
and increasing leakage current due to ion desorption with increasing temperature. Second,
in both EDLC devices, the time-averaged reversible heat generation rate over the charg-

ing step increased with increasing temperature and was larger at the positive than at the
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negative electrode due to the better accessibility of smaller TFSI™ anions into subnanoscale
pores compared with larger Pyr], cations. Furthermore, the time-averaged reversible heat
generation rate during charging at both electrodes increased linearly with imposed current

except in the device with IL diluted in PC above 60 °C.
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Figure 4: Gravimetric differential capacitance Cyify.m of (a) Device 1 with neat Pyr;,TFSI
and (b) Device 2 with 1 M Pyr,TFSI in PC as a function of cycle number n, during charging

and discharging steps at constant current I between 1 and 5 mA and at temperature T
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consecutive galvanostatic cycles under constant current I = 4 mA.
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Figure 6: Time-averaged irreversible heat generation rates (a) éier at the positive electrode,

(b) éim, at the negative electrode, (c) éimgp in the entire cell, and (d) CT)W,T / @ s the ratio

of total irreversible heat generation rate to Joule heating as functions of I? with imposed

current [ ranging from 1 to 5 mA for Device 1 with neat Pyr;4, TFSI electrolyte.
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Figure 7: Time-averaged irreversible heat generation rates (a) éier at the positive electrode,

(b) éim, at the negative electrode, (c) éimgp in the entire cell, and (d) CT)W,T / @ s the ratio

of total irreversible heat generation rate to Joule heating as functions of I? with imposed

current [ ranging from 1 to 5 mA for Device 2 with 1 M Pyry4,TFSI in PC electrolyte.
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(a) Positive electrode (Device 1) (b) Negative electrode (Device 1)
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Figure 8: Time-averaged reversible heat generation rates during the charging step as func-

tions of imposed current I ranging between 1 and 5 mA for Device 1 with neat Pyr;,TFSI

electrolyte (a) ‘ﬁev, . at the positive and (b) Q¢,, _ at negative electrodes and for Device 2

rev,—

with 1 M Pyr4TFSI in PC electrolyte (c) .iev,-I— at the positive and (d) Q¢,, _ at negative

rev,—

electrodes for temperatures between 5 and 80 °C.
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