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Effects of Constituent Materials on Heat Generation in Individual
EDLC Electrodes
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This study aims to investigate the effect of electrode composition on heat generation in electric double layer capacitor (EDLC)
electrodes under galvanostatic cycling. EDLCs consist of two identical electrodes usually made of a mixture of (i) carbon-based
material, (ii) binder, and (iii) other conductive additives. These constituents were found to influence the capacitance and internal
resistance of the device and the heat generation rate in the positive and negative electrodes. Indeed, the heat generation rate was
measured using an isothermal calorimeter in both electrodes of five EDLC devices with different electrode compositions but the
same electrolyte consisting of 1 M LiPF¢ in EC:DMC. The reversible heat generation rates at the positive and negative electrodes
were nearly identical in absence of CMC. However, in devices containing CMC, the reversible heat generation rate in the positive
electrode was significantly larger than that in the negative electrode. Such asymmetric heating was attributed to asymmetry in the
charging mechanism due to the overscreening effect caused by interactions between the anionic functional groups of CMC and the
cations at the negative electrode.
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Electric double layer capacitors (EDLCs) have received significant
attention in recent years for electrical energy storage applications in
particular those requiring rapid charging/discharging, such as regen-
erative braking in electric vehicles,' smart grids,” and renewable en-
ergy harvesting systems.>~ Indeed, EDLCs can provide higher power
density, higher cycle efficiency, and longer lifetime than batteries.*%
EDLC devices consist typically of two carbon-based electrodes par-
titioned by a separator immersed in aqueous or organic electrolytes.
EDLC:s store electrical energy in the electrical double layer of ions
forming at electrode/electrolyte interface.

Heat generation in EDLC is a major concern since these devices are
usually cycled under high current density resulting in excessive tem-
perature rise.” This, in turn, can lead to (i) accelerated cell aging,®'°
(ii) increased self-discharge rates,”!! and possibly (iii) electrolyte de-
composition and evaporation.”!> Heat generation in EDLCs can be
classified into irreversible and reversible heat generation rates.”!*-7
Irreversible heat generation has been attributed, both theoretically and
experimentally, to Joule heating.”->!""13-20 It is constant throughout the
EDLC cell and equal to the product of the EDLC internal resistance
and the square of the imposed current.””'*'® On the other hand, re-
versible heat generation rate in the entire device was theoretically
and experimentally found to be exothermic during charging and en-
dothermic during discharging.”'*'® The time-averaged reversible heat
generation over a charging step was shown to be proportional to the
imposed current under galvanostatic cycling.”'*'® Experimentally, re-
versible heat generation has been assumed to be identical in both the
positive and negative electrodes.'* However, our recent experimental
study has demonstrated that reversible heat generation rate was sys-
tematically different in identical positive and negative carbon-based
electrodes of EDLC cell with both organic and aqueous electrolytes.?
In fact, averaged over a constant current charging step, the reversible
heat generation at the positive electrode was linearly proportional to
the current while it was independent of current and nearly zero at the
negative electrode.”! This thermal behavior could be attributed to (i)
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parasitic reversible redox reactions involving the CMC binder,?>~2* (ii)
reversible ion solvation/desolvation,? (iii) differences in ion size and
diffusion coefficient in the electrolytes,'® and/or (iv) differences in ion
adsorption and desorption mechanisms at the electrode surface.?®

The present study aims to elucidate the physicochemical phenom-
ena responsible for asymmetric heat generation in otherwise identical
positive and negative electrodes of EDLC cells. To do so, the effect
of each electrode constituent on the heat generation in the positive
and negative electrodes of EDLC devices were systematically in-
vestigated experimentally using the previously developed isothermal
calorimeter.”!

Background

A few experimental and numerical studies have paid attention to
reversible heat generation rate in EDLCs.”!317-2 Most experimen-
tal studies measured the total heat generation rate in commercial or
laboratory scale EDLC devices and typically assumed that the heat
generation rate was identical at both electrodes.”!*!* However, we re-
cently established experimentally that the reversible heat generation
rates at positive and negative electrodes of EDLC cells could be dif-
ferent despite using identical activated carbon-based electrodes and
different aqueous and organic electrolytes, as previously discussed.?!

