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abstract of the dissertation
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Doctor of Philosophy in Mechanical Engineering

University of California, Los Angeles, 2022

Professor Laurent G. Pilon, Chair

Increased demand for electrical energy storage to support the deployment of renewable en-

ergy sources and to decarbonize the transportation sector has established electrochemical

capacitor (EC) and rechargeable batteries as the current frontier of science. Accurate un-

derstanding of the phenomena occurring during cycling of ECs and batteries can assist in

determining their limitations, in optimizing their design and the material selection and in

developing novel electrode materials. Recently, isothermal operando calorimetry has been

successfully developed to identify the charging mechanisms occurring in ECs and batteries.

It has identified the thermal signatures of (i) Joule heating, (ii) EDL formation/dissolution,

(iii) redox reactions, (iv) overscreening effect, (v) electrolyte decomposition, (vi) irreversible

ion intercalation into the electrode, and (vii) insulator to semiconductor transition.

Heat generation rates in hybrid supercapacitors consisting of positive α-MnO2 cryptome-

lane electrodes and AC counter electrodes with different aqueous electrolytes were measured

experimentally via isothermal operando calorimetry under galvanostatic cycling at 20 ◦C.

First, two devices with 0.5 M K2SO4 or Cs2SO4 aqueous electrolytes were investigated for

their different solvation shell thickness and bare ion size. The measured heat generation

rate at the AC electrode was attributed to irreversible Joule heating and reversible EDL for-

mation/dissolution. On the other hand, the heat generation rate at the α-MnO2 electrode

was caused by Joule heating and redox reactions. Moreover, for large potential windows,
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an endothermic dip was observed at the α-MnO2 at the end of the charging step and was

attributed to the onset of hydrolysis. Hydrolysis was observed for potential window of 2 V

in 0.5 M Cs2SO4 aqueous electrolyte and for 1.8 V for 0.5 M K2SO4. The wider potential

window than the theoretical 1.23 V was attributed to the thinner solvation shell of Cs+

compared to K+ which limited the amount of water present near the electrode.

Heat generation rate measured in hybrid supercapacitors is often dominated by ion ad-

sorption/desorption and redox reactions. However, during adsorption/desorption and redox

reactions, ions fully or partially shed or form their solvation shells. Here, hybrid superca-

pacitors consisting of an α-MnO2 and an AC electrode with MgSO4 aqueous electrolytes

with different concentrations were investigated via isothermal operando calorimetry. MgSO4

salt was chosen for its high solubility in water (≤ 2.9 M at 20 ◦C) near neutral pH and

its large enthalpy of solvation compared to previously considered K2SO4 and Cs2SO4. The

measured heat generation rates at the AC electrodes were similar to those previously mea-

sured in devices with K2SO4 and Cs2SO4 aqueous electrolytes. However, the heat generation

rate measured at the α-MnO2 electrodes was significantly different from those observed for

K2SO4 and Cs2SO4 aqueous electrolytes. This was attributed to the heat generation due to

solvation/desolvation of Mg2+ cations. However, the thermal signature of solvation was not

observed at the AC electrode as the solvated Mg2+ cations were small enough to enter the

pores in the AC electrodes without becoming partially desolvated. This interpretation was

confirmed by a simple thermal model.

Ion size can also affect the charging mechanisms and capacity of hybrid supercapacitors.

To assess the effect of ion size on the charging mechanisms and heat generation in hybrid

supercapacitors three devices were tested and consisted of an α-MnO2 and an AC electrode

with either (i) 0.5 M Li2SO4, (ii) 0.5 M Na2SO4, or (iii) 0.5 M Cs2SO4 aqueous electrolyte.

The thermal signatures measured at the AC electrodes in 0.5 M Na2SO4 and 0.5 M Cs2SO4

aqueous electrolyte were qualitatively similar and attributed to EDL formation/dissolution.

However, they were different from the thermal signature measured in 0.5 M Li2SO4 aqueous

electrolyte when Li+ possibly participated in surface redox reactions with the AC electrode

due to its small size and high electronegativity. Then, the heat generation rate was endother-
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mic during charging due to the non-spontaneous Li+ surface redox reactions and exothermic

during discharging. Interestingly, Na+ and Cs+ cations did not participate in surface redox

reactions into AC as their compounds with carbon are not stable.

The irreversible heat generation in the redox active α-MnO2 electrode of hybrid super-

capacitors exceeded Joule heating due to the contributions of polarization heating and the

hysteretic ion concentration profile evolution at the electrode surface. This dissertation for-

mulates expressions and performs numerical simulations of the irreversible heat generation

rates associated with charge and mass transfer resistances based on the modified Poisson-

Nernst-Planck model. These contributions to the total heat generation rate were expressed

as resistive losses through the charge transfer or the mass transfer resistances by analogy

with Joule heating. These resistances were not constant during cycling and instead depended

on the state of charge of the electrode.

Finally, while batteries feature high energy density, their power density is often limited.

LixNa1.5−xVOPV4F0.5 (LNVOPF) has been identified as a promising high rate cathode ma-

terial whose rate performance can rival that of pseudocapacitive electrodes such as α-MnO2.

This dissertation investigates the structural evolution of LNVOPF during lithiation and

delithiation to elucidate the origin of its excellent rate performance. Open circuit voltage

and entropic potential were measured in three different coin cells with LNVOPF cathodes

and Li metal anodes in 1 M LiPF6 in EC:DMC electrolyte. The cathodes consisted of

either LNVOPF micronbricks or nanoparticles and were manufactured with either P3HT

or PVDF as binders. The evolutions of open circuit voltage and entropic potential indi-

cated that LNVOPF exhibits solid solution behavior with ion ordering. The device with

the LNVOPF nanoparticles featured faster kinetics and larger apparent diffusion coefficient

of Li+ than that with LNVOPF micronbricks. This was attributed to the larger particle

size and the large electrode resistance of the coin cell with LNVOPF micronbricks which

retained more Na than LNVOPF nanoparticles after Li exchange. This interpretation was

corroborated with thermodynamic calculation of the entropic potential evolution.
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CHAPTER 1

Introduction

1.1 Electrochemical energy storage systems

Electrochemical capacitors (ECs) have received significant interest as fast charging electrical

energy storage systems [5–10] for (i) memory protection in electronic circuitry and portable

electronic devices [11], (ii) power quality of smart grids with intermittent renewable sources

[11], and (iii) hybrid or all-electric vehicles [11] particularly for regenerative breaking systems

[12, 13]. Indeed, compared to batteries, ECs offer large power density while suffering from

relatively low energy density [5,14]. Electrochemical capacitors can be divided into (i) electric

double layer capacitors (EDLCs) and (ii) hybrid supercapacitors [5, 12]. EDLCs consist of

two highly porous carbon electrodes with large specific surface area (≥1,000 m2/g) [5]. They

store energy via ion adsorption at the electrode surface with the formation/dissolution of the

electric double layer (EDL) [5]. Such storage mechanism is very fast and highly reversible

resulting in large power density, however their energy density is small [5]. On the other hand,

hybrid supercapacitors consist of a pseudocapacitive metal oxide electrode and an AC counter

electrode. They store charge predominantly through fast surface redox reactions or fast ion

intercalation into the pseudocapacitive electrode material without inducing phase transition

[5, 12, 15, 16]. Two different charging mechanisms have been proposed for pseudocapacitive

electrodes, namely (i) charging through surface or near-surface redox reactions, such as in

α-MnO2 cryptomelane [17–22] and (ii) charging by fast ion intercalation/deintercalation into

the channels or layers of the redox-active material without inducing a phase transition, such
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as in Nb2O5 [16, 23]. In both cases, the reversible redox reaction can be written as [24],

[MxOy] + zC+ + ze−
discharging−−−−−−⇀↽−−−−−−
charging

[(C+
z )MxO

−
y−z]. (1.1)

Here, C+ refers to alkali or alkaline earth metal cations (i.e., Li+, Na+, K+, Cs+, Mg2+)

in the electrolyte. Charging via fast surface redox reactions results in nearly rectangular

cyclic voltammograms and almost linear temporal evolution of potential under galvanostatic

cycling, similar to those observed in EDLCs [16]. On the other hand, charging via ion

intercalation/deintercalation typically results in larger capacity, as the cyclic voltammograms

often feature redox peaks. Similarly, the temporal evolution of the cell potential under

galvanostatic cycling is typically non-linear [16].

In recent years, batteries established themselves as crucial components in applications

where large energy density is required while still providing reasonable power density [16,25–

28]. This includes portable and flexible electronics, grid storage, implantable medical devices

and electric vehicles [16,25–28]. Batteries consist of a cathode and an anode immersed in an

electrolyte solution. The cathode is an oxidizing electrode while the anode is the reducing

electrode. In other words, during charging the cathode loses electrons while the anode gains

electrons. Due to their high energy and power density, long cycle life, and low environmental

impact, Li ion batteries (LIBs) and Na ion batteries (NIBs) are ideal candidates for these

applications [29]. Metal oxides that can operate above 1 V vs. Li/Li+ have been proposed as

battery cathode materials to avoid solid-electrolyte interphase (SEI) formation and extending

their cycle life [30–33].

1.2 EC and battery constituents

1.2.1 Electrodes

Electrodes used in EDLCs are typically made from highly porous carbon such as activated

carbon (AC) [34], carbon nanotubes [35,36], and ordered mesoporous carbon [37]. They are

inexpensive, feature high specific surface area and have high electrical conductivity [5]. On
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the other hand, pseudocapacitive electrodes are typically made out of transition metal oxides

such as MnO2, MoO2, Nb2O5, V2O5, and Fe3O4 [38,39]. Moreover, redox active conducting

polymers such as polyaniline, polypyrrole, PEDOT,and polythoiphene or their composites

with carbon nanotubes can also be used as pseudocapacitive electrodes [40]. An intrinsic

disadvantage of these polymers compared to conventional pseudocapacitive electrodes is

their relatively low electrical conductivity [40]. This can lead to excessive potential drop

across the electrode and lower energy density [40]. Moreover, the electrode thickness must

be considered when designing pseudocapacitive electrodes as their resistance increases with

increasing thickness. Another way to improve the electrode performance is through the use

of a highly electrically conductive scaffold (i.e., carbon nanotubes) on which thin films of

pseudocapacitive materials are deposited [41–44].

The cathodes used in the earliest LIBs were made of TiS2 [45] while the earliest anode

material was graphite [46]. Since then, materials such as LiCoO2 have been proposed as

prospective cathode materials [47]. The structure of LiCoO2 features similar layered crystal

structure as TiS2. However, LiCoO2 can operate at significantly higher voltage (4 V vs.

Li/Li+) compared to TiS2 (2 V vs. Li/Li+) [47]. To date, graphite anodes are still widely

used due to their large theoretical capacity and inexpensive fabrication [48]. However, they

suffer from solid-electrolyte interphase (SEI) formation due to their low operating potential

(0.2 V vs. Li/Li+) [49] and perform poorly at high C-rates [50]. Therefore, conducting oxides

such as TiNb2O7 have been proposed as alternative high C-rate anode materials that can

operate at higher voltage (≤ 1.5 V vs. Li/Li+) [30, 51].

Moreover, binders are used during electrode manufacturing to hold their constituents to-

gether and increase the electrode conductivity [52,53]. The most commonly used binders are

polyvinyldene fluoride (PVDF), polytetrafluoroethylene (PTFE), and carbomethyl cellulose

(CMC) [54–61]. However, binders can introduce functional groups that affect the charac-

teristics of the electrode and caution must be used when choosing them [61]. Furthermore,

additives such as carbon black can enhance the electrical conductivity of the electrode [62,63].

Additionally, doping carbon with nitrogen can increase the electrode lifetime and improve

its performance at higher voltages [64]. Surfactants such as TBAOH, CTAB, and SDBS can
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also be used to increase the wettability of the electrodes [65]. Finally, addition of TiO2 or

Ba(OH)2 can decrease the charge transfer resistance in MnO2 electrodes by enhancing the

electron transport properties of the electrodes [66].

Polymorphs of MnO2

Crystalline manganese dioxide (MnO2) is a naturally abundant mineral that is formed by

MnO6 octahedra sharing vertices and edges in various combinations resulting in one, two,

or three-dimensional tunnel structures [39, 67, 68]. Their differences may be characterized

by the size (n × m) and number of tunnels as well as the geometry of the tunnels (i.e.,

1D, 2D, or 3D) in the MnO2 unit cell [69]. Some MnO2 polymorphs with small 1D tunnels

such as pyrolusite (β-MnO2) and nsutite (γ-MnO2) are more likely to exhibit fast surface

redox charging mechanism. Then, their capacity is proportional to their surface area, like in

EDLCs [39]. By contrast, birnessite (δ-MnO2) forms a 2D lamellar structure and exhibits

larger capacity than β- and γ-MnO2, due to cation intercalation/deintercalation [39,70]. In

contrast to birnessite, cryptomelane (α-MnO2) features surface redox reactions despite hav-

ing relatively large tunnels that could facilitate cation intercalation. This can be attributed

to the sieve-like structure of α-MnO2 tunnels [70]. Interestingly, both charging mechanisms

may take place in other MnO2 polymorphs [39,67,68]. Finally, during cycling of MnO2 elec-

trodes in mild aqueous electrolytes, Mn changes its oxidation state from Mn4+ to Mn3+ (with

eventually dismutation of Mn3+ into Mn2+ and Mn4+) when discharged with monovalent or

bivalent cations, respectively [39,67,68].

1.2.2 Liquid electrolytes

Liquid electrolytes used in ECs and batteries can be split into three groups, namely (i) aque-

ous electrolytes, (ii) organic electrolytes, and (iii) ionic liquids (ILs). Aqueous electrolytes are

limited by the electrochemical stability window of water of 1.23 V at 20 ◦C and pH of 7 [14,71].

They typically operate with a potential window of 1 V. Moreover, organic electrolytes consist

of a salt dissolved in an organic solvent. The most commonly used organic solvents are ace-
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tonitrile (AN), propylene carbonate (PC), ethylene carbonate (EC, and dimethyl carbonate

(DMC) [14]. Although organic electrolytes offer the benefit of a larger operating potential

window (> 2 V [71]), they face several challenges including (i) organic solvents are more

expensive than water, (ii) their dielectric constant and electrical conductivity are inferior to

those of aqueous electrolytes, and (iii) they are highly flammable and toxic [71]. Finally, ionic

liquid electrolytes can operate under a high potential window (> 3 V) as they are not dis-

solved in any solvent. Similarly, they can operate below 0 ◦C. They are not flammable, and

offer a wide variety of different ion configurations [14,71,72]. However, ILs are expensive and

have a lower electrical conductivity than organic electrolytes [14,71,72]. In fact, to improve

their electrical conductivity, they can be dissolved in organic solvents [73]. Common ILs in-

clude N-butyl-n-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI) and

N-methyl-n-propylpiperidinium bis(fluorosulfonyl)imide (PIP13FSI) [74].

1.3 Electrochemical methods

1.3.1 Galvanostatic cycling

Galvanostatic cycling consists of imposing a rectangular constant current I(t) as [75–77]

I(t) =

{
IGC for t0 ≤ t ≤ t0 + tc

−IGC for t0 + tc < t ≤ t0 + tc + td. (1.2)

Here, IGC is the imposed constant current, t0 is the time at the start of the cycle, tc is the

charging time, and td is the discharging time. Moreover, the time of one cycle is the sum

of charging and discharging times, i.e., tcd = tc + td. Then, the potential response ψs(t) is

measured. Figure 1.1 shows (a) the imposed current I(t) under galvanostatic cycling and

(b) the temporal evolution of the cell potential ψs(t) as functions of time. The potential

response ψs(t) of an ideal capacitor is linear. Such behavior is typical for EDLCs and hybrid

supercapacitors with fast surface redox reactions [16]. Moreover the potential vs. time curves

feature an IR drop when the current switches from IGC to −IGC or vice versa. This drop
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Figure 1.1: (a) The imposed current I and (b) the potential response ψs(t) as functions of
time under galvanostatic cycling.

can be used to calculate the internal resistance of the device according to [1, 61,78–80]

Rs(I) =
ψs(t

+
c )− ψs(t−c )

2IGC
. (1.3)
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Here, ψs(t
+
c ) and ψs(t

−
c ) are the cell potentials at the end of the charging step and 10 ms after

the beginning of the discharging step, respectively (i.e., t+c − t−c = 10 ms), as recommended

in Ref. [79].

1.3.2 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is an electrochemical method consisting of imposing a triangular

potential ψs(t) while measuring the current response I(ψs). The imposed potential ψs(t) can

be expressed as [81]

ψs(t) =

{
ψmax − ν[t− (nc − 1)tCV ] for (nc − 1)tCV ≤ t < (nc − 1/2)tCV

ψmin + ν[t− (nc − 1/2)tCV ] for (nc − 1/2)tCV ≤ t < nc tCV . (1.4)

Here, ν is the scan rate, nc is the cycle number, and tCV is the cycle period. Moreover, ψmin

and ψmax are the minimum and maximum values of the imposed potential ψs(t), respectively.

Figure 1.2 shows (a) the imposed potential ψs(t), and (b) the resulting cyclic voltammogram

plotting I(t) vs. ψs(t). For an ideal capacitor, the cyclic voltammogram is rectangular. In

practice, cyclic voltammograms feature a leaf-like shape due to diffusion limitations of ions in

the electrode and the electrolyte particularly at high scan rate. The differential capacitance

Cdiff (ψs) can be plotted like a cyclic voltammogram and calculated as [82]

Cdiff (ψs) = I(ψs)/ν. (1.5)

Moreover, the integral capacitance can be expressed as

Cint =
1

2(ψmax − ψmin)

∮
I(ψs)

ν
dψs. (1.6)

Please note that for an ideal capacitor Cdiff and Cint are the same and cyclic voltammetry

and galvanostatic cycling yield the same results.
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Figure 1.2: (a) The imposed triangular potential ψs(t) as a function of time and (b) the
cyclic voltammogram for an ideal case (dashed line) and a real case (solid line).

1.3.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) consists of imposing a sinusoidal electric

potential with amplitude ψ0 and frequency f . The sinusoidal potential is superimposed

on a time-independent DC offset potential ψdc. Then, the current response I(t) is mea-
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sured [83–85]. The imposed potential ψs(t) and the measured current response I(t) can be

expressed as [83,86–88]

ψs(t) = ψdc + ψ0e
i2πft and I(t) = Idc + I0e

i[2πft−φ(f)]. (1.7)

Here, Idc is the DC current, I0 is the amplitude of the current oscillations, and φ(f) is

the frequency-dependent phase angle between the imposed potential ψs(t) and the current

response I(t). Figure 1.3 shows (a) the imposed potential ψs(t) and (b) the current re-

sponse I(t) as functions of time for typical EIS measurement. The complex electrochemical

impedance Z(f) is defined as [83,86–88]

Z(f) =
ψs(t)− ψdc
I(t)− Idc

=
ψ0

I0
eiφ = Zre(f) + iZim(f), (1.8)

where Zre and Zim (in Ωm2) are the real and imaginary components of the impedance,

respectively. Figure 1.4 shows (a) the typical Nyquist plot for an EDLC electrode and (b)

the plot of −Zim vs. the inverse of frequency (time) reproduced from Ref. [1]. Several regions

in the Nyquist plot can be attributed to the electrical resistances associated with each part

of an EC [Figure 1.4(a)] as identified by Mei et. al. [1], namely (i) the electrode resistance,

(ii) the electrolyte resistance, and (iii) the diffuse layer resistance [1]. Moreover, the Nyquist

plots for pseudocapacitive electrodes can feature another semi-circle at lower frequencies

which was attributed to the sum of the charge and mass transfer resistances [89]. Finally,

the low frequency data [Figure 1.4(b)] can be used to retrieve the equilibrium differential

capacitance Ceq [1].

1.3.4 Galvanostatic intermittent titration technique (GITT)

Galvanostatic intermittent titration technique (GITT) consists of imposing a series of current

pulses each followed by a relaxation period during which the measured cell potential relaxes

towards the open circuit voltage Uocv(x, T ) of the cell [90,91]. It can be used to retrieve both

the thermodynamic and kinetic parameters of batteries [90, 91]. In particular, the apparent
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Figure 1.3: (a) The imposed potential ψs(t) and (b) the current response I(t) as functions
of time under EIS conditions.

diffusion coefficient DLi+ can be calculated from the GITT measurements through Fick’s law

as [4, 31,90]

DLi+(x, T ) =
4

πτ

(
V

A

)2(
∆Uocv(x, T )

∆Vi(x)

)2

. (1.9)
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Figure 1.4: (a) The Nyquist plot for an EDLC electrode, and (b) the low frequency data
for −Zim vs. 1/f used to retrieve the equilibrium differential capacitance Ceq reproduced
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Here, τ is the duration of the current pulse in GITT measurement and V and A are the

volume and the surface area of the electrode, respectively. Moreover, ∆Vi(x) is the change

of the cell potential during one current pulse, and ∆Uocv(x, T ) is the change of the open

circuit voltage between consecutive current pulses. Please note that Equation (1.9) is only

valid for small current pulses when V vs.
√
t behaves linearly [90]. It does not apply when
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the material is undergoing phase transition as Li+ ion transport is not Fickian [92].

1.3.5 Potentiometric entropic potential measurements

Entropic potential offers unique operando insight into the physicochemical phenomena oc-

curring in battery electrodes during cycling [31]. Its evolution vs. x can identify pro-

cesses such as insulator/metal transition [93], phase transformation and two phase coexis-

tence [31, 94], phase transformation with a stable intermediate phase [31], and ion interca-

lation/deintercalation in solid solution with ion ordering [31, 93–97]. Entropic potential is

defined as the change of open circuit voltage Uocv(x, T ) with respect to the change in tem-

perature T . The open circuit voltage Uocv(x, T ) is a function of the molar Gibbs free energies

gLixMA(x, T ) of the LixMA and goLi(x, T ) of the Li electrodes expressed as

Uocv(x, T ) = −1

e

[
∂gLixMA(x, T )

∂x
− goLi(T )

]
. (1.10)

Furthermore, taking the derivative of Equation (1.10) with respect to temperature T yields

the entropic potential under isobaric conditions as [31]

∂Uocv(x, T )

∂T
=

1

e

[
∂

∂x

(
∂gLixMA(x, T )

∂T

)
− ∂goLi(T )

∂T

]
=

1

e

[
∂sMA(x, T )

∂x
− s◦Li(T )

]
. (1.11)

Here, sMA(x, T ) is the entropy of the intercalation compound working electrode dependent

on the Li content x and the temperature T , and s0Li(T ) is the entropy of the Li metal

counter electrode and is only dependent on the temperature T . It should be noted that

∂Uocv(x, T )/∂T is linearly proportional to partial molar entropy ∂sMA(x, T )/∂x at fixed

temperature T as indicated by Eq. (1.11). Although the equation governing ∂Uocv(x, T )/∂T

[Eq. (1.11)] is very complex, it can be measured by slightly modifying the galvanostatic

intermittent titration technique (GITT) by imposing temperature variations at the end of

the relaxation step [31,93,94].
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1.4 Isothermal operando calorimetry

Dandeville et al. [98] developed an operando calorimeter equipped with thermocouples for

measuring the instantaneous temperature profile of (i) an EDLC cell consisting of two identi-

cal AC electrodes and of (ii) a hybrid supercapacitor cell consisting of a positive amorphous

MnO2 electrode and a negative AC electrode [98]. The two cells were assembled in 0.5 M

K2SO4 aqueous electrolyte and tested under constant current cycling [98]. The total instan-

taneous heat generation rate in each device was deconvoluted from the measured temperature

changes [98]. In the EDLC cell, the instantaneous heat generation rates at the AC electrode

half-cells were assumed to be identical [98]. In addition, the instantaneous heat generation

rate at the MnO2 half-cell was estimated by subtracting that measured in the AC electrode

half-cell of the EDLC device from the total heat generation rate measured in the hybrid

supercapacitor device [98].

More recently, Munteshari et al. [24, 99] developed an isothermal operando calorimeter

capable of measuring the instantaneous heat generation rates at each electrode of a hy-

brid supercapacitor using two thermoelectric heat flux sensors attached to the back of each

electrode. In subsequent studies, the isothermal operando calorimetry measuring the time-

dependent heat generation rates, at each electrode separately, during galvanostatic cycling

has been successfully used to identify the thermal signature of different charging mecha-

nisms in EDLCs with aqueous [99], organic [61, 99–101], and ionic liquid [100–102] elec-

trolytes. These mechanisms included (i) ion desolvation and adsorption [61, 100–102], (ii)

overscreening effect [61, 100], (iii) organic solvent decomposition [102], and (iv) irreversible

ion intercalation in AC electrode under different temperatures and potential windows [102].

