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Abstract

This study aims to investigate the effect of potential window on heat generation in carbon-
based electrical double layer capacitors (EDLCs) with ionic liquid-based electrolyte using
in operando calorimetry. The EDLCs consisted of two identical activated carbon elec-
trodes with either neat 1-butyl-1-methylpyrrolidinium bis(trifluoromethane-sulfonyl)imide
(Pyr14, TESI) electrolyte or 1.0 M Pyry, TFSI in propylene carbonate (PC) electrolytes. The
instantaneous heat generation rate at each electrode was measured under galvanostatic
cycling for different potential windows ranging from 1 V to 4 V. First, the heat generation
rates at the positive and negative electrodes differed significantly in neat IL due to the
differences in the ion sizes and diffusion coefficients. However, these differences were
minimized when the IL was diluted in PC. Second, for EDLC in neat Pyr,TFSI at high
potential window (4 V), a pronounced endothermic peak was observed at the beginning
of the charging step at the positive electrode due to TFSI~ intercalation in the activated
carbon. On the other hand, for EDLC in 1.0 M Pyr, TFSl in PC at potential window above
3V, an endothermic peak was observed only at the negative electrode due to the decom-
position of PC. Third, for both neat and diluted Pyr,, TFSI electrolytes, the irreversible heat
generation rate increased with increasing potential window and exceeded Joule heating.
This was attributed to the effect of potential-dependent charge redistribution resistance.
A further increase in the irreversible heat generation rate was observed for the largest po-
tential windows due to the degradation of PC solvent. Finally, for both types of electrolyte,
the reversible heat generation rate increased with increasing potential window due to the
increase in the amount of ion adsorbed/desorbed at the electrode/electrolyte interface.

Keywords: electrolyte degradation; thermal management; thermal runaway; ionic

liquid
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NOMENCLATURE

A Footprint area of the heat flux sensor, cm?

Cint Integral capacitance, mF

I Current, mA

m Mass of active material loaded into the entire cell, g

n Cycle number, -

q Charge stored, C

Q Heat generation rate, mW

é Time-averaged heat generation rate, mW

R Internal resistance for entire EDLC cell, ©2

S Heat flux sensor sensitivity, ;V/(mW/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

AV Voltage difference generated in the heat flux sensor, uV

Greek symbols
v Scan rate, mV/s

(18 Potential across an EDLC cell, V

Superscripts and subscripts

c Refers to charging step

cd Refers to charging-discharging cycle
irr, i Refers to irreversible in electrode “i”
J Refers to Joule heating

mazx Refers to maximum

min Refers to minimum
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T Refers to entire cell

rev,i Refers to reversible in electrode “i”
+or — Refers to positive or negative electrode
4
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1 Introduction

Electric double layer capacitors (EDLCs) have received significant attention in recent
years for electrical energy storage applications, in particular those requiring high power
and rapid charging, such as in regenerative braking of electric vehicles!'!, smart grids!?,
and renewable energy harvesting systems®5. EDLCs consist typically of two carbon-
based electrodes sandwiching a separator immersed in aqueous, organic, or ionic liquid-
based electrolytes. EDLCs store electrical energy in the electrical double layer formed by
ions at the electrode/electrolyte interface. They exhibit higher power density and longer
cycle life than batteries but suffer from relatively low energy density £ (in J/m?). The latter
can be expressed as* 6,

E= %c Ay? (1)

where C'is the specific capacitance of the cell (in F/m?) and A, is the potential window (in
V). One way to increase the energy density E consists of increasing the potential window
A4 The latter, however, is usually limited by the chemical stability of the electrolytel’l.

In recent years, ionic liquids (ILs) have been investigated as promising electrolytes
in high-energy supercapacitors because of their wide potential window and their oper-
ation at low temperatures’l. However, ILs suffer from relatively high viscosity and low
ionic conductivity compared with conventional aqueous and organic electrolytes resulting
in large intrinsic resistance!® . To overcome this limitation, diluting ILs in organic solvents
have been proposed as a way to combine the favorable properties of ILs and organic
electrolytes!'®'2l, Another concern arising from the use of ionic liquid electrolytes is their
stability under extreme potentials!’®>'3l. Despite ILs theoretically wide potential window,
they may interact with high surface-area carbonaceous electrodes as a result of the cat-
alytic activity of the electrode surface!'® 3. Thus, the electrochemical reactions of ILs at
high potentials can significantly reduce the performance and lifetime of the cell or force the
use of the narrower operating potential window and thus reduce the device energy den-

sityl'213]. Understanding the stability of ILs under large potential windows can facilitate
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the optimization of IL-based supercapacitors.

Electrochemical experiments such as cyclic voltammetry and galvanostatic cycling
are very informative methods to characterize oxidation and reduction reactions. However,
to provide supplementary information and to gain insight into the nature of these reac-
tions, complimentary in operando calorimetric measurements have been proposed!'#16l,
Moreover, considering that EDLCs are designed to provide high current over a wide po-
tential window and given the large cell resistance of IL-based electrolytes, it is essential to
pay close attention to the heat generated for thermal management and safety purposes.

The present study aims to identify the thermal signatures of the different physico-
chemical phenomena taking place in EDLCs using neat IL electrolyte and IL diluted in
organic solvent under galvanostatic cycling. To do so, the heat generation rate was mea-
sured for different potential windows using our newly developed in operando calorime-
terl'161_ Particular attention was paid to ion intercalation and electrolyte decomposition

under large potential windows.

