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(a) Schematic of a complete supercapacitor cell consisting of N sandwich
units. The zoomed up view of a single unit shows its major components:
(1) aluminum current collector (2) two porous electrodes each length L.,
composed of activated carbon and (3)a separator of length L;. The mag-
nified view shows a cross-section of the cell structure. Dark spheres cor-
respond to activated carbon that constitute the two electrodes. The elec-
trolyte residing in the porous regions of the carbon electrodes is electrically
neutral except for the thin Stern diffusion layer forming around the walls
of the activated carbon spheres. (b) An overview of the numerous factors
influencing heat generation in an EDLC cell. . . . . . . . . ... ... ..

(a) Cell voltage as a function of time during a single charge/discharge cycle
for an operating current density Iy=50 A m~2. The device operates in the
voltage range of 0 and 2.7 V. Spatial variation of solid phase potential ¢y,
liquid phase potential ¢, and stored charge density Q., = aC(¢p1 — ¢2)
at equi-spaced time intervals from the beginning to end of discharge (t/t.
=0.0, 0.17, 0.34, 0.51) are shown in (b), (c) and (d) respectively. Spatial
variation of the solid phase current density I; and liquid phase current
density I5 during the charge phase (t/t.=0.25) are shown in (e), while the
spatial variation of I during transition from charge to discharge phase is
shown in (f). The grey and blue regions in the plots represent the electrode
and separator regions in the device. . . . . . . . ... ...

Predicted heat generation rates Gy, eic, Girrely, Girrtots Grev aNd Gror as func-
tions of location x at non-dimensional time (a) ¢ /t.=0.25 and (b) ¢/t.=0.75
for [y= 50 A m~2. Predicted heat generation rates Qirreles Qirrely, Qirrtots
Grev and Gy as functions of location z at non-dimensional time (a)t/t.=0.25
and (b)t/t.=0.75 for ;=70 Am™2. . .. ... ... ... ...

Spatially averaged irreversible heat generation rate in the solid phase

Qjrreles irreversible heat generation rate in the liquid phase Q to-

irr,elys

tal irreversible heat generation rate Q reversible heat generation rate

Q,., and total heat generation rate @,,, plotted as a function of time ¢ for

two consecutive charge/discharge cycles at operating current density (a)
Ip»=50 Am2and (b) [,=TOAm™2. . ... ... ... .. .. ... ...
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(a) Thermocouple temperature measurements at different positions of a
BCAP350 F EDLC cycled at £ 15 A plotted as a function of time ¢
(reproduced from Fig. 10(a) of Ref. [102]). The inset shows a magnified
view of the temperature profiles (reproduced from Fig. 10(b) of Ref. [102]).
In the figure, T'(surface) represents the temperature measured on the outer
surface, while T1, T2, T3 and T4 represent temperature measurements
corresponding to positions moving away from the center of the device. (b)
Numerically predicted temperature evolution with time at positions z = 0,
T = Lgey /6, © = Lgew/3 and & = Lg,, /2 for imposed current density Io=50
A m~2 and outer convection heat transfer coefficient h =20 W m=2 K.
The inset shows a magnified view of the temperature profiles in the time
range of 2000 and 2500 8. . . . . . ...

Computed (a) cell voltage V.. as a function of time ¢, (b) dimensionless
cell voltage V¥, as function of dimensionless time ¢* during a single gal-
vanostatic charge/discharge cycle for cases 1 to 3 (Table 4.5). Computed
(c) device centerline temperature T'(Lge,/2,t) as a function of time ¢ and
(d) dimensionless centerline temperature T*(Lge,/2,t*) as a function of
dimensionless time ¢* for cases 1 to 3 (Table 4.5). . . . .. ... ... ..