Moreover, a new in situ cell was developed for simultaneous thermal analysis (STA) to mea-

sure simultaneously heat dissipation and weight changes as well as resistance and capacitance

in an EDLC device during cycling or float tests [103]. However, few operando calorimetry

studies have used calorimetry to investigate hybrid supercapacitors [24, 98].

Finally, a hybrid supercapacitor device consisting of a MnO2 birnessite nanoparticles

synthesized using microwave synthesis and a suspension of graphene (MnO2-G) as a posi-
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tive electrode and a negative AC electrode in 0.5 M Na2SO4 aqueous electrolyte has been

investigated [24]. Moreover, two hybrid supercapacitor devices consisting of a positive AC

electrode and a MoO2-nanoparticles deposited on reduced graphene oxide (MoO2-rGO) as

a negative electrode in EC:DMC (1:1 vol ratio) solvent with 1 M LiClO4 and in EC:DMC

(1:1 wt ratio) solvent with 1 M TBABF4 were also investigated [24]. The devices were sub-

jected to galvanostatic cycling with imposed current I ranging from 2 to 6 mA and potential

window ∆ψs between ψs,min = 0.4 V and ψs,max = 1.4 V for the device with a MnO2-G

electrode and ψs,min = 0.5 V and ψs,max = 2.5 V for the device with a MoO2-rGO electrode.

The time-averaged heat generation rate at the AC electrodes was proportional to I2 and

dominated by Joule heating. Similar results were found experimentally for AC electrodes

in EDLCs with various electrolytes [61, 98, 99, 104, 105]. Moreover, the time-averaged heat

generation rate at the pseudocapacitive electrodes exceeded Joule heating due to irreversible

heating associated with faradaic reactions and EDL formation hysteresis at the pseudocapac-

itive electrode [24]. The reversible heat generation rate at the AC electrodes was exothermic

during charging and attributed EDL formation and endothermic during discharging due to

EDL dissolution. Indeed, heat is released during the EDL formation and consumed during

its dissolution as corroborated by numerical simulations [75]. By contrast, the reversible heat

generation rate at the pseudocapacitive MnO2-G electrode was endothermic during charging

and attributed to redox reactions and desorption of cations while it was exothermic during

discharging due to the spontaneous fast surface redox reactions accompanied by cations ad-

sorption [24]. Indeed, spontaneous processes are typically exothermic while non-spontaneous

processes are endothermic [24]. On the other hand, the reversible heat generation rate at

the pseudocapacitive MoO2-rGO electrode in LiClO4 in EC:DMC was endothermic during

charging and attributed to the fast intercalation of small Li+ cations and exothermic during

discharging due to fast deintercalation of cations [24]. Finally, the reversible heat generation

rate at the MoO2-rGO electrode in TBABF4 in EC:DMC was exothermic during charging

due to the exothermic EDL formation resulting from the large TBA+ cations being unable

to intercalate into the electrode and endothermic during discharging due to the endothermic

EDL dissolution [24]. These results provide a guideline for the interpretation of measured

14



thermal signatures associated with physical and electrochemical phenomena occurring in

hybrid supercapacitors during operation.

1.5 Motivations for the present study

While electrochemical measurements have been widely used to characterize ECs, their in-

terpretation can sometimes be speculative. To complement them, an isothermal operando

calorimeter was recently developed and has been used to identify the thermal signature of

(i) ion desolvation and adsorption [61, 100–102], (ii) the overscreening effect [61, 100], (iii)

organic solvent decomposition [102], and (iv) irreversible ion intercalation in AC electrode

under different temperatures and potential windows [102]. This calorimeter could be used

to identify the onset of hydrolysis in hybrid supercapacitors with aqueous electrolytes, thus

determining the maximum operating potential window of the cell for different salts. The

heat generation rate at the AC or pseudocapacitive electrode consists of the superposition

of heat generation rate due to EDL formation or redox reactions and ion desolvation. It

is challenging to distinguish ion desolvation from the other two contributions which tend

to dominate the heat generation rate. However, calorimetry may be able to measure the

thermal signature of solvation during cycling for salts with sufficiently high enthalpy of sol-

vation. In fact, solvent molecules surrounding the salt must first be partially or fully removed

in order for ions to effectively participate in charge storage [106]. Additionally, ion species

can affect the charging mechanisms as ions with lower electronegativity do not participate in

redox reactions at the electrode surface [24]. By contrast, ions with higher electronegativity

could possibly participate in surface redox reactions at the otherwise inert AC electrodes.

Such redox reactions are non-spontaneous and the associated thermal signature would be

dissimilar to that arising from EDL formation.

Additionally, α-MnO2 cryptomelane is a naturally abundant good pseudocapacitive ma-

terial that features fast surface redox reactions. It has been commonly used in combination

with AC counter electrodes and aqueous electrolytes. In fact, aqueous electrolytes present

the advantage of being inexpensive, environmentally friendly, and can be designed to be
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non-corrosive with pH close to 7. However, the operating potential window of such hybrid

supercapacitors is limited by the electrochemical stability window of water of 1.23 V at

neutral pH and 20 ◦C.

Previous studies observed that the irreversible heat generation exceeded Joule heating

at the pseudocapacitive electrode while it matched Joule heating at the AC electrode [24,

77]. The additional irreversible heat generation was attributed to so-called polarization

heating and to concentration profile hysteresis in the pseudocapacitive electrode [24,77]. The

polarization heating was attributed to the charge transfer resistance while the mass transfer

resistance caused the concentration profile hysteresis [1, 89]. However, models describing

the instantaneous heat generation rates caused by charge and mass transfer resistances have

not yet been formulated. Indeed, accurately predicting the irreversible heat generation by

accounting for all of the irreversible contributions is crucial for the appropriate design of

thermal management systems of hybrid supercapacitors.

Conversely, potentiometric entropic potential measurements offer unique operando in-

sight into changes occurring in lithium ion battery electrodes under quasiequilibrium lithi-

ation and delithiation [93]. This unique non-invasive and non-destructive technique can be

used to identify changes including insulator to semiconductor transition, two phase coexis-

tence region, and solid solution with ion ordering [31,93–97]. In addition to having excellent

capacity, LNVOPF can accommodate high currents and at 20C retains 90 % of the capacity

at C/2 [33]. In fact, the rate performance of LNVOPF could rival that of hybrid superca-

pacitors and could establish LNVOPF as the ideal cathode material for applications where

high power and energy density is required. The entropic potential evolution could clarify the

origin of this excellent capacity retention by elucidating the structural evolution of LNVOPF

cathodes.

1.6 Objectives of the present study

This thesis aims to investigate the effect of ion species on the performance and maximum

operating potential window of hybrid supercapacitors consisting of a positive α-MnO2 elec-
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trode and a negative AC electrode in various aqueous electrolytes via the use of isothermal

operando calorimetry. The latter was used to identify the thermal signatures of the onset of

hydrolysis and of ion solvation and desolvation during cycling. It was also used to quantify

the effect of monovalent cation species on the charging mechanisms as this could affect the

capacity of hybrid supercapacitors. By doing so, it expanded the use of calorimetry for

determining the maximum operating potential window of hybrid supercapacitors. It also

provided scientific insight into the solvation/desolvation processes and charging mechanisms

of hybrid supercapacitors.

Furthermore, this thesis aims to formulate and compute, for the first time, the irreversible

heat generation rates associated with charge and mass transfer resistances and responsible

for previous experimental observations that the total irreversible heat generation exceeds

Joule heating at the pseudocapacitive electrodes. Thus, a more accurate understanding of

irreversible heat generation and thermal management needs in hybrid supercapacitors was

established.

Finally, this thesis aims to use the potentiometric entropic potential measurements to

investigate the structural evolution of LNVOPF based cathodes during delithiation and

lithiation responsible for their excellent rate performance. It also aim to corroborate the

experimental results with a theoretical model of solid solution accounting for ion ordering.

By doing so, a more comprehensive insight into the cause of the excellent rate performance

of LNVOPF cathodes which could rival the rate performance of hybrid supercapacitors was

obtained.

1.7 Organization of the document

Chapter 2 presents experimental operando calorimetric measurements of the thermal signa-

ture of the onset of hydrolysis in hybrid supercapacitors with α-MnO2 cryptomelane elec-

trodes in K2SO4 and Cs2SO4 aqueous electrolytes. Similarly, Chapter 3 investigates the

effect of concentration and hydration enthalpy of MgSO4 aqueous electrolytes on the heat

generation in hybrid supercapacitors with α-MnO2 cryptomelane electrodes. Chapter 4 in-
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vestigates the effect of ion size on the charging mechanisms of hybrid supercapacitors with

α-MnO2 electrodes using 0.5 M Li2SO4, Na2SO4, and Cs2SO4 aqueous electrolytes. Chapter

5 investigates numerically the causes of irreversible heat generation exceeding Joule heat-

ing observed experimentally at the pseudocapacitive electrodes of hybrid supercapacitors.

Particular attention was paid to the energy dissipation caused by charge and mass transfer

resistances. Chapter 6 elucidates the charging mechanism and the cause of excellent rate

performance of LNVOPF by measuring its entropic potential evolution during delithiation

and lithiation. Finally, Chapter 7 summarizes the results of individual chapters included in

this doctoral thesis and proposes directions and possibilities for future work.
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CHAPTER 2

Calorimetry can detect the early onset of hydrolysis in

hybrid supercapacitors with aqueous electrolytes

This chapter investigates the effect of cation species on the onset of electrolyte hydrolysis

in hybrid supercapacitors with aqueous electrolytes using isothermal operando calorimetry.

The cells consisted of a positive α-MnO2 cryptomelane electrode and a negative activated

carbon (AC) electrode with either 0.5 M K2SO4 or 0.5 M Cs2SO4 aqueous electrolytes. They

were characterized using cyclic voltammetry and galvanostatic cycling. In addition, the

instantaneous heat generation rate at each electrode was measured using a custom isothermal

operando calorimeter. Heat generation associated with resistive losses (Joule heating) and

reversible ion adsorption/desorption was clearly identified. For larger potential windows, an

endothermic dip, attributed to the onset of hydrolysis, was observed at the positive α-MnO2

electrode where K+ and Cs+ ions engaged in fast surface redox reactions. Interestingly, this

endothermic dip appeared at 1.8 V and 2.0 V for K2SO4 and Cs2SO4 aqueous electrolytes,

respectively. The difference in the stable operating potential window was attributed to

thinner solvation shell around Cs+ cation than for K+ thus reducing the amount of water

present near the electrodes as ions partially shed their solvation shells during adsorption.

The early onset of hydrolysis could be observed by isothermal operando calorimetry before

it could be observed with conventional electrochemical methods.
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2.1 Background

2.1.1 Thermal signature of electrolyte decomposition

During cyclic voltammetry of hybrid supercapacitors, water electrolysis is endothermic and

may be accompanied by a significant increase in electrical current [107]. Munteshari et

al. [102] investigated two EDLC devices under a large potential window ∆ψs up to 4 V. The

devices consisted of two AC electrodes in neat ionic liquid Pyr14TFSI (Device 1) or 1 M

Pyr14TFSI diluted in PC (Device 2) [102]. Here, a rapid increase in current was observed

near the end of the charging step in CV measurements for Device 2 and for the cell potential

windows above 3.0 V. It was associated with PC decomposition. In fact, an endothermic dip

was observed in the instantaneous heat generation rates measured at the negative electrode

and was associated with PC decomposition [102]. Device 1 did not exhibit such behavior

due to the absence of PC solvent in the neat ionic liquid [102]. Moreover, the electrochem-

ical stability window of solvents decreased with increasing temperature as the contribution

of thermal potential became non-negligible [108]. This has been widely used in hydrogen

production where the required power input significantly decreases due to the contribution of

heat to the overall energy required for electrolysis [108].

Moreover, previous calorimetric studies investigated the instantaneous heat generation

rates in hybrid supercapacitor devices consisting of a positive MnO2-based amorphous or

birnessite electrode and a negative AC electrode with either 0.5 M K2SO4 [98] or 0.5 M

Na2SO4 [24] aqueous electrolyte under galvanostatic cycling. However, the operating poten-

tial window of 1.0 V was too small to observe electrolysis.

2.1.2 Onset of hydrolysis

Hong et al. [107] investigated the influence of pH on the potential window limitations of

aqueous electrolyte for amorphous MnO2/AC electrodes in 1 M HCl (acidic), 1 M KOH

(basic), and 1 M KCl (neutral) aqueous electrolytes. In a three-electrode setup with a Pt

metal plate as the reference electrode, the authors observed that in acidic pH, the following
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H2 evolution reaction began at the AC electrode at − 0.2 V when the potential at the MnO2

electrode was 1.0 V both vs. the Pt reference electrode,

2 H3O
+ + 2 e− −−→ H2(g) + 2 H2O. (2.1)

This reaction limited the operating potential window to 1.2 V (< 1.23 V) in 1 M HCl aqueous

electrolyte [107]. Similarly in basic pH, the following O2 evolution reaction started at the

MnO2 electrode at 0.7 V when the potential at the AC electrode was − 1.1 V both vs. the

Pt reference electrode,

4 OH− −−→ O2(g) + 2 H2O + 4 e− (2.2)

Here, the potential window was limited to 1.8 V in 1 M KOH aqueous electrolyte [107].

Moreover, in neutral pH, the H2 and O2 evolution reactions were negligible and the following

H2O decomposition reactions were observed for potential window of 2.0 V such that the

MnO2 electrode was at 1.1 V and the AC electrode at − 0.9 V both vs. the Pt reference

electrode [107],

2 H2O −−→ O2(g) + 4 H+ + 4 e−, (2.3)

2 H2O + 2 e− −−→ H2(g) + 2 OH−. (2.4)

Overall, in amorphous MnO2/AC systems with aqueous electrolytes, hydrolysis was delayed

in basic and neutral electrolytes with cell potential window exceeding 1.23 V while acidic

environment acted as a catalyst for hydrolysis and reduced the maximum cell potential

window [107].
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2.2 Materials and methods

2.2.1 Electrode fabrication and device assembly

In order to fabricate the α-MnO2 pseudocapacitive electrodes and the AC electrodes nec-

essary for our study, two different slurries were prepared by mixing the active materials

with carbon black (Superior Graphite, > 99%) into polyvinylidene fluoride (PVDF, Solef®

5130) binder solution in a 70:15:15 weight ratio. The active materials were cryptomelane

α-MnO2 (Prince Erachem) and activated carbon (YP-50F, Kuraray Chemical). The PVDF

solution was prepared by dissolving PVDF powder in liquid dimethylacetamide (DMA) in an

8.5:91.5 weight ratio. Dry matter contents of the active materials were respectively adjusted

at 25.3 wt.% and 18.7 wt.% for α-MnO2 and AC slurries by adding DMA in order to obtain

homogeneous mixtures after vigorous stirring overnight with a magnetic stirrer.

The slurries were drop cast onto titanium (Ti) mesh current collector sheets (Dexmet

Corp.) with a 1 × 1 cm2 footprint area and spread evenly with a spatula. The Ti mesh had

been previously treated in a boiling aqueous solution containing 10 wt.% of oxalic acid for

at least 30 minutes and rinsed off with DI water in order to enhance the adhesion between

the slurry and the mesh current collector. The electrodes were dried in an oven at 60 ◦C

for 12 h. Then, all the electrodes were hot-roll calendared to ensure that the thickness was

uniform over the entire electrode and ranged between 36 and 51 µm for α-MnO2 electrodes

and between 82 and 96 µm for AC electrodes [109]. This resulted in a mass loading of 5 - 7

mg/cm2 for both types of electrodes.

Finally, the devices were assembled with a positive α-MnO2 electrode and a negative AC

electrode separated by a 1 mm-thick, chemically inert, polypropylene mesh separator. The

separator was impregnated with either 0.5 M K2SO4 (Device 1) or 0.5 M Cs2SO4 (Device 2)

aqueous electrolytes. These electrolytes were chosen for their significantly different solvation

shell thickness [110, 111], relatively small ion hydration molar enthalpy to ensure that ion

hydration does not dominate heat generation, and sufficiently large solubility in water (> 0.5

M) to achieve good capacity. Table 2.1 summarizes the electrode and electrolyte properties

including parameters used in the interpretation of the results including the active mass load-
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ing of the electrodes mMnO2 and mAC , the unsolvated a+/− and solvated a+/−,s ion diameters,

their diffusion coefficients D+/−, and the ion hydration molar enthalpies ∆Hsol,+/−.

2.2.2 Electrochemical characterization

First, the positive α-MnO2 and the negative AC working electrodes were tested separately

in a three electrode setup using elemental Ni as the counter electrode and Ag+/AgCl as the

reference electrode (FisherbrandTM accumetTM). Each working electrode was subjected to

cyclic voltammetry (CV) at scan rate ν = 10 mV/s for 95 cycles and then at scan rate ν

= 5 mV/s for the last 5 cycles, with potential window ranging between ψmin = − 0.8 V

and ψmax = 0 V for the AC electrode and ψmin = 0 V and ψmax = 0.8 V for the α-MnO2

electrode. The measured cyclic voltammograms were then used to determine the capacity

of each electrode in K2SO4 and Cs2SO4 aqueous electrolytes so as to pair the α-MnO2 and

AC electrodes with matched capacity in a hybrid device. Here, as argued in Ref. [112], the

capacity (in mAh) was chosen in favor of capacitance (in F) as surface redox reactions are

the predominant charge storage mechanism [39]. The capacity C(ν) (in C) as a function of

scan rate ν was defined as [82],

C(ν) =

∮
I(ψs)

2ν
dψs. (2.5)

Here, I(ψs) is the measured current response at the triangular cell potential ψs(t). The

capacity C(ν) in mAh can be converted to Coulomb (C) by multiplying it by a factor 3.6.

Second, CV measurements were performed on the assembled devices inside the calori-

metric cell for 30 cycles at five different scan rates ν ranging from 5 to 50 mV/s at 20 ◦C.

Here, the potential window ∆ψs ranged between ψs,min = 0 V, and ψs,max = 1.6 V. The

gravimetric capacity Cg(ν) (in mAh/g) of the devices was also computed according to

Cg(ν) =
C(ν)

m
(2.6)

where m (in g) is the mass loading of active material in both α-MnO2 and AC electrodes
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reported in Table 2.1.

Furthermore, galvanostatic cycling combined with isothermal calorimetric measurements

were performed on the devices at constant current I equal to 5 mA and 6 mA. Here, the

cell potential window ∆ψs was first set to 1.2 V to ensure that no hydrolysis occurred. It

was then gradually increased to 1.6 V, 1.8 V, and up to 2.0 V until hydrolysis was observed.

For each imposed current I, thirty consecutive cycles were performed to ensure that an

oscillatory steady-state in the measured heat generation rates had been reached.

Finally, the internal resistance of the device Rs was computed from the IR drop observed

at the transition between the charging and discharging steps during galvanostatic cycling

according to [1, 78–80],

Rs(I) =
ψs(t

+
c )− ψs(t−c )

2I
. (2.7)

Here, ψs(t
+
c ) and ψs(t

−
c ) were the cell potentials at the end of the charging step and 10

ms after the beginning of the discharging step, respectively (i.e., t+c − t−c = 10 ms), as

recommended in Ref. [79].

2.2.3 Isothermal operando calorimeter

The instantaneous heat generation rate at each electrode in Devices 1 and 2 was measured

during galvanostatic cycling for current I = 5 and 6 mA and potential window ∆ψs = 1.2, 1.6,

1.8 V, and up to 2.0 V. The instantaneous heat generation rate Q̇i(t) (in mW) at electrode i

(i = α-MnO2 or AC) was obtained from the heat flux q′′i (t) measured by the thermoelectric

heat flux sensor in thermal contact with the electrode according to [99],

Q̇i = q′′i (t)Ai =
∆Vi(t)

Si
Ai. (2.8)

Here, Ai denotes the footprint area of the electrode (Ai = 1 cm2), ∆Vi is the instantaneous

voltage difference measured at each heat flux sensor in thermal contact with electrode i while

Si is the temperature-dependent sensitivity (in µV/(W/m2)) provided by the manufacturer.

Finally, in an effort to reduce the noise in the measurements, the instantaneous heat
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Table 2.1: Electrode and electrolyte properties of the hybrid supercapacitors investigated.

Property/parameter Device 1 Device 2

Electrolyte (0.5 M in DI water) K2SO4 Cs2SO4

Active mass loading of α-MnO2, mMnO2 (mg) 6.09 5.53

Active mass loading of AC, mAC (mg) 5.99 5.33

Electrolyte pH 6.69 6.55

Cation diameter, a+ (nm) [110] 0.276 0.334

Solvated cation diameter, a+,s (nm) [111] 0.315 0.346

Anion diameter, a− (nm) [113] 0.484 0.484

Solvated anion diameter, a−,s (nm) [113] 1.173 1.173

Cation diffusion coefficient, D+ (m2/s) [114] 2.135×10−9 2.076×10−9

Anion diffusion coefficient, D− (m2/s) [115] 0.809×10−9 0.809×10−9

Cation hydration molar enthalpy, ∆Hsol,+ (kJ/mol) [116] -322 -264

Anion hydration molar enthalpy, ∆Hsol,− (kJ/mol) [116] -1059 -1059

Device internal resistance, Rs (Ω) 10.89 ± 0.02 9.96 ± 0.65

generation rate at electrode i was averaged over the last five cycles of the 30 cycles as

Q̇i(t) =
1

5

30∑
j=26

Q̇i(t+ (j − 1)tcd), (2.9)

where tcd is the period of one cycle and j is the cycle number (j = 26 to 30).
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2.3 Results and discussion

2.3.1 Cyclic voltametry

2.3.1.1 Three-electrode setup

Figure 2.1 shows the measured cyclic voltammograms for the positive α-MnO2 and the

negative AC electrodes vs. Ag+/AgCl reference electrode in (a) 0.5 M K2SO4 and (b)

0.5 M Cs2SO4 aqueous electrolytes at scan rate ν = 10 mV/s. These CV curves were

used to compute the capacity C(ν) of each electrode according to Equation (2.5). The AC

electrodes had similar mass loading (Table 2.1) and exhibited similar behavior in the two

different electrolytes. Their capacity was about 0.11 mAh. Moreover, the α-MnO2 electrodes

exhibited an oxidation peak at the end of the positive sweep at ψs ' 0.8 V vs. Ag+/AgCl in

all electrolytes. A reduction dip at the start of the negative sweep was also observed at ψs '

0.6 V vs. Ag+/AgCl. The positive and negative electrodes were paired so that their capacity

was similar in each device. Note that no gas (H2 or O2) evolution or bubble formation was

visible at either electrode during cycling.

2.3.1.2 Full device setup

Figure 2.2 shows the measured cyclic voltammograms for (a) Device 1 with 0.5 M K2SO4

and (b) Device 2 with 0.5 M Cs2SO4 aqueous electrolytes for scan rate ν varying from 5

to 50 mV/s. The cell potential ψs(t) was measured at the positive α-MnO2 electrode with

respect to the negative AC electrode. The CV curves for both devices changed from a

rectangular shape at low scan rates to a leaf-like shape at higher scan rates, indicative of

resistive behavior. Moreover, although the cell potential window of ∆ψs = 1.6 V exceeded

the theoretical electrochemical stability window of 1.23 V for water in both devices, no

evidence of hydrolysis could be observed in the CV curves [117,118].

Moreover, Figure 2.3 shows (a) the capacity C(ν) and (b) the gravimetric capacity Cg(ν)

per unit mass of both electrodes as functions of scan rate ν for Devices 1 and 2. For both

devices, the capacity C(ν) and the gravimetric capacity Cg(ν) decreased with increasing
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scan rate. This can be attributed to ion diffusion limitations and the slow surface redox

reactions, as observed in previous experimental studies [24, 119–121]. Similar trends and
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values of gravimetric capacity Cg(ν) as a function of scan rate ν were also reported by

Boisset et al. [70]. Rate capability and capacity retention of electrodes made of MnO2

nanoparticles were reported in Ref. [119]. Furthermore, the gravimetric capacity Cg(ν) was

larger for Device 1 (0.5 M K2SO4) than for Device 2 (0.5 M Cs2SO4). This can be attributed
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to the larger mass loading of both electrodes in Device 1 (0.5 M K2SO4) than in Device 2

(0.5 M Cs2SO4). This resulted in more active material (i.e., α-MnO2 or AC) in the electrode

and larger surface area available for surface redox or EDL formation.