2 Background

The operating potential window is a key parameter for enhancing the specific energy of
EDLCs. However, the operating potential window is limited by the electrochemical stabil-
ity window of the electrolyte. Leyva-Garcia et al.l'?l studied the electrochemical perfor-
mance of porous activated carbon (AC) electrodes in (i) neat 1-butyl-1-methylpyrrolidinium
bis(fluorosulfonyl)imide (Pyr;, TFSI) and in (ii) 1.0 M Pyr;, TFSI in PC electrolytes at differ-
ent potential windows. For an AC negative electrode in 1.0 M Pyr, TFSI in PC electrolyte,
a redox peak was observed in the CV curves for a half-cell potential window of ~ 1.3
V. In addition, the intensity of this redox peak increased with increasing potential window.
However, no redox peak was observed in the CV curves obtained with identical electrodes
but in neat Pyr,, TFSI suggesting that the redox peak was due to PC solvent decomposi-

tion'?. In addition, Ruch et al.l'”l have shown that the negative electrodes of symmetric
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EDLC in PC-based electrolytes degraded faster than the positive electrodes due to the
presence of surface oxygen groups on the AC electrode that reacted with PC. Moreover,
Hahn et al.l'® investigated the gas evolution during PC decomposition in EDLC using
differential electrochemical mass spectrometry (DEMS). The authors found that, at a po-
tential window of 2.7 V, PC reduced at the negative electrode to produce propane and
hydrogen and oxidized at the positive electrode to release carbon dioxidel'el.

Similarly, Borenstein et al.['¥ studied the failure mechanism of positive electrode in
a symmetric EDLC under high cell potential. An EDLC cell consisting of AC electrodes
and neat Pyr,FSI was tested under galvanostatic cycling. The potential evolution was
measured across each electrode of the EDLC during cycling by placing a silver pseudo-
reference electrode sandwiched by two non-woven separators (NKK, Japan) between the
two AC electrodes. Here, the potential window of the cell Ay, can be expressed as the
difference between the potential evolution across the positive Ay, and negative Ay
(< 0V) half-cells, i.e., Ay, = Ay, — Ay _. At low potential windows (i.e., Ay, < 3 V), the
potential evolution divided equally between the positive and negative electrodes |Avy ., | =
|Av_|. However, for Ay, > 3V, the potential evolution at the negative electrode was
larger than that at the positive electrode, i.e., |Ay_| > |Avy,|. This asymmetry in the half-
cell potentials was attributed to FSI~ intercalation into AC at the positive electrode, which
increased its capacitance C',. Since the absolute amount of charge ¢ at both electrodes

must be identical, the potential at the negative electrode should increase according tol],
q=C1 A, = -C_AY_. (2)

where C, and C_ are the capacitances of the positive and negative electrodes, respec-
tively. This conclusion was further confirmed by scanning electron microscopy and en-
ergy dispersive X-ray spectroscopy (SEM-EDX) measurements indicating that a signifi-
cant amount of FSI~ was present in the positive electrode after 3,000 galvanostatic cycles
for cell potential window A, = 3.4 VU3,

Heat generation in EDLCs is a result of several interfacial, transport, and electro-

chemical processes!'. It can be divided into irreversible and reversible heat generation
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rates!'* 1519, The instantaneous irreversible heat generation rate Q;,.(t) in EDLCs under
A, = 1 V has been reported to be mainly due to Joule heating @, (in W) and expressed
aS[14’15’19’20],

Qirr(t) = Qs(t) = R, I(t)? (3)

where R, is the device internal resistance and I is the imposed current. However, Schiffer
et al.?'l found that the temperature rise in EDLCs for Ay, = 2 V under galvanostatic cy-
cling predicted by considering only Joule heating was smaller than that measured exper-
imentally®'l. The analysis suggested that the irreversible heat generation rate in EDLCs
was the summation of (i) Joule heating and (ii) heat generation due to charge redistribu-
tion effects modeled as dissipation through the pore resistance?'=2%l. In fact, the charges
redistribute themselves during cycling due to the non-uniform charging/discharging pro-
cesses in the complex porous electrode structurel?®23. Moreover, the measured temper-
ature rise increased with increasing potential window suggesting that the pore resistance
increased with increasing potentiall®'l,

The reversible heat generation in EDLCs can be attributed, in part, to the change in
entropy of the electrolyte upon ion adsorption/desorption at the electrode surfacel'®21:24],
When ions in the electrolyte adsorb on the electrode surface and form an EDL, the en-
tropy decreases and consequently heat is generated!'# 192241 This change in entropy
is reversible over a full cycle resulting in exothermic charging and endothermic discharg-
ingl'419.21.241  Other physicochemical phenomena may also contribute to the irreversible
and/or reversible heat generation rates. For example, in hybrid supercapacitors, redox re-
actions also contribute to the reversible heat generation upon charging/discharging!'6-2%.
In addition, the overpotential at the redox active electrode necessary to drive the redox
reactions is responsible for irreversible “polarization heating”'®:251, Other possible sources
of heat generation may be associated with ion solvation/desolvation and decomposition
of the electrolyte at high potentials!2®l.

