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ABSTRACT OF THE DISSERTATION
Heat Generation and Degradation in Electrochemical Capacitors
by

Ampol Likitchatchawankun
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2020

Professor Laurent G. Pilon, Chair

Electrochemical capacitors (ECs) have drawn significant attention as electrical
energy storage systems for high power applications thanks to their high cycle effi-
ciency and long cycle life. However, under high current cycling, they can experi-
ence a significant amount of heat generation resulting in excessively high cell tem-
peratures. Elevated temperatures, in turn, can lead to (i) increased self-discharge
rates, (ii) accelerated aging of the device, and (iii) electrolyte decomposition and
evaporation causing deterioration of their performance and lifetime. In this con-
text, ionic liquid (IL) electrolytes are promising due to their excellent thermal
stability over large operating temperature windows. However, most recent calori-
metric studies have measured irreversible and reversible heat generation rates in
electric double layer capacitors (EDLCs) consisting of activated carbon (AC) elec-
trodes with organic and aqueous electrolytes at room temperature. This doctoral
thesis investigates experimentally the heat generation rate in AC electrodes with
ILs neat or diluted in an organic solvent electrolytes in the temperature range be-
tween 5 and 80 °C. First, a potential window of 1 V was used to compare with past
calorimetric studies using aqueous or organic electrolytes. Then a more realistic
potential window of 2.5 V was tested for the same temperature range. Endother-
mic dips were observed in the instantaneous heat generation rate at the negative

electrode in diluted IL and grew with increasing temperature due to overscreening
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effects, ion desolvation, and/or decomposition of PC. The irreversible heat gener-
ation was similar in each half-cell and decreased with increasing temperature due
to the increase in the electrolyte conductivity with temperature. The total irre-
versible heat generation was in good agreement with Joule heating for potential
window of 1 V| as also observed with aqueous and organic electrolytes. However,
the total irreversible heat generation exceeded Joule heating for potential window
of 2.5 V, especially at high temperature and low current. This was attributed to
ion desorption and charge redistribution in the porous electrodes. Finally, the re-
versible heat generation increased with temperature and was larger at the positive

than at the negative electrode due to the difference in anion and cation sizes.

Moreover, elevated temperatures associated with high heat generation rates
are very concerning for flexible and wearable all-solid-state supercapacitors with
gel electrolytes placed in direct contact with the users. Therefore, quantifying
the amount of heat generation in such devices is essential for developing thermal
management strategy in order to ensure user’s comfort and safety. This thesis
also investigates heat generation in flexible all-solid-state supercapacitor devices
consisting of graphene petals grown on buckypaper electrodes with either con-
ventional (non-redox) or redox-active gel electrolyte. The total irreversible heat
generation was equal to Joule heating for both types of devices but was larger in
the device with redox-active gel electrolyte due to its larger internal resistance.
In addition, the reversible heat generation rate was different at the positive and
negative electrodes in each device due to asymmetry in the charging mechanisms
caused by a combination of electric double layer (EDL) formation, overscreening
effect, and additional redox reactions in the redox-active gel electrolyte. This
study further illustrates how in operando calorimetry can not only quantify the
heat generation rate necessary to device thermal management but also provide

insights into the electrochemical phenomena occurring during cycling of ECs.
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CHAPTER 1

Introduction

1.1 Introduction

Electrochemical capacitors (ECs), also known as supercapacitors and ultracapac-
itors, have drawn significant attention as electrical energy storage systems thanks
to their large power densities, high cycle efficiency, and long cycle life compared
with batteries [1,2]. They are promising for many applications requiring charg-
ing/discharging at high rate such as the electricity grid, factory power backup,
and regenerative braking in electric vehicles [3-9]. ECs can be generally divided
into three categories (i) electric double layer capacitors (EDLCs) storing charge
physically in the electric double layer (EDL) forming at the interface of porous
carbon electrodes and the electrolyte; (ii) electrochemical pseudocapacitors stor-
ing charge in the EDL and in fast and reversible redox reactions in metal oxides or
conducting polymer electrodes; and (iii) hybrid-pseudocapacitors combining one
carbon-based electrode and one pseudocapacitive electrode [10,11]. In fact, pseu-
docapacitive electrode can be used either as positive or negative electrode when

pairing with carbon-based electrode [12,13].

Moreover, in recent years, the demand for portable consumer electronics and
wearable devices has stimulated the need for lightweight, flexible, and reliable
energy storage devices [14-17]. In this regard, all-solid-state supercapacitors are
promising owing to their favorable properties such as low weight, manufacturing
simplicity, and high power density [18-20]. All-solid-state supercapacitors are
generally fabricated by sandwiching a piece of flexible gel electrolyte film between

two flexible electrodes composed of carbon-based materials [21-23].



1.1.1 Electrode materials for electrochemical capacitors

EDLCs consist typically of two carbon-based electrodes and a separator immersed
in concentrated aqueous, organic, or ionic liquid electrolytes [24-26]. The most
common electrode material for EDLCs is activated carbon (AC) as it is read-
ily available, inexpensive, and environmentally friendly [24-26]. In addition, AC
offers large surface area and pore with optimum size accessible to ions in the
electrolyte to maximize charge storage [24-26]. Carbon nanotubes (CNTs) have
also been investigated as electrode materials for supercapacitors but it has not
been commercialized due to theirs high cost [27,28]. Furthermore, graphene has
attracted great interest for flexible EDLC electrode due to its high specific sur-
face area and electronic conductivity as well as its good mechanical strength and
flexibility [27,28].

Unlike in battery materials, redox reactions in pseudocapactive electrodes are
fast, highly reversible, and exhibit no phase transformation under galvanostatic
cycling [1]. Transition metal oxides such as MnOsy, MoOy, NbyOs, V505, and
Fe304 [12,13,29-32] and conductive polymers including polyaniline (PANI) and
polypyrrole (PPy) [33-36] have been considered as pseudocapacitive electrode
materials due to their high theoretical capacity, high redox reaction reversibility,

and chemical stability.

1.1.2 Electrolytes for electrochemical capacitors

Besides the electrode materials, electrolyte is a major component of ECs as
physicochemical phenomena occur mainly at or near the electrode/electrolyte in-
terface [10,11]. Electrolytes consists of a salt dissolved in a solvent providing
ionic conductivity and facilitating charge compensation at each electrode of the
cell [10,11]. In general, electrolytes for ECs are mainly classified as (1) liquid

electrolytes and (2) solid/quasi-solid-state electrolytes, and (3) redox-active elec-



trolytes [10, 11].

First, liquid electrolytes include (i) aqueous electrolytes, (ii) organic elec-
trolytes, and (iii) ionic liquids in neat form or mixed with an organic solvent
[10,11]. Aqueous electrolytes include strong acids or bases or neutral salt dis-
solved in water such as sulfuric acid HoSOy, potassium hydroxide KOH, or sodium
sulfate Nap;SOy4. They typically are inexpensive, easy to prepare, and exhibit high
ionic conductivity (~ 800 mS/cm for 1 M HySO,4 at 25 °C [10]). Their use in
EDLCs results in large capacitance but relatively low energy density due to their
narrow operating cell voltage windows (~ 1 V) [10,11,37]. Organic electrolytes
have been used for their large operating potential window A, reaching up to 3

V. Indeed, the energy density F (in J/m?) of ECs can be expressed as [1],
1 2

where C' is the specific capacitance of the cell (in F/m?) and A, is the poten-
tial window (in V). Organic electrolytes include tetraethylammonium tetrafluo-
roborate (TEABF,) salt disolved in organic solvent such as propylene carbon-
ate (PC) or acetonitrile (ACN). However, ECs using organic electrolytes usually
have a higher cost, a lower ionic conductivity (15 mS/cm or 60 mS/cm for 1 M
TEABF, in PC or ACN, respectively, at 25 °C [38]), a smaller specific capaci-
tance, and raise several safety concerns including toxicity, volatility, and flamma-
bility [10,11,37]. Alternatively, neat ionic liquids (ILs) offer a larger operating
potential window than organic electrolytes up to 4 V [39]. Ionic liquids include
N-butyl-N-methyl-pyrrolidinium bis(trifluoromethane sulfonyl)imide (Pyr;,TFSI)
or 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBEF}) [10,11]. However,
they have a much lower ionic conductivity (~ 2.0 mS/cm for neat Pyr;, TFSI at 20
°C [40,41]) and higher viscosity than aqueous or organic electrolytes [10,39]. Nev-

ertheless, their ionic conductivity increases while their viscosity decreases strongly



with increasing temperature [42-46]. Another way to increase the ionic conductiv-
ity of ILs is to dilute them in (i) carbonate-based organic solvents such as propylene
carbonate (PC) or a mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) as well as in (ii) nitrile-based solvent such as acetonitrile (ACN) [42,47,48].
The increase in ionic conductivity and the associated decrease in viscosity in di-
luted ILs are due to the reduction in ion pairing via solvation [48]. However,
diluted ILs tend to be less electrochemically and thermally stable than their neat
IL counterpart [48]. In addition, despite the wide theoretical potential window of
ILs, they may react with the carbonaceous electrode surface as a result of cat-
alytic activity [49,50]. Moreover, elevated temperature can shorten the operating
potential window due to solvent decomposition [51]. Furthermore, ILs also have
similar safety concerns as organic electrolytes requiring sophisticated purification
procedures under a well-controlled atmosphere, such as in a glove box, to avoid

exposure to moisture and oxygen [10, 11].

Second, ECs with solid-state electrolytes do not suffer from electrolyte leakage
and can be assembled without using rigid closed containers [10,11]. For these
reasons, all-solid-state ECs are promising for lightweight, portable, flexible, and
wearable energy storage devices [14-17]. However, they suffer from low ionic
conductivity due to the fact that the ions mobility is much smaller in solid-state
gels than in liquid electrolytes [10, 11]. Solid/quasi-solid-state electrolytes can
be found in (i) dry solid state polymer such as LiCl salt in polyethylene oxide
(PEO) without any solvents, (ii) gel polymers such as HySO4+H50 in polyvinyl
alcohol (PVA) host polymer, and (iii) inorganic electrolytes such as LisS-P2Ss
glass-ceramic electrolyte [10,11]. Inorganic solid-state electrolytes are generally
not bendable nor flexible but they are thermally stable and mechanically robust

[10,11].

Finally, redox-active electrolytes consist of redox-active species dissolved in

a solvent [52]. They can exist as (i) aqueous or (ii) organic electrolytes, (iii)
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ionic liquids, and (iv) gel electrolytes [10,11]. The most common redox-active
species include potassium iodide (KI) [53,54], potassium ferricyanide (K3Fe(CN)g)
[55, 56], sodium molybdate (NagMoOy) [57], 1-ethyl-3-methylimidazolium iodide
(EMIMI) [10], and hydroquinone [58,59], to name a few. Ion species present in
these electrolytes undergo oxidation and reduction at the positive and negative
electrodes during charging, thus producing pseudocapacitance and increasing ca-
pacitance [53,55,60]. For example, capacitance was reported to increase by 74%
upon addition of KI [53] and by 212% with K3zFe(CN)g [55] added to KOH in
PVA gel electrolyte in supercapacitors with activated carbon electrodes. In gen-
eral, reversible redox reactions occurring in the electrolyte may be exothermic
or endothermic. In the specific case of ferricyanide/ferrocyanide redox pair, the

redox reaction can be expressed as

Fe(ON)? + e 2" pe(CN)L-. (1.2)

oxidation

Here, the reduction reaction is exothermic while the oxidation is endothermic [61].

1.2 Thermal considerations for electrochemical capacitors

1.2.1 Effect of temperature on electrochemical capacitors

Numerous studies have investigated the effect of temperature on the performance
of ECs with various electrolytes [51,62-74]. Electrochemical measurement meth-
ods such as galvanostatic charge-discharge cycling (GCD), cyclic voltammetry
(CV), and electrochemical impedance spectroscopy (EIS) were performed within
the temperature range of —40 to 100 °C on (i) test cells in three-electrode setup [70]
and two-electrode cells [62,65,67,74] and on (ii) commercial EC devices and mod-
ule [51, 62,63, 66, 68,69]. The specific capacitance was found to increase with

increasing temperature as a result of increasing ion mobility [62,65,69,70,75]. For



the same reason, the cell internal resistance R, decreased with increasing tempera-
ture in organic [63,65,69] as well as in ILs [62,76] electrolytes. However, increasing
the operating temperature can have a negative effect on the self-discharge rate of
ECs [77-79]. In fact, at high temperatures, ions feature higher desorption rates
leading to device self-discharge [63,74,80]. Moreover, high operating temperatures
and/or high applied voltages can lead to accelerated aging of ECs due to thermal
and electrochemical degradation of the electrolyte and/or of the electrode materi-
als [51,64,81]. First, for temperatures larger than the onset of decomposition tem-
perature, electrolytes may decompose to produce gases such as carbon monoxide
(CO), hydrogen (Hs), and other organic byproducts, as previously discussed [81].
These gases can lead to pressure rise inside the cell leading potentially to explo-
sions [82]. 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 [51,81]. High temperatures can also accelerate decompo-
sition reactions in the electrolyte and/or in the electrode by oxidation/reduction
reactions producing solid byproducts [83]. These byproducts can attach onto the

electrode/electrolyte interface thus reducing the electrode active surface area [83].

1.2.2 Heat generation of electrochemical capacitors

Electrochemical capacitors do not perform at 100% cycle efficiency, the difference
between the electrical energy necessary to charging and that recovered during
discharging is lost in the form of heat [5]. The instantaneous heat generation
rate Q;(t) in each electrode can be decomposed as the sum of the irreversible
Qirr,i(t) and reversible Qm,,i(t) heat generation rates, i.e., Ql(t) = Qm,,i(t) +
Qir,n,i(t) [87,88]. Here, subscript “i” refers to either the positive “+” or negative
“—7 electrode [87,88]. The irreversible heat generation is always positive and
cannot be recovered over a charging-discharging cycle [84,85]. By contrast, re-

versible heat generation can be either positive or negative depending on its charg-
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ing mechanism in either charging or discharging step [84,85]. Both irreversible
and reversible heat generation rates cannot be identified by conventional electro-
chemical analysis but they can be quantified using calorimetric methods [86,87].
Finally, the total instantaneous heat generation rate in the entire full-cell device
Qr(t) can be written as the sum of the heat generation rates in the positive Q. (t)

and negative Q_(t) half-cells, i.e., Qr(t) = Q4 (t) + Q_(t) [87,88].

Irreversible heat generation

Irreversible heat generation in EDLCs has been attributed mainly to Joule heat-
ing resulting from the charge transport across the resistive paths of the carbon
particles network in the porous electrode and the liquid electrolyte confined in
it [77,86]. The heat generation rate associated with Joule heating can be ex-
pressed as Q 7(t) = R,I? where R, is the internal resistance of the device and I
is the imposed current. The internal resistance R, of the device can be obtained
from the IR-drop in galvanostatic charge-discharge cycling (GCD) or from electro-
chemical impedance spectroscopy (EIS) [87,89]. Furthermore, Joule heating can
be quantified by directly measuring irreversible heat generation rate of the device
using an in operando calorimeter. In fact, the total irreversible heat generation
rate was equal to Joule heating, obtained from é 7 = R,I?, for AC-based EDLC
with aqueous and organic electrolytes operating at potential window Ay, < 1
V [87,88]. However, for AC-based EDLC with IL-based electrolytes operating at
potential window Ay > 1, the total irreversible heat generation rate exceeded

Joule heating [90].

By contrast, for pseudocapacitive electrodes, the irreversible heat generation
rate was numerically found to exceed Joule heating due to (i) irreversible Faradaic
heat generation (polarization heating) and (ii) hysteretic EDL formation [1,84].
The irreversible Faradaic heat generation is defined as the product of current

I and overpotential 1 [84]. Moreover, redox reactions at the pseudocapacitive
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electrode surface compete with EDL formation resulting in hysteresis in the ion
concentrations during charging and discharging. Therefore, the time-averaged
heat generation associated with EDL formation over a cycle did not yield zero
(i.e., reversible) but strictly positive (i.e., irreversible) [84]. This was confirmed
experimentally in hybrid-pseudocapacitors consisting of a AC-based electrode and
a pseudocapacitive electrode of either molybdenum dioxide (MoO3) nanoparticles
on reduced graphene oxide (rGO) or manganese oxide (MnO;) nanoparticles on
graphene (G) in organic or aqueous electrolytes [91]. In all cases, the irreversible
heat generation rate at the AC electrode was proportional to I? and attributed to
Joule heating, similar to those in EDLCs. However, the total irreversible heat gen-
eration rates measured in the pseudocapacitive electrodes exceeded Joule heating
due to irreversible heat generation associated with redox reactions, polarization

heating, and hysteresis in EDL formation/dissolution [91].