EDLC electrodes are usually made of a mixture of (i) 70 to 95 wt%
carbon-based material, (ii) binder, and (iii) other conductive additives
(e.g., carbon black) to enhance the electrochemical properties of the
electrodes.?’** Carbon-based materials, including activated carbons
(ACs), carbon cloth, carbon aerogels, templated porous carbon (TC),
activated carbon fiber (ACF), and carbon nanotube (CNT), are the
most widely used materials for EDLCs since they are electrically con-
ducting and chemically stable in various types of electrolyte under
a wide range of potential windows and temperatures.*®*’ Moreover,
they are abundant, inexpensive, easily-processable, and environmen-
tally friendly.*s%

The main function of the binder is to hold the electrode con-
stituents together and to improve adhesion to the current collectors.*’
Excessive amounts of binder could increase the electrical resis-
tance of the electrode.’ Polytetrafluoroethylene (PTFE)?8-3%3334 and
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polyvinylidene difluoride (PVdF)?"3'32 are the most widely used

binders for EDLC electrodes. Some studies used derivatives of these
two binders, such as polyvinylidene fluoride-hexafluoropropylene
(PVAF-HFP)*' and Nafion.*? Recently, cellulose and its derivatives
have also been employed in electrochemical energy storage devices
as substrate, separator, and electrode binder for their low cost, envi-
ronmental friendliness, and easy processability.*>*3-> For example,
sodium carboxymethyl cellulose (CMC-Na) has attracted attention as
an electrode binder for EDLCs.**>">* Carbon-based electrodes with
CMC binder showed similar capacitance and cycling stability as elec-
trodes using conventional binders (i.e., PVdF).** Also, CMC has been
used as a binder for lithium-ion batteries.*-3%3253 Replacing Na* in
CMC-Naby Lit was found to improve the performance of lithium-ion
batteries as CMC-Li enriched the electrolyte with Li* ions.>** Note
also that Na't ions in the CMC-Na binder tend to dissociate in the
electrolyte forming anionic functional groups.??>* These functional
groups could interact with the cations in the electrolyte influencing
heat generation in each electrode.

The conventional view of EDLC suggests that the electrodes charge
by counter-ion adsorption. However, recent studies have shown that
the EDLC electrodes can be charged by different mechanisms includ-
ing counter-ion adsorption, co-ion desorption, and/or ion exchange.®
In addition, different mechanisms can take place in a given electrode at
different potentials.’” Forse et al.”® introduced the so-called charging
mechanism parameter to account for different charging mechanisms
taking place in the positive and negative electrodes. New experimen-
tal techniques, including nuclear magnetic resonance spectroscopy,>®
X-ray transmission,> electrochemical quartz crystal microbalance,’
and infrared spectroscopy,’® as well as molecular dynamic
simulations®' have established that the electrolyte, electrode con-
stituent materials, and the polarization of the electrode could affect the
charging mechanism of EDLC electrodes and thus the heat generation
therein.

The present study aims to investigate the effect of binder and other
electrode constituents on the charging mechanism and the associ-
ated irreversible and reversible heat generation rates in both positive
and negative carbon-based electrodes. The current work complements
our previous study which focused on heat generation in EDLC with
different aqueous and organic electrolytes and electrodes made of acti-
vated carbon, CMC and styrene butadiene rubber (SBR) as thickening
agent/binder, and TX100 surfactant.

Materials and Methods

EDLC devices.—Five EDLC devices were assembled to investi-
gate the effect of each constituent material of the electrode on heat
generation in both positive and negative electrodes. The two elec-
trodes of each device were identical and made of four different con-
stituents namely (i) activated carbon (YPSOF, Kuraray Chemical) with
surface area of 1600 m?/g,% (ii) non-ionic surfactant (TX100, Sigma-
Aldrich), and (iii) carboxymethyl cellulose (CMC) (DOW Chemi-
cal) and (iv) styrene butadiene rubber (SBR) (MTI Corporation) as
binder/thickening agent. Table I summarizes the five electrode com-
positions considered in this study.

The electrodes were synthesized by mixing, in DI water, the dif-
ferent electrode constituents (Table I). The mixture was drop-cast

Table 1. Electrodes compositions for the five carbon-based EDLC
devices studied.