Moreover, it is important to note that even if the electrodes of the cell are identical

in composition and mass loading, the heat generation rate may be different at the posi-
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tive and negative electrodes!'>271. This difference can be attributed to differences in the
valency, size, and/or diffusion coefficient of the anions and cations, as predicted numer-
ically®”l. Indeed, d’Entremont and Pilon?”} developed a thermal model to estimate the
spatiotemporal heat generation rate in EDLCs consisting of binary electrolytes with ion
species with different valency, ion size, and/or diffusion coefficient. They observed that
the ionic conductivity of the electrolyte increased with increasing ion valency and/or diffu-
sion coefficient resulting in smaller irreversible heat generation rate at the respective elec-
trode?’]. In addition, EDL formation by ions with smaller diameter and/or larger valency
resulted in larger reversible heat generation rate during chargingl®”l. Differences in heat
generation rates at each electrode can also be due to interactions between ions and the
electrode constituents, as observed experimentally for EDLCs['4 1%, Indeed, the reversible
heat generation rate at the negative AC-based electrode containing carboxymethyl cellu-
lose (CMC) as a binder and thickening agent was endothermic at the beginning of the
charging step!'®. This was attributed to the overscreening effect due to the interactions
between the anionic functional groups of CMC and Li* ions!'.

In general, ILs consist of large organic cations coupled with smaller organic or in-
organic anions with different diffusion coefficients!”l. For example, neat Pyr;, and TFSI~
(with a chemical formula of [(CF3SO,),N] ) ions were estimated to have a diameter of
~ 1.1 nm and ~ 0.7 nm[2® with diffusion coefficients of ~ 9.9 x 10712 m?/s and ~ 8 x 10~'2
m?/sl?°l respectively. Adding an organic solvent to ILs can significantly influence the ion
size and their transport properties due to ion solvation®%-3'l, For example, the ratio of
the diffusion coefficients of Pyr{, to TFSI~ decreases from ~ 1.23 in neat Pyr,, TFSI elec-
trolyte to ~ 1.05, when diluted in PC with molar ratio of 2:8[2%. In addition, Pyr,,TFSI also
has a smaller ionic conductivity in its neat form than dissolved in PC, as previously dis-
cussed. Thus, one can expect different heat generation rates at the positive and negative
electrodes when using neat or diluted ILs electrolytes.

The present study aims to determine the irreversible and reversible heat generation

rates associated with the physicochemical phenomena taking place at the positive and
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negative electrodes of EDLCs operating under extreme potential windows. The devices
consisted of two identical activated carbon electrodes in neat Pyr, TFSI electrolyte or in
1.0 M Pyr,TFSI in PC electrolyte. In operando calorimetry can provide unique insights
into phenomena occurring during charging/discharging and into the degradation mecha-

nisms of the electrode and electrolyte in each half-cell.

3 Materials and methods

3.1 Electrode synthesis and device assembly

An activated carbon slurry was prepared by ball-milling (i) YP-50F activated carbon (Ku-
raray), (i) Super P (Alfa Aesar), and (iii) multiwall carbon nanotubes (mwCNT, Sigma
Aldrich) as conducting additives with a weight ratio of 88:6:6. Then, the activated car-
bon slurry was mixed with carboxymethyl cellulose (CMC, DOW Chemical) as a binder
and thickening agent and styrene-butadiene rubber (SBR, MTI Corporation) binder with
a weight ratio of 90:6:4. The slurry was then drop-cast onto 1x1 ¢cm? current collectors
made of 18 um thick carbon-coated aluminum foil (MTI). The mass loading, for each elec-
trode, was 2 mg/cm? with a thickness of 40 + 5 um. The electrodes were dried under
vacuum at 120°C for 24 hours before being placed in a glovebox under argon atmo-
sphere. Two-electrode devices were assembled using a 1 mm thick chemically resistant
polypropylene mesh acting as a separator and as a thermal insulator between the elec-
trodes. The assembly was immersed in electrolyte consisting of either neat Pyr,,TFSI
(Device 1) or 1.0 M Pyr,TFSI in PC (Device 2). Finally, in order to avoid exposure to
ambient atmosphere, the EDLCs were assembled, installed, and sealed in the isothermal
calorimeter inside a glovebox. Table 1 summarizes the constituents of Devices 1 and 2
as well as the operating conditions considered. For both devices, the total mass loading

was 4 mg/cm? for the entire cell to facilitate comparison.
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Table 1: Electrode compositions, electrolyte, and operating conditions for the two EDLCs

investigated.
Device No. Electrode materials Mass loading [mg/cm?] Electrolyte A [V] T [°C]
AC slurry 1.8
1 SBR 0.12 Neat Pyr,TFSI 1to4 20
CMC 0.08
AC slurry 1.8
2 SBR 0.12 1.0 M Pyri, TFSIin PC 110 3.5 20
CMC 0.08

3.2 In operando calorimeter

The time-dependent heat generation measurements were performed in Devices 1 and 2
using the in operando calorimeter apparatus described in Ref.l'"4. In brief, the current
collector of each electrode was in thermal contact with a thermoelectric heat flux sensor
measuring the instantaneous heat generation rate therein'*l. The two electrodes were
thermally insulated from one another by the 1 mm thick separator. The measurements
were performed under isothermal conditions at a temperature of 20°C.

The time-dependent heat generation rate Q;(t) (in mW) at electrode “i” can be re-
trieved from the heat flux ¢/ measured at the current collector/heat flux sensor interface
according tol'#,

AVi(t)

Qi(t) = ¢/ A; = TAZ' (4)

where AV,(t) is the voltage difference (in V) measured across the thermoelectric heat
flux sensor, S; is the sensor sensitivity (in xV/(mW/cm?)), and A; is the footprint area (in
cm?), respectively. Here, the sensor sensitivity S; was provided by the manufacturert®2,
The subscript “” refers to either the positive “+” or negative “—” electrode. The total
instantaneous heat generation rate in the entire device can be determined by the summa-

tion of the instantaneous heat generation rates at the positive and negative electrodes of

11
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the cell, i.e., Qr(t) = Q. (t) + Q_ ().