Reversible heat generation

Reversible heat generation can be attributed to reversible processes such as ion
diffusion, steric effects, ion desolvation, entropy of mixing in EDLC electrodes,
and reversible redox reactions in pseudocapacitive electrodes [92]. Indeed, upon
charging, ions migrate to the electrode in the direction of decreasing electric po-
tential energy to form the EDLs and thus released thermal energy [92]. Upon
discharging, the ions diffuse to the bulk electrolyte driven by ion concentration
gradient and steric repulsion in the direction of increasing electric potential energy
and thermal energy was absorbed [92]. Furthermore, ion motion during charging
or discharging affects also the entropy in the electrolyte domain for both EDLC
and pseudocapacitive electrodes, as illustrated in Figure 1.1. During ion adsorp-
tion, ions migrate to the electrode/electrolyte interface to form the electric double
layer. Then, the electrolyte system containing ions changes from a disordered to

an ordered state and must lower its entropy S (i.e., dS/dt < 0). Under the
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isothermal conditions imposed by the calorimeter, the heat generation rate can
be expressed as Qpe, = TdS /dt. Thus, ion adsorption is an exothermic process,
i.e., Qres < 0. By contrast, during ion desorption, ions redisperse into the bulk
electrolyte such that the electrolyte system increases its entropy (i.e., dS/dt > 0)
by absorbing thermal energy. Therefore, ion desorption is an endothermic process,
i.e., with Qrev > (0. In addition, the reversible heat generation rate was directly

proportional to the imposed current [77].

_._ ‘e | Adsorption T - 6Q=Tds
° ‘: — : 0,e, = TdS/dt
e I Adsorption: State 1— State 2, where S, < S;.
oo : ® lons : ds/dt < 0 therefore Q,,, < 0.
e | — e | Heat was released from the system (exothermic).
® o ©! Desorption |
- o | Desorption: State 2— State 1, where S, < S;.
State 1: disordered State 2: ordered ds/dt > 0 thereforg Qrev > 0. '
(Entropy, S,) (Entropy, S,< S,) Heat was absorbed into the system (endothermic).

Figure 1.1: Schematic of the change of ions in an electrolyte between disordered
and ordered states and the corresponding change in entropy during adsorption
and desorption of ions.

1.3 Motivation of the present study

As previously mentioned, electrochemical capacitors (ECs) serve as promising
electrical energy storage systems for high power applications [1]. However, under
high current cycling, they can experience a significant amount of heat genera-
tion leading to excessively high temperature in the device [5,6,77,78]. Elevated
temperatures, in turn, can cause (i) increased self-discharge rates, (ii) accelerated
aging of the device, and (iii) electrolyte decomposition and evaporation resulting
in deterioration of their lifetime and performance [5,6,63,64,77-79]. In addition,
the operating temperature and the cell degradation can affect charging mecha-
nisms and therefore the associated heat generation. In this context, ionic liquid

(IL) electrolytes are promising due to their excellent thermal and electrochemical
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stabilities over a large operating temperature window and under large potential
window. However, most recent calorimetric studies have measured irreversible and
reversible heat generation rates in electric double layer capacitors (EDLCs) con-
sisting of activated carbon (AC) electrodes with organic and aqueous electrolytes

at room temperature.

Furthermore, many new electrode materials and electrolytes have been de-
veloped to achieve higher capacitance and to operate at large potential window
without considering the thermal consequences of such improved performance on
the device. This is even more concerning when considering comfort and safety of
flexible and wearable all-solid-state supercapacitors with gel electrolytes in direct
contact with the users. Understanding and quantifying the contributing phenom-
ena to heat generation in EDLCs and pseudocapacitors are essential in order to
predict the temperature evolution in those devices and to develop thermal man-
agement strategies. Moreover, calorimetric measurements can provide insights

into the electrochemical phenomena occurring in the ECs during cycling [87,88].

1.4 Objectives of the present study

The present study aims to investigate the effect of temperature and potential
window on the heat generation and the associated electrochemical phenomena
occurring in EDLCs consisting of AC electrodes with IL-based electrolytes for a
temperature range between 5 and 80 °C using in operando calorimetry technique

in addition to conventional electrochemical analysis.

Furthermore, quantifying heat generation and predicting temperature rise in
flexible and wearable all-solid-state supercapacitors with gel electrolytes is of ut-
most importance for thermal management strategy in order to guarantee user’s
safety and comfort. The study also aims to investigate heat generation in flexi-

ble all-solid-state supercapacitor devices consisting of graphene petals grown on
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buckypaper electrodes with either conventional non-redox or with redox-active gel
electrolyte to assess the effect of electrolyte composition in gel electrolytes using

an i operando isothermal calorimeter.

The study also aims to identify the thermal signatures of electrochemical phe-
nomena occurring in EC devices during cycling for different electrode materials,
electrolytes and under the various operating temperatures and potential windows
considered in the previously mentioned applications. To do so, the instantaneous
heat generation rate was measured in each individual electrode using a recently
developed in operando isothermal calorimeter. The heat generation rate at each

electrode was analyzed in term of irreversible and reversible heat generation rates.

1.5 Organization of the document

Chapter 2 provides background information relevant to this PhD thesis includ-
ing (i) existing thermal models and (ii) previous experimental heat generation
measurements in EDLCs and hybrid pseudocapacitors. Chapter 3 assesses the
effect of temperature on irreversible and reversible heat generation rates in ionic
liquid-based EDLCs under potential window of 1 V so as to compare the ther-
mal signatures to those in EDLCs with aqueous and organic electrolytes at room
temperature. Chapter 4 extends the previous investigation in Chapter 3 to a
larger potential window of 2.5 V and investigates the effect of temperature rang-
ing from 5 to 80 °C on the heat generation and the associated electrochemical
phenomena occurring in IL-based EDLCs including comparing its thermal sig-
natures between neat and diluted ionic liquid electrolytes in EDLCs. Chapter 5
investigates the instantaneous heat generation rate in all-solid-state supercapaci-
tors using graphene petals grown on buckypaper electrodes and either non-redox
gel or redox-active gel electrolytes, considered for flexible and wearable energy

storage devices. Finally, Chapter 6 summarizes the finding of this PhD thesis and
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provides recommendations for future research.
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CHAPTER 2

Background

This chapter summarizes useful information and findings from the literature con-
cerning (i) thermal models developed to account for transport and interfacial
phenomena in ECs and (ii) experimental measurements of heat generation in ECs

with different electrolytes and electrode compositions.

2.1 Thermal models of electrochemical capacitors

2.1.1 EDLGCs

Several thermal models have been proposed in the literature to predict the tem-
perature evolution in EDLCs using numerical or analytical methods [6,77-79,84—
86,93]. Many of these models solved the transient energy conservation equation
with heat generation accounting only for Joule heating [6,78,79]. By contrast,
Schiffer et al. [77] developed a thermal model for EDLCs including irreversible
Joule heating and reversible heat generation due to changes in entropy of the
electrolyte during EDL formation at the electrode/electrolyte interface (entropy
of mixing).

More recently, d’Entremont and Pilon [93] developed a first-order time-dependent
thermal model for EDLCs based on the lumped-capacitance approximation and
accounting for both irreversible Joule heating and reversible heat generation rates.
The latter was also modeled as linearly proportional to the imposed current dur-
ing galvanostatic cycling [93]. The temporal temperature evolution predicted was
in good agreement with experimental data acquired from commercial EDLCs and

reported in the literature [77-79]. Furthermore, the same authors developed a
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more refined physical model based on first principles by coupling (i) the modified
Poisson-Nernst-Planck (MPNP) model with (ii) the energy conservation equation
to derive expressions for both the irreversible and reversible heat generation rates
in EDLCs with symmetric [84] or asymmetric [85] binary electrolytes for different
ion diameters and diffusion coefficients. The two main contributions of heat gener-
ation rate in EDLCs arise from (i) ions decreasing their electrical potential energy
and (ii) ion transport towards states of smaller entropy (heat of mixing) [85].
The former can be decomposed into three different contributions namely Joule
heating, ion diffusion, and steric repulsion [85]. In addition, the heat of mixing
arises from concentration and temperature gradients [85]. In all cases, the source
of irreversible heat generation was exclusively Joule heating [84,85]. In addition,
larger ion concentrations, diffusion coefficients and/or ion valencies led to smaller
irreversible heat generation rate due to an increase in electrolyte electrical conduc-
tivity [85]. On the other hand, the instantaneous reversible heat generation was
attributed to ion diffusion, steric effects, and entropy changes during charging and
discharging [84,85]. It was found to be exothermic during charging and endother-
mic during discharging [84,85]. For binary asymmetric electrolytes, the reversible
heat generation rate was different at the positive and negative electrodes [85]. In
fact, the reversible heat generation rate at a given electrode increased with in-
creasing valency and decreasing diameter of the counterion but was independent

of ion diffusion coefficients [85].

2.1.2 Hybrid pseudocapacitors

D’Entremont and Pilon [92] extended their thermal model of EDLCs to hybrid
pseudocapacitor devices. These devices consisted of (i) a carbon-based negative
electrode and (ii) a pseudocapacitive positive electrode in an electrolyte domain
modeled as 1 M lithium perchlorate (LiClOy) in propylene carbonate (PC) [92].

The authors assumed (i) reversible reaction of Lit cations with pseudocapaci-
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tive electrode within the Stern layer and (ii) intercalation of Lit cations in the
electrode caused by a diffusion process [92]. During charging of pseudocapacitive
electrode, two main regimes were identified namely (i) Faradaic regime, where re-
dox reactions dominate at low current densities and (ii) capacitive regime, where
EDL formation dominates at high current densities [92]. The total irreversible
heat generation at the pseudocapacitive electrode was mainly contributed to (i)
Joule heating, (ii) irreversible Faradaic heat generation (also called polarization
heating), and (iii) irreversible heat generation caused by hysteretic EDL forma-
tion [92]. By contrast, the total irreversible heat generation at the carbon-based
electrode was due to Joule heating only [92]. In the Faradaic regime, the total
irreversible heat generation rate exceeded Joule heating due to the much larger
irreversible heat generation rates associated with Faradaic redox reaction and
EDL formation and it was proportional to the square of imposed current density
i [92]. By contrast, in the capacitive regime, Joule heating dominated and the
total irreversible heat generation rate was also proportional to i? [92]. Finally, at
the pseudocapacitive electrode, the predicted reversible heat generation rate was
endothermic during charging by deintercalation while it was exothermic during
discharging by intercalation in Faradaic regime [92]. By contrast, in the capacitive
regime, the heat generation rate featured both endothermic and exothermic during
the charging as well as discharging steps [92]. In addition, at the carbon-based
electrode, the predicted reversible heat generation rate was strictly exothermic

during charging and endothermic during discharging [92].

2.2 Calorimetry measurements

2.2.1 Apparatus and methods

Few experimental studies have investigated heat generation in ECs [86-88,91].

Dandeville et al. [86] developed an electrochemical calorimeter to measure time-
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dependent temperature profile of (i) an EDLC device consisting of two identical
activated carbon electrodes and (ii) a hybrid pseudocapacitor device consisting
of one activated carbon (AC) negative electrode and one MnO, positive elec-
trode using thermocouples [86]. Both devices were assembled in 0.5 M KySO,4
aqueous electrolyte and cycled under galvanostatic cycling [86]. In addition, the
total instantaneous heat generation in each device was calculated by deconvolut-
ing the measured time-dependent cell temperature during cycling [86]. In the
EDLC device, the instantaneous heat generation rate at each AC electrode half
cell was assumed to be identical and equal to half of the total heat generation
rate of the entire device [86]. Furthermore, the instantaneous heat generation
was decomposed into (i) irreversible heat generation caused by Joule heating and
(ii) reversible heat generation. Subsequently, the instantaneous heat generation
rate of the MnO, electrode half cell was estimated by subtracting that of one
AC electrode half cell from the total heat generation rate of the entire hybrid

pseudocapacitor device [86].

More recently, Munteshari et al. [87,91] developed an in operando isother-
mal calorimeter to measure the time-dependent irreversible and reversible heat
generation rates in hybrid pseudocapacitors at each electrode separately using
two thermoelectric heat flux sensors. Figure 2.1 shows schematic of the experi-
mental setup consisting of (i) two thermoelectric heat flux sensors (gSKIN-XP,
greenTEG) connected to (ii) a data acquisition (DAQ) system (34972A LXI,
Keysight Technology), (iii) two identical instrumented cold plates fed with de-
ionized water as circulating coolant (Dynalene HC-50, Dynalene Inc.) from (iv) a
temperature-controlled chiller (Polystat, Cole-Parmer), (v) two flow meters (FLR-
1012, Omega), and (vi) an electrochemical test section containing a two-electrode
cell immersed in an electrolyte and connected to (vii) a potentiostat/galvanostat

(SP 150, Bio-Logic Science Instruments) [87].
Figure 2.2 shows (a) an exploded view of the apparatus, (b) an enlarged view
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Figure 2.1: Schematic of an in operando calorimeter apparatus designed and fab-
ricated in the present study to measure heat generation rate in EDLCs.

of the sensing area, (c) photograph of an activated carbon electrode with 1x1 cm?
footprint area supported by a 316 stainless steel current collector, and (d) a cross-
sectional view of a heat flux sensor plate with the corresponding dimensions [87].
The in operando isothermal calorimeter consisted of two heat flux sensor plates
and a cylindrical container made of polytetrafluoroethylene (PTFE). Here, PTFE
or so-called Teflon provides several benefits including (i) chemical resistance to
strong acidic and basic electrolytes, (ii) low thermal conductivity of 0.25 W/(m-K),
and (iii) mechanical and thermal stabilities over a wide range of temperature (i.e.,
—200 °C to 260 °C) [87]. Each heat flux sensor plate consisted of (i) 10x10 mm?
thermoelectric heat flux sensor (gSKIN-XP, green TEG) with the thickness of 0.5
mm in thermal contact with (ii) a cylindrical copper rod, 15.9 mm in diameter and
19.5 mm in length, embedded in the center of (iii) a PTFE disc and flush with its
surfaces. The diameter and thickness of the PTFE disc were 85 mm and 20 mm,
respectively [87]. The copper rod was used to conduct the heat generated in the

electrode through the heat flux sensor to the cold plate, maintained at constant
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temperature [87].

According to the thermal analysis of a single electrode (see Supplementary
Materials), the instantaneous heat generation rate Q;(t) (in mW) at each electrode
is equal to the heat transfer rate ¢(t) passing through the thermoelectric heat

flux sensor placed in thermal contact with the current collector, such that [87],

Qi(t) = ¢'()A; = A, withi= 4+ or — (2.1)

where A; denotes the footprint area of the electrode (in cm?) and S; is the
temperature-dependent sensitivity of the heat flux sensor provided by the manu-
facturer (in uV/(W/m?)). Here, the subscript “i” refers to either the positive “+”
or negative “—” electrode. Here, AV;(t) is the voltage difference measured within
each thermoelectric heat flux sensor in thermal contact with electrode “i”. The
instantaneous total heat generation rate in the entire device (denoted by subscript
“T) can be expressed as Qr(t) = Q4 (t) + Q_(t).

The instantaneous heat generation rate Q;(t) can be decomposed as the sum
of the irreversible Qirr,i(t) and reversible heat generation rates Qrev,i(t), ie., Ql(t)
= Qm,i(t) + Qm,ﬂ-(t) [87]. The time-averaged heat generation rate over a cycle
period t.; corresponds to the time-averaged irreversible heat generation rate ém,i

at electrode “i”, i.e. [87],

Neled
- 1 .
cd

(ne—1)tcq

Here, n, is the cycle number, chosen to be sufficiently large so that @Q;(t) has
reached oscillatory steady state. Indeed, by definition, time-averaging of the re-
versible heat generation rate Qm,’i(t) at electrode “¢” over a complete charging-
discharging cycle yields émv,i = 0.

Finally, in the interest of comparing the reversible heat generation rate at each
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Figure 2.2: (a) Exploded and (b) enlarge view of the test area, (c) photograph of
a 1x1 cm? activated carbon electrode supported by a 316 stainless steel current
collector, and (d) cross-section view of a heat flux sensor plate with corresponding
dimensions (all dimensions in mm).
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electrode, the instantaneous reversible heat generation rate va,i(t) was averaged

only over a charging period t. of galvanostatic cycling [87],

(nc — l)tcd+tc

. 1 .
revi = — / Qrevi(t) dt withi=1T, +, or —. (2.3)

rev,t t
c

(ncfl)tcd
2.2.2 Heat generation in EDLCs

Munteshari et al. [87,88] investigated EDLC cells consisting of two identical AC-
based electrodes immersed in different organic or aqueous liquid electrolytes un-
der cycling at constant current I [87,88]. For all aqueous and organic electrolytes
tested, the irreversible heat generation rate at each electrode was found to be
proportional to 2 under constant current cycling with a potential window of 1 V.
The total irreversible heat generation in the cell was equal to Joule heating ex-
pressed as @ 7 = R,I? where R, is the internal resistance of the device measured
from IR drop and found to be independent of current I [87]. Irreversible heat
generation was the smallest in aqueous electrolytes as they typically have the
largest ionic conductivity [38,94]. Furthermore, reversible heat generation rate
at the positive electrode was (i) exothermic during charging due to ion adsorp-
tion and (ii) endothermic during discharging due to ion desorption, as predicted
theoretically [84,85]. By contrast, at the negative electrode, the reversible heat
generation rate was first endothermic and then exothermic during charging [87].
This was shown to be caused by negatively charged functional groups associated
with carboxymethyl cellulose (CMC) binder forming at the negative electrode and
responsible for the overscreening effect [88]. Indeed, the CMC binder consisted
of carboxymethyl (—CH,COONa) and hydroxyl (—OH) functional groups [88].
These groups dissociated in 1 M LiPFg in EC:DMC organic electrolyte forming
negatively charged functional groups (—CH3;COO™) and (—O7) that attracted

cations (e.g., LiT), leading to overscreening of the electrode surface, illustrated in
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Figure 2.3 [88,95]. In order to balance the charge of the inner Helmholtz layer
in the electrolyte, an additional layer of anions was required [88,95]. Therefore,
the negative electrodes containing CMC was first charged by repelling this anion

layer (endothermic) followed by cations adsorption (exothermic) [88,96].