AC SBR TX100 CMC
Device No. (wt%) (wt%) (Wt%) (Wt%) Comments
1 80 13.5 5 1.5 Reference?!
2 93.5 0 5 1.5 w/o SBR
3 86 12 0 2 w/o TX100
4 83 12 5 0 w/o CMC
5 79.5 11.6 4.3 4.6 3xCMC
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onto 1x1 cm? 316 stainless steel plates, serving as current collectors,
previously treated by oxygen plasma to enhance their hydrophilicity
and ensure even spreading of the slurry containing polar solvents.®
The use of oxygen plasma has not been shown to introduce an in-
terfacial resistance detrimental to electrochemical cycling, even for
high-rate pseudocapacitors.®> The mass loading, for each electrode,
was 2.5 mg/cm? with a thickness of 50 & 5 pum. The electrodes were
dried under vacuum at 120°C for 24 hours before being placed in
a glove box under argon atmosphere. The five EDLC devices tested
consisted of two identical activated carbon electrodes supported by
their 316 stainless steel current collector separated by a 350 pm glass
fiber separator (GF85 filter, AdvantecMFS Inc.) immersed in 1 M
of lithium hexafluorophosphate (LiPFs, Oakwood Chemical) in ethy-
lene carbonate:dimethyl carbonate (EC:DMC) (Sigma-Aldrich) with
1:1 volume ratio. LiPFs in EC:DMC was chosen for its superior sta-
bility compared to other electrolytes (e.g., citric acid and TBATFB
in acetonitrile) used in our previous study.?! Finally, the EDLC de-
vices were assembled, installed, and sealed in the electrochemical test
section inside the glove box to avoid exposure to ambient atmosphere.

Isothermal calorimeter.—We recently reported on the design, fab-
rication, and demonstration of an isothermal calorimeter apparatus to
measure the instantaneous heat generation rate in the individual elec-
trodes of EDLC devices.?! Details of the experimental setup, valida-
tion, and data analysis have been reported and need not be repeated.?!
In brief, the calorimeter used thermoelectric heat flux sensors in ther-
mal contact with each electrode to measure the time-dependent heat
generation rate therein with accuracy and uncertainty of =10 wW and
3%, respectively.”! .

The instantaneous heat generation rate Q;(¢) (in mW) at electrode
“i” can be expressed as,”!

AV;(1)
Si

where A V() is the voltage difference (in V) measured in the heat
flux sensor while S; and A; are the sensor temperature-dependent
sensitivity (in i V/(mW/cm?)) and footprint area of the electrode (in
cm?), respectively. The subscript “i” refers to either the positive “+”
or negative “—" electrode. The total heat generation rate in the entire
cell (denoted by subscript “T’) can be expressed as Qr(t) = Q. (¢)+
O_(). ,

The instantaneous heat generation rate Q;(¢) is the superposition of
the irreversible Q;,,;(¢) and reversible Q,., ;(t) heat generation rates,
ie., Qi(t) = Qirri(t) + Qrev.i(t). We prove later in the manuscript
that the irreversible heat generation rate Q;,,;(¢) was due to Joule
heating which, under constant current cycling, remains unchanged
during charging and discharging. Then, the instantaneous Q;,;(t)
(in mW) could be approximated as the time-averaged irreversible
heat generation rate Qi,,,,- (in mW). Moreover, by definition, time-

o

averaging the reversible heat generation rate Q,., ;(¢) at electrode “i
over an entire cycle yields Q,,,; = 0. Thus, the irreversible heat

Qi(l‘) = A; with i = +or — [1]

o

generation rate Q,,,.; at electrode “i” subjected to a galvanostatic
cycle of period 7., (in s) can be expressed as,

nted

1 .
Qirr.i = Qi(z) dl
tea

(n=Dtea

with i = 4+ or — 2]

where n is the cycle number, taken sufficiently large to have reached
oscillatory steady state. In addition, the instantaneous reversible heat
generation rate Q,.,;(t) (in mW) at each electrode or in the device
can be evaluated by subtracting the irreversible heat generation rate
Q,,r; (Equation 2) from the instantaneous heat generation rate Q;(z),
ie.,

Qrevi() = Qi(t) = Qi With i =T, +, or —. [31
Finally, in order to effectively compare the reversible heat generation
rate at each electrode, the instantaneous reversible heat generation rate
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'Q,e,,.i(t) was averaged over a galvanostatic charging step of duration
t. to yield the time-averaged reversible heat generation rate during

charging Q:ev,i (in mW),

(n—Dteg+tc
T

1
Qreu.i = Z

(n=1)tcq

Qrev,i([) dt with i = T, _}_7 or —. [4]

Experimental procedure.—Cyclic voltammetry (CV) was used to
determine the capacitance of the five EDLC devices featuring five
different electrode compositions (Table I). The devices were cycled
between 0 and 1 V for scanrates 1, 5, 10, 15, and 20 mV/s. The cell’s
integral gravimetric capacitance C, (in F/g) was evaluated by inte-
grating the area enclosed by the CV curve plotting measured current
(in mA) versus imposed potential {, (in V) for a given scan rate v (in
mV/s) and potential window between s,,,;,, and o, as,%*

1 1
GO e § 54 o)

where m is the mass of active materials loaded into both electrodes
(in g).