2.3.2 Galvanostatic cycling

Figure 2.4 shows the temporal evolution of the cell potential ψs(t) under galvanostatic cycling

for two different currents I = 5 or 6 mA and different potential windows varying (a, b) from

∆ψs = 1.2 to 1.8 V for Device 1 and (c, d) from ∆ψs = 1.2 to 2.0 V for Device 2. For both

devices, the cell potential ψs(t) varied almost linearly with time t except at the beginning of

the charging or discharging steps featuring an IR drop. A similar behavior can be observed

in many EDLCs and hybrid supercapacitors with surface redox reactions [16, 76, 101, 102].

Here also, no electrolyte decomposition was evident in the measured cell potential ψs(t) as

the cycle period tcd monotonically decreased with increasing current I. Interestingly, the

galvanostatic cycle period tcd was shorter for Device 2 than for Device 1, as corroborated

by its smaller capacity (Figure 2.3). In addition, the internal resistance Rs of each device,

computed according to Equation (2.7), was independent of the imposed current I and equal

to Rs = 10.89 ± 0.02 Ω for Device 1 and Rs = 9.96 ± 0.65 Ω for Device 2 (see Table 2.1).

Note that the slightly larger resistance of Device 1 compared to Device 2 was due to the

slightly larger mass loading of both its electrodes whereas the diffusion coefficients of K+

and Cs+ cations in water were similar (Table 2.1).

2.3.3 Instantaneous heat generation rate measurements

2.3.3.1 Negative AC electrode

Figure 2.5 shows the instantaneous heat generation rate Q̇AC(t) averaged over 5 consecutive

cycles [Equation (2.9)] at the negative AC electrode in (a, b) Device 1 in 0.5 M K2SO4 aqueous

electrolyte for potential window ∆ψs of 1.2 V, 1.6 V, and 1.8 V and in (c, d) Device 2 in 0.5

M Cs2SO4 aqueous electrolyte for potential window ∆ψs = 1.2 V, 1.6 V, 1.8 V, and 2.0 V for

imposed current I equal to (a, c) 5 mA and (b, d) 6 mA, respectively. First, the instantaneous
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Figure 2.4: Temporal evolution of the cell potential ψs(t) during galvanostatic cycling with
constant current I of 5 mA and 6 mA (a, b) for Device 1 with 0.5 M K2SO4 and (c, d) for
Device 2 with 0.5 M Cs2SO4 aqueous electrolytes and for potential windows ∆ψs ranging
from 1.2 V to 2.0 V.

heat generation rate at each electrode and its thermal signatures were repeatable from cycle

to cycle in both devices. Then, the heat generation rates exhibited the same features for

both currents and both electrolytes. A slight increase in the heat generation rate Q̇AC(t)

was observed at the AC electrode with increasing current I due to increasing resistive losses

accompanied by Joule heating. A slight endothermic dip was also observed at the AC
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electrode at the beginning of the charging step. It can be attributed to the endothermic

desorption and solvation of SO2−
4 anions, as previously observed [24, 104]. As the charging

progressed, the heat generation rate increased due to desolvation and exothermic adsorption

of K+ (Device 1) and Cs+ (Device 2) ions in the porous AC electrode [24,104]. Furthermore,

an endothermic dip was observed at the beginning of the discharging step attributed this

time to the endothermic desorption and solvation of K+ and Cs+ cations upon reversal of

the current. As the discharging step progressed, desolvation and exothermic adsorption of

SO2−
4 anions dominated for the remainder of the discharging step.

2.3.3.2 Positive α-MnO2 electrode

Figures 2.6 shows the instantaneous heat generation rate Q̇MnO2(t) measured at the positive

α-MnO2 electrode in (a, b) Device 1 in 0.5 M K2SO4 aqueous electrolyte for ∆ψs equal to

1.2 V, 1.6 V, and 1.8 V and in (c, d) Device 2 in 0.5 M Cs2SO4 aqueous electrolyte for ∆ψs

equal to 1.2 V, 1.6 V, 1.8 V, and 2.0 V and imposed current I equal to (a, c) 5 mA and (b, d)

6 mA, respectively. Here also, the instantaneous heat generation rate at each electrode and

its thermal signatures were repeatable from cycle to cycle for both devices. Furthermore, the

heat generation rate Q̇MnO2(t) exhibited the same behavior in for both currents and both

electrolytes. First, Q̇MnO2(t) increased in magnitude with increasing current I due to the

associated increase in Joule heating. In addition, at the beginning of the charging step, an

endothermic dip was observed and attributed to endothermic desorption and solvation of

K+ (Device 1) or Cs+ (Device 2), based on similar findings by Munteshari et al. [24]. As

the charging progressed, exothermic SO2−
4 adsorption and desolvation began to dominate

resulting in the slow rise observed in Q̇MnO2(t) [24].

Interestingly, in Device 1 for potential window ∆ψs of 1.6 V and 1.8 V and in Device

2 for ∆ψs of 2.0 V a distinct endothermic dip began to appear at the end of charging for

both currents considered. This dip observed at the positive electrode could be attributed

to hydrolysis reaction for several reasons, namely (i) hydrolysis is an endothermic process

[122,123], (ii) it appeared only at large potentials, (iii) it appeared at the positive electrode as
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Figure 2.5: Instantaneous heat generation rate at the AC electrodes (a, b) for Device 1 in
0.5 M K2SO4 aqueous electrolyte for potential windows ∆ψs = 1.2, 1.6, and 1.8 V and (c,
d) for Device 2 in 0.5 M Cs2SO4 aqueous electrolyte for potential windows ∆ψs = 1.2, 1.6,
1.8, and 2.0 V as a function of dimensionless time t/tcd with decreased white noise for AC
electrode subjected to imposed current of (a, c) I = 5 mA and (b, d) I = 6 mA.

the electrolyte pH was slightly basic (Table 2.1), and (iv) a similar dip was observed in EDLCs

and attributed to PC decomposition at potential windows above 3 V. Interestingly, the

thermal signature of the onset of hydrolysis could only be observed via operando calorimetric

measurements at the positive electrode while it was not apparent in any electrochemical
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Figure 2.6: Instantaneous heat generation rate at the α-MnO2 electrodes (a, b) for Device
1 in 0.5 M K2SO4 aqueous electrolyte for potential windows ∆ψs = 1.2, 1.6, and 1.8 V and
(c, d) for Device 2 in 0.5 M Cs2SO4 aqueous electrolyte for potential windows ∆ψs = 1.2,
1.6, 1.8, and 2.0 V as a function of dimensionless time t/tcd with decreased white noise for
AC electrode subjected to imposed current of (a, c) I = 5 mA and (b, d) I = 6 mA.

measurements (Figures 2.2 and 2.4).

Moreover, the onset of hydrolysis occurred at a higher cell potential window ∆ψs for

Cs2SO4 than for K2SO4 aqueous electrolyte. This may be attributed to the thinner solvation

shell forming around Cs+ cations [111]. The thin solvation shell combined with desolvation
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of Cs+ cations undergoing surface redox led to a lack of water molecules near the electrode

surface where the potential was the largest. Although the electric potential may exceed the

theoretical water electrochemical stability window of 1.23 V close to the electrode, hydrolysis

cannot occur in the absence of water molecules. Similar delay in the onset of hydrolysis was

observed by Suo et al. [124] using WISE systems in Li ion batteries with LiMn2O4-based

cathode and Mo6S8-based anode.

Furthermore, in both devices at the beginning of the discharging step, a short spike

in Q̇MnO2(t) appeared immediately after the current I switched from positive to negative.

It was attributed to a straggle in the surface overpotential responsible for resistive losses

and Joule heating as the current switched from positive to negative [77]. This behavior

was more pronounced for larger potential windows when the straggle in overpotential was

larger [77]. Such behavior was previously observed in numerical simulations [77] as well as

experimentally [98]. Interestingly, this behavior could also be observed in the beginning of

charging as the initially exothermic heat generation at t/tcd ' 0. After the initial spike in

heat generation rate, an endothermic dip caused by the endothermic desorption and solvation

of the SO2−
4 ions accumulated during charging. Finally, Q̇MnO2(t) increased in the second part

of the discharging step due to desolvation and exothermic surface redox involving K+ (Device

1) or Cs+ (Device 2) ions. This contribution started intensely and later decreased in intensity

as the conditions became less favorable for surface redox reactions. This too was in agreement

with previously reported experimental studies [24, 98] and numerical predictions [77].

Additional cyclic voltammetry measurements were performed on Device 2, after 30 gal-

vanostatic cycles performed during operando calorimetry. Figure 2.7 shows the measured

cyclic voltammograms for scan rate (a) ν = 10 and (b) ν = 30 mV/s for potential window

ranging from 1.2 V to 2.0 V. For both scan rates ν, no sharp rise in current at high cell poten-

tial voltage ψs, often associated with hydrolysis reaction, was observed [101, 102, 117]. This

unequivocally establishes that the early onset of hydrolysis could be observed with isothermal

operando calorimetry before it could be observed with electrochemical measurements.
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Figure 2.7: Cyclic voltammograms for Device 2 in 0.5 M Cs2SO4 aqueous electrolyte for
potential windows ∆ψs = 1.2, 1.6, 1.8 V, and 2.0 V for scan rate (a) ν = 10 mV/s, and (b)
ν = 30 mV/s after CV, GC, and calorimetric measurements.

2.4 Conclusion

This study reported measurements of the instantaneous heat generation rates at the positive

α-MnO2 cryptomelane and negative AC electrodes in hybrid supercapacitors with either 0.5
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M K2SO4 or 0.5 M Cs2SO4 aqueous electrolytes with pH of 6.69 and 6.55, respectively. The

measurements were performed in an operando isothermal calorimeter under galvanostatic cy-

cling with potential window up to 1.8 V for the device with K2SO4 aqueous electrolyte and

up to 2.0 V for the device with Cs2SO4 aqueous electrolyte. An endothermic dip observed at

the AC electrodes in the beginning of the charging step was caused by anion desorption and

solvation. Similar dips were observed at the α-MnO2 electrodes also caused by cation and

anion desorption and solvation. By contrast, exothermic peaks at the α-MnO2 electrodes

were attributed to cation surface redox, anion adsorption and desolvation, and overpotential

straggle. Moreover, in both devices, an endothermic dip was observed at the positive elec-

trode at the end of the charging step for the largest potential windows and was attributed

to hydrolysis reaction. Interestingly, the onset of hydrolysis occurred at higher potentials

significantly above 1.23 V in electrolytes with cations featuring a thinner solvation shell.

Finally, the onset of hydrolysis could be detected by calorimetry before it could manifest

itself in electrochemical measurements. Indeed, as the cell potential window was increased,

the current remained small. However, hydrolysis is strongly endothermic and its thermal

signature could be identified by the high sensitivity heat flux sensor in thermal contact with

the positive α−MnO2 electrode.
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CHAPTER 3

Contribution of ion solvation and desolvation to heat

generation in hybrid supercapacitors

This chapter investigates the effect of ion solvation and desolvation on the heat generation in

hybrid supercapacitors. In doing so, the thermal signature of ion desolvation and solvation

was identified for the first time, as it was previously typically overshadowed by the thermal

signature of adsorption and desorption. The investigated hybrid supercapacitors consisted of

a positive α-MnO2 cryptomelane pseudocapacitive electrode and an activated carbon counter

electrode in (a) 0.25 M, (b) 0.75 M, or (c) 1.0 M MgSO4 aqueous electrolytes with potential

window of 1.6 V. MgSO4 was chosen for its large enthalpy of solvation in water. The devices

were characterized using cyclic voltammetry, electrochemical impedance spectroscopy, and

galvanostatic cycling combined with isothermal operando calorimetry. The heat generation

rates were measured at each electrode separately. The results indicated that the thermal

signature of adsorption and desorption of Mg2+ and SO2−
4 ions dominated over that of

partial desolvation and solvation of SO2−
4 ions at the AC electrode. However, at the α-

MnO2 electrodes the thermal signature of solvation and desolvation of Mg2+ ions dominated

over that of desorption and adsorption or surface redox reaction. In fact, this phenomenon

was not observed with K2SO4 and Cs2SO4 aqueous electrolytes featuring small enthalpy of

solvation. This interpretation was confirmed by a simple thermal model for each electrode.

Interestingly, the heat generation rate at each electrode scaled linearly with imposed current

after correcting for Joule heating. The findings of this study could be used to shed light on

the interfacial phenomena occurring during cycling of hybrid supercapacitors.
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3.1 Background

In aqueous electrolytes, water molecules orient themselves in such a way that the oxygen

atom faces the cations or one of the hydrogen atoms faces the anions [125]. As the salt crystals

are surrounded by such oriented water molecules, repulsion between water molecules breaks

the ionic bonds and the salt dissociates and dissolves [125]. The weaker bonds between the

ions in the salt are broken due to the formation of new, stronger bonds between the ions and

the solvent molecules. Such process is thermodynamically favorable under the conditions

that the newly formed ion-solvent bonds are stronger than the solvent-solvent bonds and

the ion-ion bonds [125]. The difference between the energy of the newly formed ion-solvent

bonds and the energy of the broken ion-ion and solvent-solvent bonds is released as heat

and is termed the enthalpy of solvation ∆Hsol [125]. The number of water molecules in

the solvation shell surrounding an individual ion, also known as the hydration number h,

depends on the charge and size of the ion [125, 126]. In practice, ions with larger charge

and/or smaller diameter tend to form larger solvation shells and have larger enthalpy of

solvation [113, 125, 126]. For example, the solvation shell of Mg2+ ions in water is larger

than that of K+ and Cs+ [113, 125, 126]. Interestingly, salt concentration can also impact

the solvation shell thickness and the hydration number of the dissociated ions [125,126]. In

fact, the hydration number h decreases with ion concentration as the interactions between

ions become more significant [126].

3.2 Materials and methods

3.2.1 Electrode fabrication and device assembly

The fabrication method and device assembly was discussed in detail in Ref. [2] and need not

be repeated. In brief, two different slurries were prepared by mixing either α-MnO2 (Prince

Erachem) or activated carbon (YP-50F, Kuraray Chemical) with carbon black (Superior

Graphite, > 99%) and polyvinylidene fluoride binder solution (PVDF, Kuraray Chemical)

in a 70:15:15 weight ratio and stirring overnight. The binder solution was prepared by mixing
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PVDF powder with dimethylacetamide (DMA) in an 8.5:91.5 weight ratio.

Each slurry was drop cast onto titanium mesh current collectors (Dexmet Corp.) and

spread evenly with a spatula. The footprint area of all current collectors was 1 x 1 cm2. The

electrodes were then dried in an oven at 60 ◦C for 12 h. Finally, the electrodes were hot-roll

calendered to a uniform thickness ranging between 46 and 48 µm for α-MnO2 electrodes and

between 65 and 86 µm for AC electrodes. The corresponding mass loading was between 5

and 8 mg for the α-MnO2 electrodes and between 4.2 and 5.2 mg for the AC electrodes.

The assembled devices consisted of a positive α-MnO2 electrode separated from the AC

counter electrode by a 1 mm-thick, chemically inert, polypropylene mesh. The separator

was impregnated with (i) 0.25 M MgSO4 (Device 1), (ii) 0.75 M MgSO4 (Device 2), or

(iii) 1.0 M MgSO4 (Device 3) aqueous electrolytes. These concentrations were chosen to

be sufficiently high to ensure reasonable device capacity. Note that the electrolyte solution

became sensibly warm to the touch when dissolving the MgSO4 salt in water, indicative of the

large enthalpy of solvation. Table 3.1 summarizes the mass loading of the individual negative

AC and positive α-MnO2 electrodes as well as the pH of the aqueous MgSO4 electrolytes

used in Devices 1, 2, and 3 with salt concentration of 0.25 M, 0.75 M, and 1.0 M. Table 3.2

summarizes the properties of MgSO4 aqueous electrolyte.

Table 3.1: Characteristics of the investigated hybrid supercapacitors.

Property/parameter Device 1 Device 2 Device 3

MgSO4 concentration in DI water, c, (M) 0.25 0.75 1.0

Electrolyte pH 7.21 7.27 7.34

Active mass loading of AC, mAC (mg) 4.27 4.27 5.17

AC electrode capacity at 10 mV/s, CAC (mAh) 0.069 0.088 0.080

Active mass loading of α-MnO2, mMnO2 (mg) 5.04 5.04 8.12

α-MnO2 electrode capacity at 10 mV/s, CMnO2 (mAh) 0.052 0.064 0.116

Device internal resistance, Rs (Ω) 21.6 ± 0.6 12.2 ± 0.6 16.3 ± 0.5
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Table 3.2: Properties of the aqueous MgSO4 electrolyte used in the investigated hybrid
supercapacitors.

Property/parameter Value

Cation (Mg2+) diameter, a+ (nm) [110] 0.14

Solvated cation (Mg2+) diameter, a+,s (nm) [113] 0.42

Anion (SO2−
4 ) diameter, a− (nm) [113] 0.48

Solvated anion (SO2−
4 ) diameter, a−,s (nm) [113] 1.17

Diffusion coefficient of cations, D+×1010 (m2/s) [127] 7.090

Diffusion coefficient of anions, D−×1010 (m2/s) [115] 8.090

Cation enthalpy of solvation, ∆Hsol,+ (kJ/mol) [116] −1921

Anion enthalpy of solvation, ∆Hsol,− (kJ/mol) [116] −1059

3.2.2 Electrochemical characterization

Cyclic voltammetry was performed on each positive α-MnO2 and negative AC electrode in a

three electrode setup. The setup consisted of either the α-MnO2 or AC working electrode, the

elemental Ni foil (Sigma Aldrich) counter electrode, and an Ag+/AgCl reference electrode

(FisherbrandTM accumetTM) in (i) 0.25 M, (ii) 0.75 M, and (iii) 1.0 M MgSO4 aqueous

electrolyte. Each electrode was subjected to 95 cycles at scan rate ν = 10 mV/s and an

additional 5 cycles at scan rate ν = 5 mV/s. The potential window was confined between

ψs,min = −0.8 V and ψs,max = 0.0 V for the negative AC electrodes and ψs,min = 0 V

and ψs,max = 0.8 V for the positive α-MnO2 electrodes. The measurements were used to

determine the capacity of each individual electrode according to [82]

C(ν) =

∮
I(ψs)

2ν
dψs. (3.1)
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Here, I(ψs) was the current response corresponding to the time-dependent cell potential

ψs(t). The capacity C(ν) in C can be converted to mAh by dividing by 3.6.

Electrochemical impedance spectroscopy (EIS) was performed on the hybrid devices as-

sembled inside the isothermal operando calorimeter at 20 ◦C to verify that they were properly

assembled. The DC potential offset was ψDC = 0.0 V vs. ψocv with a sinusoidal amplitude

of ψ0 = 10 mV while the frequency f ranged between 50 mHz and 200 kHz. Then, CV

measurements were performed on the hybrid devices at scan rates ν ranging between 5 and

50 mV/s for 30 cycles at 20 ◦C. The cell potential window ∆ψs ranged between ψs,min = 0.0

V, and ψs,max = 1.6 V vs. the AC electrode. The gravimetric capacity Cg(ν) = C(ν)/m of

the assembled hybrid devices was also computed with C(ν) given by Equation (3.1) and m

(in g) being the mass loading of active material in both the α-MnO2 and AC electrodes.

3.2.3 Isothermal operando calorimetry

The instantaneous heat generation rates at each electrode were measured separately for all

devices during galvanostatic cycling at current I ranging between 2 and 6 mA. The cell

potential window ∆ψs was 1.6 V and the temperature T was 20 ◦C for all devices. Here, the

cell potential window exceeded the electrochemical stability window of water of 1.23 V at 20

◦C and pH of 7 [128]. However, our previous electrochemical measurements with K2SO4 and

Cs2SO4 aqueous electrolytes and with α-MnO2 and AC electrodes revealed that electrolysis

did not occur at 1.6 V [2]. This was attributed to the nearly neutral pH of the electrolytes

and the relatively thin hydration shell of K+ and Cs+ cations [2]. Here also, the pH of the

electrolyte solution was nearly neutral and the hydration shell of Mg2+ was similar to that

of K+ and Cs+.

The instantaneous heat generation rate Q̇i(t) (in mW) at electrode “i” (i = AC or MnO2)

was computed from the heat flux q′′i calculated from the voltage difference measured across

the thermoelectric heat flux sensor (GreenTEG) in thermal contact with the back of the

electrode according to [99]

Q̇i(t) = q′′i (t)Ai =
∆Vi(t)

Si
Ai. (3.2)
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The surface area of the heat flux sensors Ai (in m2) was the same as that of the electrodes

while ∆Vi(t) was the measured instantaneous voltage drop across the heat flux sensor in

thermal contact with the electrode and Si was the sensitivity of the heat flux sensor (in

µV/(W/m2)) dependent on the temperature and provided by the manufacturer.

To ensure that an oscillatory steady-state operation had been reached, the devices were

cycled for 30 consecutive cycles at each imposed current I ranging from 2 to 6 mA. The

heat generation rate at electrode “i” was then averaged over the last 5 of the 30 consecutive

cycles to eliminate the white noise in the measurements according to

Q̇i(t) =
1

5

30∑
j=26

Q̇i(t+ (j − 1)tcd). (3.3)

Here, tcd referred to a charge/discharge period of one cycle and index j denoted the cycle

number between 26 and 30.

The time-averaged irreversible heat generation rate of the cycle can be defined as

¯̇Qirr,i = ¯̇Qi =
1

tcd

∫ nctcd

(nc−1)tcd
Q̇i(t) dt, (3.4)

where nc was the cycle number and tcd was the cycle period. Indeed, by definition, averaging

the instantaneous reversible heat generation rate over an entire cycle yields zero, i.e., ¯̇Qrev =

0.

Finally, the IR drop observed in the measured potential vs. time curves after reversing

the current was used to compute the internal resistance of the devices according to [1,78–80]

Rs(I) =
ψs(t

+
c )− ψs(t−c )

2I
. (3.5)

Here, ψs(t
+
c ) referred to the cell potential at the current switch and ψs(t

−
c ) referred to the

cell potential 10 ms after the current switch, as recommended in Ref. [79].
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3.3 Analysis

D’Entremont and Pilon derived, from first principles, two thermal models predicting the in-

stantaneous heat generation rate in EDLCs [75] and hybrid supercapacitors [77]. The models

accounted for irreversible heat generation associated with (i) Joule heating and (ii) redox

reactions at the pseudocapacitive electrode, as well as reversible heat generation caused by

(iii) ion adsorption/desorption and (iv) reversible redox reactions at the pseudocapacitive

electrode. The irreversible contributions were strictly exothermic. The reversible heat gen-

eration rate was exothermic due to ion adsorption and spontaneous redox reactions and

endothermic for ion desorption and non-spontaneous redox reactions [75, 77]. However, in

these models the ion size was assumed to be constant for cations and anions and independent

of concentration [75,77]. In other words, ion solvation and desolvation were ignored.

The process of spontaneous ion solvation in water is exothermic. During galvanostatic

cycling at constant current I, bare ions are transported from a porous electrode with mass

loading of active material ma,i (in mg) and BET specific surface area ai (in m2/g) such

that the molar flux n′′j,i (in mol/m2s) of ion species “j” satisfies n′′j,imiaiFzj = I where F is

the Faraday constant (F = 96485.33 C/mol). The heat generation rate associated with the

solvation of bare ions released from the electrode surface can be expressed as

Q̇j
sol,i(t) = ηn′′jAi∆H

j
sol =

ηaima,i

zjF
∆Hj

solI, (3.6)

where η is the extent of solvation (0 ≤ η ≤ 1) and Ai is the surface area of the active material

“i” (“i” = AC or MnO2) such that Ai = aima,i.

Overall, the total instantaneous heat generation rate Q̇T,AC(t) at the AC electrode during

charging can be written as

Q̇T,AC(t) = Q̇J,AC(t) + Q̇rev,EDL,AC(t) +
2∑
j=1

Q̇j
sol,AC(t). (3.7)

Here, the Joule heating term Q̇J,AC(t) was proportional to I2 while the reversible heat gen-
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eration rate Q̇rev,EDL,AC(t) due to SO2−
4 desorption and Mg2+ ion adsorption has been found

to be linearly proportional to current I [75,77]. Please note, that during discharging the pro-

cesses were reversed and the sign of the heat reversible heat generation terms was switched.