The time-dependent heat generation rate );(t) at electrode “i” can be divided into an
irreversible Q;,..;(t) and a reversible Q,., ;(t) heat generation rates, i.e., Q;(t) = Qiri(t) +
Qrev.s(t). Unfortunately, Q;,.(t) is not always known unless it corresponds solely to Joule
heating!'# 1519241 However, by definition, time-averaging the instantaneous reversible
heat generation rate Qm,yi(t) over an entire cycle yields érev,i = 0. Thus, the time-
averaged irreversible heat generation rate éim under galvanostatic cycling of period ¢4

can be expressed as,

nteq
Qirri = % / Q;(t)dt  withi = + or — (5)
(n=1)tcq

where n is the cycle number taken sufficiently large to reach oscillatory steady state. The
total time-averaged irreversible heat generation rate CTQMT in the entire cell is expressed

as éirv-,T = éz‘v-r,+ + ém,f-
In order to effectively compare the reversible heat generation rate at each electrode of
the EDLCs, the time-averaged reversible heat generation rate éim during a galvanostatic

charging step of duration ¢, can be defined as (see Supplementary Materials)!',

(n_l)tcd+tc

I () dt = Qur
rev,i t, / Qz(t> dt err,z- (6)

(nfl)tt:d
3.3 Experimental procedure

First, the electrochemical stability window (ESW) of neat Pyr,4,TFSI and 1.0 M Pyr, TFSI
in PC electrolytes was assessed using linear sweep voltammetry (LSV) at a slow scan rate
of 0.1 mV/s. The LSV was performed on two freshly assembled two-electrode coin cells
with AC electrodes synthesized as previously described. Positive and negative electrodes
were separated by Whatman Glass Fiber D separator (Sigma-Aldrich) soaked in neat
PyrisTFSl or 1.0 M Pyr4, TFSI in PC and tested using stainless steel coin cell parts (MTI).

The coin cell was pressed to a pressure of ~ 6 MPa inside of an argon-filled glovebox.

12
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Second, cyclic voltammetry (CV) was performed on Devices 1 and 2 inside the
calorimeter at scan rate v ranging from 5 to 30 mV/s. The integral capacitance of the
EDLCs was evaluated by integrating the area enclosed by the CV curve plotting the cur-
rent I(t) vs. the imposed potential ¢4(¢) for a given scan rate v (in mV/s) and potential

window between 1 i, and ¥, ;q. ast,

1 1
Cmt(y) B ws,max - 77bs,min %Edw (7)

Third, the time-dependent heat generation rate Q;(t) at each electrode was measured
under galvanostatic cycling with imposed constant current [ ranging from 2 to 5 mA. The
internal resistance R, (or DC resistance) (in €2) of the device was determined from the
IR drop observed at the charging/discharging transition of the cell potential () near t.

under galvanostatic cycling at a constant current I according to34371,

R, = 57 : (8)

Here, the IR drop [,(t]) — 1s(t. )] was obtained by estimating the cell potential v ;(¢_) 10
ms after the beginning of the discharging step at ¢} (i.e., t; — ¢t = 10 ms), as suggested
by Zhao et al.l®],

Note that the cell potential window AvY; = ;00 — Vsmin Was varied from 1 V up
to the maximum potential window before significant electrolyte degradation occurred, as
determined by LSV. Here, the CV and heat generation rate measurements were suc-
cessively performed for each potential window. Note also that the heat generation rate
measurements at low current (i.e., I < 1 mA) fell below the detection level (< 10 W) of

the calorimeter and were ignored due to a low signal to noise ratio.
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4 Results and discussion

4.1 Electrochemical stability window

Figure 1 plots the linear sweep voltammograms for coin cells with AC electrodes with
neat Pyr;,TFSI or 1.0 M Pyr;, TFSI in PC at room temperature and scan rate of 0.1 mV/s.
Figure 1 indicates that the ESW for the neat Pyr,, TFSI was ~ 4 V considering a threshold
current of 50 1A, as suggested in Ref.?8. In addition, the sharp increase in I(t) near
Yy, ~ 2.7 V indicates that the PC-based Pyr,TFSI decomposition started at ~ 2.7 V
instead of ~ 4 V for neat Pyr,, TFSI. This was due to the fact that PC decomposed at a
potential window lower than that of neat Pyr;, TFSI, as previously observed for a similar

system('?,

4.2 Cyclic voltammetry curves and capacitance

Figure 2 plots the measured CV curves for Device 1 at scan rates (a) » = 5 mV/s and
(b) v = 30 mV/s with a potential window A, ranging from 1 to 4 V and for Device 2 at
scan rates (c) » = 5 mV/s and (d) » = 30 mV/s with potential window Az, ranging from 1
to 3.5 V. First, at a slow scan rate (v = 5 mV/s), the CV curves of both devices featured
nearly rectangular and symmetrical shapes typical of the capacitive behavior of EDLCs.
However, an increase in current was observed near v .., for an increasing potential
window. This increase in current was sharper in Device 2 than in Device 1 suggesting
that it may be due to PC solvent degradation, as previously observed for EDLCs using
PC-based electrolytes!®2331  Second, at a fast scan rate (v = 30 mV/s), the CV curves
of Device 1 deviated from the near ideal capacitive behavior observed at slow scan rates.
This resistive behavior was due to the fact that neat Pyr,, TFSI electrolyte suffers from low
ionic conductivity and ion diffusion coefficient at room temperature(?8. On the other hand,
CV curves of Device 2, using Pyr,, TFSI diluted in PC, maintained their rectangular shape

at fast scan rates. Indeed, the use of PC solvent reduced the viscosity of the electrolyte
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and increased the ion diffusion coefficient and ionic conductivity of the electrolyte, as
summarized in Table 2. However, here also, Figure 2(d) indicates that the CV curve of
Device 2 at v = 30 mV/s and Ay, = 3.5 V featured a rise in current near v ., due to PC

degradation.