The heat generation measurements at low current (i.e., I < 1
mA) fell below the detection level (< 0.01 mW) of the calorimeter
introducing a significant error in the measurements. Thus, the heat
generation rates were measured under galvanostatic cycling for im-

posed constant current / =2, 3,4, 5, and 6 mA to obtain Qi(t), Q,-m,-,
. -
Qrev.i (t), and Qrgv,[ .
The internal resistance R, (or DC resistance) (in 2) was determined
from the IR drop at charging/discharging transitions of potential curve
under galvanostatic cycling according to,® -6

Yo (1) — W (1))
21

where ,(r,) and y(z,") are the potentials across the EDLC cell at
the end of the charging step and immediately after the beginning of
the discharging step, respectively. Here, the IR drop (Y, (£5) — U, (2,))
was obtained by estimating the cell potential {,(t,") 10 ms after the
beginning of the discharging step (i.e., f, — ¢} = 10 ms) as suggested
by Zhao et al.%

R,(I) = [6]

Results and Discussion

Cyclic voltammetry curves and capacitance.—Figure 1 plots the
measured CV curves of Devices 1 to 5 for scan rates (a) v =1 mV/s
and (b) v = 20 mV/s. In all cases, the mass loading was 5 mg/cm? for
the entire cell and the potential window (a0 — Vin) Was fixed to
1V for all devices considered to facilitate comparison. The CV curves
of all devices featured rectangular and symmetrical shapes indicating
near ideal capacitive behavior for scan rate v = 1 mV/s. However,
at high scan rate (Figure 1b), the CV curves of Device 4 featured
significant deviation from this ideal behavior due to apparent resistive
losses in the absence of CMC binder.

Moreover, Figure 2 shows the gravimetric capacitance C,(v) of the
five EDLC devices as a function of scan rate v ranging from 1 to 20
mV/s. It indicates that the capacitance C,(v) of all devices decreased
with increasing scan rate. However, the capacitance of Device 4 (w/o
CMC) decreased faster than that of Devices 1, 2, 3, and 5. In addition,
it is interesting to note that Devices 2, 3, 4, and 5 featured lower
capacitance than Device 1. Thus, each constituent material of the
reference electrode was essential to enhancing electrode performance.
The absences of SBR (Device 2) and TX100 (Device 3) had nearly the
same effect in reducing the cell capacitance. On the other hand, the
absence of CMC binder (Device 4) had a significant negative effect
on the device capacitance. Hence, CMC binder was essential to the
electrode electrical conductivity by binding activated carbon particles
to each other and to the current collector. However, it is interesting to
note that increasing the amount of CMC binder (Device 5) led to a
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Figure 1. CV curves for Devices 1,2 2, 3, 4, and 5 (see Table I) for
scan rates (a) v = 1 mV/s and (b) v = 20 mV/s and potential window
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decrease in capacitance. This can be attributed to the fact that excessive
amount of binder decreased the accessible electrochemically active
surface area of the electrodes.>

Internalresistance R;.—Figure 3 shows the potential y;(¢) across
the cell as a function of time ¢ during galvanostatic cycling for Devices
1 to 5 for constant current (a) / = 2 mA and (b) / = 6 mA and
potential window of 1 V. Figure 3 indicates that, for all five devices,
the potential varied linearly with time between the minimum potential
Wpmin and maximum potential ,,,,, except for the IR drop ,(z}) —
P, (¢,) occurring at the transition after charging and discharging steps.
The latter was more significant in the absence of CMC binder (Device
4). Infact, for I = 6 mA, the IR drop in Device 4 was nearly equivalent
to the potential window considered, i.e., [Yrs(¢;7) — U (¢7)] ~ (Wnax —
Wmin)- Thus, the heat generation measurements for Device 4 were only
reported for current / ranging from 2 to 4 mA.

Figure 4 shows (a) the internal resistance R,(/) estimated from
Equation 6 and (b) the period of the galvanostatic cycle 7.4 as functions
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Figure 2. Integral gravimetric capacitance Cy(v) of Devices 1,21 2,3, 4, and
5 (Table I) as a function of scan rate v for potential window of 1 V.

of imposed current / for Devices 1 to 5. For all devices, the internal
resistance was almost independent of current / except for Device
4 when R, decreased with increasing current /. Interestingly, the
absence of SBR and TX100 reduced the resistance of Devices 2 and
3 compared with Device 1. However, their absence also reduced the
cell capacitance C, (Figure 2). Note also that Device 4 featured the
largest resistance of all devices due to the absence of CMC binder,
confirming previous observations on CV curves (Figure 1). Finally,
increasing the amount of CMC by three times (Device 5) did not
affect the resistance of the device, however, it reduced its capacitance
(Figure 2), as previously discussed.