Thus, Equation (3.7) can be written as

Q̇T,AC(t) = RACI
2 + αAC(t)I +

ηaACmAC

zSO2−
4
F

∆H
SO2−

4
sol I, (3.8)

where RAC = 8 Ω was the electrical resistance of the AC half-cell while αAC(t) was an

empirical coefficient associated with ion adsorption at the AC electrode whose value varied

linearly between −0.1 and 0.1 W/A based on experimental data reported in Ref. [24]. The

bare and solvated ion diameters of SO2−
4 were 0.48 nm and 1.17 nm, respectively (Table 3.2).

The peak pore size of YP-50F AC was 0.7 nm while ∼50 % of the pores were larger than 1.17

nm [129]. Therefore, partial desolvation of SO2−
4 anions was expected upon their adsorption.

Here, the extent of solvation of SO2−
4 anions η was assumed to be 0.1 based on DFT study

of ion solvation in nanopores [130]. Moreover, the BET specific surface area aAC of the AC

electrode was taken as 1000 m2/g [129]. However, in a typical AC electrode only ∼20 % of

the total surface area required some degree of ion desolvation upon adsorption [131] reducing

aAC to 200 m2/g.

Similarly, the total instantaneous heat generation rate Q̇T,MnO2(t) at the α-MnO2 elec-

trode can be written as

Q̇T,MnO2(t) =Q̇J,MnO2(t) + Q̇rev,EDL,MnO2(t) +
2∑
j=1

Q̇j
sol,MnO2

(t)

+Q̇rev,F,MnO2(t) + Q̇irr,F,MnO2(t). (3.9)

Please note that during charging only SO2−
4 anions participated in EDL formation and con-

tributed to Q̇rev,EDL,MnO2(t). Conversely, Mg2+ cations undergoing surface redox reaction

contributed to Q̇rev,F,MnO2(t) and Q̇irr,F,MnO2(t), respectively. These processes were reversed

during discharging. Moreover, the so-called faradaic current IF emerged at the α-MnO2 elec-

trode due to redox reactions. Interestingly, the reversible and irreversible heat generation
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rates Q̇rev,F,MnO2(t) and Q̇irr,F,MnO2(t) due to redox reactions were found to be linearly pro-

portional to the faradaic current IF [77]. As redox reactions typically dominate the charge

storage in hybrid supercapacitors, faradaic current IF is typically equal to the total current

I [77, 112]. Then, Equation (3.9) can be written as

Q̇T,MnO2(t) = RMnO2I
2 +

(
αMnO2(t) +

ηaMnO2mMnO2

zF
∆HMg2+

sol + βMnO2(t) + γMnO2(t)

)
I.

(3.10)

Here, RMnO2 = 8 Ω was the electrical resistance of the α-MnO2 half-cell while αMnO2(t)

was an empirical coefficient associated with ion adsorption at the α-MnO2 electrode and

varied linearly between 0 and 0.1 W/A based on experimental data reported in Ref. [24].

Furthermore, βMnO2(t) and γMnO2(t) were coefficients related to the reversible and irreversible

heat generation due to redox reactions at the α-MnO2 electrode, respectively. Here, βMnO2(t)

was between −0.1 and 0.1 W/A based on experimental results reported in Ref. [24] and

γMnO2(t) varied linearly between 0 and 0.025 W/A based on the reported values for highly

reversible redox reactions [77]. Please note that SO2−
4 anions did not get desolvated upon

adsorption at the mesoporous α-MnO2 electrode as the pores in α-MnO2 were larger than

the solvated SO2−
4 anions [109]. However, Mg2+ cations were completely desolvated when

participating in redox reactions at the α-MnO2 electrode [132] and their enthalpy of solvation

∆HMg2+

sol contributed to Q̇Mg2+

sol,MnO2
(t). Finally, the BET specific surface area aMnO2 was 200

m2/g [109].

3.4 Results and discussion

3.4.1 Cyclic voltammetry

3.4.1.1 Three-electrode measurements

The mass loading of the different AC electrodes was similar and resulted in similar capacity

C(ν) ranging between 0.069 and 0.088 mAh for scan rate ν = 10 mV/s (see Figure S1 in

Supplementary Material). By contrast, the mass loading of the α-MnO2 electrodes differed
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leading to a broader range of capacity C(ν) between 0.064 mAh and 0.116 mAh. Neverthe-

less, the electrodes were paired so that the capacity of the α-MnO2 electrodes matched well

with the capacity of the AC electrodes. Table 3.1 reports the capacity of the individual AC

and α-MnO2 electrodes measured at scan rate ν = 10 mV/s. Note that during the cycling,

no bubbles formed on the surface of any electrodes indicating that the electrolyte was stable

under ± 0.8 V vs. Ag+/AgCl reference electrode.

3.4.1.2 Assembled device

Figure S2 in Supplementary Material shows cyclic voltammetry performed on the assembled

devices for scan rate ν ranging between 5 and 50 mV/s and cell potential ∆ψs of 1.6 V. For

all devices, the magnitude of the current response I(t) increased with increasing scan rate ν

and the CV curves changed from a rectangular to a leaf-like shape indicative of a resistive

behavior. The latter was the most prominent in Device 3 due to the larger mass loading

of both electrodes (Table 3.1). In addition, the resistive behavior was more pronounced in

Device 1 than in Device 2 due to its lower electrolyte concentration and therefore larger

resistance. Finally, although the cell potential ψs(t) exceeded the electrochemical stability

window of 1.23 V for water at 20 ◦C and neutral pH, no rapid raise in current, indicative of

hydrolysis, was observed [117,118].

Figure 3.1 shows the devices (a) capacity C(ν) and (b) the gravimetric capacity Cg(ν)

as functions of scan rate ν, (c) the cell resistance Rs calculated from the IR drop based on

Equation (3.5), and (d) the Nyquist plots obtained from the EIS measurements. Figures

3.1(a) and 3.1(b) reveal that the capacity C(ν) of the devices systematically increased with

increasing electrolyte concentration. Figures 3.1(a) and 3.1(b) also indicate that both the

capacity C(ν) and the gravimetric capacity Cg(ν) decreased with increasing scan rate ν.

This was consistent with previous experimental studies and was attributed to ion diffusion

limitations [24, 119–121]. Moreover, the faster fade in capacity C(ν) with increasing scan

rate ν and the slightly lower gravimetric capacity Cg(ν) of Device 3 were due to its larger

resistance. Figure 3.1(c) indicates that Rs was independent of current I for all devices.
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These results were also consistent with those obtained from the Nyquist plots [Figure 3.1(d)]

interpreted based on our previous studies [1, 89]. The internal resistance of Device 1 was

the largest with Rs = 21.58 ± 0.63 Ω, due to the lowest electrolyte concentration. Device

3 had the second largest internal resistance Rs = 16.27 ± 0.63 Ω due to its large mass

loading (Table 3.1). Finally, Device 2 had the lowest internal resistance with Rs = 12.23 ±

0.45 Ω resulting from the combined effects of a smaller mass loading and a relatively large

electrolyte concentration. This was consistent with the trends observed in the gravimetric

capacity Cg(ν) [Figure 3.1(b)].

3.4.2 Galvanostatic cycling

Figure 3.2 shows the cell potential ψs(t) as a function of time t during galvanostatic cycling

for a cell potential window ∆ψs = 1.6 V and electric current I between 2 and 6 mA for

(a) Device 1, (b) Device 2, and (c) Device 3 (Table 3.1). The cell potential ψs(t) varied

almost linearly with time for all three devices for the majority of the cycle, except for the

IR drop when the current switched signs. Such behavior is typical of EDLCs and hybrid

supercapacitors with fast surface redox reactions and has been observed previously in similar

systems [16, 76, 101, 102]. For any given current, the cycle period tcd was the shortest for

Device 1, followed by Device 2 while it was the longest for Device 3, as expected from their

increasing capacity C(ν) [Figure 3.1(a)] and attributed to the larger amount of ions in the

electrolyte available for charge storage.

3.4.3 Isothermal operando calorimetry

3.4.3.1 Instantaneous heat generation rates

Activated carbon electrodes

Figures 3.3(a)-3.3(c) show the instantaneous heat generation rate Q̇AC(t) at the AC electrode

for current I ranging between 2 and 6 mA and potential window ∆ψs = 1.6 V as a function

of dimensionless time t/tcd for (a) Device 1, (b) Device 2, and (c) Device 3 (Table 3.1). At
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Figure 3.1: (a) Capacity C(ν), (b) gravimetric capacity Cg(ν) per unit mass of both elec-
trodes as functions of scan rate ν, (c) internal resistance Rs as a function of the imposed
current I, and (d) Nyquist plots of Device 1, Device 2, and Device 3 with 0.25 M, 0.75 M,
and 1.0 M MgSO4 aqueous electrolyte, respectively (Table 3.1).
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Figure 3.2: Cell potential ψs(t) as a function of time under galvanostatic cycling with
potential window ∆ψs = 1.6 V and electric current I ranging between 2 and 6 mA for (a)
Device 1, (b) Device 2, and (c) Device 3 with 0.25 M, 0.75 M, and 1.0 M MgSO4 aqueous
electrolyte, respectively.
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the beginning of the charging step, an endothermic dip was observed for all AC electrodes.

As the charging progressed the heat generation rate became positive and increased over

time for all AC electrodes. Furthermore, at the beginning of the discharging step, the heat

generation rate featured another dip. This dip was wider and persisted for a longer part

of the discharging step at lower current I. Finally, for the second half of the discharging

step, the heat generation rate increased. Similar behavior has been observed in EDLCs with

AC electrodes [61, 99–101] and at the AC electrode of hybrid supercapacitors in numerous

electrolytes including aqueous Na2SO4 [24], K2SO4 [2], and Cs2SO4 [2]. Interestingly, the

heat generation rate Q̇AC(t) decreased with increasing electrolyte concentration. This was

due to the smaller electrolyte resistance as the ionic conductivity of the electrolyte increased

with increasing MgSO4 salt concentrations.

Cryptomelane electrodes

Figures 3.3(d)-3.3(f) show the instantaneous heat generation rate Q̇MnO2(t) at the α-MnO2

electrode for current I ranging between 2 and 6 mA and a potential window ∆ψs = 1.6 V as

a function of dimensionless time t/tcd for (d) Device 1, (e) Device 2, and (f) Device 3 (Table

3.1). The heat generation rate Q̇MnO2(t) was strictly positive for all devices and currents

considered and exhibited the same behavior for all devices. Increasing the MgSO4 salt

concentration from 0.25 M (Device 1) to 0.75 M (Device 2) resulted in smaller heat generation

rate Q̇MnO2(t) due to the decrease in the internal resistance Rs [Figure 3.1(c)]. Moreover,

upon further increasing MgSO4 salt concentration to 1.0 M (Device 3), the heat generation

rate Q̇MnO2(t) increased due to the larger amount of ions contributing to charge storage

as indicated by the larger capacity [Figure 3.1(a)]. At the beginning of the charging step,

Q̇MnO2(t) sharply increased towards a plateau which persisted for the rest of the charging

step. Then, at the beginning of the discharging step, it dropped sharply towards another

plateau. For Devices 1 and 2, Q̇MnO2(t) increased slightly in the second part of the charging

step possibly due to the ion starvation in the electrolytes of the lowest concentrations.
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Figure 3.3: The instantaneous heat generation rate at the AC electrodes Q̇AC(t) for (a)
Device 1, (b) Device 2, and (c) Device 3 and the instantaneous heat generation rates at the
α-MnO2 electrodes Q̇MnO2(t) for (d) Device 1, (e) Device 2, and (f) Device 3 with 0.25 M,
0.75 M, and 1.0 M MgSO4 aqueous electrolyte, respectively (Table 3.1), and for current I
ranging between 2 and 6 mA as functions of dimensionless time t/tcd.
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Effect of ion species

Figure 3.4 compares the previously reported instantaneous heat generation rate at (a, b) the

AC electrodes Q̇AC(t) and (c, d) α-MnO2 electrodes Q̇MnO2(t) of hybrid supercapacitors with

0.5 M K2SO4 [2], and 0.5 M Cs2SO4 [2] aqueous electrolytes, with the present measurements

for 1.0 M MgSO4 aqueous electrolyte, for the same potential window of 1.6 V and current (a,

c) I = 5 mA and (b, d) I = 6 mA as functions of dimensionless time t/tcd. Similar trends in

the heat generation rate Q̇AC(t) were observed at the AC electrode among all electrolytes.

However, the heat generation rate at the α-MnO2 electrodes was similar in 0.5 M K2SO4

and Cs2SO4 aqueous electrolytes and exhibited large fluctuations during cycling as it was

dominated by ion adsorption and desorption, and surface redox reactions [2]. By contrast, the

heat generation rate Q̇MnO2(t) at the α-MnO2 electrode in 1.0 M MgSO4 aqueous electrolyte

was different from that observed in 0.5 M K2SO4 and 0.5 M Cs2SO4 despite maintaining the

same number of moles of cations and anions. In fact, Q̇MnO2(t) was strictly positive and

exhibited a plateau during the charging and discharging steps. This could be due to the

significantly larger enthalpy of solvation of Mg2+ (−1921 kJ/mol [116]) compared to that of

K+ (−322 kJ/mol [116]) and Cs+ (−264 kJ/mol [116]). This hypothesis will be elucidated

in the following sections.

3.4.3.2 Time-averaged heat generation rate

Figure 3.5 shows the time-averaged irreversible heat generation rate ¯̇Qirr,i at electrode “i”

(i = AC or MnO2) and the time-averaged total heat generation rate ¯̇QT as functions of I2

for (a) Device 1, (b) Device 2, and (c) Device 3, computed according to Equation (3.4).

Irreversible heat generation at the AC electrode ¯̇Qirr,AC was linearly proportional to I2 and

attributed to Joule heating. This was consistent with previous experimental [24, 98, 99, 104]

and numerical [75] studies. Then, the resistance RAC of the AC half-cell can be estimated as

RAC = ¯̇QJ,AC/I
2 = ¯̇Qirr,AC/I

2. Although the AC electrode in Device 1 and Device 2 was the

same, the resistance of the AC half-cell RAC decreased from 14.0 Ω to 7.3 Ω as the electrolyte

concentration increased from 0.25 M to 0.75 M. Moreover, the AC half-cell resistance RAC
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Figure 3.4: The instantaneous heat generation rate at (a, b) the AC electrodes Q̇AC(t)
and (c, d) the α-MnO2 electrodes Q̇MnO2(t) for hybrid supercapacitors with 1.0 M MgSO4

(Device 3), 0.5 M K2SO4 [2], and 0.5 M Cs2SO4 [2] aqueous electrolytes, with (a, c) I = 5
mA and (b, d) I = 6 mA as functions of dimensionless time t/tcd.

= 8.2 Ω of Device 3 was larger than that of Device 2 due to the larger mass loading of its

AC electrode despite the larger electrolyte concentration (Table 3.1).

The electrical resistance of the α-MnO2 half-cell could be computed as RMnO2 = Rs−RAC

where Rs is the total cell resistance measured from the IR drop [Figure 3.1(c)] and RAC is

the resistance of the AC half-cell. Note that the resistance of the pseudocapacitive electrode

is expected to be constant throughout the cycling as ions do not intercalate significantly to
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change the α-MnO2 conductivity. Figure 3.5 also indicates that the total irreversible heat

generation rate ¯̇Qirr,T exceeded Joule heating predicted as ¯̇QJ = RsI
2. This was due to

the irreversible heat generation due to redox reactions and concentration hysteresis in the

α-MnO2 electrode as observed previously experimentally [24] and numerically [77].

3.4.3.3 Reversible heat generation rates

Activated carbon electrodes

As established previously, the irreversible heat generation at the AC electrodes was due

to Joule heating only and thus was constant with time, i.e., Q̇J,AC(t) = ¯̇Qirr,AC = RACI
2

[61, 99, 101, 102, 104]. Therefore, the reversible heat generation at the AC electrodes can be

expressed as Q̇rev,AC(t) = Q̇AC(t) − ¯̇Qirr,AC . Figures 3.6(a)-3.6(c) show the instantaneous

reversible heat generation rate at the AC electrode Q̇rev,AC(t) as a function of dimensionless

time t/tcd for (a) Device 1, (b) Device 2, and (c) Device 3 with 0.25 M, 0.75 M, and 1.0

M MgSO4 aqueous electrolyte, respectively, for current I ranging between 2 and 6 mA

and potential ∆ψs = 1.6 V. Moreover, Figures 3.6(d)-3.6(f) show the same data plotted as

Q̇rev,AC(t)/I vs. t/tcd. It is interesting to note that scaling the reversible heat generation

rates Q̇rev,AC(t) by the current I made the data nearly collapse on top of each other at

all dimensionless time t/tcd. These results confirm that, indeed, Q̇rev,AC(t) scaled linearly

with current I for the AC electrode, as previously observed numerically by d’Entremont and

Pilon [75]. The slight deviation observed at higher currents I in Device 3 was attributed to

diffusion limitations due the higher electrode mass loading (Table 3.1) and therefore larger

resistance of the AC electrode [Figure 3.1(c)].

The endothermic dip observed at the beginning of the charging step was attributed to

SO2−
4 desorption from the AC electrodes. Note that the previously adsorbed SO2−

4 anions

were only partially desolvated as their solvated ion size of 1.17 nm (Table 3.2) was larger than

the peak pore size of YP-50F AC reported to be 0.7 nm [129]. Similar partial desolvation of

largely solvated ions was observed in electrode films consisting of titanium-carbide-derived

carbon (TiC-CDC) and PTFE with 1.5 M tetraethylammonium tetrafluoroborate in ace-

55



0 10 20 30 40
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Rs = 21.6 W

H
ea

t 
g

en
er

a
ti

o
n

 r
a

te
, 
Q

ir
r,

i (
m

W
)

I2

RAC = 14.0 W

(a) Device 1

0 10 20 30 40
0.0

0.2

0.4

0.6

0.8

1.0

1.2

H
ea

t 
g

en
er

a
ti

o
n

 r
a

te
, 
Q

ir
r,

i (
m

W
)

Rs = 16.3 W

I2

RAC = 8.2 W

(c) Device 3

0 10 20 30 40
0.0

0.2

0.4

0.6

0.8

1.0

1.2

H
ea

t 
g

en
er

a
ti

o
n

 r
a

te
, 
Q

ir
r,

i (
m

W
)

Rs = 12.2 W

I2

 Qirr,AC

 Qirr,MnO2

 QT=Qirr,MnO2
+Qirr,AC

 QJ=RSI
2

RAC = 7.3 W

(b) Device 2

Figure 3.5: The average irreversible heat generation rates ¯̇Qirr,i as functions of I2 for (a)
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tonitrile [133] and Ti-CDC and PVDF with either neat EMI-TFSI or 2 M EMI-TFSI in

acetonitrile [134]. Therefore, the process of SO2−
4 desorption was accompanied by partial

SO2−
4 solvation which is exothermic. However, the observed dip established that the pro-

cess of SO2−
4 desorption dominated the thermal signature. After the initial dip, Q̇rev,AC(t)

became positive due to the exothermic Mg2+ adsorption. The process of Mg2+ adsorption

was unlikely to trigger the endothermic partial desolvation of Mg2+ inside the pores as the

solvated cation diameter of Mg2+ of 0.42 nm (Table 3.2) was smaller than the peak pore

size of YP-50F AC [129]. Then, at the beginning of the discharging step Q̇rev,AC(t) became

negative due to Mg2+ desorption. Finally, Q̇rev,AC(t) became positive again when exothermic

SO2−
4 adsorption dominated over endothermic SO2−

4 partial desolvation.

Cryptomelane electrodes

The total heat generation in the cell associated with Joule heating can be expressed as

¯̇QJ,T = RsI
2 so that Joule heating at the α-MnO2 half-cell can be written as ¯̇QJ,MnO2 =

¯̇QJ,T − ¯̇Qirr,AC = (Rs − RAC)I2 = RMnO2I
2. The instantaneous heat generation rate at the

α-MnO2 electrode Q̇MnO2(t) consisted not only of Joule heating Q̇J,MnO2(t) but also of (i)

reversible heat generation due to EDL formation/dissolution Q̇rev,EDL,MnO2(t), (ii) reversible

heat generation due to redox reactions Q̇rev,F,MnO2(t), (iii) reversible heat generation due

to solvation/desolvation of ions Q̇rev,sol,MnO2(t), and (iv) irreversible heat generation due to

redox reactions Q̇irr,F,MnO2(t) [77]. Then, the Joule heating contribution at the α-MnO2

electrode Q̇J,MnO2(t) = RMnO2I
2 can be subtracted from the instantaneous heat generation

Q̇MnO2(t) as Q̇MnO2(t) − Q̇J,MnO2(t) = Q̇rev,MnO2(t) + Q̇irr,F,MnO2(t) where the reversible

heat generation rate Q̇rev,MnO2(t) can be expressed as Q̇rev,MnO2(t) = Q̇rev,EDL,MnO2(t) +

Q̇rev,F,MnO2(t)+Q̇rev,sol,MnO2(t). Figures 3.7(a)-3.7(c) show the instantaneous heat generation

rate at the α-MnO2 electrode with subtracted Joule heating Q̇MnO2(t)−
¯̇QJ,MnO2 as a function

of dimensionless time t/tcd for current I ranging between 2 and 6 mA and a potential window

∆ψs = 1.6 V for (a) Device 1, (b) Device 2, and (c) Device 3 with 0.25 M, 0.75 M, and 1.0 M

MgSO4 aqueous electrolyte, respectively. They establish that Q̇MnO2(t)−
¯̇QJ,MnO2 remained

entirely exothermic for Device 1 [Figure 3.7(a)] and became slightly endothermic during the
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aqueous electrolyte, respectively, for current I ranging between 2 and 6 mA and potential
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discharging step for Device 2 [Figure 3.7(b)]. Furthermore, Q̇MnO2(t)−
¯̇QJ,MnO2 was strictly

exothermic during the charging step and strictly endothermic during the discharging step

for Device 3.

At the beginning of the charging step heat generation was attributed to the endothermic

non-spontaneous Mg2+ desorption quickly dominated by the exothermic Mg2+ ion solva-

tion. Indeed, Mg2+ cations get completely desolvated upon fast surface redox reaction of

Mg2+ at the α-MnO2 and solvation shell is then reformed upon their desorption. This was

consistent with desolvation/solvation upon cation intercalation/deintercalation observed for

Na0.44MnO2 electrodes in 1 M NaCl aqueous electrolyte under potential window of ψmin =

−0.2 V and ψmax = 0.6 V vs. Ag+/AgCl reference electrode [132]. As the charging pro-

gressed, the heat generation rate remained exothermic due to SO2−
4 adsorption. Here, no

desolvation of SO2−
4 anions occurred as the solvated size of SO2−

4 anions of 1.17 nm was

smaller than the size of mesopores (≤ 2 nm) in α-MnO2 [109]. Then, at the beginning of the

discharging step the heat generation rate decreased rapidly, however, it remained positive.

This was attributed to the SO2−
4 desorption. Finally, towards the end of the discharging step

the heat generation rate increased slightly due to the exothermic spontaneous Mg2+ surface

redox reaction. However, as Mg2+ cations participated in surface redox reaction they first

underwent endothermic desolvation [132].