Table 2: Transport properties of neat Pyr;,TFSI and 1.0 M Pyr;, TFSI in PC electrolytes.

Properties Neat Pyr4TFSI 1.0 M Pyri4TFSI in PC
ionic conductivity 2.6 mS/cm 10.3 mS/cmt
Viscosity 62 mPa.sl 5.6 mPa.gl9
Pyr{, diameter ~ 1.1 nml28]

TFSI~ diameter ~ 0.7 nm28!

Pyr?, diffusion coefficient  ~ 9.9 x 10712 m2/s29  ~ 1.8 x 1010 m2/sl29
14

TFSI— diffusion coefficient ~ 8.0 x 10712 m2/s?  ~ 1.7 x 10710 m2/s[29]

Figure 3 shows the integral capacitance C;,;(v) of (a) Device 1 and (b) Device 2 as
a function of scan rate v ranging from 5 to 30 mV/s for different potential windows. For
both devices, C;,.(v) decreased with increasing scan rate, as typically observed in various
electrochemical capacitors“%4'l. Note that, for any given scan rate » and potential window
A, Device 2 featured integral capacitance larger than that of Device 1. This confirms
that diluting ionic liquid in PC enhances the transport properties and dielectric constant
of the electrolyte, thus improving the capacitance of the EDLC at room temperature?l. In
addition, C;,;(v) generally increased with increasing potential window except for Ay = 4
V for Devices 1 and Ay, = 3.5 V for Device 2. For these potential windows, C;,;(v) of
both devices decreased faster with increasing scan rate compared with smaller potential
windows. This can be attributed to the fact that the electrolytes of both devices degraded
at large potential windows. However, Figure 3 alone does not indicate if both electrodes

degraded equally or if one was more affected by the large potential window than the other.
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4.3 Galvanostatic cycling and internal resistance R,

Figure 4 shows the temporal evolution of the cell potential ¥ 5(¢) during galvanostatic cy-
cling for Device 1 at current (a) / = 2 mA and (b) / = 5 mA and for Device 2 at current (c)
I =2mAand (d) I = 5 mA and for potential window A, varying from 1 V to 4 V. Figure 4
indicates that, for both devices, ,(t) varied almost linearly with time between v, ,,;, and
Vs maz, €XCept at the transitions between the charging and discharging steps due to the
IR drop. The latter was larger in Device 1 than in Device 2. It is interesting to note that
the temporal evolution of vs(¢) overlapped for the different potential windows Ay (i) less
than 3.5 V for Device 1 and (ii) less than 3 V for Device 2. However, in both devices,
for the largest potential windows considered, the potential ¢,(t) rose faster during charg-
ing corresponding to a decrease in the capacitance observed in the CV measurements at
these potential windows. In addition, the IR drop was independent of the potential window
except at the largest potential window. This resistive behavior observed at large potential
windows can be attributed to electrolyte degradation in both devices. Finally, for Device
1at/ =5 mAand Ay, < 2V, the cycle period t.;, was less than 5 s due to the large
IR drop and the small capacitance. Then, the charging time was not significantly larger
than the response time of the calorimeter of 0.7 sl'4l. Thus, the heat generation rate mea-
surements for Device 1 at Ay, < 2 V were only reported for current I ranging from 2 to 4
mA.

Figure 5 plots the internal resistance R, as a function of imposed current I ranging
from 2 to 5 mA estimated from Equation (8) for (a) Device 1 and (b) Device 2. For both
devices, the internal resistance R, was nearly independent of the imposed current I for all
potential windows considered. It was also independent of potential window for (i) Ay, <
3.5V for Device 1 and (i) Ay, < 3V for Device 2. For these potential windows, the internal
resistance of Device 1 (81.6 9 2) was more than three times that of Device 2 (23.7+5 ().
Again, this was due to the fact that the ionic conductivity of 1.0 M of Pyr,TFSI in PC
was nearly three times larger than that of neat Pyr,, TFSI (Table 2). However, for potential

windows beyond 3.5 V for Device 1 and 3 V for Device 2, R, increased significantly. In
16
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fact, the resistance of Device 1 increased from 81.6 £ 9 ) to 102.5 & 6 €2, while that of
Device 2 increased from 23.7 + 5 Q2 to 46.6 = 5 Q. This can be attributed to electrolyte

degradation of both devices at a large potential window, as discussed earlier.