Instantaneous and irreversible heat generation rates.—Figure 5
shows the temporal evolution of the measured heat generation rates
Q. (1) at the positive electrode, Q_(¢) at the negative electrode, and
Qr(t) = Q(t) + Q_(¢) in the entire cell as functions of dimension-
less time ¢ /t.4 for five consecutive galvanostatic cycles under constant
current / = 4 mA for (a) Device 1, (b) Device 2, (c) Device 3, (d)
Device 4, and (e) Device 5. It is interesting to note that measure-
ments of the instantaneous heat generation rates were repeatable for
all devices assembled. However, the respective magnitude and shape
differed significantly for a given device and among the five devices
considered. The heat generation rate in Devices 1 and 5 was slightly
larger than that in Devices 2 and 3 due to their larger internal resis-
tance R; (Figure 4a). In Devices 1, 2, 3 and 5, the heat generation rate
in the negative electrode was systematically smaller than that in the
positive electrode. By contrast, the heat generation rates Q. (¢) and
Q_(t) were nearly identical in Device 4 (w/o CMC).

Finally, Figure 5f shows the total irreversible heat generation rate

Qm,r plotted against the predicted Joule heating Q; (in mW) given

by O, = R,(I)I? in the entire cell under galvanostatic cycling with
current / ranging between 2 and 6 mA for Devices 1 to 5. Here, R;(1)
was the internal resistance measured as a function of current / (Figure
4a). Figure 5f indicates that the total irreversible heat generation rate
Qm.r in all devices was in excellent agreement with predictions for

the heat generation rate Q, due to Joule heating. In other words,
Joule heating was the dominant source of irreversible heat generation
in the five EDLC devices considered (Table I). In addition, Device 4
featured much larger Q,-,,,T than that of Devices 1, 2, 3, and 5 due
to its larger internal resistance R,(/) caused by the absence of CMC
binder (Figure 4a), as previously discussed.
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Figure 3. Galvanostatic charging-discharging curves of Devices 1,21 2,3, 4,
and 5 (Table I) for current (a) / = 2 mA and (b) / = 6 mA with potential
window limited to 1 V.

Reversible heat generation rates.—Figure 6 shows the instanta-
neous reversible heat generation rates (a) Q,.,,r(t) in the entire cell,
(b) Oyev.+(2) at the positive electrode, and (c) Q... —(¢) at the negative
electrode as functions of dimensionless time ¢/, for current I = 4
mA for Devices 1 to 5. Two cycles were plotted for each device,
namely cycle 10 (solid line) and cycle 15 (dashed line). First, Figures
6a, 6b, and 6¢ indicate that Q,., 7(t), Qrev.+(t), and Q,., —(t) were
reproducible from cycle to cycle. In addition, Figure 6a establishes
that the total reversible heat generation rate Q,., r(¢) for the entire
cell was exothermic for most of the charging step and endothermic
during most of the discharging step. This finding was consistent with
previous measurements and numerical predictions of reversible heat
generation in EDLC devices.”'*"'® The reversible heat generation rate
Q,ev.+(t) at the positive electrode (Figure 6b) was also exothermic
during charging and endothermic during discharging for all five de-
vices considered. However, Q,., _(f) at the negative electrode for
Devices 1, 2, 3, and 5 was exothermic and endothermic during both
charging and discharging steps. The same observations were reported
previously with electrodes similar to those of Device 1 but with differ-
ent electrolytes.”! In this context, it is interesting to note that Device
4 featured reversible heat generation rate Q,., () at the negative
electrode nearly identical to Q,., . (¢) at the positive electrode, i.e.,
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as functions of current I for Devices 1,2! 2, 3, 4, and 5 (Table I) with current
I ranging from 2 to 6 mA and potential window of 1 V.

'Qm,,+(t) and Qm}‘_(z) were exothermic during the entire charging
step and endothermic during the entire discharging step.
Figure 6 also shows the time- averaged reversible heat generatlon

rates during the charging step (d) Q r in the entire cell, (e) Q

rev rev,+
at the positive electrode, and (f) Q“,L at the negative electrode as

functions of current / ranging between 2 and 6 mA for the five EDLC
devices considered (Table I). Here, the reported values of QC . were

rev,i
averaged over 10 cycles and the error bars correspond to two standard
deviations or 95% confidence interval. The linear fit, obtained by

least square method, is also shown to guide the eye. Interestingly,
the time-averaged reversible heat generation rates Qm_T in the entire

cell (Figure 6d) and Q,w .. at the positive electrode (Figure 6e) were
proportional to the current / for all devices, as previously observed

experimentally'*?' and predicted numerically.'> By contrast, Qm, _

at the negative electrode (Figure 6f) was nearly constant and close
to zero for Devices 1, 2, and 5 and negative for Device 3. However