In addition, Figures 3.7(d)-3.7(f) show the instantaneous heat generation rate at the α-

MnO2 electrode with subtracted Joule heating scaled with current (Q̇MnO2(t)−
¯̇QJ,MnO2)/I

vs t/tcd for the same range of current I and potential window ∆ψs for (d) Device 1, (e) Device

2, and (f) Device 3. Here also, the curves practically collapsed on top of each other for all

devices. At the beginning of the charging step the diffusion limitations caused the curves to

deviate slightly from each other. Indeed, the diffusion limitations were more pronounced for

lower MgSO4 concentrations and decreased as the MgSO4 concentration increased. As the

charging progressed the diffusion limitations were less pronounced and the curves approached

each other. Finally, throughout the entire discharging step the curves collapsed on top of

each other. This established that Q̇MnO2(t)−
¯̇QJ,MnO2 also scaled linearly with current I.
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Figure 3.7: The instantaneous heat generation rate at the α-MnO2 electrode with subtracted

Joule heating Q̇MnO2(t)−
¯̇QJ,MnO2 for (a) Device 1, (b) Device 2, and (c) Device 3 and the

instantaneous heat generation rate with subtracted Joule heating at the α-MnO2 electrode

scaled with current (Q̇MnO2(t) −
¯̇QJ,MnO2)/I for (d) Device 1, (e) Device 2, and (f) Device

3 with 0.25 M, 0.75 M, and 1.0 M MgSO4 aqueous electrolyte, respectively, for current I
ranging between 2 and 6 mA as functions of dimensionless time t/tcd.
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3.4.4 Thermal modeling

The instantaneous heat generation rate Q̇T,i(t) at electrode “i” (i = AC or MnO2) and its

individual contributions were estimated from Equations (3.8) and (3.10) (see Figure S3 in

Supplementary Material for contributions of individual terms individual). Figure 3.8(a)-

3.8(c) shows the estimated (a) Q̇T,AC(t), (b) Q̇rev,AC(t) = Q̇T,AC(t) − Q̇J,AC(t), and (c)

Q̇rev,AC(t)/I at the AC electrode as functions of dimensionless time t/tcd for current I rang-

ing between 2 and 6 mA in aqueous MgSO4 electrolyte. Moreover, Figure 3.8(d)-3.8(f) shows

the estimated (d) Q̇T,MnO2(t), (e) Q̇T,MnO2(t)−Q̇J,MnO2(t), and (f) Q̇T,MnO2(t)−Q̇J,MnO2(t)/I

at the α-MnO2 electrode vs. t/tcd for the same range of current I. The trends observed in

Q̇T,AC(t), Q̇rev,AC(t), Q̇T,MnO2(t), and Q̇T,MnO2(t) − Q̇J,MnO2(t) qualitatively matched those

measured in the investigated devices. Moreover, Q̇rev,AC(t)/I and Q̇T,MnO2(t)−Q̇J,MnO2(t)/I

were independent of current which was consistent with previous studies [75,77,93]. Finally,

Q̇T,AC(t) and Q̇T,MnO2(t) were also estimated for aqueous Cs2SO4 electrolyte with smaller

solvation enthalpy ∆HCs
sol = −264 kJ/mol (see Figure S3 in Supplementary Material). Here,

only the magnitude of Q̇sol,MnO2(t) decreased while the other heat generation rate contribu-

tions remained the same as for aqueous MgSO4 electrolyte. Predictions of the instantaneous

heat generation rate Q̇T,MnO2(t) at the α-MnO2 electrode featured large oscillation in heat

generation rate indicating that the thermal signature of redox reactions and EDL formation

dominated over that of solvation/desolvation.

3.5 Conclusion

The present study measured the instantaneous heat generation rates in hybrid supercapaci-

tors with (i) 0.25 M, (ii) 0.75 M, and (iii) 1.0 M aqueous MgSO4 electrolytes with pH of 7.21,

7.27, and 7.34, respectively. Moreover, this study identified, for the first time, the thermal

signature of ion desolvation and solvation during cycling which is otherwise often dominated

by that of ion adsorption and desorption. The investigated devices consisted of a positive

α-MnO2 cryptomelane electrode and an AC counter electrode separated by a polypropy-

lene mesh impregnated with the electrolyte. The instantaneous heat generation rates were
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Figure 3.8: The estimated (a) Q̇T,AC(t), (b) Q̇rev,AC(t) = Q̇T,AC(t) − Q̇J,AC(t), and (c)
Q̇rev,AC(t)/I at the AC electrode and (d)Q̇T,MnO2(t), (e) Q̇T,MnO2(t) − Q̇J,MnO2(t), and (f)
Q̇T,MnO2(t)− Q̇J,MnO2(t)/I at the α-MnO2 electrode for current I ranging between 2 and 6
mA in aqueous MgSO4 electrolyte.
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measured at each electrode separately in a custom made isothermal operando calorimeter

under galvanostatic conditions, potential window of 1.6 V, and temperature of 20 ◦C. The

heat generation rate at the AC electrodes featured large oscillations which were attributed

to EDL formation and dissolution of SO2−
4 anions and Mg2+ cations. Interestingly, SO2−

4

adsorption was accompanied by their partial desolvation in the small pores of the AC elec-

trode due to the large solvated ion size. Conversely, the partially desolvated SO2−
4 anions

became fully solvated upon desorption. By contrast, Mg2+ cations were not desolvated upon

adsorption due to their small solvated ion size. On the other hand, the heat generation

rate at the α-MnO2 electrodes was strictly positive during galvanostatic cycling. When the

previously intercalated Mg2+ ions were desorbed at the α-MnO2 electrode they quickly be-

came solvated. It was found that the thermal signature of their large solvation enthalpy

dominated over the thermal signature of desorption during charging step. Conversely, Mg2+

were fully stripped of their solvation shell during fast surface redox reaction resulting in a

rapid decrease in heat generation during discharging step. Moreover, it was found that after

subtracting Joule heating the remaining heat generation rate scaled linearly with imposed

current at both electrodes. Finally, the heat generation rate was predicted using a thermal

model which accounted for reversible heat generation due to EDL formation, redox reac-

tions, and ion solvation/desolvation. In addition, it also accounted for Joule heating and

irreversible heat generation due to redox reactions. The results qualitatively matched the

measured heat generation rates in the investigated devices. Moreover, the heat generation

rates scaled linearly with current after Joule heating was subtracted.
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CHAPTER 4

Calorimetric characterization of the effect of ions on

α-MnO2 charging mechanisms

This chapter investigates the thermal signature of the charging mechanisms of three hy-

brid supercapacitors with aqueous electrolytes using isothermal operando calorimetry. They

consisted of a positive α−MnO2 cryptomelane electrode and a negative activated carbon

(AC) electrode. They were assembled in (i) 0.5 M Li2SO4, (ii) 0.5 M Na2SO4, or (iii) 0.5

M Cs2SO4 aqueous electrolytes. The devices were characterized under cyclic voltammetry,

galvanostatic cycling, and electrochemical impedance spectroscopy (EIS). Furthermore, dur-

ing galvanostatic cycling, the instantaneous heat generation rates were measured at each

electrode separately. The thermal signatures measured at the negative AC electrodes were

qualitatively similar except for the device with 0.5 M Li2SO4. During charging, the features

were attributed to the initial endothermic anion desorption and solvation followed by the

exothermic electric double layer (EDL) formation of cations, except for Li+ which possi-

bly participated in surface redox reactions at the AC electrode due to its smaller size and

high electronegativity. Similarly, the thermal signature measured at the positive α−MnO2

electrode was attributed to cations participating in fast surface redox reaction and desolva-

tion/solvation or anions undergoing adsorption/desorption. Moreover, for Li+ cations with

a larger solvated ion size, an endothermic dip attributed to hydrolysis was observed at the

positive α−MnO2 electrode towards the end of the charging step already at 1.6 V. Finally,

the study demonstrated the importance of complementing the electrochemical measurements

with calorimetric measurements in characterizing electrode materials to provide unique in-

sight into the physical and chemical processes occurring in hybrid supercapacitors.
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4.1 Materials and methods

4.1.1 Electrode fabrication and device assembly

The fabrication method and device assembly was discussed in detail in Chapter 6 and need

not be repeated. In brief, slurries were prepared by mixing together the active material,

carbon black (Superior Graphite), and polyvinylidene fluoride (PVDF, Solef® 5130) binder

in a 70:15:15 weight ratio. The PVDF solution was prepared by dissolving PVDF powder

in liquid dimethylacetamide (DMA) in an 8.5:91.5 weight ratio. The active materials were

α−MnO2 (Prince Erachem) or activated carbon (YP-50F, Kuraray Chemical). To ensure

homogeneously mixed slurries, the dry matter content was adjusted to 25.3 wt.% and 18.7

wt.% for the α−MnO2 and AC slurries, respectively, by adding dimethylacetamide (DMA).

Then the mixtures were vigorously stirred in a beaker with a magnetic stirrer overnight.

Second, the slurries were drop cast onto titanium (Ti) mesh current collector sheets

(Dexmet Corp.) with a 1 × 1 cm2 footprint area and spread evenly with a spatula. The

current collectors had been previously treated in a boiling aqueous solution containing 10

wt.% of oxalic acid and then rinsed off with DI water. This enhanced the adhesion between

the slurries and current collectors. The electrodes were then dried in an oven at 60 ◦C for 12

h. Immediately after, each electrode was hot-roll calendered to ensure the uniform thickness

of each electrode. This resulted in a mass loading varying between 6.5 and 7.5 mg/cm2 for

the α−MnO2 electrodes and between 4 and 8 mg for the AC electrodes.

Finally, the devices were assembled with a positive α−MnO2 electrode and a negative

AC electrode separated by a 1 mm-thick, chemically inert polypropylene mesh. The mesh

prevented the electrodes from coming into contact with one another while allowing the ions

to pass through it freely. The separator was impregnated with, (a) 0.5 M Li2SO4 (Device 1),

(b) 0.5 M Na2SO4 (Device 2), or (c) 0.5 M Cs2SO4 (Device 3) aqueous electrolytes. Table

4.1 summarizes the mass loading of active material in each electrode and the electrolyte

properties used to interpret the results.
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Table 4.1: Electrode mass loading and electrolyte properties of hybrid supercapacitor Devices
1 to 3.

Property/parameter Device 1 Device 2 Device 3

Aqueous electrolyte - 0.5 M concentration Li2SO4 Na2SO4 Cs2SO4

Active mass loading of MnO2, mMnO2 (mg) 6.72 6.65 7.28

Active mass loading of AC, mAC (mg) 6.92 6.67 4.17

Cation diameter, a+ (nm) [110] 0.136 0.190 0.334

Solvated cation diameter, a+,s (nm) [111] 0.410 0.360 0.346

Anion diameter, a− (nm) [113] 0.484 0.484 0.484

Solvated anion diameter, a−,s (nm) [113] 1.173 1.173 1.173

Diffusion coefficient of cations, D+ × 109 (m2/s) [114] 1.232 1.341 2.076

Diffusion coefficient of anions, D− × 109 (m2/s) [115] 0.809 0.809 0.809

Cation hydration enthalpy, ∆Hsol,+ (kJ/mol) [116] −519 −409 −264

Anion hydration enthalpy, ∆Hsol,− (kJ/mol) [116] −1059 −1059 −1059

4.1.2 Device characterization

First, either the positive α−MnO2 or the negative AC working electrodes were cycled in a

three-electrode setup with 0.5 M Li2SO4, 0.5 M Na2SO4, or 0.5 M Cs2SO4 aqueous elec-

trolytes. Here, elemental Ni plate was used as a counter electrode and Ag+/AgCl(s) was the

reference electrode (FisherbrandTM accumetTM). Cyclic voltammetry was used at scan rate

ν of 10 mV/s for 95 cycles and then at scan rate ν of 5 mV/s for the last 5 cycles. The

potential window was between ψmin = 0 V and ψmax = 0.8 V for the α−MnO2 electrodes

and between ψmin = − 0.8 V and ψmax = 0 V for the AC electrodes. The measured cyclic

voltammograms were used to compute the capacity of each electrode thus ensuring that the

capacity of the paired α−MnO2 and AC electrodes matched.
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Then, CV measurements were performed on the three assembled devices (Table 4.1) in

the isothermal operando calorimeter at a temperature of 20 ◦C and at five different scan

rates ν ranging between 5 and 50 mV/s and 20 cycles each. Here, the cell potential window

∆ψs ranged between ψs,min = 0 V and ψs,max = 1.6 V. The integral capacity C(ν) (in C)

was computed as a function of scan rate ν according to [82]

C(ν) =

∮
I(ψs)

2ν
dψs, (4.1)

where I(ψs) was the measured current response at the time-dependent cell potential ψs.

Moreover, the gravimetric capacity Cg(ν) (in mAh/g) was defined as

Cg(ν) =
C(ν)

m
, (4.2)

where m was the total mass loading (in g) of active materials in both α−MnO2 and AC

electrodes.

Lastly, galvanostatic cycling with isothermal operando calorimetry was performed on the

devices for five currents I ranging between 2 and 6 mA and cell potential window ∆ψs of

1.6 V versus AC electrode, consecutively. For each current I, 30 consecutive cycles were

performed ensuring that oscillatory steady state has been reached.

Potential vs. time curves were then used to compute the internal resistance of the device

Rs via the IR drop observed at the transition between the charging and discharging steps

as [1, 78–80],

Rs(I) =
ψs(t

+
c )− ψs(t−c )

2I
. (4.3)

Here, the potential ψs(t
+
c ) was taken immediately at the current switch while the potential

ψs(t
−
c ) was the potential 10 ms after the current switch, for all devices, (i.e., t+c − t−c = 10

ms), as recommended by Ref. [79].
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4.1.3 Isothermal operando calorimeter

The instantaneous heat generation rate Q̇i(t) (in mW) at each electrode i (i = MnO2 or

AC) in Devices 1 to 3 was obtained by measuring the electric potential ∆Vi(t) across a

thermoelectric heat flux sensor in thermal contact with the electrode during galvanostatic

cycling based on [99],

Q̇i = q′′i (t)Ai =
∆Vi(t)

Si
Ai, (4.4)

Here, Si was the temperature dependent sensitivity (in µV/(W/m2)) of the heat flux sensor

in thermal contact with electrode i and was provided by the manufacturer while Ai denoted

the footprint area of the electrode (1 cm2). Then the heat flux q′′i (t) was computed according

to Equation (4.4). Furthermore, in an effort to reduce the noise in the measurements, the

measured heat generation rates were averaged at the same temporal point in each of the last

five cycles at current I as

Q̇i(t/tcd) =
1

5

30∑
j=26

Q̇i(t/tcd + (j − 1)), (4.5)

where t/tcd was the dimensionless time within one cycle (i.e., t/tcd was confined between 0

and 1) and j was the cycle number (j = 26 to 30).

Finally, the measured instantaneous heat generation rate Q̇i(t) can be decomposed as

a sum of its reversible and irreversible contributions such that Q̇i(t) = Q̇rev,i(t) + Q̇irr,i(t)

[61,99,101]. In addition, the time average of the reversible heat generation rate Q̇rev,i(t) over

the entire charging/discharging cycle is, by definition, zero. Therefore, the irreversible heat

generation rate ¯̇Qirr,i over the entire cycle can be written as [61,99,101],

¯̇Qirr,i =
1

tcd

∫ nctcd

(nc−1)tcd
Q̇i(t) dt. (4.6)

Here, nc referred to the cycle number large enough to ensure that the oscillatory steady

state in heat generation rate was reached and tcd was the time of a charge/discharge cycle

independent of the cycle number at oscillatory steady state.
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4.2 Results and discussion

4.2.1 Cyclic voltametry

4.2.1.1 Three-electrode cyclic voltammograms

Figure 4.1 shows the measured cyclic voltammograms at scan rate ν of 10 mV/s for the

individual positive α−MnO2 and negative AC electrodes vs. Ag+/AgCl reference electrode

paired in Devices 1, 2, and 3 with (a) 0.5 M Li2SO4, (b) 0.5 M Na2SO4, and (c) 0.5 M

Cs2SO4 aqueous electrolytes, respectively. The capacity of each electrode was calculated

from the cyclic voltammograms [Equation (4.1)]. In all devices, the paired positive and

negative electrodes had similar capacities. The active mass loading of the AC electrodes

in Devices 1 and 2 was more similar than that of Device 3 (Table 4.1) resulting in almost

identical capacity. Moreover, the α−MnO2 electrodes exhibited an oxidation peak at the

end of the positive sweep (i.e., Potential vs. Ag+/AgCl = 0.8 V), and a reduction dip at the

end of the negative sweep (i.e., Potential vs. Ag+/AgCl = 0 V) in all electrolytes.

4.2.1.2 Full device cyclic voltammograms

Figure 4.2 shows the measured cyclic voltammograms of Devices 1 to 3 with (a) 0.5 M

Li2SO4, (b) 0.5 M Na2SO4, and (c) 0.5 M Cs2SO4 aqueous electrolytes and scan rate ν

ranging between 5 and 50 mV/s. The cell potential ψs(t) was measured at the positive

α−MnO2 electrode in reference to the negative AC electrode. The cell potential window

∆ψs = 1.6 V exceeded the theoretical electrochemical stability window of water of 1.23 V at

20 ◦C. However, no rapid increase in the current nor bubble formation was observed in any of

the devices which indicated the absence of hydrolysis [117,118]. The cyclic voltammograms

of Devices 1 and 2 changed from a rectangular shape at lower scan rates to a leaf-like shape

at higher scan rates indicating diffusion limitations and resistive behavior. In Device 3, the

resistive behavior was less pronounced than in Device 1 and 2 as scan rate ν increased. This

can be attributed to a larger diffusion coefficient of Cs+ cations than that of Li+ and Na+

cations resulting in a smaller electrical resistance of Device 3 compared to Devices 1 and 2.
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Figure 4.1: Cyclic voltammograms for AC and α−MnO2 cryptomelane electrodes including
their capacity in (a) 0.5 M Li2SO4, (b) 0.5 M Na2SO4, and (c) 0.5 M Cs2SO4 aqueous
electrolytes for scan rate ν = 10 mV/s.
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Figure 4.2: Cyclic voltammograms for (a) Device 1 with 0.5 M Li2SO4, (b) Device 2 with
0.5 M Na2SO4, and (c) Device 3 with 0.5 M Cs2SO4 aqueous electrolyte.

This was also the cause of a smaller current response of Devices 1 and 2 compared to Device

3.
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4.2.2 Galvanostatic cycling

Figure 4.3 shows the temporal evolution of the cell potential ψs(t) as a function of time

under galvanostatic cycling for current I ranging between 2 and 6 mA and the potential

window ∆ψs of 1.6 V for Devices 1 to 3 in (a) 0.5 M Li2SO4, (b) 0.5 M Na2SO4, and (c)

0.5 M Cs2SO4 aqueous electrolytes. The cell potential ψs(t) practically varied linearly with

time t excluding the IR drop at the beginning of the charging and discharging steps. Such

behavior was also observed in EDLCs and hybrid supercapacitors featuring fast surface redox

reactions [16,76,101,102].

4.2.3 Capacity and resistance

Figures 4.4(a) and 4.4(b) show the capacity C and gravimetric capacity Cg per unit mass of

both electrodes of the investigated devices as a function of the scan rate ν. Both C and Cg

decreased with increasing scan rate ν, indicating diffusion limitations. Here, the capacity of

devices decreased with decreasing cation diffusion coefficient for devices with similar mass

loading (i.e., DNa+ > DLi+). Interestingly, the capacity C of Device 3 (0.5 M Cs2SO4) was

the lowest at lower scan rates ν, but it decreased slower than the capacity C of the other

two devices as the scan rate ν increased. This was attributed to the lower mass loading of

the electrodes used in Device 3, causing its resistance to be lower and delayed the diffusion

limitations.

Moreover, Figure 4.4(c) shows the internal resistances Rs of each device computed ac-

cording to Equation (4.3) for I ranging between 2 and 6 mA and such that the average

internal resistances were R̄s = 13.19 ± 0.44 Ω for Device 1, R̄s = 7.85 ± 0.61 Ω for Device 2,

and R̄s = 6.82 ± 0.91 Ω for Device 3. The internal resistance Rs was independent of current

I for all devices. Finally, Figure 4.4(d) shows the Nyquist plots of the devices interpreted

according to Ref. [89]. Here, the difference between the electrode resistance RP and the

internal resistance Rs was attributed to the electrolyte resistance. The internal resistance

Rs obtained from the Nyquist plots was in good agreement with the internal resistance R̄s

obtained from the IR drop (i.e., Rs ≈ R̄s for all devices).
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Figure 4.3: Temporal evolution of cell potential ψs during galvanostatic cycling for (a)
Device 1 with 0.5 M Li2SO4, (b) Device 2 with 0.5 M Na2SO4, and (c) Device 3 with 0.5 M
Cs2SO4 aqueous electrolyte for current I ranging between 2 and 6 mA and potential window
∆ψs of 1.6 V.
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Figure 4.4: (a) Capacity C(ν) and (b) gravimetric capacity Cg(ν) per unit mass of both
electrodes as a function of scan rate ν for full devices, (c) internal resistance computed from
the IR drop as a function of current, and (d) Nyquist plots of the devices.

4.2.4 Instantaneous heat generation rate measurements

Figure 4.5 shows the instantaneous heat generation rate Q̇i(t) as a function of dimensionless

time t/tcd for both the positive α−MnO2 electrode and the negative AC electrode for the
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last five consecutive cycles under galvanostatic cycling subjected to the imposed current I

of 5 mA and the potential window ∆ψs of 1.6 V for Devices 1 to 3 with (a) 0.5 M Li2SO4,

(b) 0.5 M Na2SO4, and (c) 0.5 M Cs2SO4 aqueous electrolytes. The instantaneous heat

generation rates Q̇MnO2(t) and Q̇AC(t) were repeatable from cycle to cycle for all devices

and all currents I. To clarify the origin of the thermal signatures, Q̇i(t) was averaged over

the last five consecutive cycles according to Equation (4.5). Moreover, the time-average of

the instantaneous heat generation rate Q̇i over the entire cycle computed at each electrode

according to Equation (4.6) yields the irreversible heat generation rate ¯̇Qirr,i shown as dashed

line in Figures 4.5(a) − 4.5(c).

Figure 4.6 shows the irreversible heat generation rate ¯̇Qirr,i as a function of the square

of the current I2 for all investigated devices. The irreversible heat generation rate at the

AC electrode ¯̇Qirr,AC was found to be linearly proportional to I2. This indicates that the

irreversible heat generation rate at the AC electrode was due to Joule heating only. These

findings were in agreement with previous calorimetric studies of EDLC devices [24, 61, 98,

100, 105, 135] as well as with numerical predictions for AC electrodes in EDLCs [75] and

hybrid supercapacitors [77]. Moreover, Figure 4.6 establishes that the total irreversible heat

generation over the entire charge/discharge cycle, ¯̇Qirr,T = ¯̇Qirr,MnO2+ ¯̇Qirr,AC , exceeded Joule

heating, ¯̇QJ = R̄sI
2 predicted from the internal resistance R̄s of the entire device. Finally,

the slope of the linear fit can be interpreted as the resistance, through which the current

passes. Subtracting the resistance of the AC half-cell from the total internal resistance R̄s

of the device obtained from the IR drop yields the resistance of the α−MnO2 half-cell as

RMnO2 = R̄s −RAC . (4.7)

These resistances were used to compute the Joule heating associated with each half-cell as

¯̇QJ = RiI
2.

Figure 4.7 shows the instantaneous heat generation rate at the negative AC electrodes

Q̇AC(t) for (a) Device 1 with 0.5 M Li2SO4, (b) Device 2 with 0.5 M Na2SO4, and (c) Device

3 with 0.5 M Cs2SO4 aqueous electrolytes and the instantaneous heat generation rate at the
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Figure 4.5: Instantaneous heat generation rate Q̇i(t) as a function of dimensionless time t/tcd
measured at both the positive α−MnO2 electrode and the negative AC electrode for the last
five consecutive cycles and the imposed current I of 5 mA and potential window of ∆ψs of
1.6 V for (a) Device 1 with 0.5 M Li2SO4, (b) Device 2 with 0.5 M Na2SO4, and (c) Device
3 with 0.5 M Cs2SO4 aqueous electrolyte.

AC electrode Q̇AC(t) with subtracted Joule heating ¯̇QJ,AC for (d) Device 1 with 0.5 M Li2SO4,

(e) Device 2 with 0.5 M Na2SO4, and (f) Device 3 with 0.5 M Cs2SO4 aqueous electrolytes
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with 0.5 M Na2SO4, and (c) Device 3 with 0.5 M Cs2SO4 aqueous electrolytes.

as functions of dimensionless time t/tcd and potential window ∆ψs = 1.6 V, and current I

ranging between 2 and 6 mA. For all devices, at the beginning of the charging step, there

was an endothermic dip dominated by the initial SO2−
4 anion desorption [24,135]. After the
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initial endothermic dip, the SO2−
4 anion desorption grew weaker and the exothermic cation

(Na+, Cs+) adsorption or possibly surface redox reactions (Li+) dominated for the rest of the

charging step [24, 135]. Moreover, at the beginning of the discharging step, an endothermic

dip was observed for Devices 2 and 3, as well as for lower currents in Device 2 (i.e., I = 2

and 3 mA). This endothermic dip was attributed to the endothermic desorption of cations.