(a) Predicted device centerline temperature T'(Lge,/2,t) as a function of
time t for galvanostatic cycling at three different operating current den-
sities, Ip=30, 50 and 70 A m~2. The dotted lines represent the cycle-
averaged temperature profiles. The convection heat transfer coefficient h
on the outer surface of the device is assumed to be 20 W m—2 K~!. (b)
Numerically predicted device cycle averaged centerline temperature after
3000 s of cycling plotted as a function of cycling current density. (c) Mea-~
sured surface temperature of a Maxwell BCAP350 F supercapacitor as
a function of time, reported by Gualous et al. [121] for cycling currents
10, 15, 20, 25, 30, 35 and 40 A (reproduced from Fig. 13). (d) Plot of
measured surface temperature after 3000 s of galvanostatic cycling as a
function of operating current. . . . . .. .. ..o

Numerically predicted spatial variation of temperature in the device after
3000 s of galvanostatic cycling (7'(z, t=3000 s) - T'(z=0, t=3000 s)) at
operating current density values of Iy= (a) 30 A m~2, (b) 50 A m~2 and
(c) 70 A m~2. The convection heat transfer coefficient h on the outer
surface of the device is assumed to be 200 Wm=2 K~1.. . .. ... .. ..

Xviil

Page

128

130

132



Figure

4.22

4.23

4.24

4.25

4.26

(a) Predicted device centerline temperature T'(Lge,/2,t) as a function of
time ¢t and (b) spatial variation of temperature inside the device at the end
of 3000s of cycling (7'(x, 3000 s) - 7(0,3000 s)) at an operating current
density Ip=50A m~2, plotted for three different values of convection heat
transfer coefficient, h=>5, 10 and 20 W m~2 K~!. The inset of (a) shows
the variation of the device centerline temperature at the end of 3000 s,
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(T'(Lgev/2,3000s)) as a function of the convection heat transfer coefficient /.138

(a) Predicted device centerline temperature T'(Lge,/2,t) as a function of
time ¢ and (b) spatial temperature variation inside the device at 3000 s
(T'(z, 3000 s) - T'(0, 3000 s)) as a function of dimensionless length /Ly,
, plotted for different number of sandwich units N. The inset of (a) shows
the variation of the device centerline temperature at the end of 3000 s, as
a function of N. The convection heat transfer coefficient A on the outer
surface of the device is assumed to be 20 Wm=2 K=t . . .. .. ... ..

Influence of imposed rest time duration on the temperature evolution char-
acteristics. Predicted device centerline temperature T'(Lge, /2,t) as a func-
tion of time ¢ for (a) cycling current density I,=50 A m~? and rest periods
of duration 0 s, 50 s and 150 s applied before every charge and discharge
step and (b) cycling current density I,=100 A m~2 and rest periods of
duration 0 s, 20 s and 50 s applied before every charge and discharge step.
In all cases, the charge and discharge time durations are adjusted in order
to cycle the device in a voltage range of 0 and 2.7 V. The convection heat
transfer coefficient h on the outer surface of the device is assumed to be

Predicted device centerline temperature T'(Lge,/2,t) as a function of time
t for cycling at operating current density Io=50 A m~2 over different op-
erating voltage windows. The convection heat transfer coefficient h on the
outer surface of the device is assumed to be 20 W m=—2 K=t . . . . . ..

Influence of the electrode volumetric capacitance parameter aC' on the
electrochemical and thermal characteristics of the device. (a) Cell voltage
Veen(t) plotted as a function of time, (b) spatially averaged time-dependent

reversible heat generation rate Q,,, plotted as a function of time for a
single charge/discharge corresponding to an operating current density of
50 A m~2 and aC values of 30, 42 and 70 F cm™3. Plot (c) shows the
predicted device centerline temperature T'(Lge,/2,t) as a function of time
upon continuous galvanostatic cycling over a duration of 3000 s. The inset
of plot (c¢) shows a magnified view of the temperature profiles. . . . . .
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Influence of electrolyte bulk diffusion coefficient D, on the electrochemical
and thermal characteristics of the device. (a) Cell voltage V. (t) plotted
as a function of time, (b) spatially averaged time-dependent irreversible

heat generation rate in electrolyte Qimdy plotted as a function of time for
a single charge/discharge corresponding to an operating current density
of 50 A m~2 and D, values of 107, 5x107 and 1071 m? s=!. Plot
(c) shows the predicted device centerline temperature T'(Lge,/2,t) as a
function of time upon continuous galvanostatic cycling over a duration of

Influence of electrode thickness L. on the electrochemical and thermal
characteristics of the device. (a) Cell voltage V.. (t) plotted as a function
of time, (b) spatially averaged time-dependent irreversible heat genera-

tion rate in electrolyte Qimely plotted as a function of time for a single
charge/discharge corresponding to an operating current density of 50 A
m~2 and L, values of 40, 50 and 60 um. Plot (c) shows the predicted device
centerline temperature 7'(Lge,/2,t) as a function of time upon continuous
galvanostatic cycling over a duration of 3000 s. . . . . . .. .. ... ..