4.4 Instantaneous heat generation rates

Figure 6 shows the temporal evolution of the measured heat generation rates Q. (t) at the
positive electrode, ()_(t) at the negative electrode, and Q(t) in the entire cell for Device
1 for potential windows of (a) Ay, =2V, (b)2.5V,(c)3V, (d) 3.5V, and (e) 4 V as func-
tions of the dimensionless time t/t., for five representative and consecutive galvanostatic
cycles at a constant current I = 4 mA. Similarly, Figure 7 plots the heat generation rates
Q- (1), Q_(t), and Qr(t) for Device 2 for potential windows of (a) Ay, =1V, (b) 1.5V, (c)
2V, (d)25YV, (e) 3V, and (f) 3.5 V as functions of the dimensionless time ¢/t for five
representative and consecutive galvanostatic cycles at a constant current 7 = 4 mA. First,
for both devices, measurements of the instantaneous heat generation rates at the positive
and negative electrodes were repeatable cycle after cycle. In addition, in both devices,
the magnitude of Q. (), Q_(t), and Q1 (t) increased with increasing potential window Av,.
However, for any given current I and potential window Av,, the heat generation rate in
Device 1 was larger than that in Device 2 due to the larger electrical resistance of the neat
IL (Figure 5). It is also interesting to note that, in Device 1, the magnitude and shape of
Q- (¢) at the positive electrode were larger and different from that of Q_(t) at the negative
electrode. However, Q. (t) and Q_(t) were nearly identical in Device 2 except for Ay, > 3
V. These observations will be explained later.

Moreover, the heat generation rate Q_(t) at the negative electrode of either de-
vice featured an endothermic dip observed previously at the beginning of the charging
step. This dip was attributed to the overscreening effect with LiPF¢ in ethylene carbon-
ate dimethyl carbonate (EC:DMC) in the presence of CMC binderl'®l. However, this drop
in Q_(t) was not as large compared with our previous observations reported in Ref.['s],

especially at low potential windows. This could be attributed to the fact that the size of
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the ions Pyr{, (~ 1.1 nmi28l) used in this study is much larger than that of solvated Li*
(~ 0.41 nmi*3) used in Ref.l'), Thus, the relatively large Pyr}, ions could not easily insert
and could be trapped in the sub-nanoscale pores of the negative electrodes, and would

minimize the overscreening effect.

4.41 TFSI™ ions intercalation

For Device 1, Q.(t) and Q_(t) featured an endothermic dip at the beginning of the
charging step whose magnitude increased with increasing potential window starting at
A, = 3.5 V [Figure 6(e)]. This peak was more prominent at the positive electrode at
A, = 4 V and could be attributed to intercalation of TFSI~ ions into nano-graphite clus-
ters that generally exist in amorphous carbon-based electrodes!'®l. Indeed, the intercala-
tion of TFSI~ into graphite positive electrodes has been reported in several studies! 4471,
In order to confirm this hypothesis, energy dispersive X-ray spectroscopy (EDX) measure-
ments were performed on the positive and negative electrodes of two identical coin cells
in neat Pyr,, TFSI electrolyte fabricated, as previously described for LSV measurements.
Prior to EDX measurements, the two coin cells were cycled under galvanostatic condi-
tions at current I = 4 mA for 1,000 cycles each at different potential windows namely
AY, = 1V and Ay, = 4 V. Then, the electrodes were washed thoroughly with PC and
dried. Figure 8 shows the EDX measurements for (a) the positive and (b) negative elec-
trodes of the first coin cell using neat Pyr,, TFSI after 1,000 cycles at a constant current
I =4 mA and Ay, = 1 V and for (c) the positive and (d) negative electrodes of the sec-
ond coin cell after 1,000 cycles at a constant current I = 4 mA, but Ay, = 4 V. Figure
8(c) indicates that a significant amount of sulfur (S) and fluorine (F) were found in the
positive electrode of the coin cell cycled at Ay, = 4 V compared not only to the nega-
tive counter electrode, but also to the positive electrode of the other coin cell cycled at
A, = 1 V. These results establish that TFSI~ intercalated into the positive electrode at
sufficiently high potentials. Thus, the heat generation associated with non-spontaneous

ion intercalation was endothermic, as observed for similar intercalation processes!'6l.
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4.4.2 PC degradation

For Device 2, only Q_(t) at the negative electrode featured an endothermic dip at the
beginning of the charging step for large potential windows. This peak appeared first at
A, = 3 V [Figure 7(e)] and became stronger at Ay, = 3.5 V [Figure 7(f)]. These observa-
tions can be attributed to the fact that the PC solvent decomposed at potentials exceeding
3 V (Figure 1). In addition, the PC decomposition occurred first at the negative electrode,
as observed previously in similar systems with PC-based electrolytes!'? 17, Here, the PC
reduction at the negative electrode started at Ay, = 3 V. Moreover, the PC reduction was
an endothermic process. However, it only dominated at the beginning of the charging
step due to the competing exothermic heat generation occurring due to ion adsorption

and possible desolvation.

4.5 Irreversible heat generation rates

Figure 9 plots the time-averaged irreversible heat generation rates CTQM+ at the positive
electrode and CTQW,_ at the negative electrode for (a) Device 1 and (b) Device 2 as func-
tions of potential window Az, for current I ranging between 2 and 5 mA. The error bars
correspond to two standard deviations or 95% confidence interval estimated by evaluat-
ing émi over five consecutive galvanostatic cycles. Figure 9(a) indicates that CTQW,+ was
larger than éim_ in Device 1 for all currents and potential windows considered. This can
be attributed to the fact that the resistance of the positive half-cell was larger than that of
the negative half-cell. Indeed, the ionic conductivity of the electrolyte is linearly propor-
tional to the diffusion coefficient*® and the diffusion coefficient of TFSI~ is smaller than
that of Pyr{, in neat Pyr,, TFSI ionic liquid (Table 2). By contrast, Figure 9(b) establishes
that CTQWH and ém,_ were nearly the same in Device 2. This can be attributed to the fact
that the diffusion coefficients of Pyr{, and TFSI~ were also nearly identical when diluted
in PC solvent!?%4%, The slight difference could be attributed to differences in the electrode