In Device 3 the endothermic dip was less visible due to the slower nature of possible Li+

redox desorption compared to SO2−
2 adsorption. This behavior was only present in Device

1, as Li+ cations were the only cations that could participate in surface redox reactions

at the AC electrode. As the discharging progressed, instantaneous heat generation rate

became dominated by the exothermic SO2−
4 adsorption. Similar results have been reported

for calorimetric measurements at the AC electrodes in EDLC [61, 98, 100, 105, 135] and in

hybrid supercapacitor [24] devices.

Figure 4.8 shows the instantaneous heat generation rate at the positive MnO2 electrodes

Q̇MnO2(t) for (a) Device 1 with 0.5 M Li2SO4, (b) Device 2 with 0.5 M Na2SO4, and (c)

Device 3 with 0.5 M Cs2SO4 aqueous electrolytes and the instantaneous heat generation rate

at the AC electrode Q̇MnO2(t) with subtracted Joule heating ¯̇QJ for (d) Device 1 with 0.5

M Li2SO4, (e) Device 2 with 0.5 M Na2SO4, and (f) Device 3 with 0.5 M Cs2SO4 aqueous

electrolytes as functions of dimensionless time t/tcd and potential window ∆ψs = 1.6 V, and

current I ranging between 2 and 6 mA. An endothermic dip appeared at the beginning of the

charging and was associated with the endothermic cation (Li+, Na+, Cs+) redox desorption

based on similar findings for MnO2−birnnesite pseudocapacitive electrodes in 1 M LiClO4 in

1:1 EC:DMC and MoO2−rGO in 0.5 M Na2SO4 [24]. As the charging progressed, the cation

desorption decreased and the exothermic SO2−
4 adsorption and EDL formation dominated

for the rest of the step. This manifested as a slow increase in the measured heat generation

rate for all devices. Device 1 [Figures 4.8(a) and 4.8(d)] exhibited a second endothermic

dip towards the end of the charging step attributed to the hydrolysis reaction. It was

attributed to hydrolysis as (i) the dip was endothermic as is hydrolysis reaction [122, 123],

(ii) the dip appeared towards the end of charging when the cell potential exceeded the

electrochemical stability window of water of 1.23 V at 20 ◦C, and (iii) it was independent
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Figure 4.7: Instantaneous heat generation rate at the negative AC electrodes Q̇AC(t) for (a)
Device 1 with 0.5 M Li2SO4, (b) Device 2 with 0.5 M Na2SO4, and (c) Device 3 with 0.5 M
Cs2SO4 aqueous electrolytes and the instantaneous heat generation rate at the AC electrode
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2 and 6 mA.
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of current. Interestingly, hydrolysis was not evident in Device 2 [Figures 4.8(b) and 4.8(e)]

due to a thinner solvation shell surrounding the Na+ cations compared to Li+ cations [111].

Hydrolysis was not observed in Device 3 either for the same reasons.

Furthermore, in the beginning of the discharging step, a sharp exothermic peak was ob-

served for all devices and was associated with an overpotential lag [76, 77]. Such behavior

has been previously observed both numerically [77] as well as experimentally [98]. After

the initial spike, an endothermic dip associated with the continued endothermic SO2−
4 an-

ion desorption appeared. Finally, towards the end of the discharging step, the exothermic

spontaneous cation (Li+, Na+, Cs+) surface redox began to dominate the thermal signature.

This resulted in a slow increase in the instantaneous heat generation rate.

4.3 Conclusion

The study reported the instantaneous heat generation rates measured at the positive α−MnO2

and the negative AC electrodes of hybrid supercapacitors. The electrodes were immersed in

(a) 0.5 M Li2SO4, (b) 0.5 M Na2SO4, or (c) 0.5 M Cs2SO4 aqueous electrolytes. First, their

capacity, gravimetric capacity and internal resistance were obtained from cyclic voltam-

metry, galvanostatic cycling, and electrochemical impedance spectroscopy. Capacity and

gravimetric capacity decreased with increasing scan rate ν for all devices. Moreover, the

gravimetric capacity increased with increasing diffusion coefficient of cations. The internal

resistance computed from the IR drop was in good agreement with that obtained from EIS

measurements and was independent of current. In addition, isothermal operando calorimetry

was performed during galvanostatic cycling for the potential window ∆ψs of 1.6 V. The in-

stantaneous heat generation rate measurements were repeatable from cycle to cycle at both

electrodes for all investigated devices. Furthermore, the large variations in heat generation

rates observed at both electrodes during cycling of the devices were caused by reversible

processes such as ion adsorption/desorption at the AC electrode and surface redox at the

α−MnO2 electrode. The observed endothermic features at AC or α−MnO2 electrodes were

attributed either to anion or cation desorption during charging, respectively. The observed
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exothermic features at the AC electrode were attributed to cation adsorption (Na+ and Cs+)

or possibly Li+ surface redox during charging, and anion adsorption during discharging. Sim-

ilarly, the observed exothermic features at the α−MnO2 electrode were attributed to anion

adsorption during charging, and cation surface redox during discharging. For 0.5 M Li2SO4

aqueous electrolyte, an endothermic dip was observed towards the end of the charging step

attributed to hydrolysis reaction. Overall, calorimetry offered a unique and detailed insight

into the charging mechanisms.
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CHAPTER 5

Charge and mass transfer resistances cause irreversible

heat generation in pseudocapacitive electrodes

This chapter aims to theoretically elucidate the irreversible heat generation exceeding Joule

heating observed experimentally in pseudocapacitive electrodes under galvanostatic cycling.

The results establish that the additional irreversible heat generation is caused by the en-

ergy dissipation in charge and mass transfer resistances at the pseudocapacitive electrode.

Simulations based on the modified Poisson-Nernst-Planck model coupled with the energy

conservation equation were performed. The model accounted for (i) ion transport driven

by the electric field in a binary and symmetric electrolyte, (ii) formation or dissolution of

the electric double layer, (iii) redox reactions and ion intercalation/deintercalation at the

electrode/electrolyte interface, and (iv) electron transport in the pseudocapacitive electrode.

The reversible and irreversible heat generation rates, formulated from first principles, were

also computed. Finally, the additional irreversible heat generation rate due to the charge

transfer and mass transfer resistances was proportional to the square of the imposed current.

Moreover, the charge and mass transfer resistances were found to be dependent on the state

of charge of the electrode and the imposed current. Finally, the irreversible heat generation

due to the charge and mass transfer resistances accounted for all of the additional irreversible

heat generation that exceeded Joule heating.
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5.1 Analysis

5.1.1 Schematic and assumptions

Figure 5.1 shows the schematic of the one-dimensional pseudocapacitive electrode simulated

in a three-electrode setup along with the coordinate system used. The setup consisted of a

planar pseudocapacitive electrode of thickness LP composed of transition metal oxide MpOq

and an organic electrolyte consisting of LiClO4 salt dissolved in propylene carbonate (PC)

of thickness L. The electrolyte domain was divided into two regions, namely, the Stern layer

and the diffuse layer. Ions were immobile in the Stern layer and mobile under the effect

of the electric field, ion concentration gradient, and steric repulsion in the diffuse layer.

The electrode was subjected to constant current cycling imposed at the electrode/current

collector interface (i.e., x = −L − LP ). The electrolyte center-line (i.e., x = 0) was kept at

0 V at all times, assuming the role of a reference electrode in a three-electrode experimental

setup [3]. This simple geometry was chosen to assess the contributions of several physical

phenomena contributing to heat generation rates based on the detailed model of d’Entremont

and Pilon [75,77]. Several assumptions were made in the formulation of the model, previously

discussed in detail in Refs. [75, 77, 89, 136]. In brief, (1) the electrolyte domain was binary

and symmetric, and consisted of two ion species with identical valency z = ±1, ion size a,

and diffusion coefficient D. (2) The salt was fully dissociated in the solvent and the bulk

concentration for both species was c∞. (3) No bulk fluid motion existed inside the cell.

(4) The electrode and electrolyte transport properties were constant and independent of

temperature. (5) The cell was thermally insulated from its surroundings. (6) The thickness

H of the Stern layer was assumed to be half of the solvated ion diameter a (i.e., H = a/2)

[81, 86, 137]. (7) The ion migration in the electrolyte as well as the Li+ ion intercalation

were treated as one-dimensional electrodiffusion. (8) No phase change occurred during the

intercalation/deintercalation process [23,138].
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Figure 5.1: Schematic of the simulated one-dimensional MpOq electrode in a three-electrode
setup (based on Ref. [3]).

5.1.2 Governing equations

The local potential ψ(x, t) and concentration ci(x, t) in the electrode and electrolyte were

governed by the modified Poisson-Nernst-Planck model [139–142]. The temperature T (x, t)

in the electrode and electrolyte was governed by the energy conservation equation [143,144].

Moreover, the heat generation rates appearing in the energy conservation equation were

derived from first principles [75,77].
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5.1.2.1 Poisson equation in the electrode and electrolyte

The Poisson equation governs the electric potential ψ(x, t) in the electrode and electrolyte

at location x and time t. In the electrode, it is expressed as [145–148]

∂

∂x

(
σP
∂ψ(x, t)

∂x

)
= 0 for − L− LP ≤ x < −L. (5.1)

Here, σP is the electrical conductivity of the electrode (in S/m). In the electrolyte, it is given

by [121,140,141]

∂

∂x

(
ε0εr

∂ψ(x, t)

∂x

)
=


0 in the Stern layer

−F
2∑
i=1

zci(x, t) in the diffuse layer, (5.2)

where F is the Faraday constant (i.e., F = 9.649×104 C/mol), ci(x, t) is the local concentra-

tion of ion species i (i = 1 or 2), and z is the valency of ions (z = +1 or −1). Furthermore,

the vacuum permittivity and relative permittivity of the electrolyte are denoted by ε0 and

εr, respectively.

5.1.2.2 Mass conservation equation

In the diffuse layer, the mass conservation of the concentration ci (in mol m−3) of each ion

species i is governed by [141]
∂ci
∂t

= −∂Ni

∂x
, (5.3)

where Ni(x, t) is the molar flux (in mol/m2s) of ion species i and can be expressed as [81]

Ni(x, t) = −DFzci
RuT

∂ψ

∂x
−D∂ci

∂x
− DNAci

1−
2∑
i=1

(
ci

cmax

) 2∑
j=1

a3
∂cj
∂x

. (5.4)

Here, D is the diffusion coefficient of ions in the solvent, Ru is the universal gas constant

(i.e., Ru = 8.314 J/molK), T is the temperature (in K), NA is the Avogadro constant

(i.e., NA = 6.022 × 1023 1/mol), and a is the ion diameter. In addition, the first term on
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the right hand side of Equation (5.4) accounts for migration of ions in an external electric

field, the second term accounts for Fickian diffusion, and the last term accounts for steric

repulsion due to finite ion size. This last term ensures that the local ion concentrations do

not exceed their respective saturation concentrations estimated from simple cubic packing

as cmax = 1/(NAa
3) [145, 147, 148]. Moreover, the mass conservation governing lithium

concentration in the pseudocapacitive electrode c1,P (x, t) can be expressed as [76]

∂c1,P
∂t

= D1,P
∂2c1,P
∂x2

. (5.5)

Here, D1,P is the diffusion coefficient of the intercalated ions in the pseudocapacitive elec-

trode.

5.1.2.3 Energy conservation equation

The 1D energy conservation equation in the electrode and electrolyte can be expressed

as [143,144]

ρcp
∂T

∂t
=

∂

∂x

(
k
∂T

∂x

)
+ q̇ for the electrolyte domain (5.6)

and ρP cp,P
∂TP
∂t

=
∂

∂x

(
kP
∂TP
∂x

)
+
|j|2

σP
for the electrode domain. (5.7)

Here ρ is the density (in kg/m3), cp is the specific heat (in J/kg·K), and k or kP is the thermal

conductivity (in W/m·K) of the electrolyte or the electrode, respectively. Furthermore, T is

the temperature (in K) and q̇(x, t) is the local volumetric heat generation rate (in W/m3) in

the electrolyte, rigorously derived from first principles and expressed as [75,77]

q̇(x, t) = q̇E(x, t) + q̇S(x, t) + q̇F (x, t). (5.8)

Here, q̇E(x,t) is the heat generation rate arising from electric charge carriers (i.e., ions) de-

creasing their potential energy, q̇S(x, t) termed as “heat of mixing” is the heat generation

rate arising from ionic and electronic fluxes along the chemical potential, temperature, and
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partial molar entropy gradients [75,149], and q̇F (x, t) is the heat generation rate arising from

redox reactions at the pseudocapacitive electrode/electrolyte interface [77]. Moreover, the

heat generation rate q̇E(x, t) can be expanded as [75]

q̇E(x, t) = q̇E,J(x, t) + q̇E,d(x, t) + q̇E,s(x, t). (5.9)

Here, q̇E,J(x, t) is the Joule heating expressed as [75],

q̇E,J(x, t) =
j(x, t)2

σ(x, t)
, (5.10)

where j(x, t) is the local ionic current and σ(x, t) is the electrical conductivity of the elec-

trolyte (in S/m). They can be expressed as [141,150,151]

j(x, t) = F
2∑
i=1

zNi(x, t) (5.11)

and σ(x, t) =
F 2

RuT

2∑
i=1

z2Dci(x, t). (5.12)

Furthermore, q̇E,d(x, t) is the heat generation rate due to ion diffusion given by [75]

q̇E,d(x, t) =
DzF

σ
j
∂(c1 − c2)

∂x
. (5.13)

Moreover, q̇E,s(x, t) is the heat generation rate due to steric effects arising from finite ion

size and expressed as [75]

q̇E,s(x, t) =
DzFa3NA(c1 − c2)
σ[1− a3NA(c1 + c2)]

j
∂(c1 + c2)

∂x
. (5.14)

As ion concentration gradients become small, both q̇E,d(x, t) and q̇E,s(x, t) vanish, and heat

generation reduces to Joule heating.

On the other hand, the heat of mixing contribution q̇S(x, t) [Equation (5.8)] can be

expanded as [75]

q̇S(x, t) = q̇S,c(x, t) + q̇S,T (x, t), (5.15)
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where the heat generation rate q̇S,c arises from the thermodynamic activity and partial molar

entropy gradients and q̇S,T arises from the temperature gradient. They are given by [75]

q̇S,c(x, t) =
3

32π

eF 2

(ε0εr)3/2(RuT
∑2

i=1 z
2ci)1/2

(
2∑
i=1

z2Ni

)(
2∑
i=1

z2
∂ci
∂x

)
(5.16)

and q̇S,T (x, t) = − 3

32π

eF 2(
∑2

i=1 z
2ci)

1/2

(ε0εr)3/2R
1/2
u T 3/2

(
2∑
i=1

z2Ni

)
∂T

∂x
. (5.17)

Here, e is the elementary charge (i.e., e = 1.6×10−19 C). Finally, the reversible and irre-

versible heat generation rates due to redox reactions were uniform in the Stern layer and can

be expressed as [77]

q̇F (t) = q̇F,rev(t) + q̇F,irr(t) =
jF (t)

H
Π(t) +

jF (t)

H
η(t). (5.18)

Here, η(t) is the overpotential defined as the difference between the electric potential at the

electrode/electrolyte interface and the equilibrium potential of the chemical reaction (i.e.,

η(t) = ψ(x = H, t) − ψeq [86]). On the other hand Π(t) is the Peltier coefficient (in J/C)

representing the amount of heat carried per unit charge and is typically constant for hybrid

supercapacitors [77].

5.1.3 Initial and boundary conditions

Initially, at t = 0, the electric potential ψ(x, 0) was set to 0 V throughout the entire domain,

i.e., [75]

ψ(x, 0) = 0 V for all x. (5.19)

For galvanostatic cycling, the boundary condition at the current collector/electrode interface

(i.e., x = −L− LP ) was [81]

js(−L− LP , t) =

{
js for ψmin < ψs < ψmax and dψ/dt > 0 or ψs = ψmin

−js for ψmin < ψs < ψmax and dψ/dt < 0 or ψs = ψmax, (5.20)
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where js is the imposed current, and ψmin = 0 V and ψmax = 0.5 V are the minimum

and maximum electric potentials, respectively. Indeed this was an appropriate boundary

condition consistent with experiments [77].

Furthermore, at the electrolyte center-line (i.e., x = 0) the imposed potential was 0 V at all

times to simulate a reference electrode in a three-electrode experimental setup [136], i.e.,

ψ(0, t) = 0 V. (5.21)

In addition, the electric potential and current density were continuous at the electrode/electrolyte

interface located at x = −L so that [140]

ψ(−L−, t) = ψ(−L+, t) and σe
∂ψ

∂x
(−L−, t) = ε0εr

∂2ψ

∂x∂t
(−L+, t). (5.22)

Finally, the electric potential as well as the electric displacement were continuous at the

Stern/diffuse layer interface located at x = −L+H, i.e. [121,140,152],

ψ(−L+H−, t) = ψ(−L+H+, t) and
∂ψ

∂x
(−L+H−, t) =

∂ψ

∂x
(−L+H+, t). (5.23)

The initial concentrations ci(x, t) in the electrolyte and c1,P (x, t) in the pseudocapacitive

electrode were [75,77]

ci(x, 0) = c∞ for − L < x ≤ 0 (5.24)

and c1,P (x, 0) = c1,P,0 for − L− LP < x ≤ −L. (5.25)

The concentrations of both ion species at the electrolyte center-line (i.e., x = 0) were taken

as the bulk ion concentrations, i.e.,

c1(0, t) = c2(0, t) = c∞. (5.26)

The flux of the second ion species (i.e., i = 2) vanished at the electrode/electrolyte interface
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as these ions could not intercalate into the electrodes, i.e.,

N2(−L+H, t) = 0 mol/m2 · s. (5.27)

Furthermore, Li+ ion intercalation into the electrode from the electrolyte was driven by redox

reactions and such that

N1,P (−L, t) = N1(−L+H, t) =
jF (t)

zF
. (5.28)

However, no Li+ ions intercalated into the current collector, i.e.,

N1,P (−L− LP , t) = 0 mol/m2 · s. (5.29)

The initial condition for the energy conservation equation consisted of imposed uniform

ambient temperature throughout the entire computational domain as [75]

T (x, 0) = T0 for all x. (5.30)

The simulated domain was thermally insulated at the current collector surface and at the

electrolyte center-line so that

∂T

∂x
(−L− LP , t) =

∂T

∂x
(0, t) = 0 K/m (5.31)

In addition, the temperature and heat flux were continuous at the electrode/electrolyte

interface located at x = −L as

T (−L−, t) = T (−L+, t) and kP
∂T

∂x
(−L−, t) = k

∂T

∂x
(−L+, t). (5.32)

Similarly, they were also continuous at the Stern/diffuse layer interface located at x =
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−L+H, i.e., [75]

T (−L+H−, t) = T (−L+H+, t) and
∂T

∂x
(−L+H−, t) =

∂T

∂x
(−L+H+, t). (5.33)

5.1.4 Constitutive relationships

The present study focuses on MnO2 pseudocapacitive electrode and the electrolyte consisting

of LiClO4 salt dissolved in propylene carbonate (PC) at room temperature with εr = 64.4

[153]. The electrical conductivity σP of MnO2 was reported to range between 1 and 10−2

S/m [154] and was arbitrarily taken as σP = 0.1 S/m. The solvated ion diameter a was

assumed to be 0.67 nm and the diffusion coefficient D of was 2 × 10−10 m2/s [155]. The

concentration of each ion species in the bulk of electrolyte c∞ was assumed to be 1 M.

Moreover, the minimum and maximum electric potential were limited to ψs,min = 0 V and

ψs,max = 0.5 V, respectively. The equilibrium potential ψeq(t) (in V) was that of MnO2 thick

films, proposed by Guillemet et al. [156] and expressed as

∆ψeq(t) = 10.5[4− c1,P (t)/c1,P,max]− 39.9. (5.34)

Table 5.1 summarizes the parameters used in the simulations which were taken from the

literature when available.

5.1.5 Charge and mass transfer resistances

The faradaic current jF , given by the Frumkin-Butler-Wolmer equation [86], arose from the

redox reaction in the Stern layer and was driven by the surface overpotential η. Thus, the

charge transfer resistance Rct associated with such reaction can be expressed as [86]

Rct =
η

jF
. (5.35)
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Figure 5.2: (a) Electric potential profile near the electrode with the charge transfer resistance
Rct and the mass transfer resistance Rmt and (b) the corresponding RC circuit scheme of
the proposed model.
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Table 5.1: Values and range of electrode and electrolyte properties and dimensions used in
the simulations.

Parameter Symbol Value Unit

Pseudocapacitive electrode conductivity σP 0.1 S/m

Maximum Li+ concentration in electrode c1,P,max 31.9 mol/L

Initial Li+ concentration in electrode c1,P,0 6.38 mol/L

Reaction rate constant k0 10−8 m1+3αmol−αs−1

Transfer coefficient α 0.5 -

Li+ diffusion coefficient in the electrode D1,P 10−14 m2/s

Bulk ion concentration c∞ 1 mol/L

Ion valency z ±1 -

Dielectric constant of PC εr 64.4 -

Ion diameter a 0.67 nm

Diffusion coefficient of ions in PC D 1.7 x 10−10 m2/s

Pseudocapacitive electrode thickness LP 100 nm

Electrolyte thickness L 1 µm

Imposed current js 1 - 5 mA/cm2

Lower potential limit ψmin 0 V

Upper potential limit ψmax 0.5 V

Ambient temperature T 298 K

Similarly, the mass transfer resistance Rmt in the presence of an external electric field can

be expressed as [86]

Rmt =
−ηconc
jmt

. (5.36)
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Here, jmt represents the current flowing through the mass transfer resistance and the con-

centration overpotential ηconc is given by the Nernst equation [86] accounting for the external

electric field and expressed as

ηconc =

(
RuT

zF
+ ∆ψD

)
lnQr. (5.37)

Here ∆ψD is the potential drop across the diffuse layer defined as ∆ψD = ψ(−L + H, t) −

ψ(0, t) while Qr is the reaction quotient for insoluble electrodes expressed as [86]

Qr =
js − jmt

js
. (5.38)

Here, js is the imposed current during galvanostatic cycling. Substituting Equation (5.38)

into Equation (5.37) and neglecting higher order terms in the Taylor series expansion of lnQr

yields

ηconc = −
(
RuT

zF
+ ∆ψD

)
jmt
js
. (5.39)

Moreover, substituting Equation (5.39) into Equation (5.36), and identifying the thermal

potential as ∆ψth = RuT/zF [86] yields

Rmt =
∆ψth + ∆ψD

|js|
. (5.40)

Recognizing that at room temperature ∆ψD is at least one order of magnitude larger than

∆ψth ≈ 0.01V realistically, Equation (5.40) further simplifies to

Rmt =
∆ψD
|js|

. (5.41)

Finally, the mass transfer current jmt passing through the mass transfer resistance is either

associated with (a) the redox reaction consuming ions in the Stern layer (i.e., jmt = jF ), or

(b) the ability of the system to transport ions to the reaction site (i.e., jmt = jEDL), so that

jmt =

{
jF if jF < jEDL.

jEDL if jEDL < jF . (5.42)
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Furthermore, irreversible heat generation rate due to charge transfer and ion transport can

be expressed as resistive losses through the charge transfer and mass transfer resistance so

that

Q̇ct = Rctj
2
F = ηjF (5.43)

and Q̇mt = Rmtj
2
mt = −ηconcjmt. (5.44)

Figure 5.2(a) shows the electric potential profile near the pseudocapacitive electrode featuring

the charge transfer resistance Rct and the mass transfer resistance Rmt. Moreover, it shows

the electric potentials η and ηconc driving the faradaic jF and mass transfer jmt currents

though the charge Rct and Rmt resistances, respectively. Figure 5.2(b) shows the equivalent

RC circuit and indicates that Rmt is associated with the branch through which the smaller

of the two currents (i.e., jF or jEDL) passes. Please note that in EDLCs no redox reactions

occur, hence, the faradaic current jF vanishes and the charge transfer resistance Rct becomes

infinite. Thus, the irreversible heat generation due to charge transfer resistance vanishes.

Conversely, no current flows through Rmt. Then, the irreversible heat generation due to

mass transfer resistance also vanishes and the model reduces to Joule heating.