(a) Schematic of the isothermal calorimeter used for measuring heat gen-

eration rates. (b)Exploded and enlarged view of the test area, adopted
from Ref. [125] . . . . .. ..o

Schematic of the two-electrode sandwich symmetric device with BP/GP
electrodes and PVA-H3PO, gel electrolyte. . . . . . . .. ... ... ...

Schematic of the two-electrode sandwich symmetric device with BP/GP
electrodes and PVA-PFC gel electrolyte. . . . . . . ... ... ... ...

Cyclic voltammetry curves for the two PVA /H3PO4 gel electrolyte devices
(S1 and S2) and the two PVA /PFC gel electrolyte devices (S3 and S4) for

scan rates ranging from 5 to 50 mV s™t. . ...

Variation of integral capacitance with scan rate for the PVA-H3PO, gel
electrolyte and the PVA-PFC gel electrolyte devices. . . . . . .. .. ..

Galvanostatic charge discharge curves for the two PVA/H3PO4 gel elec-
trolyte devices (S1 and S2) and the two PVA/PFC gel electrolyte devices
(S3 and S4) for constant current values ranging from 2 to 6 mA.
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4.36

4.37

Heat generation rates Q+ at the positive electrode (blue), Q, at the neg-
ative electrode (red), and Q7 in the entire cell (black) as functions of the
dimensionless time t/t.q for current /=3 mA for all-solid-state superca-
pacitor devices composed of PVA-H3POy gel electrolyte(samples S1 and

S2) for five galvanostatic cycles. Time-averaged heat generation rates @,

Q_ and Qr under galvanostatic cycling are also displayed in the same
plot. Heat generation rates Q+ at the positive electrode (blue), Q_ at
the negative electrode (red), and @y in the entire cell (black) as functions
of the dimensionless time t/t.q for current /=3 mA for the all-solid-state
supercapacitor devices composed of PVA-PFC gel electrolyte (samples S3
and S4) for five galvanostatic cycles. Time-averaged heat generation rates

Q.. Q_ and Qr under galvanostatic cycling are also displayed in the same
plot. .

Time-averaged total heat generation rate in the entire cell Q7 plotted as a
function of the time-averaged Joule heating rate for (a) all-solid-state su-
percapacitor devices composed of PVA-H3PO, gel electrolyte(samples S1
and S2) and (b) all-solid-state supercapacitor devices composed of PVA-
PFC gel electrolyte(samples S3 and S4) for five galvanostatic cycles. Time-

avaraged heat generation rates Q+, Q_ and Q7 under galvanostatic cycling
as functions of I? for current I ranging from 1 to 6 mA for all-solid-state
supercapacitor devices composed of PVA-H3PO, gel electrolyte(samples
S1 and S2) shown in (c) and (d) respectively. Time-avaraged heat gen-
eration rates Q+, Q_ and QT under galvanostatic cycling as functions of
I? for current I ranging from 1 to 6 mA for all-solid-state supercapacitor
devices composed of PVA-PFC gel electrolyte(samples S3 and S4) shown
in (e) and (f) respectively. . . . . . ..o oo

Reversible heat generation rates at the (a) negative electrode Qrev,—; (b)
positive electrode, Qrev# and (c) in the entire cell, Qrev,T measured as
a function of the dimensionless time ¢/t.; on all-solid-state supercapaci-
tor devices composed of PVA-H3PO, gel electrolyte at an operating cur-
rent /=2 mA. The red curves represent results for sample S1 while the
blue curves represent results for sample S2. Time-averaged reversible heat
generation rate measured in the charge phase for the positive electrode,
negative electrode and entire cell is shown as a function of the operating
current [ for samples S1 and S2in (d) . . . .. . ... ...
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4.38 Reversible heat generation rates at the (a) negative electrode Qrev,,, (b)
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5.3

