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Figure 6. One charging-discharging cycle of the reversible heat generation rates (a) Q̇rev,T in the entire cell, (b) Q̇rev,+ at the positive electrode, and (c) Q̇rev,− at
the negative electrode as functions of the dimensionless time t/tcd for current I = 4 mA for Devices 1,21 2, 3, 4, and 5. Time-averaged reversible heat generation
rates during the charging step (d) ¯̇Q

c
rev,T in the entire cell, (e) ¯̇Q

c
rev,+ at the positive electrode, and (f) ¯̇Q

c
rev,− at the negative electrode as functions of current I

ranging between 2 and 6 mA for Devices 1,21 2, 3, 4, and 5.
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Figure 7. Cyclic voltammetry of 1 × 1 cm bare and CMC-coated stainless
steel current collectors cycled in 1 M LiPF6 EC:DMC with lithium metal
counter and reference electrodes for potential window of 2 to 4 V vs. Li and
scan rate ν = 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 YP50F.74 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 YP50F 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.16 For example, the electrode
with smaller counter-ion diameter featured larger reversible heat gen-
eration rate under galvanostatic cycling than the counter electrode.16

In addition, the reversible heat generation rate was found to be in-
dependent of diffusion coefficient of ions.16 However, the ion size
could affect other phenomena taking place at the electrodes including
charging mechanism.26

(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.7,13–16,75

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.22–24 In fact, Na+

in carboxymethyl (–CH2COONa) groups and H+ in hydroxyl (–OH)
groups of CMC binder have a tendency to dissociate in the elec-
trolyte forming anionic functional groups (–CH2COO−) and (–O−),
respectively.22–24 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.76 The overscreening effect gradually decreases
with increasing electrode potential.26,76 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.77 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 TX100 surfactant se-
lectively attached to the hydrophobic surface of carbons during mixing
of the water-based slurries.78,79 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
LiPF6 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−
6

anions balance the unsaturated inner Helmholtz layer. (b) At the beginning of the charging step, PF−
6 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 acetonitrile21 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 LiPF6 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.21 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.21 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 model15 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.
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List of Symbols

A Footprint area of the heat flux sensor, cm2

Cg Integral gravimetric capacitance, F/g
I Current, mA
m Mass of active material loaded into the entire cell, g
n Cycle number, -
Q̇ Heat generation rate, mW
¯̇Q Time-averaged heat generation rate, mW
Rs Internal resistance for entire EDLC device, �
S Heat flux sensor sensitivity, μV/(mW/cm2)
t Time, s
t−
c Time immediately after the beginning of the discharging step,

s
t+
c Time at the end of the charging step, s
�V Voltage difference generated in the heat flux sensor, μV

Greek

ν Scan rate, mV/s
ψs 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”
+ or − Refers to positive or negative electrode
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