The total time-averaged irreversible heat generation rate can be computed as

Q̇T = Q̇J + Q̇ct + Q̇mt. (5.45)

¯̇QT computed using Equation (5.45) was compared to the simulated total instantaneous heat

generation rate obtained by solving Equations (5.8) to (5.18) averaged over one cycle and

computed as

¯̇QT =
1

tcd

∫ (n+1)tcd

ntcd

Q̇T (t) dt. (5.46)

Indeed, by definition, time-averaging the reversible heat generation rate over the entire cycle

equals to zero, thus Equation (5.46) corresponds to the average instantaneous irreversible

heat generation rate.
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5.1.6 Validation

The three-electrode setup model was validated against results from the electrochemical trans-

port and heat generation model under galvanostatic conditions reported by d’Entremont and

Pilon [75,77,149].

5.2 Results and discussion

5.2.1 Nyquist plot

Electrochemical impedance spectroscopy (EIS) simulations were performed with a bias DC

potential ψDC = 0.05 V over a frequency range of f from 2 to 80,000 Hz. Figure 5.3

shows the Nyquist plot obtained from EIS featuring two semi-circles attributed to (i) the

electrolyte resistance Re = L/σe, and (ii) the sum Rct +Rmt of the charge and mass transfer

resistances [89]. Moreover, the ohmic resistance from Z(Re) = 0 to the beginning of the

first semi-circle was attributed to the electrode resistance RP = LP/σP [1, 89]. The sum of

the electrode and the electrolyte resistancesRs = RP + Re obtained from EIS simulations

was Rs = 1.782 × 10−6Ω m2 and was in agreement with the computed resistance Rs =

1.7828 × 10−6Ω m2. Then, the resistance obtained from the EIS simulations was used to

predict the irreversible heat generation due to Joule heating as

¯̇QJ = Rsj
2
s . (5.47)

In addition, the predicted Joule heating ¯̇QJ [Equation (5.47)] was compared to the time-

averaged total heat generation rate ¯̇QT [Equation (5.46)]. The comparison revealed that the

time-averaged heat generation rate ¯̇QT exceeded the predicted Joule heating ¯̇QJ .

5.2.2 Galvanostatic cycling

Figures 5.4(a) to 5.4(c) show the normalized imposed current density js/|js|, faradaic current

density jF/|js|, and capacitive current density jEDL/|js|, as well as the surface overpotential
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while (b) a zoomed-in small-semi circle corresponds to the electrolyte resistance Re.
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η for three imposed current densities js = 1, 2, and 4 mA/cm2 as a function of dimensionless

time t/tcd. Here, two regimes of operation were identified as (i) the faradaic regime (i.e.,

jF > jEDL), and (ii) the capacitive regime (i.e., jEDL > jF ). Moreover, Figure 5.4(d) shows

the potential ψs for each of the imposed current densities as a function of dimensionless time

t/tcd. During fast charging, the fraction of faradaic current decreased and the capacitive

regime dominated for the majority of the cycle. This was attributed to the slower redox

reactions giving rise to the faradaic current compared to the faster EDL formation giving

rise to the capacitive current. Moreover, Figures 5.4(a) to 5.4(c) establish, that the faradaic

current jF is the largest for small values of surface overpotential η [86]. In addition, the

potential curves [Figure 5.4(d)] overlapped at the beginning of the cycle and then deviated

from each other as the faradaic current jF exhibited a local maximum. For smaller imposed

current density js = 1 mA/cm2 redox reactions were more intense and the fraction of faradaic

current jF/js was larger. Therefore, the potential ψs deviated more from the ideal triangular

shape typical for EDLCs. Indeed, for the largest imposed current density js = 4 mA/cm2 the

fraction of faradaic current was the smallest and potential ψs evolution was nearly triangular.

Finally, the potential vs. time curves [Figure 5.4(d)] during the discharging step changed

their slopes when the faradaic current jF [Figure 5.4(a)-5.4(c)] changed from concave shape

to convex shape. This also coincided with the flattening of the overpotential η.

5.2.3 Instantaneous and time-averaged heat generation rates

Figure 5.5(a) shows the simulated total instantaneous heat generation rate Q̇T (t) as a func-

tion of dimensionless time t/tcd for three imposed current densities js = 1, 2, and 4 mA/cm2.

At the beginning of the charging cycle the heat generation was endothermic due to the non-

spontaneous deintercalation of Li+ from the pseudocapacitive electrode. Towards the end of

the charging step, the deintercalation process slowed down due to the Li+ ion starvation in

the pseudocapacitive electrode. Then, the electric double layer (EDL) formation began to

dominate the charge storage, thus the capacitive current jEDL dominated over the faradaic

current jF [Figure 5.4(a)-5.4(c)] causing an exothermic total instantaneous heat generation

rate. Furthermore, at the beginning of the discharging step, the total instantaneous heat
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generation rate was dominated by the endothermic EDL dissolution and jEDL dominated

over jF . Finally, at the end of the discharging step, the total heat generation was dominated

by the exothermic Li+ ion intercalation into the pseudocapacitive electrode.

Figure 5.5(b) shows the time-averaged irreversible heat generation rate ¯̇QT computed

from Q̇T (t) using Equation(5.46) as a function of j2s . This irreversible heat generation was

compared to the total irreversible heat generation rate computed using Equation (5.45) and

accounting for the contributions from all resistances, namely, ¯̇QT = ¯̇QJ + ¯̇Qct + ¯̇Qmt. Figure

5.5(b) also shows the charge transfer and mass transfer contributions to the average total

irreversible heat generation rate. First, the time-averaged irreversible heat generation rate

exceeded the predicted Joule heating. Furthermore, the total heat generation rates ¯̇QT

computed from Equation (5.45) and Equation (5.46) were practically identical, collapsing

on top of each other. This established that the additional irreversibilities in the system

were caused only by the charge transfer process and ion transport. The difference between

Joule heating ¯̇QJ and total irreversible heat generation ¯̇QT increased rapidly at lower current

density and then slowed down with increasing current density js. This was in good agreement

with experimental observations by Munteshari et al. [24]. Using a square root fit, it was

determined that the evolution of the time-averaged irreversible heat generation rate Q̇T

increased linearly with imposed current js with R2 of 0.999.

5.2.4 Discussion

Figure 5.6(a) shows the charge transfer resistance Rct as a function of dimensionless time

t/tcd indicating that Rct was dependent on the state of charge of the electrode. The charge

transfer resistance was small in the faradaic regime, and increased rapidly when the surface

overpotential increased towards the end of the charging step. Therefore, the charge transfer

resistance was not constant, but it was dependent on the state of charge of the pseudocapac-

itive electrode. It is important to note that the faradaic current decreased when the charge

transfer resistance increased, due to the Li+ ion starvation in the electrode. Thus, although

the charge transfer resistance Rct was large, it did not contribute much to the irreversible
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rent js = 1, 2, and 4 mA/cm2, and (b) quantitative comparison of the time-averaged total

irreversible heat generation rate ¯̇QT vs. j2s computed from Equation (5.45) and Equation
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heat generation at the end of the charging step. Furthermore, Figure 5.6(b) shows the mass

transfer resistance Rmt as a function of dimensionless time t/tcd indicating that Rmt was

also dependent on the state of charge of the pseudocapacitive electrode. The mass transfer

resistance Rmt was small at the beginning of the charging step and it increased towards the

maximum which occurred at the end of the charging step. At the beginning of the discharg-

ing step Rmt exhibited a steeper drop. As the discharging progressed, Rmt changed slope as

the faradaic current jF became convex [Figure 5.4(a)-5.4(c)] indicating the transition from

the capacitive to faradaic regime.

Figure 5.7(a) shows the instantaneous irreversible heat generation rate due to the charge

transfer resistance Q̇ct(t) as a function of dimensionless time t/tcd for current density js = 1,

2, and 4 mA/cm2. The magnitude of Q̇ct increased with increasing current density js. At the

beginning of the charging, Q̇ct(t) gradually increased and reached its local maximum around

the time when the surface overpotential η began to rapidly increase [Figure 5.4(a)-5.4(c)].

After the local maximum Q̇ct(t) rapidly decreased as the faradaic current jF flowing through

Rct decreased. At the beginning of the discharging step Q̇ct(t) increased and reached its

global maximum when faradaic current jF reached its local maximum. Then, Q̇ct(t) dropped

steeply with the diminishing faradaic current jF . Moreover, Q̇ct(t) touched the x-axis (i.e.,

Q̇ct = 0) when the faradaic current switched signs. Indeed, Q̇ct(t) has a Joule-heating like

form, thus it cannot be negative and can only vanish when jF vanishes. Finally, towards

the end of the discharging step Q̇ct(t) increased before slowly decreasing until the end of

discharging.

On the other hand, Figure 5.7(b) shows the instantaneous irreversible heat generation rate

due to the mass transfer resistance Q̇mt(t) as a function of dimensionless time t/tcd for current

density js = 1, 2, and 4 mA/cm2. At the beginning of the charging step Q̇mt(t) increased.

However, for smaller imposed current density js, the increase was cut short by the mass

transfer limitations. Under these circumstances, the chemical reactions in the Stern layer

were so rapid that the Li+ cations deintercalating from the pseudocapacitive electrode could

not be transported away from the reaction site fast enough. Indeed, Figure 5.7(b) features

a non-smooth change of Q̇mt(t) during charging resulting from the diffusion limitations.
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Figure 5.6: (a) The charge transfer resistance Rct as a function of dimensionless time t/tcd,
and (b) the mass transfer resistance Rmt as a function of time t/tcd, for imposed current js
= 1, 2, and 4 mA/cm2.
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Interestingly, for higher values of the imposed current density js (i.e. js = 4 mA/cm2), the

mass transfer was not limiting. At the beginning of the discharging step, a large spike in the

heat generation rate was observed for all current densities js. It was followed by an increase

in the heat generation rate which was cut short by the mass transfer limitation for small

values of the imposed current js = 1 and 2 mA/cm2. Similar to the charging cycle, the change

of Q̇mt(t) was not smooth. For higher value of js = 4 mA/cm2, the mass transfer limitation

was not present. Interestingly, the magnitude of Q̇mt(t) decreased with increasing imposed

current js. However, due to the mass transfer limitations the average heat generation due

to the mass transfer resistance Q̇mt(t) initially increased and then decreased with increasing

current density js [Figure 5.5(b)].

5.3 Conclusion

This study proposed a newly developed model for the prediction of the instantaneous irre-

versible heat generation rates due to the charge transfer and mass transfer resistances. First,

the total instantaneous heat generation rates for varying current densities were predicted

from numerical simulations. Then, they were averaged over the charge/discharge cycle to

calculate the average irreversible heat generation rate. Simultaneously, the charge and mass

transfer resistances and their irreversible heat generation rates were computed and added

to the predicted Joule heating. Then, the two results were compared and were found to be

practically identical. Thus, it was concluded that the charge and mass transfer resistances

are solely responsible for the additional irreversible heat generation beyond Joule heating in

the simulated domain. Therefore, the heat generation due to the charge and mass transfer

resistances must be accounted for when designing a hybrid supercapacitor cell. Finally, the

computations indicate, that the effect of heat generation due to the charge and mass trans-

fer resistances is more pronounced at lower operating currents, and then approaches Joule

heating as a linear function of the imposed current. This was explained by the decrease of

the faradaic fraction of the current density as the imposed current density increased. Indeed,

as the imposed current density increased the faradaic (redox) reactions became less intense
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making it possible for ion transport to keep up with them.
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CHAPTER 6

Potentiometric entropic measurements inform the

structural evolution of LixNa1.5−xVOPO4F0.5

This chapter aims to elucidate the charging mechanism and the origin of the excellent rate

performance of LixNa1.5−xVOPO4F0.5 (LNVOPF). To do so, entropic potential evolution was

calculated via a theoretical model of solid solution with ion ordering. Moreover, potentio-

metric entropic potential measurements were also performed. The coin cells consisted of an

LNVOPF based cathode and an elemental Li anode LNVOPF with 1 M LiPF6 in EC:DMC

electrolyte and the potential window between 3.0 and 4.5 V vs. Li/Li+. LNVOPF was syn-

thesized via electrochemical Li exchange of Na1.5VOPO4F0.5 (NVOPF). The LNVOPF parti-

cles were either micron sized (i.e., micronbricks) or nano sized (i.e., nanoparticles). Moreover,

the binders were either P3HT or PVDF. Overall, three coin cells with (i) LNVOPF micron-

bricks and P3HT, (ii) LNVOPF nanoparticles and P3HT, and (iii) LNVOPF nanoparticles

and PVDF were tested. The entropic potential was measured and the apparent diffusion

coefficient of Li in LNVOPF was computed for each coin cell during delithiation and lithi-

ation. The measured and calculated entropic potentials exhibited the same trends for all

investigated coin cells. Moreover, it was found that the extent of Li exchange can impact

the entropic potential and the apparent diffusion coefficient of Li in the electrode during

lithiation. Concretely, higher concentration of the exchanged Li resulted in a more pro-

nounced oscillations in the entropic potential at higher values of the open circuit voltage.

Moreover, the apparent diffusion coefficient of Li in the electrode was also higher for higher

concentration of the exchanged Li.
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6.1 Background

6.1.1 NVOPF and LNVOPF

The use of Na1.5VOPO4F0.5 (NVOPF) has been proven advantageous over its non-fluorinated

counterpart Na3V2(PO4)3 due to its (i) larger capacity (130 mAh/g vs. 120 mAh/g) and

(ii) increased upper limit ψmax of the operating potential window (3.8 V vs. 3.6 V) [33,

157]. This improvement was attributed to the faster ion transport occurring in NVOPF due

to the enhancement by the [VO5F] octahedra and [PO4] tetrahedra in the stoichiometric

structure and the increased oxidation stability limit [158,159]. Materials structurally similar

to NVOPF, such as Na3V2(PO4)2F3 [158] and Na3V2(PO4)3 [160], feature two Na sites in the

lattice (termed Na1 and Na2) that the intercalated Na ions can occupy [158,160,161]. As Na1

and Na2 have different binding energy, intercalated Na preferentially occupies the sites with

lower binding energy [158,160,161]. Additionally, the transport of Na in layered structures is

fast in the planes between the layers resulting in high rate capability of such materials [32].

This effect is also enhanced by the large energy barriers for interplane transport [32].

To further improve the electrochemical performance, Li exchange of Na in NVOPF has

been considered [33]. The increased capacity and improved rate performance stems from

the lower standard reduction potential, lower atomic weight, and smaller ionic radius of

Li compared to Na [160–163]. Indeed, Li faces a smaller activation barrier compared to

Na and can accommodate higher currents via faster in plane transport within the layers of

the electrode material [160]. Li exchange of NVOPF can be performed either chemically

or electrochemically. During this process, x amount of Na is substituted by Li resulting in

a compound with the stoichiometric chemical formula of LixNa1.5−xVOPO4F0.5 (LNVOPF).

Chemical Li exchange is governed by diffusion and performed by immersing pristine NVOPF

in a Li rich electrolyte solution (≥ 5 M) such as LiBr in hexanol [161,164,165] or acetonitrile

[161]. The time and temperature of chemical Li exchange vary from 6 to 48 hours and 85

to 160 ◦C with higher level of Li substitution at longer exchange time and higher exchange

temperature [161, 164, 165]. Chemical Li exchange resulted in the amount of substituted Li

ranging between x = 1.1 and x = 1.34 [161, 165]. On the other hand, electrochemical Li
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exchange can be performed at room temperature, with less concentrated electrolytes (≥ 1

M), and much faster (≤ 4 h) compared to chemical Li exchange [4,33,163]. It resulted in the

amount of substituted Li normally between x = 0.9 and x = 0.95 [33] but in some cases as

low as x = 0.4 [4]. By analogy, LNVOPF derived from NVOPF by the means of Li exchange

features two Li sites with different binding energies in the lattice (Li1 and Li2) [161].

6.1.2 Interpretation of the entropic potential evolution

Recently, Baek et al. [31] established guidelines to interpret the entropic signature of the

phenomena occurring in batteries during cycling based on experimental and theoretical re-

sults. They identified the simultaneous trends in Uocv(x, T ) and ∂Uocv(x, T )/∂T related to (i)

ion ordering in a solid solution, (ii) phase transformation with a two phase coexistence, and

(iii) phase transformation with a stable intermediate phase [31]. They found that in a solid

solution Uocv(x, T ) and ∂Uocv(x, T )/∂T changed linearly during charging/discharging [31].

However, during ion ordering, the slope of Uocv(x, T ) increased while ∂Uocv(x, T )/∂T fol-

lowed a tilde shape [31]. Moreover, they found that during a phase transformation with two

phase coexistence Uocv(x, T ) and ∂Uocv(x, T )/∂T remained constant [31]. Finally, during a

phase transformation with a stable intermediate phase Uocv(x, T ) and ∂Uocv(x, T )/∂T ini-

tially exhibited a plateau. Then, when the system passed over the stable intermediate phase,

they exhibited a rapid change leading to a second plateau [31].

Several studies measured the entropic potential of various metal oxide battery electrodes

exhibiting (i) ion ordering [31, 93–97], (ii) phase transformation with two phase coexistence

[166, 167], and (iii) phase transformation with a stable intermediate phase [31]. Indeed,

Uocv(x, T ) and ∂Uocv(x, T )/∂T evolution vs. x in materials such as LixTiS2 [95], LixCoO2 [31],

LixPNb9O25 [93], LixTiNb2O7 [94], and Li1−δMn2O4 [96, 97] featured the same trends as

observed in theoretical models [31]. Interestingly, in LixTiS2, LixCoO2, LixPNb9O25, and

LixTiNb2O7, ion ordering occurred at lower Li compositions [31,93–95]. Moreover, at higher

x composition LixCoO2 featured a plateau in both Uocv(x, T ) and ∂Uocv(x, T )/∂T indicative

a first order phase transition [93]. On the other hand, Li1−δMn2O4 first exhibited solid
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solution behavior followed by ion ordering at 1− δ = 0.5 leading into another solid solution

region at higher values of 1− δ ≥ 0.6 [96,97].

6.2 Analysis

A model consisting of two sublattices with different Li binding energies and without Li-Li

interactions was considered [31]. Here, each sublattice contributed half of the Li sites to the

lattice [31]. Then, the Gibbs free energy of the LixMA electrode can be expressed as [31]

gLixMA(x, T ) = gMA(T ) + ε1x1 + ε2x2

+ kBT [x1ln(x1) + (1− x1)ln(1− x1)] + kBT [x2ln(x2) + (1− x2)ln(1− x2)]. (6.1)

Here, gLixMA(x, T ) is the Gibbs free energy of an ideal solid solution (in J), gMA(x) is the

Gibbs free energy of the metal oxide electrode (in J), ε1 and ε2 are the energies of the Li

sites in each sublattice and such that ε1 ≥ ε2. Moreover, x1 and x2 represent the occupied

fraction of Li sites in each sublattice and are confined between 0 and 1. They are related

to the overall Li composition as x = (x1 + x2)/2 [31]. Thus, x1 and x2 are not independent

variables and Li can order between Li sites to minimize the Gibbs free energy of the system.

Indeed, the amount of Li in one sublattice can be expressed as a function of the other and the

overall concentration as x2 = 2x− x1 [31]. Please note, that in thermodynamic equilibrium

(i.e., infinite relaxation time) the value of x1 is such that the Gibbs free energy [Equation

(6.1)] is minimized [31]. Equation (6.1) is also dependent on the binding energy of each site

ε1 and ε2 as their value dictate the manner in which the Li sites in the sublattices are filled.

Then, their ratio θ = ε1/ε2 (θ ≥ 1) describes different scenarios with θ = 1 being the case

of an ideal solid solution. In this study, the value of ε1 was taken as 0.2 eV and θ ranged

from 1 to 10 which was consistent with the values obtained from DFT calculations reported

in the literature for typical electrode materials [31,168].
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6.3 Materials and Methods

6.3.1 NVOPF synthesis

The hydrothermal method used to synthesize NVOPF was described in detail in Ref. [33]

and need not be repeated. In brief, 100 mg of NH4VO3 (99.4 %, Sigma Aldrich), 100 mg

of NH4H2PO4 (Sigma Aldrich), and 50 mg of NaF (Sigma Aldrich) were dissolved in DI

water at 60 ◦C in a 3:2:2:3 (Na:V:P:F) molar ratio. NVOPF nanoparticles were formed on

reduced graphene oxide (r-GO) by adding 50 mg of GO (Ref. [120]) and 10 mL of ethanol

(Sigma Aldrich) to the solution. The mixture was then stirred in a beaker using a magnetic

stirrer for 10 minutes to insure a homogeneous mixture. For NVOPF micronbricks, 10 mL

of ethanol was added to the solution without GO. Next, for both synthesis routes, 10 mL

of N,N-dimethylformamide (DMF, Anhydrous, Sigma Aldrich) was added dropwise to the

solution while stirring vigorously with a magnetic stirrer. Then, the solution was stirred

for additional 30 minutes. Finally, the solution was transferred into a 45 mL Teflon liner

and sealed in a stainless steel Parr bomb for heating. The nanoparticles were heated at 180

◦C for 16 h and the micronbricks were heated at 140 ◦C for 40 h. Figure 6.1 shows the

SEM images of (a) micronbricks and (b) nanoparticles powders as synthesized. The images

establish that the micronbricks were larger and feature elongated particles on micron scale.

Moreover, nanoparticles were smaller (i.e., sub micron) and did not exhibit any preferential

growth direction.

6.3.2 Electrode fabrication and device assembly

NVOPF nanoparticles were mixed with either polyvinylidene fluoride (PVDF, Kynar HSV

900) or poly(3-hexylthiophene-2, 5-diyl)(P3HT, Sigma Aldrich) binder without any con-

ductive additives in a 9:1 weight ratio using a pestle and mortar into a homogeneous slurry.

Moreover, NVOPF micronbricks were hand mixed with carbon black SuperP (Sigma Aldrich)

and P3HT binder (Sigma Aldrich) in a 8:1:1 weight ratio. The slurry with PVDF binder

were mixed in N-Methyl-2-pyrrolidone (NMP, Anhydrous, Sigma Aldrich) with mass concen-
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(b) Nanoparticles

10 μm
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Figure 6.1: SEM images of (a) micronbricks and (b) nanoparticles powders as synthesized.

tration of 20 g/L. Moreover, the slurries with P3HT binder were mixed in o-Xylene (Sigma

Aldrich) with a mass concentration of 10 g/L. Then, the electrodes were doctor bladed onto

carbon-coated aluminum current collectors and left to dry on a hot plate at 40 ◦C before

being transferred into a vacuum oven for storage at 120 ◦C. After drying, the electrodes

were punched into discs 10 mm in diameter and assembled into 2032 coin cells using a coin
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Table 6.1: Characteristics of the investigated coin cells.

Property/parameter Device 1 Device 2 Device 3

LNVOPF particle size Micronbricks Nanoparticles Nanoparticles

Binder P3HT P3HT PVDF

LNVOPF mass loading, ma (mg) 3.30 2.08 1.29

cell press (MTI) with a 260 µm thick glass fiber separator (GE) and Li-metal foil as a

counter electrode. The coin cells were assembled in a glove box under Ar atmosphere and

impregnated with 1 M LiPF6 in a 1:1 mixture of ethylene carbonate (EC, Anhydrous, Sigma

Aldrich) and dimethyl carbonate (DMC, Anhydrous, Sigma Aldrich). Table 6.1 summarizes

the characteristics of the investigated batteries.

6.3.3 Lithium exchange cyclic voltammetry

The three coin cells were subjected to cyclic voltammetry for three cycles at scan rate ν of

0.1 mV/s and potential between ψs,min = 3.0 V and ψs,max = 4.5 V as recommended by

Ref. [33]. This resulted in the electrochemical exchange of Na in NVOPF (Na1.5VOPO4F0.5)

with Li to form LNVOPF (LixNa1.5−xVOPO4F0.5) as described in Ref. [33].

6.3.4 Entropic potential measurements

Entropic potential measurement consists of galvanostatic intermittent titration technique

(GITT) with imposed step temperature changes to measure the open circuit voltage Uocv(x, T )

change with respect to temperature T , termed entropic potential ∂Uocv(x, T )/∂T . During

delithiation the current pulse of C/10 was applied for 30 minutes followed by a 4 hour relax-

ation period to allow for the potential to relax to its open circuit value (i.e., ∂Uocv(x, T )/∂t <

1 mV/h [93,94]). During the last 30 minutes of the relaxation, a step function of temperature

was imposed via a thermoelectric cold plate in increments of 5 ◦C, between 15 and 25 ◦C, for

10 minutes at each temperature. On the other hand, the current pulse during lithiation was
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C/20 to ensure sufficient measurement resolution. It was also applied for 30 minutes followed

by a 4 hour relaxation period with the same temperature variations as during delithiation.