(a) Open-circuit (b) Anion desorption (c) Cation adsorption
(low potential) (high potential)
[<5) {5} {5}
8 %8 $- %8 g %8
] ) ) ) %8
Y g 2. &
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e® ® | g
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Functional groups === Desorption © anions

O Solvent molecule

Figure 2.3: Schematic of ion displacement with negatively charged functional
groups on negative electrode representing overscreening effect during (a) open-
circuit (b) anion desorption and (c) cation adsorption.

2.2.3 Heat generation in hybrid pseudocapacitors

As previously mentioned, Dandeville et al. [86] investigated the heat generation
in a hybrid pseudocapacitor consisting of an AC negative electrode and a MnO,
positive electrode. The results indicated that (i) the irreversible heat generation
rate at each electrode of the hybrid supercapacitor was due only to Joule heat-
ing, (ii) the reversible heat generation rate at the AC electrode was exothermic
during charging and endothermic during discharging, and (iii) the reversible heat
generation rate in the MnO, positive electrode was endothermic during charging
and exothermic during discharging due to redox reactions [86], as observed nu-

merically for both carbon-based and pseudocapacitive electrodes in the previously
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mentioned hybrid psuedocapacitor model [92]. Munteshari et al. [87,91] investi-
gated a full-cell hybrid pseudocapacitive device consisting of MnOs nanoparticles
on graphene (MnO,-G) positive electrode and AC negative electrode in 0.5 M
NaySO, aqueous electrolyte [91]. The device was cycled galvanostatically with
constant current ranging from 2 to 6 mA under the potential window ranging
between g ;i = 0.4 V and ¢ e, = 1.4 V. Here, the time-averaged irreversible
heat generation rate at the negative AC electrode was to be proportional to I2,
where I was imposed current. Similar results were found experimentally for AC
electrodes in EDLCs with various electrolytes [77,86-88,97] and numerically for
carbon-based electrodes in EDLCs [84] and in hybrid pseudocapacitors [92]. In
addition, the total irreversible heat generation rate in the entire device exceeded
Joule heating expressed as 6_2 7 = R,I? where R, is the internal resistance of the
device measured from IR drop and found to be independent of current I [91].
This additional heat generation rate was attributed to irreversible heat generation
rates due to (i) Faradaic reaction, termed as polarization heating, and (ii) EDL
formation hysteresis at pseudocapacitive electrode surface [92]. Furthermore, the
reversible heat generation rate at AC negative electrode was (i) exothermic during
charging due to Na™ cation adsorption and (ii) endothermic during discharging
due to Na™ cation desorption, as predicted theoretically [84,85]. By contrast, the
reversible heat generation rate at pseudocapacitive MnOs-G positive electrode
was (i) endothermic during charging due to fast surface redox of non-spontaneous
Na* desorption accompanied by the change in oxidation state from Mn3* to Mn**+
and (ii) exothermic during discharging due to Na™ adsorption with the change in

oxidation state from Mn** to Mn** [91].

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

Ionic liquid Pyr;4 TFSI and its mixtures with organic solvents have been used

widely as electrolytes in ECs due to their exceptional thermal, electrochemical,
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and cycling stability [98-102]. In fact, the operating potential window of neat
Pyr4,TFSI can be as high as ~ 3.5 V in the temperature range of 20 to 60
°C [39] compared with < 3 V for organic electrolytes (e.g., ACN) and ~ 1 V
for aqueous electrolytes [37]. The maximum potential windows of Pyri,TFSI
mixtures in PC or ACN were recommended to be up to 3.5 V at 20 °C [39]. In
addition, Pyr;4TFSI-based electrolytes show larger power and/or energy densi-
ties and better capacitance retention compared to the widely used organic elec-
trolyte tetraethylammonium tetrafluoroborate (TEABF,) in PC or ACN [98,103].
Furthermore, leakage current was about three times smaller in activated carbon
(AC)-based EDLCs with Pyri4TFSI, neat or diluted in PC, than with TEABF,
in PC [104]. Indeed, the ionic conductivity of neat Pyr;,TFSI is as low as ~ 2.0
mS/cm at 20 °C [40,41]. Nevertheless, it depends strongly on temperature and
increases to ~ 7.0 mS/cm at 60 °C [101,105]. In addition, the ionic conductivity
of 1 M Pyr4 TFSI diluted in PC increased to 10.3 mS/cm at 25 °C [98]. However,
the potential window and the operating temperature may be further limited by
the solvent decomposition [49]. Furthermore, unlike neat ILs, for ILs dissolved
in organic solvents, solvated ions must be fully or partially desolvated in order
to enter the pores and to form EDL at the electrode/electrolyte interface during
charging [9,106]. Desolvation is an endothermic process since the enthalpy of sol-
vation is always positive (exothermic) due to Van der Waals forces controlling the

interaction between the ions and the solvent molecules [94,107,108].
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CHAPTER 3

Heat Generation in Diluted Ionic Liquid-Based EDLCs for 1 V
Potential Window Between 20 and 60 °C

This chapter reports for the first time, isothermal calorimetric measurements of
the instantaneous heat generation rate at each electrode of ionic liquid-based
electric double layer capacitors (EDLCs) at three different temperatures, 20 °C,
40 °C, and 60 °C, under galvanostatic cycling using an in operando isothermal
calorimeter. Here, the ionic liquid-based electrolyte consists of 1 M N-butyl-
n-methylpyrrolidinium bis(trifluoromethane sulfonyl)imide (Pyr,4TFSI) dissolved
in propylene carbonate (PC). The potential window was limited to 1 V to compare

with results from similar devices using aqueous or organic electrolytes.

3.1 Materials and methods

3.1.1 Electrode and device fabrication

Activated carbon slurries were prepared by mixing activated carbon (YP-50F, Ku-
raray Chemical), TX-100 surfactant (DOW Chemical), carboxymethyl cellulose
(CMC, DOW Chemical) as a thickening agent /binder, and styrene-butadiene rub-
ber (SBR, MTI 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 had been
previously treated by oxygen plasma to enhance their hydrophilicity and ensure
uniform spreading of the slurry. The electrodes were dried in a vacuum oven at
120 °C for 24 h before being placed in a glove box under argon (Ar) atmosphere
(< 1 ppm HyO/0O3). The mass loading on each electrode was 2.5 mg (2.0 mg of
24



AC) corresponding to an electrode thickness of about 60 pm.

The EDLC cell consisted of two identical activated carbon electrodes separated
by a 1 mm-thick chemical-resistant polypropylene mesh separator with electrolyte
made of 1 M Pyry,TFSI ionic liquid electrolyte dissolved in PC. Here, PC was
used to dilute the ionic liquid Pyr;4TFSI in order to increase the ionic conduc-
tivity of the electrolyte and improve the wetting of the AC electrodes without
sacrificing thermal stability since the boiling temperature of PC is around 240
°C [48]. In addition, the concentration of 1 M Pyr;,TFSI in PC was selected
in this experiment because it corresponds to the maximum ionic conductivity of
about 8.3 mS/cm and its lowest viscosity around 5 mPa.s at 20 °C [109]. Finally,
the device was assembled and placed in the calorimeter compartment inside the
glove box under Ar atmosphere before being taken out for isothermal calorimetric

measurements at temperature between 20 °C and 60 °C.

3.1.2 Device characterization

The device’s gravimetric integral capacitance Cj, . (in F/g) was evaluated from

cyclic voltammetry (CV) curve as a function of scan rate v according to [110],

_ 1 I(¥s)
Cint,m(y) B m<7v/}s,ma;t - ¢s,min) f 2v dws (31)

where v is the scan rate varying from 5 to 30 mV/s. Here, m is the total mass
loading of AC (m = 4.0 mg) in both electrodes while I(1);) is the measured current
at cell potential ¢, over the potential window ranging between s i, = 0 V and
Vsmaz = 1 V. This potential window may appear narrow for IL-based EDLCs
but it was selected (i) to facilitate comparison with previous experimental studies
measuring the heat generation rate at 20 °C in EDLCs using aqueous and organic
electrolytes [87,88] and (ii) to avoid parasitic phenomena occurring under larger

potential window range including potential ion intercalation in AC [50] and/or
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electrochemical decomposition of solvent PC [49]. Subsequently, galvanostatic
cycling was performed on the device with constant current I ranging from 2 to 6
mA and at temperature of 20 °C, 40 °C, or 60 °C. Here, fifteen consecutive cycles
were performed for each value of current I to ensure that oscillatory steady state
had been reached in the calorimetric measurements. The gravimetric differential
capacitance Cy;ff.m (in F/g) can be estimated from galvanostatic cycling according

to [110],
I

(3.2)

where |di)s/dt| was estimated for each cycle, at the end of the discharging and

charging steps.

Furthermore, the internal resistance R, was calculated from the IR drop at
the charging/discharging transitions under galvanostatic cycling at current I [89,

111-113],
] w5<t2—) B ws(tc_)
21

R(I) = (33)

where 1, (tF) and v4(¢,) denote the potentials across the cell at the end of the
charging step and immediately after the beginning of the discharging step, respec-
tively. The IR drop, ¥, (t]) —1s(t, ), was obtained by estimating the cell potential
1,(t;) 10 ms after the beginning of the discharging step (i.e., ¢ — ¢, = 10 ms),
as suggested for supercapacitors by Zhao et al. [112] and successfully used in our

previous studies [87,88].

3.1.3 Isothermal Calorimeter

In this study, the instantaneous heat generation rate at each electrode of the device
was measured under galvanostatic cycling at constant temperature of 20 °C, 40 °C,
and 60 °C using an in operando calorimeter described in Background. According
to the thermal analysis of a single electrode (see Supplementary Materials), the

instantaneous heat generation rate @Q;(t) (in mW) at each electrode is equal to
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the heat transfer rate ¢/(t) passing through the thermoelectric heat flux sensor

placed in thermal contact with the current collector, such that [87],

where A; refers to the footprint area of the electrode (in cm?) and S; denotes
the temperature-dependent sensitivity of the heat flux sensor provided by the

[133})
]

manufacturer (in ©V/(W/m?)). Here, subscript refers to either the positive
“+7” or negative “—" electrode. In addition, AV;(t) refers to the voltage difference
measured within each thermoelectric heat flux sensor in thermal contact with

w:n
[

electrode “77. The instantaneous total heat generation rate in the entire device

(denoted by subscript “I”) can be written as Qr(t) = Q. (t) + Q_(t).

In addition, the instantaneous heat generation rate Q;(t) in each electrode
can be decomposed as the sum of the irreversible Qi,,r,i(t) and reversible Qrev,i(t)
heat generation rates, i.e., Ql(t) = Qi,,r,i(t) + Qrew(t) [87,88]. By definition,
time-averaging of the reversible heat generation rate Qm,ﬂ'(t) at electrode “i”
over a complete charging-discharging cycle yields CTZW,,Z- = 0. Therefore, the time-

averaged heat generation rate Qz(t) over a cycle period t.4 is equal to the time-

averaged irreversible heat generation rate ém,i at electrode “i”, i.e. [87,88],

Neted
- 1 .
cd

(ne—1)tcq

Here, n, is the cycle number, chosen to be sufficiently large for @Q;(t) to reach
oscillatory steady state. Finally, in the interest of comparing the reversible heat

generation rate at each electrode, the instantaneous reversible heat generation rate
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Qrev.i(t) was time-averaged solely over a charging period ¢, according to [87, 88],

(ne—1)teq+te

: 1 .
¢ = — / Qrevi(t) dt withi =T, +, or —. (3.6)

rev,i t
c

(ne—1)teq

3.2 Results and discussion

3.2.1 Cyclic voltammetry and gravimetric integral capacitance

Figure 3.1(a) shows the measured CV curves of the device at 20 °C for five different
scan rates v between 5 and 30 mV/s. All curves featured a nearly rectangular
and symmetrical shape characteristic of ideal EDLCs. Figure 3.1(b) shows CV
curves of the device at different temperatures for scan rate v = 20 mV/s. Here,
the CV curves were also rectangular at all temperatures and expanded slightly
from 20 to 60 °C. This was likely due to the increase in electrical conductivity
of the electrolyte with increasing temperature, as previously discussed. Similar

results were observed at all scan rates (see Supplementary Materials).

Figure 3.2 plots the gravimetric integral capacitance Cj, ., of the device in-
vestigated [Equation (3.1)] as a function of scan rate v for the three different
temperatures. Here, Cj,., was around 15 to 25 F/g, a typical value for carbon-
based electrodes with organic or IL-based electrolytes for the range of scan rate
considered [88,114-116]. Figure 3.2 also indicates that the gravimetric integral
capacitance Cjp ., decreased slightly with increasing scan rate v for all three tem-
peratures, as generally observed in various AC-based [87,117,118] and graphene-
based [114] EDLCs. This can be attributed to ion-diffusion limitations in the
porous electrodes [119]. Finally, Figure 3.2 establishes that the gravimetric inte-
gral capacitance Cj, , increased with increasing temperature for any given scan
rate. For example, Cppp at v = 20 mV /s was 17 F/g at 20 °C and 21 F/g at 60

°C. This was due to better ion mobility at higher temperature.
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Figure 3.1: Cyclic voltammogram from a two AC-electrode cell with 1 M
Pyr;,TFSI in PC electrolyte (a) at 20 °C for scan rates v between 5 and 30
mV /s, and (b) for scan rate v = 20 mV/s at temperature between 20 °C and 60
°C.
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Figure 3.2: Gravimetric integral capacitance Cj,;,, obtained from CV curves of
an AC-based EDLC cell with 1 M Pyr14, TFSI in PC electrolyte for three different
temperatures 20 °C, 40 °C, and 60 °C for scan rate v between 5 and 30 mV /s.
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3.2.2 Galvanostatic cycling

Figure 3.3(a) shows galvanostatic charge-discharge curves plotting the cell poten-
tial ¥(t) as a function of time ¢ at 20 °C for five different values of imposed
current [ ranging from 2 to 6 mA. The cell potential 14(t) varied almost lin-
early with time ¢ between the minimum s ,,;, and maximum s .4, potentials,
except for the IR drop. These results confirm the near ideal EDLC behavior of
the device also observed in CV curves. Figure 3.3(a) indicates that as expected
the IR drop v¥s(t]) — 1s(t.) increased with increasing current I [87,88,97]. In
addition, Figure 3.3(b) shows the galvanostatic charge-discharge curves obtained
at current I = 4 mA for different temperatures. Here, the IR drop was the largest
at 20°C and decreased with increasing temperature. This was due to the increas-
ing electrolyte ionic conductivity with increasing temperature. In addition, the
charging-discharging time ¢.4 increased with increasing temperature from 25 s at
20 °C to 34 s at 60 °C, as also observed in Refs. [62,65,70,75]. This increase
in capacitance can be attributed to (i) the decrease in the electrolyte viscosity
resulting in better infiltration of the electrolyte in the porous electrode [120-122]
and to (ii) the increase in ion mobility in the electrolyte [62,65,69,70,75]. Similar

results were obtained for different currents (see Supplementary Materials).

Figure 3.4(a) shows the internal resistance R, obtained from the IR drop
[Equation (3.3)] as a function of galvanostatic cycle number n.. Here, R, was
plotted for fifteen galvanostatic cycles at 20 °C, 40 °C, and 60 °C for each value of
current [ ranging from 2 to 6 mA. Here, the internal resistance Ry was fairly con-
stant throughout 5 x 15 = 75 cycles for each temperature considered. In addition,
Figure 3.4(b) shows the average internal resistance R, as a function of imposed
current I for 20 °C, 40 °C, and 60 °C. Here, the average internal resistance R,
was relatively constant and independent of imposed current I. It is evident that
both R, and R, decreased with increasing temperature from around R, = 26.0 +

0.3 2 at 20 °C down to 17.9 £ 0.2 © at 40 °C, and 13.8 & 0.2 Q at 60 °C due to
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enhanced ions mobility.

Figure 3.5(a) shows the gravimetric differential capacitance Cy;ss, as a func-
tion of galvanostatic cycle number n, calculated by Equation (3.2). Here, Cyifsm
was plotted for fifteen cycles at 20 °C, 40 °C, and 60 °C for five different values
of imposed current ranging from 2 to 6 mA. First, Figure 3.5(a) indicates that
Caiffm decreased with increasing current /. This could be due to ion diffusion
limitation through the porous electrode under high current and fast charging time.
In addition, Cg;ffm increased with increasing temperature for any given current
I. For example, for I = 4 mA, Cyfsm was 15.0 F/g at 20°C and increased by
15% and 24% at 40 °C and 60 °C, respectively. Furthermore, Cy;ts, was only
slightly larger during charging than during discharging for any current imposed I
and at any temperature, suggesting high energy efficiency. In fact, Figure 3.5(b)
shows the coulombic efficiency defined as the ratio of the discharging time ¢, to
the charging time t., i.e., CE = t4/t. where t. and t; are the duration of the
charging and discharging steps, respectively (Figure 3.3). Here, C'E was about
98% for the first cycle at each current I and reached nearly 100% in subsequent
cycles indicating highly reversible capacity and good stability of the device even

at 60 °C.