Figures 6e and 6f indicate that, in Device 4 (no CMO), Q at

rev,—
the negative electrode was nearly identical to Qm + at the positive
electrode. In summary, the reversible heat generation rates at the
positive and negative electrodes were asymmetric in devices with
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electrodes containing CMC (Devices, 1, 2, 3, and 5) but were nearly
identical in electrodes without CMC (Device 4). Also, Device 3 (w/o
TX100) featured more endothermic heating during charging step. In
order to explain these observations, four hypotheses were examined
including (i) parasitic reversible redox reactions involving the CMC
binder,?>~?* (ii) reversible ion solvation/desolvation,? (iii) differences
in ion size and diffusion coefficient in the electrolytes,'® and (iv)
asymmetric charging mechanisms.?® Note that the present calorimeter
was configured for two electrode configuration and could not provide
the potential evolution across each electrode separately. However,
Ania et al.® showed that, at low cell potential (i.e., ¥y < 1 V), the
potential difference was identical across the positive and negative
electrodes of a symmetric EDLC cell in organic electrolyte.

(i) Reversible redox reactions involving CMC binder.—The above
observations for Devices 1, 2, 3, and 5 could potentially be attributed
to redox reaction involving the CMC binder. However in Device 5,
the amount of CMC was increased by three orders of magnitude while
the instantaneous reversible heat generation rate Q,.,, —(¢) was nearly
the same as that in the reference Device 1.

Furthermore, three-electrode measurements were performed on
stainless steel current collectors (i) bare and (ii) coated with a layer
of CMC. Figure 7 shows cyclic voltammetry of 1 x 1 cm? bare and
CMC-coated stainless steel current collectors cycled in 1 M LiPFg
EC:DMC with lithium metal counter and reference electrodes for
scan rates v = 10 and 20 mV/s. The redox couple observed in the
potential range from 2 to 4 V vs. Li (equivalent to —2 to 2 V operating
window of a symmetric activated carbon EDLC) can be attributed
to surface redox reactions on the stainless steel current collector.
However, the current associated with these redox peak was less than
20 pA, corresponding to a negligible contribution to heat generation.
On the other hand, the CV curves of CMC-coated current collector did
not feature any additional redox peak. In fact, the current decreased
due to a reduction in the stainless steel surface area exposed. These
results establish that redox reactions involving the CMC binder were
not responsible for the endothermic heating observed at the negative
electrode at the beginning of the charging step (Figure 6c¢).

(ii) Ion solvation/desolvation.—The size of Li" ions is much
smaller than that of PF, and the solvation energies of Li* and PFy
are —212.6 and —93.3 kcal/mol, respectively.?> Hence, we speculated
that the endothermic kink observed at the negative electrode at the
beginning of the charging step was due to cations desolvation as they
adsorbed into the carbon electrode pores and whose size distribu-
tion was affected by the presence of the CMC binder. In absence of
CMC binder (Device 4), the electrode pore size distribution could be
much larger than the ionic size of solvated Li* (~ 0.41 nm’’) so that
solvation/desolvation did not take place in the pores. In order to exam-
ine this hypothesis, pore size distribution of powder samples scraped
from the electrode materials of Devices 1, 4, and 5 were measured
by nitrogen adsorption method. The measurements were conducted
using a Micromeritics ASAP 2010 system with ultra high purity ni-
trogen at 77 K. Powder samples were outgassed at 250°C overnight
before testing. The pore size distribution curves were calculated from
the nitrogen adsorption isotherms using the carbon slit pore geometry
non-linear density function (NLDFT) model through the Micromerit-
ics Microactive software.

Figure 8a shows the adsorption isotherms obtained for electrode
materials of Devices 1, 4, and 5. The shape of the isotherm was
characteristic of a Type I isotherm, indicating that the structure was
composed primarily of micropores (< 2 nm).”" At high relative pres-
sures, the lack of a gas uptake and appreciable hysteresis indicated
that there were no mesopores (2-50 nm) or macropores (>50 nm) in
the structure. The small hysteresis between adsorption and desorp-
tion isotherms most likely originated from activated carbon particles
and has commonly been observed in experimental adsorption curves
for carbon powders.”>’* Figure 8b presents the derivative of pore
volume with respect to pore width. The pore volume was normal-
ized arbitrarily to better compare the different pore size distributions.
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Figure 5. Five representative and consecutive charging-discharging cycles of heat generation rates 0. (¢) at the positive electrode, O _(¢) at the negative electrode,
and Q7(t) in the entire cell as functions of the dimensionless time ¢/#.4 for current / = 4 mA in (a) Device 12 (b) Device 2, (c) Device 3, (d) Device 4, and ()