5.4

9.5

positive electrode, Qrevﬂr and (c) in the entire cell, Q,., r measured as a
function of the dimensionless time t/t.q on all-solid-state supercapacitor
devices composed of PVA-PFC gel electrolyte at an operating current /=2
mA. The red curves represent results for sample S3 while the blue curves
represent results for sample S4. Time-averaged reversible heat generation
rate measured in the charge phase for the positive electrode, negative
electrode and entire cell is shown as a function of the operating current
for samples S3 and S41in (d). . . . .. ... Lo

(a) Schematic representation of the microsupercapacitor studied, based
on gold electrode-H;PO, polymer gel electrolyte. (b) Optical image of
full microsupercapacitor with H;PO, polymer gel electrolyte applied. The
electrolyte is highly transparent in the narrowband 530nm wavelength
LED illumination used, allowing the patterned gold electrodes to be visible
through the applied electrolyte. The gold electrodes appear light in the
image. Dark regions indicate electrolyte on top of quartz substrate. Scale
bar is 500 pm. (c) Optical image detail of Au electrode trace and gap
between electrodes. Scale bar is 40pm. . . . . . . .. ...

Experiment configuration for electroreflectance imaging using lock-in mod-
ulation. . . ...

(a) Bias circuit for electroreflectance imaging of the microsupercapacitor.
Applied signal v, is a periodic low duty cycle triangle voltage ‘pulse’. Se-
ries resistor Ry, is used to measure current through the microsupercapac-
itor. (b) Electroreflectance imaging excitation for an ideal microsuperca-
pacitor using a periodic 30 ms triangle voltage pulse. For the hypothetical
ideal case shown, Ry, = 0, ve = vy, and the microsupercapacitor has no
parasitic electrical characteristics (internal resistance or current leakage).
With vasmer = 1V, the applied waveform produces a charge and discharge
cycle equivalent to cyclic voltammetry at a scan rate of 66 Vs—!. Electrode
excess charge (not shown) and reflectance follow the shape of applied volt-
age vyr. Electrical and reflectance response in the real microsupercapacitor
is skewed from the ideal case shown due to parasitic effects. . . . . . ..

‘Boxcar’ averaging scheme for acquisition of microsupercapacitor electrore-
flectance image. The camera records reflectance only during the illumi-
nation pulse. Images of electroreflectance change are calculated from the
difference of microsupercapacitor reflectance images acquired during the
(a) active and (b) passive electrical states of the modulation cycle. . . . .

Three-media reflectance model for the microsupercapacitor. . . . . . . .
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5.6

5.7
5.8

5.9

5.10

Equivalent circuit for the full microsupercapacitor sample and applied
thermoreflectance imaging modulation bias. Each adjacent positive and
negative electrode finger pair is modeled by a Randles equivalent circuit.
The Randles circuit for the m = 1 finger pair is shown in detail. The full
microsupercapacitor is modeled as eight identical Randles circuits con-
nected in parallel. . . . . . . . ...
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Flowchart for calculating Randles parameters for the microsupercapacitor. 188

Measured and modeled electroreflectance amplitude as a function of in-
cident illumination wavelength. Microsupercapacitor (gold-H;PO,) elec-
troreflectance was measured for incident narrowband LED sources cen-
tered at wavelengths 405 nm, 455 nm, 470 nm, 530 nm and 940 nm. Values
shown were measured on the microsupercapacitor positive electrode at
time = 16 ms into the triangle voltage pulse. Modeled spectral response
for the microsupercapacitor is also plotted. The peak in electroreflectance
for gold-H;PO, near 500 nm is similar to the peak measured for gold-KCl
(solid blue curve), per Feinlab [155], copyright (1966) by The American
Physical Society. . . . . . . ...

Transient electroreflectance images of the microsupercapacitor in response
to 30ms triangle charge/discharge voltage pulse excitation. (a) Optical
image of the microsupercapacitor with positive and negative electrodes
indicated. (b-f) Reflectance change images at selected times during one
voltage excitation cycle. Each image was averaged for 10 min (4000 con-
tinuous cycles). . . ...