mass loading and/or capacitance.
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Figure 9 also plots the total time-averaged irreversible heat generation rate CTQMT
for (c) Device 1 and (d) Device 2 under galvanostatic cycling as a function of potential
window A, for current I ranging between 2 and 5 mA. First, for both devices, QTQMT in-
creased not only with increasing current I but also with increasing potential window Av),.
However, it has been established experimentally for carbon-based EDLCs with low po-
tential windows (A, < 1 V)[1415.20.21.24] "that Joule heating was the dominant source of
irreversible heat generation. In addition, the internal resistance R, was found to be in-
dependent of potential window (Figure 5). Thus, the heat generation rate due to Joule
heating and given by @J = R,I? should be independent of potential window for a given
current I. However, such predictions were not observed in Figure 9. Therefore, there
is an additional source of irreversible heat generation contributed to ;,.(¢) in addition to
Joule heating. This contribution increased with increasing potential window. This could
be attributed to the heat generation associated with charge redistribution effects in the
porous carbon electrode and modeled as the leakage current dissipated through the pore
resistancel®'l. Indeed, the pore resistance is responsible for self-discharge (leakage cur-
rent) in EDLCs along with other parasitic reactions such as electrolyte decomposition, and
oxidation/reduction of carbon surface functional groups?>5%. In addition, this contribution
increased with increasing potential window since the pore resistance also increased with
increasing potential window!?'l. This response can be attributed to the fact that, with in-
creasing the potential window, (i) more ions accumulate at the electrode/electrolyte inter-
face and (ii) the time of charging/discharging is longer allowing more charge redistribution
to take place. This, in turn, caused the sharp increase in heat generation rate at the end
of each charging step (Figures 6 and 7). Finally, the additional contribution to the heat
generation rate was more significant at small currents (see Supplementary Materials).
This can be attributed to the fact that, at smaller currents, the charging/discharging time
was longer allowing more charge redistribution to take place. This, in turn, led to more

heat dissipation.
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4.6 Reversible heat generation rates

The previous discussion indicates that the instantaneous irreversible heat generation rate
Qm,i(t) cannot be estimated as solely Joule heating due to the additional contribution
from charge redistribution. Therefore, the instantaneous reversible heat generation rate
Qrevi(t) = Qi(t) — Qirrs(t) cannot be measured either. Instead, the time-averaged re-
versible heat generation rate during charging éﬁw. was computed based on Equation
(6).

. atthe positive electrode and éc at the negative electrode for

rev,—

Figure 10 plots Q

[
rev

(a) Device 1 and (b) Device 2 as functions of potential window A+, for currents I =2 mA
and 5 mA. Results for other currents are available in Supplementary Materials. Here also,
the reported values of éﬁw were averaged over 5 consecutive cycles and the error bars
correspond to the 95% confidence interval. First, Figure 10(a) indicates that éfw L was
larger than é;’ev’_ in Device 1. This can be attributed to the fact that the size of Pyr{, ions
(~ 1.1 nm) is larger than that of TFSI~ (~ 0.7 nm) in neat ILI?8. Indeed, previous numerical
simulations have established that the reversible heat generation decreased with increas-
ing counter ion diameter?’l. Here, the larger Pyr{, ions were adsorbed at the negative
electrode causing less reversible heat generation than the smaller TFSI~ ion adsorption
at the positive electrode. However, when Pyry,TFSI was diluted in PC (Device 2), T;iw n
and QTﬁeu, [Figure 10(b)] were nearly identical for potential windows A, < 2.5 V. These
observations were due to the fact that Pyr;, and TFSI~ get solvated in PC resulting in sim-
ilar diffusion coefficients (Table 2) and therefore similar effective ion size, as suggested
by the Stokes-Einstein model®'l. Figure 10(a) also indicates that both QT;H and 52561,7_
in Device 1 increased with increasing potential window for any given current I except at
A ~ 3.5V when éﬁew started decreasing due to partially reversible endothermic inter-
calation of TFSI~ into AC at the positive electrode, as discussed earlier. Similarly, Figure
10(b) shows that QTﬁe%, in Device 2 decreased at large potential windows (A, > 3 V)

due to the endothermic PC solvent decomposition previously observed in Figures 7(e)

and 7(f) and in similar systemsl'? 71,
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Finally, Figure 10 plots the total time-averaged reversible heat generation rate nor-
malized by the current I, i.e., éﬁev’T/I for (c) Device 1 and (d) Device 2 under galvanos-
tatic cycling as a function of potential window A, for currents I ranging from 2 to 5 mA.
First, Figures 10(c) and 10(d) indicate that, for both devices, éiew/[ curves nearly over-
lap indicating that the time-averaged reversible heat generation rate during the charging
step @ﬁwT in the entire cell was positive and linearly proportional to the imposed current
I. This result was consistent with previous experimental observations!'#15.20.21.241 gng
numerical predictions!'® for EDLCs. It is also interesting to note that, for both devices,
Tgew/[ increased with increasing potential window A,. This can be attributed to the
fact that increasing the potential window increased the amount of ions accumulated in

the EDL forming at the electrode/electrolyte interface and thus the associated change in