Device 5. (f) Irreversible heat generation rate Q;,, 7 under galvanostatic cycling versus predicted Joule heating 0, = Ry(I)I? for current I ranging between 2
and 6 mA for Devices 1 to 5 using R;(/) shown in Figure 4a.
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Figure 6. One charging-discharging cycle of the reversible heat generation rates (a) 'Q,gu,r in the entire cell, (b) 'Qm‘gr at the positive electrode, and (c) Q,ev_, at
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ranging between 2 and 6 mA for Devices 1,2] 2,3,4,and 5.
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Figure 7. Cyclic voltammetry of 1 x 1 ¢cm bare and CMC-coated stainless
steel current collectors cycled in 1 M LiPFg EC:DMC with lithium metal
counter and reference electrodes for potential window of 2 to 4 V vs. Li and
scan rate v = 10 and 20 mV/s.

The difference in peak areas was associated with errors in the mea-
sured powder weight and distribution of electrode constituents. The bi-
modal pore size distribution, with the majority found between 0.8 and
1.2 nm, agreed well with pore size distribution reported in the litera-
ture for YPSOF.”* Similar pore widths for all three device compositions
indicates that the presence of CMC did not have an appreciable ef-
fect on the pore size distribution and did not inhibit ions access to
the pores of the YPSOF particles. These observations establish that
ion solvation/desolvation was not affected by the presence of CMC
and thus was not responsible for the thermal behavior observed at the
negative electrode.

(iii) Differences in ion size and diffusion coefficient.—Ion size and
diffusion coefficient have been shown to affect only the magnitude of
heat generation at the electrode but not the exothermic to endothermic
nature of the heat generation processes.'® For example, the electrode
with smaller counter-ion diameter featured larger reversible heat gen-
eration rate under galvanostatic cycling than the counter electrode.'®
In addition, the reversible heat generation rate was found to be in-
dependent of diffusion coefficient of ions.'® However, the ion size
could affect other phenomena taking place at the electrodes including
charging mechanism.?

(iv) Charging mechanism.—As ions adsorb on the electrode sur-
face to form an EDL or disperse into the electrolyte, they release
heat (exothermic) or absorb heat (endothermic), respectively.”!3-16:73
Thus, the reversible heat generation rate associated with changes in
entropy of ions (entropy of mixing) depends strongly on the charging
mechanism. Asymmetric heat generation in the devices containing
CMC suggests that the charging mechanism at the positive and neg-
ative electrodes was also asymmetric. Indeed, CMC binder is a weak
polyacid that interacts with cations in the electrolytes.??">* In fact, Na*
in carboxymethyl (-CH,COONa) groups and H" in hydroxyl (-OH)
groups of CMC binder have a tendency to dissociate in the elec-
trolyte forming anionic functional groups (-CH,COO™) and (-O™),
respectively.?>>* These anionic functional groups attract cations, such
as Li™ ions present in the electrolyte, thus increasing their population
near the negative electrode. This can lead to an overscreening effect
where a layer of cations with greater charge than the negative electrode
surface requires a subsequent layer of anions to charge-balance the
inner Helmholtz layer.”® The overscreening effect gradually decreases
with increasing electrode potential.”>’® Hence, during charging, the
positive electrode stored electrical energy by anion adsorption re-
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Figure 8. (a) Adsorption/desorption isotherms obtained from nitrogen ad-
sorption for the powder of electrodes materials of Devices 1, 4, and 5. (b)
Normalized pore volume derivative versus pore width for the powder of elec-
trodes materials of Devices 1, 4, and 5.

leasing heat to the surroundings. However, the negative electrodes
containing CMC (Devices 1, 2, 3, and 5) first charged by anion des-
orption (i.e., repelling the subsequent layer of anions formed due to
overscreening effect) at low potential (< 0.5 V) and then by cation ad-
sorption at higher potential (=> 0.5 V), as observed previously.”” This
charging sequence, in turn, resulted in endothermic heating at the be-
ginning of the charging step (low potential) and exothermic heating
for the rest of the charging step (high potential). Figure 9 illustrates
the overscreening effect near the surface of the negative electrode.