The measurements were then interpreted according to the guidelines established in Ref. [31].

6.4 Results and discussion

6.4.1 Calculations of the model

Figure 6.2 shows (a) the filling fraction of Li in the guest matrix xv, (b) the entropy of LixMA

electrode sLixMA(x, T ), (c) the open circuit voltage of the battery cell Uocv(x, T ), and (d) the

entropic potential of the battery cell ∂Uocv(x, T )/∂T as functions of the lithium composition

x for θ ranging from 1 to 10. Figure 6.2(a) established a preferential delithiation of the lower

binding energy sites (Li2) before the higher binding energy sites (Li1). The preference became

more evident at larger value of θ. As Li2 sites became vacant (i.e., x = 0.5) ion ordering

occurred. This could be observed as a dip in the entropy of the electrode sLixMA(x, T )

[Figure 6.2(b)] due to a larger degree of order in the electrode. Here, the dip in sLixMA(x, T )

gradually appeared and then became deeper as θ increased due to the increased ion ordering.

Moreover, Uocv(x, T ) curves [Figure 6.2(c)] initially overlapped before deviating from each

other with increasing θ as the Li filling fractions xv [Figure 6.2(a)] started to deviate from

each other. Finally, the entropic potential of the battery cell ∂Uocv(x, T )/∂T [Figure 6.2(d)]

corresponding to Uocv(x, T ) [Figure 6.2(c)] followed a tilde-shape centered around x = 0.5

typical for Li ordering between Li1 and Li2 sites [31]. The tilde-shape was not observed for

θ = 1, and became increasingly more visible as θ increased.

6.4.2 Lithium exchange

Figure 6.3 shows the cyclic voltammograms of the electrochemical Li exchange for three

consecutive cycles for (a) Device 1, (b) Device 2, and (c) Device 3 for scan rate ν of 0.1 mV/s

vs Li/Li+. The potential vs. Li/Li+ was confined between 3.0 and 4.5 V as recommended by

Ref. [33]. Cyclic voltammograms indicated the shift of the redox peaks closer together typical
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Figure 6.2: Calculated (a) Li vacant filling fraction xv, (b) entropy of the LixMA electrode
sLixMA(x, T ), (c) open circuit voltage of the battery cell Uocv(x, T ), and (d) entropic potential
of the battery cell ∂Uocv(x, T )/∂T for a range of binding energy ratios θ and as functions of
lithium composition x.

of electrochemical exchange of Na with Li. Concretely, the redox peaks shifted to 3.85 V (Li2)

and 4.15 V (Li1) typical of V5+/V4+ redox in LNVOPF [33]. Moreover, the difference between

cyclic voltammograms of the last two cycles was negligible and indicated the completion of

Li exchange. Finally, Lai et al. [33] found that under the same CV conditions smaller amount

of Na was substituted with Li in micronbricks compared to nanoparticles due to diffusion
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limitations [33]. Therefore, Device 1 retained the most Na, followed by Device 2, while

Device 3 retained the least Na after Li exchange.

6.4.3 GITT measurements

Figure 6.4 shows the GITT curves of (a, b, c) the delithiation at C/10, and (d, e, f) lithiation

at C/20 for (a, d) Device 1, (b, e) Device 2, and (c, f) Device 3 as functions of gravimetric

capacity Cg. The gravimetric capacity during delithiation was larger than lithiation in

all devices. Moreover, the polarization was also larger during delithiation than lithiation

indicating more sluggish Li diffusion. Furthermore, all devices featured two “faux plateaus”

in Uocv(x, T ) at 3.85 V and 4.15 V corresponding to V5+/V4+ redox, respectively. The “faux

plateaus” were consistent with redox peaks observed in Li exchange cyclic voltammograms

[Figure 6.3] and data reported in Ref. [33]. Please note, that the increase of the slope of

Uocv(x, T ) was observed between the two “faux plateaus”. Moreover, the larger gravimetric

capacity of Device 1 was attributed to a larger electrical conductivity as carbon black was

added to the slurry during electrode fabrication. On the other hand, nanoparticles were

grown on reduced graphene oxide (r-GO) and contained less carbon than the micronbricks

therefore Device 1 had larger gravimetric capacity than Device 2 and Device 3.

6.4.4 Entropic potential

Figure 6.5 shows the open circuit voltage of the cell Uocv(x, T ) and the corresponding entropic

potential ∂Uocv(x, T )/∂T during (a, b, c) delithiation at of C/10, and (d, e, f) lithiation at

C/20 for (a, d) Device 1, (b, e) Device 2, and (c, f) Device 3 as functions of gravimetric

capacity Cg. The trends and magnitude of Uocv(x, T ) and ∂Uocv(x, T )/∂T were similar for

all devices. During delithiation [Figure 6.5(a)-6.5(c)], Uocv(x, T ) initially exhibited a “faux

plateau” at 3.85 V while ∂Uocv(x, T )/∂T increased linearly. As the delithiation progressed,

the slope of Uocv(x, T ) increased while ∂Uocv(x, T )/∂T rapidly dropped. Finally, at the end of

the delithiation, Uocv(x, T ) exhibited another “faux plateau” at 4.15 V while ∂Uocv(x, T )/∂T

increased linearly. This behavior was attributed to ion ordering in solid solution with the
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Figure 6.4: GITT curves of (a, b, c) Delithiation at C/10, and (d, e, f) lithiation at C/20
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Cg.
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first Uocv(x, T ) “faux plateau” corresponding to the delithiation of Li2 sites and the second

Uocv(x, T ) “faux plateau” corresponding to the delithiation of Li1 sites. This was consistent

with theoretical [31, 96, 97] and experimental [93, 94, 96, 97] studies of similar materials.

During lithiation [Figure 6.5(d)-6.5(f)], Uocv(x, T ) first exhibited a “faux plateau” at 4.15

V and ∂Uocv(x, T )/∂T decreased linearly as Li intercalated into the electrode and lithiated

Li1 sites. Then, Uocv(x, T ) dropped rapidly while ∂Uocv(x, T )/∂T rapidly increased as the

intercalated Li ordered between Li1 and Li2 sites. Then, Uocv(x, T ) settled at another “faux

plateau” at 3.85 V while ∂Uocv(x, T )/∂T linearly increased as Li2 sites were lithiated.

Moreover, Figure 6.6 shows the entropic potential ∂Uocv(x, T )/∂T as a function of open

circuit voltage Uocv(x, T ) for all three devices during (a) delithiation at C/10 and (b) lithi-

ation at C/20. During delithiation [Figure 6.6(a)] ∂Uocv(x, T )/∂T vs. Uocv(x, T ) curves

overlapped throughout the entire cycle. This indicated that Li deintercalation and ordering

was independent of (i) LNVOPF particle size, (ii) binder used, and (iii) conductive addi-

tives in the electrode. On the one hand, during lithiation [Figure 6.6(b)], ∂Uocv(x, T )/∂T

vs. Uocv(x, T ) curves were in good agreement at lower Uocv(x, T ) (between 3.75 and 4.0 V)

when Li2 sites were lithiated. On the other hand, at higher Uocv(x, T ) (between 4.0 and 4.2

V) a dip was observed in ∂Uocv(x, T )/∂T which was the most shallow for Device 1 while it

was the deepest for Device 3. Please note, that Device 1 retained the most while Device 3

retained the least Na in LNVOPF particles after Li exchange [33].

6.4.5 Apparent diffusion coefficient

Figure 6.7 shows the open circuit voltage of the cell Uocv(x, T ) and the corresponding apparent

diffusion coefficient of Li in the electrode DLi+ during (a, b, c) delithiation at C/10, and (d,

e, f) lithiation at C/20 for (a, d) Device 1, (b, e) Device 2, and (c, f) Device 3 as functions

of gravimetric capacity Cg. The apparent diffusion coefficient of Li in the electrode DLi+

featured similar trends for all devices during delithiation and lithiation. During delithiation

[Figure 6.7(a)-6.7(c)], DLi+ was initially high at the beginning of the lower “faux plateau” of

Uocv(x, T ) = 3.85 V and then it decreased. This was attributed to the decreasing occupancy
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Figure 6.5: The open circuit voltage of the cell Uocv(x, T ) and the corresponding entropic
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of Li2 sites resulting in less diffusing Li as it deintercalated from the electrode into the

electrolyte. As the slope of Uocv(x, T ) increased, DLi+ increased as Li in the lattice ordered

between Li1 and Li2 sites. Then, at higher “faux plateau” of Uocv(x,T ) = 4.15 V, DLi+

decreased again due to the decreasing occupancy of Li1 sites and decreasing amount of

diffusing Li due to its continued deintercalation from the electrode into the electrolyte.
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Moreover, during lithiation [Figure 6.7(d)-6.7(f)], DLi+ exhibited two minima, corresponding

to each Uocv “faux plateau” possibly due to Coulombic interactions between guest-host and

guest-guest ions as previously observed for LixMn2O4 spinel phase [169]. Indeed, even at

low x compositions, Li ions are not isolated from each other due to the layered structure

of LNVOPF. Moreover, between the two Uocv “faux plateaus”, Li ordering between Li1 and

Li2 sites occurred and caused an increase in Li mobility and DLi+ . Similar observation were

reported for a Li1−δMn2O4 [97, 169].

Finally, Figure 6.8 shows the apparent diffusion coefficient of Li in the electrode DLi+

as a function of open circuit voltage Uocv(x, T ) for all three investigated devices during (a)

delithiation at C/10 and (b) lithiation at C/20. In addition, Figure 6.8 also shows DLi+

as a function of Uocv(x, T ) extracted from Ref. [4] for LNVOPF with Li content x = 0.4.

During the delithiation step [Figure6.8(a)] DLi+ vs. Uocv(x, T ) curves overlapped for all

investigated devices. Here, DLi+ decreased during the lower (i.e., 3.85 V) and higher (4.15

V) Uocv(x, T ) “faux plateaus”. This was attributed to delithiation of Li2 and Li1 sites in

the lattice, respectively. On the other hand, during lithiation [Figure 6.8(b)] DLi+ was the

highest for Device 3 followed by Device 2, while it was the lowest for Device 1. Please

note, that defects such as vacancies, dislocations, and impurities (i.e., residual Na ions)

can irreversibly trap Li or block access to Li sites and transport paths in the LNVOPF

particles [96, 97, 170]. In fact, DLi+ decreased with increasing residual Na content of the

electrode [i.e., DLi+(Device 1) < DLi+(Device 2) < DLi+(Device 3)]. On the other hand, the

dips in DLi+ extracted from Ref. [4] were shifted to lower potentials. This was attributed

to a lower concentration of the exchanged Li in the lattice (x = 0.4). Indeed, Uocv(x, T ) at

which the dips appeared shifted towards 3.7 V and 4.0 V. These values were associated with

V5+/V4+ redox in NVOPF electrodes [4].

Finally, the diminishing dip observed in ∂Uocv(x, T )/∂T at the higher Uocv(x, T ) “faux

plateau” (i.e., 4.15 V) [Figure 6.6(b)] could be caused by the hindered Li transport [Figure

6.8(b)] due to the residual Na in the LNVOPF particles. Indeed, after Li exchange, Device

1 had the highest concentration of Na in the LNVOPF particles, followed by Device 2, while

Device 3 had the lowest concentration of Na in the LNVOPF particles [33].
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Figure 6.7: The open circuit voltage of the cell Uocv(x, T ) and the corresponding apparent
diffusion coefficient of Li in the electrode DLi+ during (a, b, c) delithiation at C/10, and (d,
e, f) lithiation at C/20 for (a, d) Device 1, (b, e) Device 2, and (c, f) Device 3 as functions
of gravimetric capacity Cg.
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Figure 6.8: The apparent diffusion coefficient of Li+ ions in the electrode DLi+ as a function
of open circuit voltage Uocv(x, T ) for all three devices during (a) delithiation at C/10 and
(b) lithiation at C/20. GITT current in data extracted from Ref. [4] was 0.13 A/g.

6.5 Conclusion

This study reported the open circuit voltage, entropic potential, and apparent diffusion

coefficient of Li in LixNa1.5−xVOPO4F0.5 (LNVOPF) for three different coin cells. Moreover,

it also qualitatively compared the measured entropic potential with the one calculated for
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a solid solution with ion ordering. Finally, it compared the apparent diffusion coefficient

of Li in LNVOPF particles for Li content between 0.9 and 0.95 with the values reported

in literature for the Li content of 0.4. The coin cells consisted of elemental Li anode and

a LNVOPF based cathode of varying particles sizes with either P3HT or PVDF binder in

1 M LiPF6 in EC:DMC electrolyte. Three LNVOPF cathodes were fabricated, namely (i)

micronbricks with P3HT, (ii) nanoparticles with P3HT, and (iii) nanoparticles with PVDF.

First, Li exchange was performed for each coin cell via cyclic voltammetry at scan rate ν =

0.1 mV/s and potential between 3.0 and 4.5 V vs. Li/Li+. Then, GITT measurements with

temperature control were performed at C/10 for delithiation and C/20 for lithiation. The

results indicated that LNVOPF exhibited solid solution behavior with ion ordering during

both lithiation and delithiation resulting in excellent high rate performance. Moreover, it

established that the charging mechanism was independent of LNVOPF particle size and

binder used. Furthermore, it was observed that the lower amount of exchanged Li hindered

Li transport in LNVOPF particles. This was attributed to the residual Na irreversibly

trapping Li and/or blocking Li sites and transport paths in LNVOPF particles.
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CHAPTER 7

Conclusions and future work

7.1 Conclusions

The objectives of this study were (i) to investigate the effect of ion species on the operating

potential window of hybrid supercapacitors with aqueous electrolytes, (ii) to identify the

thermal signature of ion solvation during cycling, (iii) to investigate the effect of cation species

on the charging mechanism of hybrid supercapacitors, (iv) to formulate and numerically

compute the heat generation rates due to the charge and mass transfer resistances, and

(v) to clarify the structural evolution of LNVOPF based cathodes during delithiation and

lithiation. These objectives were set to advance the use of isothermal operando calorimetry as

a diagnostic tool for hybrid supercapacitors and batteries. They were also selected to deepen

the practical and theoretical understanding of kinetics and thermodynamics of electrodes

used in high power density applications.

The first three objectives were achieved by using isothermal operando calorimetry of hy-

brid supercapacitors consisting of a positive α-MnO2 electrode and an AC counter electrode

immersed in aqueous electrolytes. The aqueous electrolytes investigated included (i) Li2SO4,

(ii) Na2SO4, (iii) K2SO4, (iv) Cs2SO4, and (v) MgSO4. They were chosen for their different

ion sizes, valencies, and hydration enthalpy. Overall, the thermal signature at the AC elec-

trodes was attributed to the EDL formation/dissolution. Concretely, the heat generation

was exothermic during EDL formation and endothermic during EDL dissolution. However,

for 0.5 M Li2SO4 aqueous electrolyte the endothermic heat generation measured at the AC

electrode was attributed to the non-spontaneous redox reactions of Li wish AC electrode. On

the other hand, the thermal signature at the α-MnO2 was attributed to surface redox reac-
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tions. It was endothermic when redox reactions were non-spontaneous and exothermic when

they were spontaneous. It was found that for an aqueous K2SO4 and Cs2SO4 electrolyte, the

onset of hydrolysis was delayed to a potential window of 1.8 V and 2.0 V, respectively, and

exceeded the electrochemical stability window of water of 1.23 V. This was attributed to the

thinner solvation shell surrounding Cs+ cations compared to K+ cations, thus limiting the

amount of water near the electrode surface.

Furthermore, when ions are adsorbed or intercalated into the electrode they partially

or fully shed their solvation shell. Then, the thermal signature of solvation/desolvation is

proportional to the enthalpy of solvation and superimposed onto the thermal signature of

other phenomena. However, solvation/desolvation has been difficult to distinguish from des-

orption/adsorption as the salts typically used in aqueous electrolytes have small enthalpy

of solvation and the thermal signature is dominated by that of desorption/adsorption. In

fact, it was found that in MgSO4 aqueous electrolyte the thermal signature of ion solva-

tion/desolvation dominated over the thermal signature of other phenomena occurring dur-

ing cycling. Then, the heat generation rate measured at the α-MnO2 electrodes was strictly

positive and featured two different plateaus during charging and discharging, respectively.

The effect of ion size on the charging mechanisms in hybrid supercapacitors was inves-

tigated using (i) Li2SO4, (ii) Na2SO4, and (iii) Cs2SO4 aqueous electrolytes. The heat gen-

eration rates revealed that the smaller Li+ cations possibly participated in non-spontaneous

fast surface redox reactions at high potential at the AC electrode resulting in an endothermic

thermal signature. This was not observed with larger Na+ and Cs+ cations as they did not

undergo redox reactions.

The fourth objective was achieved by recognizing that heat generation rate due to the

charge and mass transfer resistances could be formulated as resistive losses and expressed

like Joule heating. It was found that both the charge and the mass transfer resistances were

dependent on the state of charge of the electrode. Their temporal evolution was calculated

under galvanostatic cycling for several current densities and added to the predicted Joule

heating. The heat generation rates were averaged over the entire cycle and compared to

the total time-averaged heat generation rate. Both methods yielded the same local heat
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generation rate, thus confirming that the charge and mass transfer resistances contribute to

the irreversible heat generation rate in addition to Joule heating.

The fifth objective was achieved by measuring the entropic potential evolution of LNVOPF

cathodes made with different particle sizes and binders. Here, cathodes made of LNVOPF

micronbricks and nanoparticles with either P3HT or PVDF binders were considered. They

were assembled into coin cells with Li metal anode in 1 M LiPF6 in EC:DMC electrolyte.

The entropic potential evolution revealed that LNVOPF particles exhibited solid solution

behavior with Li ion ordering between two Li sites which was corroborated by the results

of a theoretical model of solid solution with ion ordering. Moreover, the charging mecha-

nism was found to be independent of particle size and of the binder chosen. The apparent

diffusion coefficient was the smallest for LNVOPF micronbricks with P3HT and the largest

for LNVOPF nanoparticles with PVDF. Indeed, residual Na in LNVOPF particles could

irreversibly trap Li in the lattice and block or obstruct Li sites and transport paths. By

identifying the charging mechanism of LNVOPF the study connected solid solution behavior

with ion ordering to the excellent rate performance and large capacity of LNVOPF cathodes.

7.2 Future work

7.2.1 Calorimetry of ECs with water-in-salt electrolytes (“WISE”)

Calorimetric measurements presented in Chapter 2 demonstrate that a thinner solvation

shell of cations results in the delayed onset of hydrolysis and the expansion of the operating

potential window of hybrid supercapacitors by limiting the amount of solvent present at

the electrode. However, the use of water-in-salt (“WISE”) electrolyte can achieve the same

result by limiting the overall amount of solvent in the electrolyte [124]. Therefore, future

work should consider the use of isothermal operando calorimetry on hybrid supercapacitors

with “WISE” electrolyte under galvanostatic cycling. The hybrid supercapacitor will consist

of a positive α-MnO2 electrode and an AC counter electrode separated by a mesh separator

impregnated with a “WISE” electrolyte. The α-MnO2 and AC electrodes are suggested
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to enable direct comparison with the results reported in this study. The electrolyte can

consist of an aqueous solution of LiTFSI with concentration of (i) 5 M, (ii) 10 M, (iii) 15

M, and (iv) 20 M and is suggested based on its high solubility in water. This study would

provide additional understanding of the delay of hydrolysis attributed to the limited amount

of solvent present in the electrolyte resulting in the expansion of the operating potential

window.

7.2.2 Potentiometric study of LNVOPF at elevated temperatures

Chapter 6 clarified the structural evolution of LNVOPF and its excellent rate performance

during cycling. It was found that for the entire composition range LNVOPF exhibits solid

solution behavior with Li ion ordering. However, the literature suggests that cycling at ele-

vated temperature can reduce ion ordering and promote solid solution behavior in LixMn2O4,

LiCoO2, and 2H-LiTaS2 [96, 97, 171, 172]. In fact, increasing the temperature to 405 K for

LixMn2O4 [96, 97], to 335 K for LiCoO2 [171], and to 320 K for 2H-LiTaS2 [172] completely

suppressed ion ordering and the material exhibited purely solid solution behavior. Future

work should investigate the effect of elevated temperature on the charging mechanism of

LNVOPF. Elevated temperature could broaden the “faux plateaus” associated with solid

solution behavior as the solubility of most solid and liquid solutions increases at elevated

temperatures. Consequently, it could further improve the high rate capabilities of LNVOPF.

However, the energy density might decrease at elevated temperature due to the reduced ion

ordering.

7.2.3 Accounting for heating due to solvation in the MPNP model

The current thermal model accounts for the different contributions to the instantaneous heat

generation rate in EDLCs and hybrid supercapacitors [75,77]. It includes the reversible heat

generation due to (i) ion adsorption/desorption and (ii) redox reactions at the pseudocapac-

itive electrode. It also accounts for the irreversible heat generation due to (i) Joule heating

and (ii) redox reactions at the pseudocapacitive electrode [75, 77]. However, in its current
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form, it does not account for the contributions of ion (partial) desolvation during ion adsorp-

tion or surface redox. Conversely, it does not account for ion (partial) solvation during ion

desorption. Chapter 3 showed that in electrolytes with high enthalpy of solvation, such as

aqueous MgSO4, the thermal signature of solvation/desolvation can overshadow the thermal

signature of other charging mechanisms. Moreover, due to the hysteretic concentration pro-

file at the pseudocapacitive electrode, part of the heat generated due to solvation/desolvation

may contribute to the irreversible heat generation rate analogous to that of charge and mass

transfer resistances. Therefore, future work should focus on expanding the model for the

local and time-dependent heat generation rate to include solvation/desolvation. To do so,

the difference in ion size between solvated and bare ions must be modeled. Then, the heat

generation rate released based on the enthalpy of solvation of the ions can be determined.

Therefore, the process of solvation and desolvation must be studied in detail to determine

how the ion size changes during this process.
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APPENDIX A

Supplementary Material for Chapter 4

Three-electrode cyclic voltammograms

Figure A.1 shows the CV curves of AC and α-MnO2 electrodes in a three-electrode setup

measured at scan rate ν of 10 mV/s in (a) 0.25 M, (b) 0.75 M, and (c) 1.0 M MgSO4 aqueous

electrolyte, respectively. The potential window for AC electrodes ranged between −0.8 V

and 0 V and between 0 V and 0.8 V for α-MnO2 electrodes, both vs. Ag+/AgCl.

Full device cyclic voltammograms

Figure A.2 shows the measured CV curves for (a) Device 1, (b) Device 2, and (c) Device 3,

for scan rate ν between 5 and 50 mV/s and a cell potential window ∆ψs = 1.6 V imposed

at the α-MnO2 electrode vs. the AC electrode. First, for any given scan rate ν and cell

potential ψs(t), the magnitude of the current response I(t) increased with increasing MgSO4

concentration thanks to the larger amount of ions contributing to charge storage. Similarly,

for all devices, the magnitude of the current response I(t) increased and the CV curves

changed from a rectangular to a leaf-like shape with increasing scan rate ν.

Modeled heat generation contributions

Figure A.3 shows the predicted instantaneous heat generation rate Q̇i(t) and its contributions

at (a) an AC electrode, and an α-MnO2 electrode in (b) MgSO4 and (c) Cs2SO4 aqueous

electrolytes as functions of dimensionless time t/tcd. Both Q̇T,AC(t) and Q̇T,MnO2(t) were

qualitatively similar to heat generation rates in Devices 1, 2, and 3. Moreover, Q̇T,MnO2(t)

was dominated by the large enthalpy of solvation in MgSO4 aqueous electrolyte [Figure
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scan rate ν of 10 mV/s in (a) 0.25 M, (b) 0.75 M, and (c) 1.0 M MgSO4 aqueous electrolyte,
respectively, and potential window between −0.8 and 0 V for AC and 0 V and 0.8 V for
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Figure A.2: CV curves measured at different scan rates ν ranging between 5 and 50 mV/s
for (a) Device 1, (b) Device 2, and (c) Device 3, and for potential window between 0 and 1.6
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A.3(b)]. Interestingly, Q̇T,MnO2(t) was dominated by ion adsorption/desorption and surface

redox in aqueous Cs2SO4 electrolyte [Figure A.3(c)].
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an AC electrode and an α-MnO2 electrode in (b) MgSO4 and (c) Cs2SO4 aqueous electrolytes
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