Measured and modeled microsupercapacitor transient electrical response
and electrode reflectance change during one 30 ms charge/discharge cycle.
(a) Applied triangular voltage modulation, v;, measured voltage across
full sample, ve, measured and modeled total current, ¢, and modeled volt-
age across the double layer, v, for one cycle. (See Fig.5.6 for equivalent
circuit.) Fitting measured total current extracts the Randles parame-
ters: double layer capacitance, Cpy, and parasitic resistances, Rg, and
Ry. These parasitics cause the double layer voltage, v, to lag in time
and attenuate in amplitude slightly from voltage measured across the full
sample, vco. (b) Modeled excess charge, Ag, on the positive and negative
electrodes. (c) Reflectance change (measured and modeled) for the posi-
tive and negative electrodes. AR/ R values were sampled from the mean of
all pixels corresponding to the location of the rectangles indicated in the
optical image of Fig.5.9a. Measured reflectance change closely follows the
modeled double layer voltage. Standard deviation for measured AR/R,
ve, and 4 was 7 x 1075, 0.09V, and 0.1 pA respectively. . . . . . . .. ..
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5.11 Influence of Randles parameters on modeled current i(t). Optimal fitting
of the experimentally measured total current yielded: Cp;, = 3.5nF, Ry ~
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5.12 Estimated gold electrode skin layer thickness based on fit of measured
reflectance change. Estimate of 90 A shows good agreement with Hansen
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5.13 Spatial conformity of electroreflectance distribution for two similar gold-
H,PO, microsupercapacitor devices under identical bias. Optical images
of sample 1 and sample 2 are shown in (a) and (d). Fabrication, active
area layout, and electrolyte composition are identical for both samples.
Corresponding electroreflectance images at the peak of the applied voltage
pulse vy, time = 15ms, are shown in (b) and (e). Reflectance change
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in (c) for sample 1 and (f) for sample 2. Dashed lines in the optical
images show location of sampled reflectance change profiles, measured top
to bottom. Third finger pair from left for each sample is emphasized in
the plot. Profiles show moving average of a 10 pixel window. Error bars
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6.12 Variation of peak value of Seebeck coefficient S,, with band gap  ranging
from 0 to 100 meV at temperature 7=300 K, magnetic field B=0 and
impurity concentrations n;,,=ny,,=2.5x 10" cm~2. The dotted lines
show Green’s function model results for graphene nanoribbons [226] and
analytical model results for periodic single layer graphene [220]. The inset
shows the Fermi energy Ep corresponding to the peak value of Seebeck

coefficient S,.. . . . . . . .. 246
8.1 SEM images of (a) bare commercial buckypaper (BP) and (b) BP/GP
substrates at same magnification (5000x). . . . . . . ... L. 253

8.2 Electrochemical performance of BP/GP electrodes in various electrolytes.
(a) CV curves at scan rates ranging from 5 to 50 mVs™! in a solution of 0.2
M K3Fe(CN)g and 0.2 M K4Fe(CN)g. (b) CV curves at scan rates ranging
from 5 to 50 mVs™! in a potential window of 0 to 0.8 V vs. Ag/AgCl in
1.0 M H3POy. (c) CV curves at scan rates ranging from 10 to 50 mVs™!
in a potential window of 0 to 0.4 V vs. Ag/AgCl in 1.0 M KOH and (d)
Comparison of Nyquist plots obtained in electrolyte consisting of 0.2 M
K3Fe(CN)g and 0.2 M KyFe(CN)g solution and 1.0 M H3POy electrolyte.
The frequency ranges from 100 kHz to 0.1 Hz. . . . . . . . ... ... .. 254

8.3 Variation of electrode-specific areal capacitance derived from CV scans,
with scan rate for PVA-PFC, PVA-H3PO, and PVA-KOH based two-

terminal symmetric devices. . . . . . ... .o 255

8.4 (a) Electrode-specific areal capacitance derived from Nyquist plots drawn
for PVA-PFC, PVA-H3PO, and PVA-KOH based two-terminal symmetric
devices (b) Bode plot for PVA-PFC, PVA-H3PO, and PVA-KOH based

two-terminal symmetric devices. . . . . . .. ..o 256

8.5 Comparison of IR voltage drop measured at the beginning of discharge
for GCD cycling of PVA-PFC, PVA-H3PO, and PVA-KOH based two-

terminal symmetric devices. . . . . .. ... Lo 257

8.6 Self-discharge characteristics of PVA-PFC and PVA-H3PO, based two-
terminal symmetric devices after maintaining at a constant voltage of 0.8
Viorbmin. . . . . . ... 258