entropy of the electrolyte responsible for reversible heat generationl'®211,

5 Conclusions

In operando calorimetry was used to investigate the heat generation rate in EDLCs with
ionic liquid-based electrolytes under galvanostatic cycling for different potential windows.
The EDLCs consisted of two identical activated carbon electrodes with either neat Pyr,, TFSI
electrolyte or 1.0 M Pyr, TFSI in PC electrolytes. First, the instantaneous heat generation
rate at the positive and negative electrodes in both devices increased with increasing po-
tential window. Second, the heat generation rate at the positive electrode in neat IL was
significantly different from that at the negative electrode due to differences in ion sizes
and diffusion coefficients. Interestingly, such differences were not observed when the IL
was dissolved in PC due to ion solvation. Third, for EDLC in neat Pyr;, TFSI at a high
potential window (4 V), an endothermic dip was observed in both electrodes at the be-
ginning of the charging step due to the electrolyte decomposition. However, it was more
pronounced at the positive electrode due to TFSI~ intercalation. On the other hand, for

EDLC in 1.0 M Pyr4,TFSI in PC at a high potential window (> 3 V), an endothermic dip
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was only observed at the negative electrode due to PC decomposition. Fourth, as the
potential window increased, the irreversible heat generation rate exceeded Joule heat-
ing. This was attributed to heat dissipation due to charge redistribution resistance in the
porous electrodes. A further increase in the irreversible heat generation was observed at
a very high potential window due to electrolyte degradation. Finally, the time-averaged
reversible heat generation rate was nearly proportional with current, but increased with
increasing potential window due to the increase in the amount of ion adsorbed/desorbed

during EDL formation/dispersion at the electrode/electrolyte interface.
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Figure 1: Linear sweep voltammograms for coin cells with neat Pyri,TFSI or 1.0 M

Pyri4,TFSI in PC at room temperature and scan rate of 0.1 mV/s.
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Figure 2: CV curves for Device 1 at scan rates (a) v = 5 mV/s and (b) » = 30 mV/s with
potential window A, ranging from 1 to 4 V and for Device 2 at scan rates (c) v = 5 mV/s

and (d) » = 30 mV/s with potential window A, ranging from 1 to 3.5 V.
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(b) Device 2 (1.0 M Pyr14TFSI in PC)
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Figure 3: Integral capacitance C;,.(v) of (a) Device 1 and (b) Device 2 as a function of
scan rate v calculated [Equation (7)] from their corresponding CV curves (Figure 2) for

different potential windows Au,.
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(a) Device 1 (Neat Pyr14TFSI) (b) Device 1 (Neat Pyr,,TFSI)
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Figure 4: Galvanostatic charging-discharging curves for Device 1 at current (a) I = 2 mA
and (b) I = 5 mA and for Device 2 at current (c) I = 2 mA and (d) / = 5 mA for different

potential windows between 1 and 4 V.
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(a) Device 1 (Neat Pyr,,TFSI)
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(b) Device 2 (1.0 M Pyr,,TFSI in PC)
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Figure 5: Internal resistance R, of (a) Device 1 and (b) Device 2 estimated from IR drop
[Equation (8)] as a function of imposed current I ranging from 2 to 5 mA for potential

window A, varying from 1 Vto 4 V.
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Figure 6: Heat generation rates Q. (¢) at the positive electrode, Q_(t) at the negative
electrode, and Q(t) in the entire cell for Device 1 for potential window (a) Ay, = 2V, (b)
25V, (c)3V,(d) 3.5V, and (e) 4 V as functions of the dimensionless time ¢/t., for five

representative and consecutive galvanostatic cycles at a constant current I = 4 mA.
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(a) Aps = 1.0V
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Figure 7: Heat generation rates Q. (¢) at the positive electrode, Q_(t) at the negative
electrode, and Q(t) in the entire cell for Device 2 for potential window (a) Ay, = 1V, (b)
1.5V, (c)2V, (d)2.5V, (e) 3V, and (f) 3.5 V as functions of the dimensionless time ¢/t.,

for five representative and consecutive galvanostatic cycles at a constant current I = 4

mA.
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(a) Positisve electrode (A = 1V) (b) Negagive electrode (A = 1V)
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Figure 8: EDX measurements of (a,c) the positive and (b,d) negative electrodes of AC-
based coin cells using neat Pyr;, TFSI after 1,000 constant current cycles at I = 4 mA

with potential window of (a,b) Ay, =1V and (c,d) Ay, = 4V, respectively.
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(a) Device 1 (Neat Pyr,,TFSI)
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(c) Device 1 (Neat Pyr,,TFSI)
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Figure 9: Time-averaged irreversible heat generation rate éim+ at the positive electrode

and ém,f at the negative electrode for (a) Device 1 and (b) Device 2 as functions of

potential window Av,. Total time-averaged irreversible heat generation rate C)TQW,T for (c)

Device 1 and (d) Device 2 under galvanostatic cycling as a function of potential window

Av)g for current I ranging between 2 and 5 mA.
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(a) Device 1 (Neat Pyr14TFSI) (b) Device 2 (1 oM Pyr14TFSI in PC)
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Figure 10: Time-averaged reversible heat generation rate T;iev’+ at the positive electrode

and Q at the negative electrode for (a) Device 1 and (b) Device 2 as functions of

potential window Av,. Total time-averaged reversible heat generation rate normalized by
current, i.e., Q veo.r/ I for (c) Device 1 and (d) Device 2 under galvanostatic cycling as a

function of potential window Aq), for current I ranging between 2 and 5 mA.
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