3.2.3 Instantaneous and time-averaged heat generation rates

Figures 3.6(a) to 3.6(c) show the temporal evolution of the heat generation rates
Q.4 (t) and Q_(t) measured at the positive and negative electrodes and Qr(t) =
Q.4 (1) +Q_(t) as functions of dimensionless time ¢ /t4 for five consecutive galvano-
static cycles under constant current I = 4 mA and constant temperature of (a) 20
°C, (b) 40 °C, and (c) 60 °C. The corresponding time-averaged heat generation
rates QTl-er, QTW,_, and QTl-mT are also shown. The results indicate that the heat

generation rates, for all temperatures considered, were repeatable cycle after cycle.

The heat generation rate at the negative electrode Q_(t) oscillated with smaller
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Figure 3.3: Cell potential under galvanostatic cycling (a) at 20 °C under imposed
current I ranging between 2 and 6 mA, and (b) under imposed current / = 4 mA
at 20 °C, 40 °C, and 60 °C.
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Figure 3.4: (a) Internal resistance R, of the IL-based EDLC cell investigated and
retrieved from galvanostatic cycling at three different temperatures 20 °C, 40 °C,
and 60 °C and under imposed current [ ranging from 2 to 6 mA. (b) Average
internal resistance R, as a function of imposed current I at 20 °C, 40 °C, and 60
°C.
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Figure 3.5: (a) Gravimetric differential capacitance Cy; s, of the IL-based EDLC
cell investigated as a function of constant current cycle number during the charging
and discharging steps and (b) coulombic efficiency CE for consecutive cycles at
temperatures 20 °C, 40 °C, and 60 °C and for current I ranging from 2 to 6 mA.

amplitude than that at the positive electrode Q. (t) at 20 °C. This difference be-
tween electrodes, however, vanished at 60 °C, as explained when considering the
reversible heat generation rate at each electrode. In addition, the amplitude of
oscillations in both @, (t) and Q_(t) increased with increasing temperature, as

discussed later.

Figures 3.6(d) to 3.6(f) show the corresponding time-averaged irreversible heat
generation rates CTQW,JF, Cj?m«,f, and QTW,T [Equation (3.5)] under galvanostatic
cycling as functions of I? for constant current I ranging from 2 to 6 mA at (d) 20
°C, (e) 40 °C, and (f) 60 °C. The error bars correspond to two standard deviations
or 95% confidence interval estimated by evaluating C}imi for five consecutive cycles.
Figures 3.6(d) to 3.6(f) also show predictions for the heat generation rate due to
Joule heating expressed as é 7 = Ry(T)I? where R (T) is the average internal
resistance reported in Figure 3.4(b). These results established that the measured
total irreversible heat generation rate CTQZ-MT under galvanostatic cycling was in

excellent agreement with predictions of Joule heating 6_2 s for all three temperatures
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considered. In other words, Joule heating was the main cause of irreversible heat
generation in the EDLC cell investigated, for the potential window of 1 V. Similar
results were obtained previously with EDLCs consisting of AC-based electrodes
with aqueous or organic electrolytes under the same cycling conditions as in the

present study [87,88].

Furthermore, for all temperatures, the time-averaged irreversible heat gener-
ation rates éim_ and ém# at the negative and positive half-cells were linearly
proportional to I? and the coefficient of proportionality corresponded to their re-
spective resistances R_ and R, . It is interesting to note that, at all temperatures,
R_ and R, were very similar and that their sum was equal to the internal resis-
tance Ry, i.e., R- ~ R, and R_+ R, =~ R,. Here, each half-cell resistance R, and
R_ can be considered as the resistance of the electrode and electrolyte in series.
First, the positive and negative electrodes were synthesized in the same manner
and should be nearly identical. Second, the diffusion coefficients of Pyry, cations
and TFSI™ anions were similar when 1 M of Pyr,TFSI is dissolved in PC, i.e.,
D, ~ D_ [105,123]. Therefore, the ionic conductivities of the electrolyte in each
half cell should also be similar, as observed in Figure 3.6, for all temperatures.
Finally, Figure 3.6 establishes that both R, and R_ decreased with increasing

temperature due to the corresponding increase in ion mobility [48].

3.2.4 Reversible heat generation rates

Joule heating was shown previously to dominate irreversible heat generation in
EDLCs (Figure 3.6). Thus, under constant current cycling, the instantaneous
irreversible heat generation rate was independent of time, i.e., Qirm-(t) = éimi =
R,;I?. Then, the instantaneous reversible heat generation rate Qrev,i(t) at electrode

“” can be estimated by subtracting the irreversible heat generation rate Qm,z from
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Figure 3.6: Instantaneous heat generation rates Q+(t) at the positive electrode,
Q_(t) at the negative electrode, and Qr(t) in the entire cell as functions of the
dimensionless time t/t.; for current I = 4 mA at constant temperature of (ﬁ) 20

°C, (b) 40 °C, and (c) 60 °C. Time-averaged heat generation rates Qm«,+, Qim,,

and Qm«j under galvanostatic cycling as functions of I? for current I ranging
between 2 and 6 mA at (d) 20 °C, (e) 40 °C, and (f) 60 °C.
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the instantaneous heat generation rate Q;(t) to yield [87,88],
Qrev,i(t) == Qz(t) — éirr,i Wlth Z — —|— or —. (37)

Figure 3.7 plots the instantancous reversible heat generation rates (a) Qe+ (t)
at the positive electrode, (b) Qres (t) at the negative electrode, and (¢) Qpey.r(t)
in the entire cell as functions of the dimensionless time ¢ /t.; for current [ = 4 mA
at constant temperature of 20 °C, 40 °C, and 60 °C under oscillatory steady state.
Here, two different cycles were plotted for each temperature, namely cycle number
n. = 11 and 15. Figures 3.7(a) to 3.7(c) establish that Qep+(t), Qres—(t), and
Qrev,T(t) were repeatable from cycle to cycle and featured a similar behavior for all
temperatures considered. In addition, the magnitude of the reversible heat gener-
ation rates Qm,ﬂr(t), Qmj,,(t), and QTGU,T(t) increased slightly with temperature.
The same observations were made for different currents (see Supplementary Ma-
terials). This could be due to the fact that a larger number of ions were adsorbed
at the electrode/electrolyte interface at higher temperature, as suggested by the
larger capacitance [Figure 3.5(a)]. Moreover, Qrev&(t) was slightly larger than
Qrevﬁ_(t) for any value of temperature and current considered. Based on our pre-
vious first principle thermal model [85], this could be attributed to the fact that
smaller TFSI™ anions (~ 0.7 nm) were adsorbed at the positive electrode during
charging thus generating more heat than adsorption of larger Pyr], cations (~ 1.1
nm) [105,109]. In addition, the difference between Qe 4 (t) and Qe, — (t) became
smaller as temperature increased. This could be due to the fact that higher tem-
peratures (i) facilitate the desolvation of large and solvated Pyr{, cations and (ii)
accelerate the desorption process of sub-layer anions in overscreening effect at the
negative electrode due to better ion mobility. The reversible heat generation rates
QTev,Jr(t) and Q'Te%_(t) at the positive and negative electrodes were both mostly

(i) exothermic during charging due to ion adsorption and (ii) endothermic dur-
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ing discharging due to ion desorption. This was also consistent with results from
numerical simulations [84,85]. Note that, Q. _(t) featured a small endothermic
dip at the beginning of the charging step that was not observed in Qrev,Jr(t). This
could be attributed to overscreening effect due to negatively charged functional
groups of CMC binder, as observed also with organic and aqueous electrolytes [88].
Alternatively, it could be due to complete or partial endothermic desolvation of
Pyr{, cations of their PC solvation shell while moving into the AC pores to form
an EDL during charging [9, 94, 106]. In fact, PC molecules are more likely to
interact with Pyr{, cations forming solvated PC—Pyr, cations [124] while TFSI~

anions were found not to be significantly solvated by PC [125].

Finally, Figure 3.7 shows the time-averaged reversible heat generation rates

during a charging step (d) )

c
rev,—

. at the positive electrode, (e) at the nega-

C
rev
tive electrode, and (f) ¢ vev.r in the entire cell as functions of current I ranging from

2 to 6 mA for temperature T of 20 °C, 40 °C, and 60 °C. It indicates that CT),€6U7+,

)e and Cé

rev,—?

o increased slightly with increasing temperature while Q 4+ was

c c
rev, rev

larger than Cé for any given current I, as expected from analyzing Figures

c
rev,—

3.7(a)— 3.7(c). In addition, éﬁev, . éfnw,_, and é;ﬁev’T increased linearly with im-
posed current [ for all temperatures considered. This was consistent with previous
experimental results for EDLC cells consisting of AC-electrodes with organic or

aqueous electrolytes [86-88] and with numerical simulations of EDLCs [84].

During operation of commercial EDLCs, heat generation can result in signif-
icant temperature rise [5,6,77-79]. Thus, thermal management measures should
be taken to prevent overheating. To do so, several strategies have been proposed
including heat removal from EDLC modules by forced convection air-cooling [79],
by circulating coolant, and by using phase change material [126]. The results of
the present study could facilitate (i) the definition of safe modes of operation,
(i) the development of effective thermal management strategies, and (iii) the im-

provement of existing thermal model predicting the temperature evolution during
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operation.

3.3 Chapter summary

This chapter measured, for the first time, the effects of operating temperature and
the use of ionic liquid in organic solvent on the irreversible and reversible heat
generation rates at each electrode of AC-based EDLCs. The electrolyte was 1
M Pyr4,TFSI in PC and the temperature varied between 20 and 60 °C while the
potential window was limited to 1 V to facilitate comparison with previous studies
on similar devices but using aqueous or organic electrolytes. The results estab-
lish that Joule heating was the main source of irreversible heat generation for the
operating conditions considered. Similar results have been obtained previously
with aqueous or organic electrolytes for similar devices and operating conditions
at 20 °C. The internal resistance R, and, consequently, the irreversible heat gen-
eration rate decreased with increasing temperature due to enhanced ion mobility
in the IL-based electrolyte. In addition, the irreversible heat generation rates at
the positive and negative electrodes were similar. Furthermore reversible heat
generation rates at the positive and negative electrodes were mostly exothermic
during charging and endothermic during discharging due to the change in entropy
of the electrolyte system. It increased slightly with increasing temperature and
was larger at the positive electrode due to the fact that adsorbing TFSI™ anions
were smaller than Pyr{, cations. The reversible heat generation rate at the nega-
tive electrode featured a small endothermic dip at the beginning of the charging
step potentially due to overscreening effect and/or endothermic desolvation of PC

molecules from Pyr]; cations.
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Figure 3.7: Reversible heat generation rates (a) QTeUJJF(t) at the positive electrode,
(b) Qrev—(t) at the negative electrode, and (c¢) Qpevr(t) in the entire cell as
functions of the dimensionless time ¢/t.4 for two galvanostatic cycles under current
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CHAPTER 4

Heat Generation in Neat and Diluted Ionic Liquid-Based EDLCs for
2.5 V Potential Window Between 5 and 80 °C

This chapter 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
Pyr4 TFSI diluted in propylene carbonate (PC) as electrolytes. The instantaneous
heat generation rate at each electrode was measured by isothermal calorimetry be-
tween 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 en-
dothermic dips growing with increasing temperature > 40 °C due to overscreening
effects, ion desolvation, and/or decomposition of PC. The irreversible heat gen-
eration was similar in each half-cell and decreased with increasing temperature
due to the reduction in internal resistance, particularly with neat IL. The irre-
versible 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.
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4.1 Background

4.1.1 Effect of potential window

As previously discussed, the operating potential window is an essential parameter
for improving 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. [49] investigated the ef-
fect of potential window on the electrochemical performance of porous activated
carbon (AC) electrodes with (i) neat Pyr;4TFSI or (ii) 1 M Pyri,TFSI in PC
electrolytes at 20 °C. The authors observed a redox peak in the CV curves at the
negative electrode in 1 M Pyr, TFSI in PC electrolyte whereas no redox peak
was observed in neat Pyri,TFSI. They attributed this redox peak to PC solvent
decomposition at the negative electrode under large potential [49]. 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 [49,127,128|.

Moreover, Borenstein et al. [50] reported that a significant amount of FSI~
anions intercalated in the positive electrode of an AC-based EDLC with neat
Pyr14FSI ionic liquid electrolyte after 3,000 galvanostatic cycles at Ay, = 3.4
V [50]. This finding was confirmed by scanning electron microscopy and energy

dispersive X-ray spectroscopy (SEM-EDX) measurements.

More recently, Munteshari et al. [90] studied the effects of potential window
ranging from 1 to 4 V on the heat generation rate in cells consisting of two iden-
tical porous AC electrodes with either neat Pyr;,TFSI or 1 M Pyr,TFSI in PC
electrolytes using in operando isothermal 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 [90]. On the
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other hand, for devices with 1 M Pyr;, 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 [90].
In addition, the irreversible and reversible heat generation rates at both elec-
trodes increased with increasing potential window for given current in both neat
and diluted Pyri4TFSI electrolytes [90]. For 1 M Pyr4TFSI 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
3.5V [90]. Furthermore, unlike previous studies [87,88] with cell potential window
Ay, < 1V, the total irreversible heat generation rate of the entire cell exceeded
Joule heating for Ay, > 1V in both neat and diluted Pyry4,TFSI electrolytes [90].
This additional irreversible heat generation rate was attributed to the heat gen-
eration associated with charge redistribution in the porous carbon electrode and

identified as the leakage current dissipated through the pore resistance [90].

4.1.2 Effect of temperature

In Chapter 3, 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 Pyr, TFSI in PC electrolyte cycled with a poten-
tial window of 1 V [76]. The instantaneous heat generation rate at each electrode
was measured at temperatures ranging from 20 to 60 °C [76] using an in operando
isothermal calorimeter [87]. The measurement were similar at both electrodes
and proportional to I2. Their sum was equal to Joule heating given by Cé J(T)
= R,(T)I? where R,(T) is the internal resistance of the device measured at tem-
perature T" and [ is the imposed current. The internal resistance Rs(7") and thus
é J(T) decreased with increasing temperature due to the increasing electrolyte
ionic conductivity [76]. However, the reversible heat generation rate was found to

be independent of temperature for the potential window of 1 V considered [76].
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Overall, previous calorimetric studies have investigated the instantaneous heat
generation rate in EDLCs (i) with aqueous or organic electrolytes for potential
window A, < 1.0 V at 20 °C [87], (ii) with neat Pyr;4TFSI or 1 M Pyr4,TFSI in
PC for potential window varying from 1.0 V to 4.0 V at 20 °C [90], and (iii) with 1
M Pyry4, TFSI in PC for potential window of 1.0 V and temperature varying from
20 to 60 °C [76]. 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 PyryyTFSI and 1 M Pyri4,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.

4.2 Materials and methods

4.2.1 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, MTI 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 alu-
minum current collector sheets (MTI Corp.) with 1 x 1 cm? footprint area. The
current collectors were previously treated by oxygen plasma to enhance their hy-
drophilicity 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 um. 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
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(Ar) atmosphere (< 1 ppm Hy0/0,).

The EDLC devices consisted of two identical activated carbon electrodes sep-
arated by a 1 mm-thick chemical-resistant polypropylene mesh serving as a sepa-
rator and as thermal insulator. The devices were assembled using either (i) neat
Pyr1, TEFSI (Device 1) or (ii) 1 M Pyri4 TFSI diluted in PC electrolyte (Device 2).
The concentration of 1 M Pyr4TFSI in PC corresponds to the maximum ionic
conductivity (~ 8.3 mS/cm) and the lowest viscosity (~ 5 mPa-s) at 20 °C [109].
Finally, the device was assembled and placed in the calorimeter compartment
inside a glove box under Ar atmosphere before being taken out for isothermal
calorimetric measurements at temperatures ranging from 5 to 80 °C. The isother-

mal calorimeter was described in detail in Ref. [87].

4.2.2 Device characterization

First, linear sweep voltammetry (LSV) was employed to determine the electro-
chemical stability window (ESW) of the electrolytes with either (i) neat Pyr, TFSI
or (ii) 1 M Pyr4TFSI in PC incorporated in a two-terminal stainless steel coin
cell (MTT Corp). Each coin cell, consisted of two AC-based electrodes (previ-
ously 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 Cinn (in F/g) was evaluated from the CV curves as a function of
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scan rate v according to [110],

. _ 1 I(¥s)
Cﬁnt,m(l/) - m(ws’mam — ¢S7min) f 21/ dws (41)

Here, m is the total mass loading of AC in both electrodes (m = 4.0 mg) while
I(1)s) is the current measured at cell potential 1;. A cell potential window between
Ysmin = 0V and 95 e = 2.5 V was selected because it fell within the ESW of

both electrolytes investigated at room temperature [90].