Moreover, in Device 3 (w/o TX100), the endothermic heating dom-
inated during the charging step. This can be attributed to competing
screening effects between CMC and TX100. The TX 100 surfactant se-
lectively attached to the hydrophobic surface of carbons during mixing
of the water-based slurries.’”®” This resulted in a carbon/TX100/CMC
interface in the electrodes that reduces the effective overscreening in-
duced by CMC. Removing TX100 enhanced the overscreening effect
as CMC was closer to the activated carbon surface.

Finally, the thermal behavior observed in Devices 1, 2, 3, and 5 with
LiPFg in EC:DMC was also previously observed for devices using the
same electrode composition as Device 1 but with different electrolyte
namely 1 M citric acid in DI water and 1 M of tetrabutylammonium
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Figure 9. Diagram illustrating the overscreening effect at the negative electrode. (a) In open-circuit, negatively charged CMC groups attract Li™ cations while PF
anions balance the unsaturated inner Helmholtz layer. (b) At the beginning of the charging step, PF anions are repelled and desorb from the negative electrode
surface. (c) At higher potentials, additional Li* cations adsorb to the negative electrode and begin to saturate the inner Helmholtz layer forming the electric double

layer.

tetrafluoroborate (TBATFB) in acetonitrile?! where the same asym-
metry in charging mechanism can also explain the observed thermal
behavior.

Conclusions

This study assessed the effect of the electrode composition on heat
generation in EDLC devices consisting of two identical carbon-based
electrodes. The electrolyte LiPFg in EC:DMC was used in all devices.
The heat generation rate in each electrode of five EDLC devices with
different electrode compositions was measured using a previously de-
scribed isothermal calorimeter.?! First, although removing SBR binder
or TX100 surfactant from the electrode composition reduced the in-
ternal resistance, it also reduced the capacitance of the device. On
the other hand, removing CMC resulted in significant increase in the
internal resistance and decrease in the gravimetric capacitance. Sec-
ond, for all electrode compositions, the irreversible heat generation
rate was in excellent agreement with Joule heating predicted from
the measured internal resistance and imposed current. Third, in all
devices, the reversible heat generation rate in the positive electrode
was exothermic during charging and endothermic during discharg-
ing. It was also significantly larger than that in the negative electrode
of the devices containing CMC binder. Indeed, in the negative elec-
trode containing CMC, the reversible heat generation rate featured
both exothermic and endothermic processes during both charging and
discharging.?' However, in absence of CMC from the electrode, the
reversible heat generation rates at the positive and negative electrodes
were nearly identical. The asymmetric heating in presence of CMC
was attributed to the fact that anionic functional groups formed in
the electrodes and interacted with cations in the negative electrode.
The latter was charged first by anion desorption (endothermic) fol-
lowed by cation adsorption (exothermic) as the electrode potential
increased. Such asymmetry in charging mechanisms between the pos-
itive and negative electrodes explained the observed asymmetry in
heat generation. The findings of this study will help to improve our
existing thermal model' to account for heat generation associated
with overscreening effect and asymmetric charging mechanism. Also,
the heat generation measurements can be coupled with other experi-
mental techniques, such as nuclear magnetic resonance spectroscopy,
X-ray transmission, electrochemical quartz crystal microbalance, and
infrared spectroscopy, to quantify the charging mechanism param-
eter from heat generation in each electrode. Finally, the isothermal
calorimeter developed in this study can be used for hybrid pseudo-
capacitors to provide insight into the heat generation associated with
redox reactions and other physicochemical phenomena taking place
at the pseudocapacitive electrodes.

Acknowledgment

O.M. is grateful for the financial support provided by King Fahd
University of Petroleum and Minerals (KFUPM), Dhahran, Saudi
Arabia. J.L., D.A., and B.D. were supported by the Office of Naval
Research (under grant NO0O14-16-1-2164).

List of Symbols

A Footprint area of the heat flux sensor, cm?

C, Integral gravimetric capacitance, F/g

1 Current, mA

m Mass of active material loaded into the entire cell, g
n Cycle number, -

(0] Heat generation rate, mW

0 Time-averaged heat generation rate, mW

Ry Internal resistance for entire EDLC device, 2

S Heat flux sensor sensitivity, i V/(mW/cm?)

t

Time, s

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

tr Time at the end of the charging step, s

AV Voltage difference generated in the heat flux sensor, WV

Greek

v Scan rate, mV/s
g Potential across an EDLC cell, V

Superscripts and Subscripts

c Refers to charging step

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

J Refers to Joule heating

max Refers to maximum

min Refers to minimum

T Refers to entire cell

rev, i Refers to reversible in electrode “i”

4+ or —  Refers to positive or negative electrode
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