Third, galvanostatic cycling combined with calorimetric measurements were
performed on the devices at constant current  ranging from 1 to 5 mA at tempera-
tures 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 Cy; sy, (in

F/g) was estimated according to [110],

1

. N=e_ -
Carrn D) = g jaa

(4.2)

where |dis/dt| was estimated at the end of the discharging or charging step for

each cycle at constant current I.

Furthermore, the internal resistance Ry was calculated from the IR drop ob-
served at the charging/discharging transitions under galvanostatic cycling accord-

ing to [89, 111—113],
w8<t2—) — ws(tc_)
21

Ry (I) = (4'3)

where ¥,(t}) and ,(t.) denote the potentials across the cell at the end of the
charging step and immediately after the beginning of the discharging step, respec-
tively. The IR drop, ¥s(t5) —1s(t. ), was obtained by estimating the cell potential
¥s(t) 10 ms after the beginning of the discharging step (i.e., ¢ — ¢, = 10 ms),

as suggested for supercapacitors by Zhao et al. [112] and successfully used in our
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previous studies [76,87,88].

4.2.3 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 instantaneous heat generation rate Q;(¢) (in mW) at electrode “i” was
found by measuring the heat transfer rate ¢/(¢) through the thermoelectric heat

flux sensor and in thermal contact with the current collector such that [87],

Qi(t) = ¢ () A; = A, withi= 4 or — (4.4)

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

7332
7

thermoelectric heat flux sensor in thermal contact with electrode “2”. Here, sub-

[A9ehi 13 7
/3 -

script 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 uV/(W/m?)) and A; refers to the footprint area of the
electrode (in cm?). Then, the instantaneous total heat generation rate in the entire

device (denoted by subscript “T”) can be written as Q7 (t) = Q4 (t) + Q_(t).

Moreover, the instantaneous heat generation rate Q;(t) in each electrode can
be decomposed as the sum of the reversible Qrev,i(t) and irreversible Qm,i(t) heat
generation rates, i.e., Q;(t) = Qrev,i(t) + Qm,i(t) [87,88]. Furthermore, by defi-
nition, time-averaging of the reversible heat generation rate Qrev,i(t) at electrode
“” over a complete charging-discharging cycle yields érem = 0. Thus, the time-

averaged heat generation rate of Qz(t) over a charging-discharging cycle period t.4

is equal to the time-averaged irreversible heat generation rate Qimi at electrode
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“7 ie. [87,88],
Neted

< 1 .
cd

(ne—1)teq

Here, n, refers to the cycle number chosen to be large enough for Q;(t) to have

reached oscillatory steady state.

Finally, in order to compare the reversible heat generation rate at each elec-
trode, the instantaneous reversible heat generation rate Qm,,i(t) was time-averaged

only over a charging period ¢. according to [87,88],

(ne—1)teq+te
1 .
¢ = — / Qrevi(t) dt withi =T, +, or —. (4.6)

(nc—l)tcd

4.3 Results and discussion

4.3.1 Combined thermal and electrochemical stabilities

Figure 4.1 plots the linear sweep voltammograms (LSVs) for coin cells with the
same AC electrodes as those used for calorimetric measurement with either neat
Pyri,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(15) was defined
as the ratio of the measured current response I(1)s) during increasing coin cell
potential 1, over the footprint area of the AC-based electrode in the coin cell, i.e.,
i(vs) = I()/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 /em? [129]. Figure
4.1 indicates that the ESW of the neat Pyr;,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
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in Refs [129-131].

Moreover, the ESW of the 1 M Pyr4TFSI in PC electrolyte was smaller than
that of neat Pyry,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.
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Figure 4.1: Linear sweep voltammograms for coin cells with two identical AC-
based electrodes and either neat Pyri4TFSI or 1 M Pyr;4,TFSI in PC for sweep
rate of 0.1 mV /s at 20 °C, 40 °C, and 80 °C.

4.3.2 Cyclic voltammetry and gravimetric integral capacitance

Figures 4.2(a) and 4.2(b) show the CV curves measured for Device 1 with neat
Pyr14TFSI ionic liquid electrolyte at different temperatures between 5 and 80 °C
for scan rate (a) ¥ =5 mV/s and (b) ¥ = 30 mV/s, respectively. The CV curves at

both scan rates featured leaf-like shape at low temperatures (< 20 °C) and became
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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 [101,105]. However, at T' = 80 °C, small
and broad peaks were observed around ¢, ~ 1.0 — 2.0 V for 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 [65] and graphene nanosheet at 60 °C in IL-based electrolytes [70].

Similarly, Figures 4.2(c) and 4.2(d) show the CV curves measured for Device
2 with 1 M Pyry,TFSI in PC electrolyte at different temperatures from 5 to 80
°C for scan rate (¢) v = 5 mV/s and (d) v = 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 ¢ ;mq, = 2.5 V that became more prominent as temperature
increased, suggesting more ion storage due to increased ionic conductivity and
accessibility in porous electrode [132] but also parasitic redox reactions at higher
potential [133]. 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 Pyr4 TFSI 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 5 min
and s mae. 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 [101,105], unlike Pyry,TFSI
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in PC.

Figures 4.3(a) and 4.3(b) plot the gravimetric integral capacitance Ciyy ,, [Equa-
tion (4.1)] as a function of scan rate v for temperatures 7" ranging from 5 to 80 °C
for Devices 1 and 2, respectively. Figure 4.3 indicates that, for a given temper-
ature, the gravimetric integral capacitance Cj,; ,,, decreased with increasing scan
rate v, as typically observed in various EDLCs [87,114,117,118] and attributed to
ion-diffusion limitation in porous electrodes at high scan rates [119]. In addition,
the capacitance Cjy; ., 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
Pyri4TFSI. For example, ¢,(PC) ~ 65 [134, 135] while ¢,(Pyriy,TFSI) ~ 11.7 to
14.7 at 25 °C [136-138]. Similarly, the viscosity of 1 M Pyr4TFSI in PC was
much smaller than that of neat Pyr;4 TFSI leading to better wetting of the porous
AC electrodes [70]. Moreover, Figure 4.3(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, Cj,: ., 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.

4.3.3 Galvanostatic cycling

Figure 4.4 shows the galvanostatic charge-discharge curves plotting the cell po-
tential 14(t) as a function of time t for Device 1 with neat Pyr;, TFSI electrolyte
at (a) I =2 mA and (b) I =4 mA and for Device 2 with 1 M Pyri,TFSI in PC
electrolyte at (¢) I =2 mA and (d) I = 4 mA at different temperatures between
5 and 80 °C. The cell potential 1(¢) in both devices varied linearly with time ¢
at any current / and temperature 7" between potentials s i, = 0 V and ¥ 1
= 2.5 V, except for the IR drop. Figure 4.4 indicates that, for a given temper-
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Figure 4.3: Gravimetric integral capacitance Cj,: ., [Equation (4.1)] of (a) Device
1 with neat Pyr4TFSI and (b) Device 2 with 1 M Pyri4TFSI in PC electrolytes
obtained from the CV curves shown in Figure 4.2 for temperature 7' ranging from
5 to 80 °C and scan rate v between 5 and 30 mV/s.

ature, the IR drop ¢,(t}) — 1¥,(t;) increased with increasing current I for both
devices [87,88,97]. It also decreased with increasing temperature for both devices
except for Device 2 at 80 °C. Figure 4.5 shows charging-discharging times t.4
obtained from galvanostatic cycling curves in Figure 4.4 as functions of imposed
current [ ranging between 1 and 5 mA for (a) Device 1 with neat Pyr;, TFSI and
(b) Device 2 with 1 M Pyri4TFSI in PC for temperatures T' ranging between 5
and 80 °C. Figure 4.5(a) indicates that t.; of Device 1 decreased sharply with
imposed current I but increased significantly with increasing temperature. Inter-
estingly, in Device 1 with neat Pyri4TFSI, operating temperature can limit the
imposed current I. Here, at T' =5 °C, t.4 was already as small as 9 s for imposed
current I = 2 mA resulting in a very small amount of energy storage. In other
words, imposed current [ larger than 2 mA is not recommended in use at 5 °C. By
contrast, in Device 2 [Figure 4.5(b)], t.4 decreased with increasing current I and
it increased slightly with increasing temperature 1. Here, operating temperature

did not limit the imposed current for the range of current considered. Moreover,

52



(a) DeV|ce 1 (neat Pyr14TFSI)

I=2.0mA —T= 5°C

a5t T =20 °C]
S ——T=40°C
= 201 —— T =60°C]
N ——T=80°C
,_é 1.5+ g
)
c
8
8_ 1.0 1 q
<
O 051 B

0.0 t } t

0 50 100 150 200
Time, t (s)
(©) DeV|ce 2(1M Pyr14TFSI in PC)
1=2.0mA —T=5°

251 T =20°C]
S ——T=40°C
— 20t —— T =60°C]
¥ ——T=80°C
E 1.5 g
)
c
s
8_ 1.0 1 q
<
O 051 B

00 T T T T T T T

0 50 100 150 200 250 300 350
Time, t ()

(b) Dewce 1 (neat Pyr,, TFSI)

I=40mA T=20°C
- —— T =40°C]
S ' iIR drop—— T=60°C
= 50l —— T=80°C]
¥
_Es" 1.5 y
)
c
8
8_ 1.0+ q
o
O 051 B
0.0 t t } t
0 20 40 60 80 100
Time, t (s)
(d) DeV|ce 2(1M Pyr14TFSI |n PC)
1= 4.0mA —T=5°C
a5t T =20 °C}
N ——T=40°C
= 204 —— T=60°C;
= ——T=80°C
_‘cj 1.5 y
)
c
8
8_ 1.0+ q
o
O 051 B
0.0 T T T T T T T
0 20 40 60 80 100 120 140
Time, t (s)

Figure 4.4: Cell potential under galvanostatic cycling for Device 1 with neat
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t.q was systematically larger for Device 2 than Device 1 for any given current [
and temperature T confirming the larger charge storage capacity illustrated in

Figure 4.3.
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Figure 4.5: Charging-discharging times t.4 as functions of imposed current I rang-
ing between 1 and 5 mA for (a) Device 1 with neat Pyri4,TFSI and (b) Device 2
with 1 M Pyr, TFSI in PC for temperatures 7" ranging between 5 and 80 °C.

Figure 4.6 plots the internal resistance Ry obtained from the IR drop [Equa-
tion (4.3)] 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 4.6(a)
establishes that the internal resistance R, of Device 1 with neat Pyr, TFSI elec-
trolyte (i) was independent of the imposed current I at any given temperature
and (ii) decreased significantly with increasing temperature from R; = 213 £+ 6 Q
at 5 °C to Ry = 22 £ 5 (2 at 80 °C. This observation was due mainly to the signifi-
cant increase in ionic conductivity of neat Pyr;4 TFSI with temperature [101,105].
Similarly, Figure 4.6(b) indicates that the internal resistance Ry of Device 2 with
1 M Pyr;4,TFSI in PC electrolyte was nearly independent of the imposed current
I and decreased with increasing temperature T'. In fact, the internal resistance
R, of Device 2 decreased from around R, =47 £ 3 Q at 5°Cto R, =16 = 5 Q2

at 60 °C and was about two to four times smaller than that of Device 1 at any
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temperature up to 60 °C. Interestingly, the internal resistance R, of Device 2 was
larger at 80 °C than at 40 °C and 60 °C and depended on the imposed current
I. This was due to PC decomposition at high temperatures and 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 [127,139]. Note, however, that the rate of mass loss was smaller
when mixed with ILs [127,139]. Regardless, PC degradation impeded access of
the liquid electrolyte to the pores in the porous electrode resulting in large in-
ternal resistance [127,140]. Such increase in internal resistance with increasing

temperature is responsible for thermal runaway [141].

Figure 4.7 shows the gravimetric differential capacitance Cg;fs,, calculated
from galvanostatic charge-discharge cycles [Equation (4.2)] 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 T' ranging between 5 and 80 °C. First, Figure
4.7 indicates that Cgyissm decreased with increasing current I in both devices.
This could be due to ion diffusion limitation through the porous electrode un-
der high current and fast charging. In addition, for any imposed current I in
both devices, Cy;f¢m increased with increasing temperature, except for Device
2 beyond T' = 60 °C. However, Cgitsm of Device 1 was more sensitive to the
temperature than that of Device 2. For example, in Device 1, Cy;f¢,, 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, Cyiffm increased only slightly from 27.4 F/g at 20 °C to
294 F/g at 60 °C also at I = 4 mA. Furthermore, Cy;fs.m in both devices was
slightly larger during charging than during discharging for any imposed current
I and temperature T'. 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 ¢.4 at low current. Similar results were observed
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in devices composed of activated carbon electrodes with 1 M TEABF, or 1 M
EMIBF, in ACN electrolytes [74]. Interestingly, Cy;ssm of Device 2 at T' = 80
°C featured unusual fluctuations. This is consistent with the previous explana-
tion that gaseous and/or solid byproducts generated during PC decomposition

impeded electrolyte from entering porous electrodes.
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Figure 4.6: Internal resistance Ry [Equation 4.3] as a function of temperature 7'
ranging from 5 to 80 °C for (a) Device 1 with neat Pyr;,TFSI and (b) Device 2
with 1 M Pyry,TFSI in PC for imposed current I ranging from 1 to 5 mA.

4.3.4 Instantaneous heat generation rates

Figure 4.8 shows the instantaneous heat generation rates (a) Q. (t) at the pos-
itive electrode and (b) Q_(t) at the negative electrode for Device 1 with neat
Pyr1, TEFSI electrolyte as functions of dimensionless time t/t.4 for different tem-
peratures ranging between 5 and 80 °C during four consecutive galvanostatic cycles
under constant current I = 4 mA. Similarly, Figures 4.8(c) and 4.8(d) show Q. (t)
and Q_(t) for Device 2 with 1 M Pyr1,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
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Figure 4.7: Gravimetric differential capacitance Cyify.m of (a) Device 1 with neat
Pyr;,TFSI and (b) Device 2 with 1 M Pyri,TFSI in PC as a function of cycle
number n, during charging and discharging steps at constant current [ between
1 and 5 mA and at temperature 7" ranging from 5 to 80 °C.

time t.4. For both devices, Figure 4.8 indicates that the heat generation rate mea-
surements 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 [6,78,79] — is constant over time under con-
stant current cycling. Instead, experimental measurements in Figure 4.8 featured
strong temporal oscillations due to additional heat generation processes including

reversible processes such as ion adsorption/desorption and solvation/desolvation.

Figures 4.8(a) and 4.8(b) indicate that Q. (t) and Q_(t) at the positive and
negative electrodes of Device 1 had similar magnitude for all temperatures, except
for T' = 80 °C when Q+(t) was larger than Q_(t). By contrast, in Device 2, the
magnitude of Q. (t) was consistently larger than that of Q_(t) at any given tem-
perature. This difference became larger with increasing temperature. Moreover,
Figure 4.8 indicates that Q. (¢) 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 @, (t) and Q_(t) increased with increasing tem-
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perature. In Device 2 at 80 °C, both Q4 (¢) and Q_(t) increased due to the overall

increase in internal resistance as a result of PC decomposition [Figure 4.6(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 [84,85] and from
previous experimental studies on AC-based EDLCs with aqueous, organic, or
[L-based electrolytes [76,87,88,90]. On the other 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 Pyr;4TFSI, 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 Pyr14TFSI electrolyte [90]. 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 Pyr;4, TFSI electrolyte, as explained
previously [88,90]. 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 [9,94, 106, 142].

Finally, the endothermic dip at the negative electrode of Device 2 became
noticeably larger with increasing temperature as a result of increasing PC de-
composition caused by endothermic PC reduction reaction [90]. 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 adsorp-

tion throughout the charging step [90].
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Figure 4.8: Instantaneous heat generation rates as functions of dimensionless time
t/t.q for Device 1 with neat Pyr;,TFSI electrolyte (a) Q,(t) at the positive and
(b) Q_(t) at negative electrodes and for Device 2 with 1 M Pyr;,TFSI in PC
electrolyte (¢) Q4 (t) at the positive and (d) Q_(t) at negative electrodes for
temperatures between 5 and 80 °C during four consecutive galvanostatic cycles
under constant current I = 4 mA.
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4.3.5 Time-averaged irreversible heat generation rates

Figures 4.9 and 4.10 plot the time-averaged irreversible heat generation rates (a)
CTQW,JF at the positive electrode, (b) éirr,f at the negative electrode, (c) CTQZ-T,,yT in
the entire cell, and (d) the ratio CTQZ-M,T / @ 7 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% con-
fidence interval estimated by evaluating CTQZ-TM over five consecutive galvanostatic

cycles. In addition, Joule heating was estimated as
Qs = R(T)I? (4.7)

where R,(T) is the average internal resistance reported in Figure 4.6, except for
Device 2 at 80 °C when variations in R(7") with imposed current I were accounted

for.

Figures 4.9 and 4.10 indicate that CTZWHF and éim_ 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 [45,105,123,143]. In fact, the
ratio of the diffusion coefficients of Pyry, to that of TFSI™ in neat Pyr;,TFSI,
i.e., Dy/D_ was reported to be equal to 1.2 at 20 °C and 1.1 at 40 °C [143]
and approaching 1.0 as the temperature increases [45]. Similarly, in Device 2
(Figure 4.10), Dy ~ D_ in 1 M of Pyr4, TFSI dissolved in PC at 20 °C [105,123].
Therefore, the ionic conductivity of the electrolyte in each half cell were similar
at all temperatures in each device. The slight differences between C}irrﬂr and
éim_ could be due to differences in the electrode mass loading. In addition,

the irreversible heat generation rates QZ-MJF and Qim_ in Device 2 were typically
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smaller than those in Device 1 due, in part, to its smaller internal resistance R,

(Figure 4.6).

Moreover, Figure 4.9 establishes that the time-averaged irreversible heat gener-
ation rates CTQW,JF and éim_ at the positive and negative half-cells as well as CTQW,T
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
Pyr14 TFSI and the wettability of the electrodes increased sharply with increasing
temperature. By contrast, Figure 4.10 establishes that QTWHF, éim_, and CTQZ»MT
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 R,(T) of Device 2 with
increasing temperature from 5 to 60 °C [Figure 4.6(b)]. It suggested that Joule
heating was not the only source of irreversible heat generation. However, CTQW#,
éirr,—, and CTQZ-MT increased significantly at 80 °C in Device 2 due to the partial
PC decomposition resulting in electrode pore blockage [51,81] and increasing cell

resistance [Figure 4.6(b)].

Furthermore, QTMHF, QTM’_, and CTQW,T in EDLCs with aqueous and organic
electrolytes at 20 °C [87,88] and in IL-based electrolyte between 20 to 60 °C [76]
all for cell potential window A1, < 1 V were linearly proportional to I2. In fact,
the total heat generation rate CTQW,T was equal to Joule heating, i.e., 6_2 7= R,I?.
By contrast, QTWHF, éirr,,, and éimT 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 ém,T in both Devices 1 and 2 exceeded Joule
heating éJ for any temperatures between 5 and 80 °C, i.e., QTZ‘TT’T/CT)J > 1. The
ratio CTQW,,T / Cé 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 [90]. This can be attributed

to a combination of phenomena namely (i) the charge redistribution in porous
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electrodes caused by higher ions desorption rate with increasing temperature and
modeled as the leakage current flowing through the pore resistance [63,74,77,80,90]
and (ii) the longer charging-discharging time t.; at low current (Figure 4.5). In
fact, the pore resistance is responsible for EDLC self-discharge and increased with

increasing potential window [77,90,144,145].

4.3.6 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) —Qir,n,i(t) cannot be

estimated from our measurements. Instead, Figure 4.11 shows the time-averaged

C

reversible heat generation rates during a charging step [Equation 4.6] (a,c) Qp, +

at the positive electrode and (b,d) Tfeu_ at the negative electrode as functions of
current [ 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 the error

¢ . over five

rev,i

bars correspond to 95% confidence interval estimated by evaluating 6_2
cycles. Figure 4.11 indicates that, in both Devices 1 and 2, éﬁev, L was systemati-
cally larger than é,‘ievﬁ. This could be attributed to the fact that TFSI™ anions
are smaller (~ 0.7 nm) than Pyr], cations (~ 1.1 nm). In fact, d’Entremont et
al. [85] established theoretically that 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 charg-
ing 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 Pyr14TFSI in PC electrolyte [85].

Moreover, for any given current and temperature, Q 4 was typically larger

C
rev
in Device 2 than in Device 1 due to the fact that the capacitance of Device 2
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Figure 4.9: Time-averaged irreversible heat generation rates (a) CTQWHF at the

positive electrode, (b) Qim, at the negative electrode, (c) Qm»,T in the entire

cell, and (d) QW,T / @ the ratio of total irreversible heat generation rate to Joule
heating as functions of I? with imposed current I ranging from 1 to 5 mA for
Device 1 with neat Pyri4TFSI electrolyte.
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cell, and (d) QW,T / @ the ratio of total irreversible heat generation rate to Joule
heating as functions of I? with imposed current I ranging from 1 to 5 mA for
Device 2 with 1 M Pyr;4 TFSI in PC electrolyte.
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was significantly larger than that of Device 1 (Figures 4.3 and 4.7). By contrast,

c
rev,—

in Device 2 was smaller than in Device 1 as solvated PC-Pyr{, cations were

larger compared to non-solvated Pyry, cations in neat IL.

Figures 4.11(a) and 4.11(b) also establish that, for a given current in Device

c
rev,—

1, éﬁw , increased with increasing temperature whereas 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 mag-

nitude of this endothermic dip increased with increasing temperature and com-

pensate the rise in reversible heat generation caused by increasing capacitance.

Furthermore, in Device 1 with neat Pyr;, TFSI [Figures 4.11(a) and 4.11(b)],
both éﬁw , and éﬁeu_ increased linearly with imposed current [ for all tempera-
tures considered. This was consistent with results from numerical simulations of
EDLCs [84]. 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, < 1 V [87,88] and with neat or diluted Pyr;,TFSI
electrolyte for different potential windows between 1 V to 4 V at 20 °C [90]. Simi-
larly, in Device 2 with 1 M Pyr;,TFSI diluted in PC [Figures 4.11(c) and 4.11(d)],
éﬁev’ 4 and éﬁev,f increased fairly linearly with imposed current I except for tem-
peratures 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 4.8(d)]

attributed to overscreening effect and/or desolvation of Pyrj, from PC solvent

shell and PC decomposition became significant at 60 and 80 °C.

4.4 Chapter summary

This chapter reported the irreversible and reversible heat generation rates in

two sets of AC-based EDLC devices with either (i) neat Pyri4TFSI or (ii) 1 M
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Figure 4.11: Time-averaged reversible heat generation rates during the charging

step as functions of imposed current I ranging between 1 and 5 mA for Device 1
with neat Pyr;sTFSI electrolyte (a) Qy., , at the positive and (b) Q5,, _ at nega-

rev,—

tive electrodes and for Device 2 with 1 M Pyri4TFSI in PC electrolyte (c) .ﬁev’ n

at the positive and (d) Tﬁev’f at negative electrodes for temperatures between 5
and 80 °C.
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Pyri4 TESIin PC electrolytes. The measurements were performed in an isothermal
in operando calorimeter under galvanostatic 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 Pyrj; cations and (iii) partial decom-
position 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
Pyr14TFSI electrolyte. The irreversible heat generation rates in the device with 1
M Pyr4 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 additional 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 charging step increased with
increasing temperature and was larger at the positive than at the negative elec-
trode due to the better accessibility of smaller TFSI™ anions into subnanoscale
pores compared with larger Pyr{, cations. Furthermore, the time-averaged re-
versible 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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CHAPTER 5

Heat generation in all-solid-state supercapacitors with graphene

electrodes and gel electrolytes

The chapter aims to investigate instantaneous heat generation rate in graphene-
based all-solid-state supercapacitors with either conventional or redox-active gel
electrolytes under galvanostatic cycling. It also aims to gain insights into the
charging mechanism and also to quantify the heat generation for further design
of the packaging to achieve adequate thermal comfort for flexible and wearable

all-solid-state supercapacitors.

5.1 Materials and methods

5.1.1 Sample preparation
Electrode fabrication

Sheets of commercial buckypaper (Nanocomp Technologies, Inc., USA) with sur-
face area 1.5 x 0.6 cm? were used as substrates to grow graphene petals (GPs) by
microwave plasma chemical vapor deposition (MPCVD), as described in previous
studies [146-148]. Buckypaper serves as a flexible, light, and mechanically robust
substrate for GP growth. The buckypaper samples were elevated 9 mm above
a b5 mm diameter molybdenum puck by ceramic spacers and then subjected to
MPCVD conditions with Hy (50 sccm, standard cubic centimeters per minute)
and CHy (10 sccm) as the primary feed gases. During GP growth, the total
pressure and plasma power were maintained at 30 Torr and 600 W, respectively.

The growth time was 25 min. The mass loading of GPs on each electrode was
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measured by subtracting the weight of the original buckypaper (BP) (i.e., 1.96

mg/cm?) from the final weight of each electrode.

Polymer gel electrolyte preparation

Two types of gel electrolytes were prepared: (i) 1 M H3PO4-PVA as a conventional
gel electrolyte and (ii) 0.02 M K3Fe(CN)g-K4Fe(CN)g-PVA as a redox-active gel
electrolyte. First, to prepare the PVA solution, 4 g of PVA powder (molecular
weight 89,000-98,000 g/mol, 99%, hydrolyzed, Sigma-Aldrich) was dissolved in
40 ml of deionized water, and the resulting solution was subjected to continuous

stirring for 20 min at 85 °C in a water bath.

For preparing H3PO4-PVA gel electrolyte, 4 g of concentrated liquid H3POy
solution (85 wt.% in H,O, 99% trace metals basis, Sigma-Aldrich) was added
to 40 ml of the previously prepared PVA solution. For synthesizing the redox-
active gel electrolyte, K3Fe(CN)g-K4Fe(CN)g-PVA (denoted by PFC-PVA), 0.329
g of K3Fe(CN)g powder (molecular weight 329.26 g/mol, 99%, Sigma-Aldrich)
and 0.422 g of K ;Fe(CN)g powder (molecular weight 422.39 g/mol, 99%, Sigma-
Aldrich) were dissolved in 10 ml DI water to prepare a 0.1 M K3Fe(CN)g/K4Fe(CN)g
solution (PFC solution). Then, the aqueous PFC solution was added to 40 ml
of the previously prepared PVA solution to create 0.02 M PFC-PVA solution.
For both gel electrolytes, 5 ml of the solutions were allowed to cool to room
temperature. The resulting homogeneous viscous solution was drop-casted onto a
polytetrafluoroethylene (PTFE) evaporating dish and allowed to dry at room tem-
perature for 24 hours. Finally, dried free-standing electrolyte films about 100 pum

in thickness were cut into small pieces matching the size of the GP/BP electrodes.
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Device assembly

To fabricate an all-solid-state supercapacitor, a clean paintbrush was dipped into
the desired gel electrolyte solution and applied on two identical GP/BP electrodes.
The electrodes were left to dry for about 45 min before the procedure was repeated
twice. The objective of the initial coating and drying process was to achieve a
complete coverage of the porous electrodes by the electrolyte and good adhesion
between the electrode and the solid electrolyte film. After the third application,
the device was assembled by sandwiching the gel electrolyte film between two
identical GP/BP electrodes. Then, the device was placed between two glass mi-
croscope slides of dimensions 2.5 x 7.5 cm? and pressure was applied with a small
paper clip on each end of the slides. The assembled device was left at room tem-
perature for 1 hour prior to experimental measurements in order to evaporate the

excess water.

Figure 5.1 illustrates the final appearance of the all-solid-state supercapacitor
devices assembled in this study along with typical dimensions. Table 5.1 sum-
marizes the composition of the gel electrolyte, length, width, and graphene (GP)
mass loading of each electrode in the four devices assembled. The cross-sectional
area and the thickness of Devices 2, 3, and 4 were identical and equal to (1.4 x 0.6

cm?) while the cross-sectional area of Device 1 was slightly smaller (1.1 x 0.6 cm?).

Table 5.1: Gel electrolyte composition, footprint and mass loading of graphene
petals (GP) on buckypaper for the four devices investigated.

Device Gel electrolyte Footprint Mass loading of GP electrodes
LxW positive negative
1 1 M H3PO4-PVA 1.1cecm x 0.6 cm 3.98 mg 3.06 mg
2 1 M H3PO4-PVA 14 cm x 0.6 cm  3.85 mg 4.53 mg
3 0.02 M K3Fe(CN)g-K4Fe(CN)g-PVA 1.4 cm x 0.6 cm  4.55 mg 3.83 mg
4 0.02 M K3Fe(CN)g-K4Fe(CN)g-PVA 1.4 cm x 0.6 cm  2.65 mg 2.87 mg

70



(b)

Gel electrolyte : Electrodes

\Current collector

L
—| v
| 35cm > £

»=le

Figure 5.1: (a) Photograph of the four devices considered in this study, (b) side
and top views of device’s assembly, consisting of solid gel electrolyte, MPCVD
GP on buckypaper electrodes, current collectors, and associated dimensions (see
Table 5.1).

5.1.2 Isothermal Calorimeter

In this study, instantaneous heat generation rates were measured in Devices 1 to
4 under galvanostatic cycling using a custom-made isothermal calorimeter pre-
viously described [87]. The calorimeter can measure the time-dependent heat
generation rate in each electrode of an electrochemical cell separately with high

accuracy (£10 pW) and with uncertainty under 3% [87].

Based on the thermal analysis of a single electrode described in supplementary
material of Ref. [87], the time-dependent heat generation rate Qz(t) (in mW) at

each electrode is equal to the heat transfer rate ¢/(t) passing through the heat
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flux sensor such that [87],

where A; denotes the footprint area of the electrode (in ¢cm?) while S; is the
temperature-dependent sensitivity of the heat flux sensor provided by the man-
ufacturer (in pV/(W/m?)) while subscript “/” refers to either the positive “+”

w_»

or negative electrode. Here, AV;(t) is the voltage difference measured in

7332
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each heat flux sensor in thermal contact with electrode . The instantaneous

total heat generation rate in the entire device (denoted by subscript “I”) can be
expressed as Qr(t) = Q4 (t) + Q_(1).

The instantaneous heat generation rate Q;(t) can be decomposed as the sum
of the irreversible Qm,i(t) and reversible heat generation rates Qm,,i(t), ie., Ql(t)
= Qm,i(t) + Qmj,i(t) [87]. The time-averaged heat generation rate over a cycle
period t.4 corresponds to the time-averaged irreversible heat generation rate éirr,i

at electrode “i”, i.e. [87],

netcd
- 1 )
Qirri = . / Q;(t) dt with i = + or — (5.2)
cd

(’Vlc— 1)tcd

here n. is the cycle number, chosen to be adequately large so that Qz(t) has reached
oscillatory steady state. Indeed, by definition, time-averaging of the reversible

w9
7

heat generation rate Qrev,i(t) at electrode over a complete charging-discharging

cycle yields C}Tew- = 0.

Finally, in the interest of comparing the reversible heat generation rate at each

electrode, the instantaneous reversible heat generation rate Qm,,i(t) was averaged
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over a charging period t. of galvanostatic cycling [87],

(ncfl)tcd%*tc

. 1 .
G i = — / Qrevi(t) dt withi =T, +, or —. (5.3)

rev,t t
c

(nC*l)tcd
5.1.3 Device characterization

A device’s integral capacitance Cj,; (in mF) was evaluated by integrating the area
enclosed by the cyclic voltammetry (CV) curve plotting the measured current
I (in mA) versus the imposed potential 1 (in V) for a given scan rate v and

potential window ranging between 1,,,;,, and ¥4, as [149],

1 I
Cmt(y) B (77Z)maac - ¢mm> %gdd}s (54>

Here, the integral capacitances Cj,; of Devices 1 to 4 were obtained for scan rates

5, 10, 20, and 30 mV /s.

Subsequently, galvanostatic cycling was performed on each device, for 20 cycles
at constant current I ranging from 1 to 4 mA to reach oscillatory steady state.
Table 5.2 summarizes the conditions, namely the potential window (Vmaz — Yimin)
and current [ for CV and galvanostatic cycling of each device. The potential
window for both CV and galvanostatic cycling was 1.0 V for Device 1, 0.8 V for
Device 2, and 1.2 V for Devices 3 and 4. These potential windows were chosen

during CV pre-cycling of each device in order to avoid unwanted redox reactions.

Moreover, the internal resistance R; was evaluated from the IR drop at the
charging/discharging transitions under galvanostatic cycling at current I accord-

ing to [89,111-113],
Ys(td) = s(te)
21

Ry(I) = (5.5)

where ¥,(t}) and 1,(t;) denote the potential across the device at the end of
the charging step and immediately after the beginning of the discharging step,
73



Table 5.2: Cyclic voltammetry and galvanostatic cycling operating conditions for
four devices.

Device Cyclic Voltammetry (CV) Galvanostatic cycling
Potential window Current imposed Potential window
wmm B ¢maac I (mA) wmm B djmaz
1 0-1.0V 2.0 — 4.0 0-10V
2 0-08V 1.0 — 4.0 0-08V
3 0-12V 1.0 — 4.0 0-12V
4 0-12V 1.0 — 4.0 0-12V

respectively. Here, the IR drop [1s(t) — ¢s(t. )] was calculated by considering
the cell potential 14(¢;) 10 ms after the beginning of the discharging step (i.e.
t- —tr = 10 ms), as suggested by Zhao et al. [112].

5.2 Results and discussion

5.2.1 Cyeclic voltammetry curves and integral capacitances

Figure 5.2 shows the CV curves at scan rates v = 5, 10, 20, and 30 mV /s measured
for Devices 1 to 4 under the operating conditions listed in Table 5.2. The nearly
rectangular CV curves of Devices 1 and 2 featuring conventional gel electrolyte
are characteristic of EDLCs behavior. By contrast, Devices 3 and 4 with redox-
active gel electrolyte exhibited CV curves with peaks attributed to reversible redox
reactions. Here, the redox peaks were observed in the potential range ¥(t) ~ 0
to 0.4 V corresponding to the Faradaic regime when charging was dominated by

redox reactions [150].

Figure 5.3 plots the integral capacitance Cj,;, estimated from CV curves using
Equation (5.4), for all four devices as a function of scan rate v. As expected, the
integral capacitance Cj,; of Devices 3 and 4 with redox-active gel electrolyte was
about two to three times larger than that of Device 2 with conventional gel elec-
trolyte for the same footprint area, albeit with slightly larger potential windows.

This result can be attributed to additional charge storage due to redox reactions
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in the redox-active gel electrolyte of Fe(CN)2~ /Fe(CN);~ redox pair. This im-
provement in Cj,; has also been observed for different redox electrolytes [53-59],
as previously discussed. In addition, Figure 4.3 indicates that the integral capac-
itances Cj,; of all devices decreases with increasing scan rate. The slight decrease
of C;,: in Devices 1 and 2 is consistent with results for EDLC devices with acti-
vated carbon electrodes reported in Ref. [87]. However, the decrease in Cj,; for
Devices 3 and 4 was steeper than for Devices 1 and 2. This observation is con-
sistent with results for graphene-based solid-state flexible supercapacitor using
polymer gel electrolyte with sodium molybdate (NagMoO,) as a redox additive
electrolyte [151]. This observation can be attributed to the slow kinetics of the
Faradaic reactions in redox-active electrolytes, producing less total charge storage
at higher scan rates. In addition, Devices 1 to 4 showed either better or compa-
rable capacitance comparing to some other all-solid-state supercapacitor devices

reported in Refs. [20,152,153].

5.2.2 Galvanostatic cycling and internal resistances

Figure 5.4 shows the cell potential ¥4(¢) as a function of time ¢ during galvanos-
tatic cycling of Devices 1 to 4 for constant current [ ranging from 1 to 4 mA and
the same potential windows as for the CV curves (see Figure 5.2). For Devices 1
and 2 [Figures 5.4(a) and 5.4(b)], the cell potential 14(t) varies linearly with time
t between the minimum t,,;, and maximum ,,,, potentials. This result confirms
the EDLC behavior of Devices 1 and 2 and the absence of redox reactions. By
contrast, for Devices 3 and 4 [Figures 5.4(c) and 5.4(d)] the cell potential ()
during galvanostatic cycling did not vary linearly with time ¢. The cell potential
1,(t) features a small slope at the beginning of charging indicating larger differen-
tial capacitance Cy;rp = I/(d1p/dt) [154] at the early stage of the charging process
from 1)4(t) ~ 0 to 0.4 V. This potential range corresponded to the Faradaic regime

when Faradaic reactions dominated [155]. This interpretation is consistent with
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Figure 5.2: Cyclic Voltammetry (CV) curves for (a) Device 1, (b) Device 2, (c)
Device 3, and (d) Device 4 for scan rate v = 5, 10, 20, and 30 mV /s for different

potential windows (Table 5.2).
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Figure 5.3: Integral capacitance Cj,;(v) obtained from CV curves [Equation (5.4)]
presented in Figure 4.2 for the four devices investigated as a function of scan rate
v for v =5, 10, 20, and 30 mV/s.

observation of the redox peaks in CV curves (Figure 5.2). The larger differential
capacitance Cy; ¢y can be attributed to Faradaic reactions (Faradaic regime) during
charging, while the smaller differential capacitance Cy; ¢ in the second part of the
charging process (capacitive regime) from () ~ 0.4 to 1.2 V, can be attributed
to EDL formation [155]. Moreover, in all devices, IR drop [¢s(t}) — ¢s(t.)] can
be observed at the transition between the end of charging and the beginning of
discharging.

Figure 5.5 shows the associated internal resistance R of Devices 1 to 4, calcu-
lated according to Equation (5.5), as a function of imposed current I. The internal
resistance R, in all four devices was fairly constant regardless of imposed current.
However, the internal resistances R, of Devices 3 and 4 with redox-active gel elec-
trolyte were about five to six times larger than those of Devices 1 and 2. This
observation can be attributed to the smaller ionic conductivity of redox-active gel
electrolyte due to the much smaller ion concentration (0.02 M PFC-PVA), limited
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by solubility of the salts, compared with the ion concentration of the conventional
gel electrolyte (1 M H3PO4-PVA). Indeed, the ionic conductivity of 0.02 M PFC-
PVA gel electrolyte has been reported as 6 mS cm™ by Yang et al. [156] and
5.44 mS cm™! by Kundu et al. [157]. On the other hand, the ionic conductivity
of 1 M (1:1) H3PO4-PVA gel electrolyte has been reported to be larger than 10
mS cm~! [158]. In addition, the internal resistance of Device 1 was about two
times larger than that of Device 2. This observation seems counterintuitive given
the fact that mass loading of the negative electrode of Device 2 was about 48%
larger than that of Device 1. The larger resistance of Device 1 can be attributed
to (i) variations in the drop-casting of the gel electrolyte that may have resulted
in larger electrolyte thickness and/or (ii) variations in the device fabrication pro-
cess due to poorer wetting and lower coverage of the electrode surface by the gel
electrolyte. The latter would lead to poor electrical contact between the electrode

and the viscous polymer gel electrolyte [159].

5.2.3 Instantaneous heat generation rates

Figure 5.6 shows the temporal evolution of the measured heat generation rates
(i) Q_(t) at the negative electrode, (i) Q4 (t) at the positive electrode, and (iii)
Qr(t) = Q4+ (t) + Q_(t) in the entire cell for Devices 1 to 4 as functions of dimen-
sionless time ¢/t.q for five consecutive galvanostatic cycles under constant current
I = 3 mA. The results indicate that the heat generation rates in all four devices
were repeatable over five consecutive cycles. Note such repeatability is not ex-
pected over hundreds or thousands of cycles as the device degrades. However,
while the cyclic stability of the redox electrolyte device and its effect on heat gen-
eration is certainly important, it falls beyond the scope of the present study. In
addition, the heat generation rates Q_(t), Q. (t), and Qr(t) in Devices 3 and 4
were significantly larger than those in Devices 1 and 2 due, in part, to their larger

internal resistance Ry (Figure 5.5).
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Figure 5.4: Cell potential under galvanostatic cycling for (a) Device 1, (b) Device
2, (c¢) Device 3, and (d) Device 4 under imposed current I between 1 and 4 mA
for different potential windows (Table 5.2).
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Figure 5.5: Internal resistance R, as a function of imposed current I for Devices
1 to 4 determined from Equation (6) based on the IR drop shown in Figure 5.4.

Moreover, Q_(t), Q4 (t), and Qr(t) in Device 1 was systematically larger than
in Device 2 despite having similar capacitances because Device 1 had a larger
internal resistance R, and was cycled over a larger potential window (¢,,az = Ymin)
compared to Device 2. Furthermore, in both Devices 1 and 2, the heat generation
rate at the positive electrode Q+(t) was slightly larger than that at the negative
electrode Q,(t). This asymmetry in the heat generation rate at the positive
and negative electrodes can be attributed to differences in charging mechanisms
between the electrodes due to overscreening effect caused by negatively charged
functional group on graphene electrodes, as observed also in activated carbon

electrodes with CMC binder [88].

Finally, despite having the same electrode and electrolyte compositions, and
similar capacitance and internal resistance, the heat generation rates Q- (t) and
Q+(t) were significantly different in Devices 3 and 4 due to larger mass loading

of GPs on the positive and negative electrodes of Device 3 than those of Device
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4. The larger electrode/electrolyte interfacial area for charge storage produces

higher heat generation rate.

a b
@) Device 1 () Device 2
30 T T T T 30 T T IT T
QT (t) ————— Qirr.T
05 —_— Q+ (t) ----- Qirr,+
QM . Q.

(c

Heat generation rate, Q (t) (mW)

-0.05

~—

Device 3
1.0 T

.
0 1 2 3 4

Dimensionless time, t/t |

Heat generation rate, O.(t) (mW)

(d)

i

o

[N

o
!

. Device 4

Dimensionless time, t/t |

Heat generation rate, O (t) (mW)
Heat generation rate, O (t) (mW)

05 : } } 05 : } }
0 1 2 3 4 5 0 1 2 3 4 5
Dimensionless time, t/tcd Dimensionless time, tltCd

Figure 5.6: Instantaneous heat generation ratesiQJr(t), Q_jt), and QT(t) and

their time-averaged heat generation rates Q. (t), Q_(t), and QT(t) at the positive
and negative electrodes and for the entire cell for (a) Device 1, (b) Device 2,
(c) Device 3, and (d) Device 4 under constant current cycling at I = 3 mA for

potential windows (¥4 - Ymin) of 1.0 V, 0.8 V, 1.2 V, and 1.2 V|, respectively
(see Table 2).

5.2.4 Time-averaged heat generation rates

Figure 5.7 shows the time-averaged irreversible heat generation rates (i) ém,_

at the negative electrode, (ii) QTW,JF at the positive electrode, and (iii) Qirr,T =
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éirr,— + CTQW,JF in the entire cell, represented by dashed lines. The time-averaged
irreversible total heat generation rate éimgp in Device 1 was larger than in Device
2 due to its larger internal resistance R, (Figure 5.5), as previously discussed. On
the other hand, despite differences in the instantaneous heat generation rates, the
time-averaged total heat generation rate CTZZ-MT was similar in Devices 3 and 4 as

their internal resistance Ry was comparable (Figure 5.5).

Figure 5.7 plots the time-averaged irreversible heat generation rates CTQW,_,
CTQW,JF, and CTQW,T as functions of I? for Devices 1 to 4 under constant current cy-
cling. It also shows the heat generation rate due to Joule heating expressed as (:2 J
= I?R,, where R, is the average internal resistance for each devices obtained from
their IR drop (Figure 5.5). The measured total irreversible heat generation rate
éimgp under galvanostatic cycling was in excellent agreement with Joule heating
é 7 = I’R, for all four devices considered. In other words, Joule heating was
the only cause of irreversible heat generation in the all-solid-state supercapacitors
considered, including those with redox-active gel electrolytes. In addition, the
time-averaged heat generation rates éim_ and CT)W,JF at the negative and positive
electrodes were also linearly proportional to I?, and the coefficient of proportion-
ality corresponded to their respective resistances R_ and R,. In fact, for all four
devices tested, Figure 5.7 indicates that the two electrodes had similar resistances
whose sum corresponds to the device internal resistance, i.e., R_ ~ R, and R_
+ R, = R;. Similar results were obtained previously with EDLCs with activated

carbon electrodes of various compositions and with different electrolytes [87,88].

5.2.5 Reversible heat generation rates
Conventional gel electrolyte

As previously demonstrated, Joule heating is the sole cause of irreversible heat

generation. Thus, under constant current cycling, the instantaneous irreversible
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shown.
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heat generation rate Qirr,i(t) remains time-independent so that Qirr,i(t) = C}imi
= R;I?. Therefore, the instantaneous reversible heat generation rate va,i(t)
at each electrode or in the entire device can be calculated by subtracting the
time-averaged irreversible heat generation rate éimi from the instantaneous heat

generation rate Q;(t), i.e.,
Qrev,i(t) = Qz(t) - éirr,i with i = —, +, or T. (56)

Figure 5.8 shows the instantaneous reversible heat generation rates (a) Qye,+ ()
at the positive electrode, (b) Qe (t) at the negative electrode, and (¢) Qepr(t)
in the entire cell estimated by Equation (5.6) for Devices 1 and 2 for current I rang-
ing from 2 to 4 mA. The reversible heat generation rate at the positive electrode
Qrevﬂr(t) was systematically larger than that at the negative electrode Q,ﬁew_(t)
for both Devices 1 and 2 and at all imposed current I. At the positive electrode
[Figure 5.8(a)], the reversible heat generation rate Q.. 4 (t) was exothermic during
charging and endothermic during discharging for both Devices 1 and 2. Moreover,
the magnitude of QT6U7+(t) increased slightly with increasing current /. By con-
trast, at the negative electrode [Figure 5.8(b)], the reversible heat generation rate
va’_(t) was both endothermic and exothermic during charging and discharg-
ing. The trends observed in Qey4(t) and Qe, () and their differences were
consistent with those observed in EDLC devices with activated carbon electrodes
containing carboxymethyl cellulose (CMC) binder [87,88]. There, the behavior of
Qrev,,(t) was explained by the overscreening effect of ions induced by negatively
charged functional groups in CMC binder, as previously discussed [88]. Similarly,
in graphene-based electrodes, functional groups such as carboxyl (—COOH) ex-
ist and can dissociate to form negatively charged carboxylic (—COO™) surface
functionalities [160]. The dissociation of —COOH into —COO~ is an irreversible

spontaneous process that may occur during device assembly or during the first

84



charging/discharging cycle. It could not be observed in the highly repeatable and
consecutive cycles shown in Figure 5.6. The resulting negatively charged func-
tional groups attracted positively charged HT cations from H3PO, gel electrolyte
via electrostatic force between opposite charge. In order to charge-balance the
inner Helmholtz layer in the electrolyte, another subsequent layer of PO}~ an-
ions was required [88,95]. Therefore, at the beginning of the charging step, the
negative electrode was first charged by desorption of PO?~ anion (endothermic)
and by H* cations adsorption (exothermic) [88,95]. Thus, the endothermic anion
desorption present at the electrode/electrolyte interface due to the overscreening
effect partially compensated the exothermic cation adsorption during charging at
the negative electrode. Therefore, the magnitude of Qrev7_(t) was small compared
with that of Qm)#(t), at all times. Consequently, the instantaneous reversible
heat generation rate in the entire cell QTeU’T(t) = Qrev,+(t) + va’_(t) followed
the same trends as Qe + () at all imposed current I [Figure 5.8(c)]. At the tran-
sition between charging and discharging steps, there was a sight time lag due to
response time of the heat flux sensors (0.7 s to reach 95% of actual value, gSKIN-
XP, greenTEG) and thermal mass of the GP/BP electrodes and gel electrolyte in

Devices 1 and 2.

Finally, Figure 5.8(d) plots the time-averaged reversible heat generation over

a charging step at each electrode C_Q as a function of current I for Devices

c
rev,i

1 and 2. At the negative electrode, for all currents fell close to 0 mW,

(&
rev,—
indicating a comparable amount of endothermic and exothermic heat generated

c
rev,—

during a charging step. This result is consistent with 6_2 of devices with
activated carbon electrodes containing CMC binder reported in Ref [88]. However,
at the positive electrode, QT,?W 4 was positive and fairly independent of the imposed

current /.
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Figure 5.8: One charging-discharging cycle of the reversible heat generation rate
(a) Qrev.+ () at the positive electrode, (b) Qe (t) at the negative electrode, (c)
Qer(t) in the entire cell for Devices 1 and 2 as functions of dimensionless time
t/teq for constant current I = 2, 3, and 4 mA. (d) Corresponding time-averaged

c
rev,—

reversible heat generation rate Qﬁem . at the positive and Q at the negative

electrodes during a charging step for Devices 1 and 2.
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Redox-active gel electrolyte

Figure 5.9 shows the instantaneous reversible heat generation rates (a) Q ey (t) at
the positive electrode, (b) Qrev,,(t) at the negative electrode, and (c) Qrev’T(t) in
the entire cell estimated by Equation (7) for Devices 3 and 4 for currents [ ranging
from 2 to 4 mA. At the positive electrode [Figure 5.9(a)], the reversible heat
generation rates Qrev,Jr(t) were both endothermic and exothermic during charging
and discharging. This can be explained by the combination of two superimposed
charging mechanisms at the positive electrode, namely (i) EDL formation and
(ii) redox reaction involving Fe(CN)s~ and Fe(CN)s~, as observed in Refs. [161,
162]. These two charging mechanisms have opposite thermal signatures: (i) EDL
formation/adsorption of Fe(CN)3~ and Fe(CN)g~ anions on GP is exothermic and
(ii) the oxidation reaction Fe(CN)g~ — Fe(CN)2~ + e~ in the gel electrolyte was
found to be endothermic both experimentally [61,163,164] and analytically, based

on entropy considerations [165].

Moreover, in contrast to Devices 1 and 2, the reversible heat generation rate
at the negative electrode QT€U7_(t) was systematically larger than that at the
positive electrode Qrw#(t) for both Devices 3 and 4 at all imposed current I.
In addition, the reversible heat generation rates Qrew_(t) were exothermic during
charging and endothermic during discharging. Furthermore, the magnitude of
Qrev,_(t) increased with increasing current I. Note that Qm,,_(t) was larger in
Device 3 than in Device 4 because the graphene petal mass loading of the negative
electrode was about 33% larger in Device 3 than in Device 4 [Figure 5.9(b)]. The
instantaneous reversible heat generation rate in the entire cell QTQU,T(t) = Qrev7+(t)
+ Qrw,(t) followed the behavior observed at the negative electrode for Devices
3 and 4 [Figure 5.9(c)]. Here also, there was a slight time lag at the transition
between charging and discharging steps, due to response time of the heat flux
sensors (0.7 s to reach 95% of actual value, gSKIN-XP, greenTEG) and thermal

mass of the GP/BP electrodes and gel electrolyte in Devices 3 and 4.
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Finally, Figure 5.9(d) plots the time-averaged reversible heat generation over

c
rev,i

a charging step at each electrode C_Q as a function of current I for Devices 3
and 4. At the positive electrode, éﬁev’ , was nearly zero for all currents, indicat-

ing a comparable amount of endothermic and exothermic heat generated during a

c
rev,—

charging step. On the other hand, at the negative electrode, C} in both Devices
3 and 4 was positive and increased with imposed current /. This result is consis-
tent with éﬁev at the positive electrodes of EDLC devices consisting of activated
carbon electrodes in different electrolytes [87] and that at positive and negative
electrodes without CMC binder [88], where neither redox reactions nor overscreen-
ing effects were present. Notably, the magnitude of instantaneous reversible heat
generation rate Qrev,i(t) was larger in Devices 3 and 4 than in Devices 1 and 2 at
both electrodes and for any given current I. The value of Qm}# (1), Qm,,_(t), and
QTev’T(t) in Devices 3 and 4 with redox-active gel electrolyte oscillated between
+ 0.2 mW, £ 0.5 mW, and £ 0.7 mW, respectively while Qyey +(t), Qres—(1),
and Qm,,T(t) in Devices 1 and 2 with conventional gel electrolyte (without redox
reaction) oscillated in a smaller range between + 0.05 mW, &+ 0.03 mW, and + 0.1
mW, respectively. This could be predominantly attributed to the additional re-
dox reactions that enhance charge storage and led to larger capacitance and thus,
stronger thermal signatures. The larger reversible heat generation rate could also

be due to the larger potential window for Devices 3 and 4 than those for Devices

1 and 2.

Faradaic and capacitive regimes in a galvanostatic cycling

For Device 3 under imposed current I = 2 mA, Figure 5.10 shows the cell potential
1,(t) features a small slope at the beginning of charging indicating larger differen-
tial capacitance Cyr at the early stage of the charging process from 14(t) ~ 0 to
0.4 V. This potential range corresponded to the Faradaic regime when Faradaic

reactions dominated. This interpretation is consistent with observation of the
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Figure 5.9: One charging-discharging cycle of the reversible heat generation rate
(a) Qrev.+ () at the positive electrode, (b) Qe (t) at the negative electrode, (c)
Qer(t) in the entire cell for Devices 3 and 4 as functions of dimensionless time
t/teq for constant current I = 2, 3, and 4 mA. (d) Corresponding time-averaged
reversible heat generation rate Q¢ - at the positive and Q¢ at the negative

rev Tev,—

electrodes during a charging step for Devices 3 and 4.
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redox peaks in CV curves (Figure 5.2). The larger differential capacitance Cy;yy
can be attributed to Faradaic reactions (Faradaic regime) during charging, while
the smaller differential capacitance Cy;rs in the second part of the charging pro-
cess (capacitive regime) from ,(t) ~ 0.4 to 1.2 V, can be attributed to EDL
formation [155]
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Figure 5.10: Cell potential under galvanostatic cycling for Device 3 under imposed
current / = 2 mA (left Y-axis) and the corresponding profile of instantaneous
reversible heat generation rate Qe,(t) at the positive electrode (right Y-axis)
as functions of time ¢ with two vertical dashed red lines dividing Faradaic and
capacitive regimes over the time span.

Comparison between heat generation from the devices and from human

body

Overall, heat generation in Devices 1 and 2 charged under constant current of 4
mA [Figures 5.11(a) and 5.11(b)] would result in a heat flux of up to 2.9 W/m? on
each face of the devices representing 3% of the total metabolic heat dissipation rate
given off by the body of 91.7 W /m? by convection, radiation and evaporation [166].
On the other hand, the heat generation in Devices 3 and 4 would reach up to

10.7 W/m? representing 12% of the total metabolic heat dissipation rate. Note
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that the presence of all wearable devices would reduce natural convection and
evaporation from the skin. It also remains unclear how the temporal fluctuations
in heat generation rate may be perceived by the person wearing such devices.
This suggests that active thermal management may be necessary, particularly for

devices with redox-active gel electrolytes.
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Figure 5.11: Instantaneous heat generation rates Q4 (1), Q__(t), and Qr(t) and
their time-averaged heat generation rates Q. (t), Q_(t), and Qr(t) at the positive
and negative electrodes and for the entire cell for (a) Device 1, (b) Device 2,

(c) Device 3, and (d) Device 4 under constant current cycling at I = 4 mA for

potential windows (¥ - Ymin) of 1.0 V, 0.8 V, 1.2 V, and 1.2 V, respectively
(see Table 2).
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5.3 Chapter summary

This chapter assesses the effect of gel electrolyte composition on heat generation
rate in all-solid-state supercapacitors using graphene petals grown on buckypaper
electrodes. Two all-solid-state supercapacitor devices with conventional gel elec-
trolyte (H3PO,4 in PVA) and other two devices with redox-active gel electrolyte
(K3Fe(CN)g-K4Fe(CN)g in PVA) were fabricated and tested for their capacitance,
internal resistance, and heat generation rate. For all devices, the measured irre-
versible heat generation CTQZ-MT was proportional to I? and equal to Joule heating
CT) J. It was about five times larger in devices with redox-active gel electrolyte
than that in devices with conventional gel electrolyte due to larger internal resis-
tance Rg. Moreover, reversible heat generation rates were different at the positive
and negative electrodes of all devices. In a conventional gel electrolyte, at the
positive electrode Qmj#(t) was exothermic during charging and endothermic dur-
ing discharging while at the negative electrode, Qrev,_(t) was endothermic at the
beginning of charging step and exothermic for the rest of the charging step due
to the effect of overscreening on charging mechanism. By contrast, at the neg-
ative electrode of devices with redox-active gel electrolyte, Qm,,,(t) was clearly
exothermic during charging and endothermic during discharging whereas @,y 4 (t)
at the positive electrode combined (i) exothermic EDL formation/adsorption of
Fe(CN)3~ and Fe(CN)2™ anions on GP and (ii) endothermic redox reaction of
Fe(CN)g~ — Fe(CN)2™ + e~ in the gel electrolyte resulting in both endothermic
and exothermic during charging. Overall, heat generation measurements can be
used to provide insight into the electrochemical processes occurring during charg-
ing /discharging of all-solid-state supercapacitors. They can also be used to design

thermal management solutions.
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CHAPTER 6

Conclusions and Future Work

6.1 Conclusions

The objectives of the study were to investigate the effect of temperature on the
heat generation and the associated electrochemical phenomena in ionic liquid-
based EDLCs under (i) a small potential window of 1 V in order to compare with
aqueous and organic electrolytes and (ii) a larger potential window of 2.5 V for
more realistic applications, and (iii) the effect of redox-active components on the

heat generation in all-solid-state graphene-based supercapacitors.

The first objective was achieved by measuring separately the instantaneous
heat generation rate at each electrode of ionic liquid-based electric double layer
capacitors (EDLCs) at three different temperatures, 20 °C, 40 °C, and 60 °C,
under galvanostatic cycling using an in operando isothermal calorimeter. Here,
the ionic liquid-based electrolyte consists of 1 M N-butyl-n-methylpyrrolidinium
bis(trifluoromethane sulfonyl)imide (Pyr;4TFSI) dissolved in propylene carbon-
ate (PC). The potential window was limited to 1 V to compare with results from
similar devices using aqueous or organic electrolytes. First, the results establish
that Joule heating of the device was the main source of irreversible heat gener-
ation similar to previous results obtained from EDLC devices with aqueous or
organic electrolytes for the operating conditions considered. The irreversible heat
generation rate was similar at the positive and negative electrodes and decreased
with increasing temperature due to enhanced ion mobility in the IL-based elec-
trolyte resulting in the decrease in internal resistance. Furthermore reversible heat

generation rates at the positive and negative electrodes were mostly exothermic
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during charging and endothermic during discharging due to the change in entropy
of the electrolyte system. It increased slightly with increasing temperature and
was larger at the positive electrode due to the fact that adsorbing TFSI™ anions
were smaller than Pyry, cations. The reversible heat generation rate at the nega-
tive electrode featured a small endothermic dip at the beginning of the charging
step potentially due to overscreening effect and/or endothermic desolvation of PC

molecules from Pyr], cations.

The second objective was achieved in a similar manner as the first objec-
tive. Here also, standard electrochemical and heat generation measurements were
performed. However, two EDLCs consisted of two identical activated carbon elec-
trodes with either neat Pyr;4, TFSI or Pyri4,TFSI diluted in PC were investigated
and compared. In addition, the cell potential window was extended to 2.5 V while
the temperature was extended to 5 °C as lower limit and 80 °C as upper limit.
First, the instantaneous heat generation rate was similar at each electrode in neat
IL while it was smaller at the negative electrode than at the positive electrode
in devices with diluted IL in PC. 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 de-
vice with neat Pyr;,TFSI electrolyte. The irreversible heat generation rates in
the device with 1 M Pyr;4,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 additional irreversible heat
generation caused by charge redistribution in the porous electrode and increas-

ing leakage current due to ion desorption with increasing temperature. Second,
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in both EDLC devices, the time-averaged reversible heat generation rate over
the charging step increased with increasing temperature and was larger at the
positive than at the negative electrode due to the better accessibility of smaller
TFSI~ anions into subnanoscale pores compared with larger Pyr{, cations. Fur-
thermore, 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.

The third objective was achieved by fabricating two all-solid-state superca-
pacitor devices with conventional gel electrolyte (H3PO,4 in PVA) and other two
devices with redox-active gel electrolyte (K3Fe(CN)g-K4Fe(CN)g in PVA). Then,
standard electrochemical and heat generation measurements were performed on
those devices. For all devices under potential windows smaller than 1.2 V| the
irreversible heat generation C}imT was proportional to 2 and equal to Joule heat-
ing é J- Moreover, reversible heat generation rates were different at the positive
and negative electrodes of all devices. In a conventional gel electrolyte, at the
positive electrode Qreu,+(t) was exothermic during charging and endothermic dur-
ing discharging while at the negative electrode, Qreu_(t) was endothermic at the
beginning of charging step and exothermic for the rest of the charging step due
to the overscreening effect. By contrast, at the negative electrode of devices with
redox-active gel electrolyte, Qrw_(t) was clearly exothermic during charging and
endothermic during discharging whereas Qrev7+(t) at the positive electrode com-
bined (i) exothermic EDL formation/adsorption of anions on graphene petals and
(ii) endothermic redox reaction in the gel electrolyte resulting in both endothermic

and exothermic during charging.
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6.2 Future work

The effect of ion size and valency on charging mechanism of in MnO,

cryptomelane with aqueous electrolytes

MnOQOs; is one of the most common pseudocapacitive electrode in hybrid pseudoca-
pacitors pairing with an activated carbon electrode. In fact, MnO, exists in many
and different crystallographic structures. Especially, MnO, cyptomelene exhibits
fast surface redox reaction at the electrode/electrolyte interface. However, de-
pending on the size of the cations, charging mechanism can be different. Several
electrolytes can be tested for its heat generation rate associated with electrochem-
ical phenomena. One idea is to investigate MnOy pseudocapacitive electrodes in
electrolytes made of sulfate salts of alkaline metals (e.g., Li;SOy, NaySOy, KoSOy,
and CseS04) and of an alkaline-earth metal (e.g., MgSO,) dissolved in DI water.
By fixing the anions to be SO7~ and varying cations with different sizes (Lit, KT,
Na't, and Cs*) and valencies (Mg?*"), the effect of ion size and valency on charg-
ing mechanism can be explored. The result would provide the insight in charging
mechanisms and therefore to evaluate promising electrolyte for such MnOy hybrid

supercapacitors.
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APPENDIX A

Supplementary Materials for Background

A.1 Heat flux and heat generation rate relation

A.1.1 Schematic and assumptions

e Schematic: Figure A.1 shows the schematic of an electrode and its thermal

components.

X \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ §

\\\ nsulation (se arator\\\
L SMAOAMARARRRRRRARRRNRNS \\\\\\\\\\\\\\

Electrode
q(x)
144

0 | 4

|
Heat flux sensor

Figure A.1: Schematic of the 1D transient heat transfer model with heat genera-
tion at the electrode.

e Assumptions:

1. Constant properties, i.e., p, ¢,, and k.

2. The temperature variation at the surface of the electrode (y-z plane) can be

ignored [84, 86].

3. Heat losses from the side faces are ignored.
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A.1.2 Governing equations

Heat conduction equation for an electrode can be written as,

oT 0 oT 0 or 0 oT
— == | k=— — | k— — | k= j Al
P o {ax( 8x)+8y( 6y)+8z( az)}”(gj) (A1)
where p, ¢,, and k are the effective density, specific heat, and thermal conductivity

of the electrode and ¢ is the volumetric heat generation rate in the electrode.

A.1.3 Boundary conditions

1. Insulated electrode surface at x = L (the separator works as insulator),

dT
— = 0. A2
d[L‘ x=L ( )
2. Heat flux at z = 0 is given as,
dT
= ) A3
dx 1z=0 (A-3)

A.1.4 Heat generation rate

Considering the assumption 1, 2, and 3, Equation (A.1) can be reduced as,

or 0T

Now, we can write Equation (A.4) at arbitrary time as,

T
k— +¢=0. A5
TR (A5)

98



By integrating Equation (A.5) and using the first boundary condition, Equation

(A.5) can be written as,

k%:/x q(z)dx (A.6)

Now, the heat flux ¢" at the heat flux sensor/electrode interface can be written

as,

- /0 ' i(z)dz. (A7)

To obtain the heat generation rate @ (in mW) in the electrode, Equation (A.7)

was multiplied by the footprint area A of the electrode,
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APPENDIX B

Supplementary Materials for Chapter 3

B.1 Cyclic voltammograms

Figure B.1 shows CV curves for the same device as that considered in the manuscript
but at different temperatures for scan rate v of (a) 5 mV/s, (b) 10 mV/s, (c) 15
mV/s, and (d) 30 mV/s. It confirms that CV curves were rectangular at all tem-
peratures and scan rates considered, as observed in Figure 3.1(b) for scan rate v

=20 mV/s.

100



1.0 T T T T T T
0.8 1 . 3
Charging
0.6+ E
< o4+ E
S
= 02t v =5mV/s E
=
= 004+ —T=20°C E
o T=40°C
g 02% ——T=60°C E
S
5 044 3
@)
-0.6+ _
Dischargin
08+ ging 3
1.0 f f f f f f
-02 00 02 04 06 08 10 12
Cell potential, y(t) (V)
C
( ) 20 T T T T T T
15t  Charging E
. 10+ 3
<
E o5 ]
g v =15mV/s
< ook —T=20C ]
- T=40°C
C - e
o -05+ ——T=60°C ]
=
O -104 ]
15+ B
Discharging
-2.0 f f f f f f
02 00 02 04 06 08 10 12

Cell potential, y(t) (V)

Current, 1(t) (mA)

—~~
o
Ry

Current, I(t) (mA)

Cell potential, y(t) (V)

1.6 T T T T T T

124+ . E
Charging
08+ / .
04+ 3
v =10 mV/s
004+ —T=20°C ]
T =40°C

04+ —T=60°C .
08+ 3
-1.2+ Discharging 4

1.6 t t t f t t

-02 00 02 04 06 08 10 12

Cell potential, y(t) (V)

35 T T T T T T
30+ Charging E
25+ E
20+ E
15+¢ E
10§ E
05+ v =30 mV/s 3
00+ —T=20°C E
054 T=40°C 3
104+ — T =60°C E
15+ E
20+ E
25+ E
3.0 Discharging -

-35 t t t f t t

02 00 02 04 06 08 10 12

Figure B.1: Cyclic voltammogram from the same device as in the manuscript at
temperature between 20 °C and 60 °C at scan rate v = (a) 5 mV/s, (b) 10 mV/s,
(c¢) 15 mV /s, and (d) 30 mV /s .

B.2 Cell potential under galvanostatic cycling

Figure B.2 shows the galvanostatic charge-discharge curves for the same device

as that considered in the manuscript for temperature between 20 °C and 60 °C

under imposed (a) 2 mA, (b) 3 mA, (¢) 5 mA, and (d) 6 mA. It confirms the

observations made from Figure 3.3(b) at imposed current I = 4 mA.
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Figure B.2: Cell potential for the same device as in the manuscript under galvano-
static cycling for temperature between 20 °C and 60 °C under imposed current
(a) 2 mA, (b) 3 mA, (c) 5 mA, and (d) 6 mA.

B.3 Reversible heat generation rates

Figures B.3 and B.4 plot the instantaneous reversible heat generation rates (a,d)
Qrevt (1) at the positive electrode, (b,e) Qres—(t) at the negative electrode, and
(¢,f) Qrev.r(t) in the entire cell as functions of the dimensionless time t/t.4 for
current / = 2 and 3 mA (Figures B.3) and for current I = 5 and 6 mA (Figures
B.4), respectively, at constant temperature of 20 °C, 40 °C, and 60 °C. It confirms

the observation made from Figures 3.7(a)—3.7(c) for imposed current / = 4 mA.
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Figure B.3: Reversible heat generation rates (a) Qrey.+ (t) at the positive electrode,
(b) Qres—(t) at the negative electrode, and (c¢) Qpeyr(t) in the entire cell as
functions of the dimensionless time #/¢,q under current I = 2 mA and (d) Qpey. 4 (t),
(€) Qrev.—(t), and (f) Qpeyr(t) under current I = 3 mA for temperature between
20 °C and 60 °C.
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Figure B.4: Reversible heat generation rates (a) Qrey.+ () at the positive electrode,
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