8.7 (a) CV curves for scan rates ranging from 10 to 50 mVs™! measured in
a potential window of 0-1.0 V for the PVA-H3PO, based two-terminal
symmetric device. (b) GCD curves for constant current density ranging
from 2 to 4 mA cm™2 measured in a potential window of 0-1.0 V for the
PVA-H3PO, based two-terminal symmetric device. . . . . . ... .. .. 259



xxviil

Figure Page

8.8 (a) CV characteristics for scan rates ranging from 10 to 50 mVs™! mea-
sured for the PVA-KOH based two-terminal symmetric device. (b) GCD
curves for constant current density ranging from 2 to 5 mA cm~2 measured
in the potential range of 0-1.0 V for the PVA-KOH based two-terminal
symmetric device. . . . ... L. L

8.9 (a) GCD characteristics in voltage range 0-0.5 V and 0-1.5 V acquired at
a current density of 2 mA ¢cm™2 for the PVA-PFC device. (b) GCD char-
acteristics in voltage ranges of 0-0.5 V and 0-1.1 V acquired at a current
density of 2 mA em™ for the PVA-H3PO, device (¢) GCD characteristics
in voltage range 0-0.2 V and 0-0.5 V acquired at a current density of 2
mA cm~2for the PVA-KOH device. . . . . ... ... .. .. .......

8.10 Schematic diagram of the MPCVD chamber illustrating the approximate
dimensions and positions of the substrate with respect to the plasma,
reprinted with permission [44] . . . . . ... ... L

8.11 Electrochemical oxidization process at 1.9 V in 1 M HySOy4 for 15 min . .

8.12 Past demonstrations of reduction in equivalent series resistance achieved
by adding redox additives [13,16,18,228].. . . . . . . . . . ... ... ..

8.13 Past demonstrations of enhancement in capacitance achieved by adding
redox additives [13,16,18,228]. . . . . . . . . .. ...

S14 SEM images of bare flexible carbon cloth at various magnifications.

S15 SEM image of flexible carbon cloth embedded with graphene petals (CC/GP)
at various magnifications. . . . . . ... ..o

S16 Comparison of electrochemical performance of symmetric two-terminal
TCSC devices composed of bare CC electrodes and CC/GP electrodes.
A 1.5 mm thick film of PVA /K3Fe(CN)gK4Fe(CN)g gel electrolyte is used
to fabricate both the TCSC devices. The main plot compares the varia-
tion of area-specific capacitance as a function of current density for both
devices, while the inset shows the GCD profiles corresponding to an oper-

ating current density of 0.1 mA em=2. . . . . ... ... ... ... ...

S17 Galvanostatic charge/discharge profiles at a constant current density of 1
mA cm~? for symmetric two-terminal devices composed of 0.9 mm thick
film of PVA-H3PO, gel electrolyte and PVA-K3Fe(CN)g-K Fe(CN)g gel
electrolyte. Bare CC electrodes are used to build both the devices. . . . .

260

261

262

262

263

265

266

267

268



XXIX

Figure Page

S18 Electrochemical performance of two-terminal symmetric supercapacitor
device with carbon cloth electrodes and 1.5 mm thick gel film electrolyte.
(a) Galvanostatic charge/discharge cycling at a constant current density
of 0.1 mA c¢m™2 (b) Variation of the IR voltage drop observed at the
beginning of discharge with current density (c¢) Cyclic voltammetry at
scanratesof 2and 5mV s~ ... 269

S19 Thermoelectric response to applied temperature gradients for TCSC de-
vice with film thickness (a) 1.5 mm and (b) 0.3 mm. The AT,,; was raised
in steps of 5 ° C. The V,. was recorded after maintaining the corresponding
value of AT,,; for 3 minutes. . . . . . . . . . . . ... ... ... ... .. 271

S20 Internal resistance of the TCSC device (obtained from z-intercept of the
Nyquist plot shown in Figure 5¢) plotted as a function of the gel film
thickness. . . . . . . . 272

521 Influence of load resistance R,,., on the charge storage characteristics
of the TCSC device, as obtained from the equivalent circuit model. (a)
Variation of charge stored in capacitor C' during the thermal charging
phase ()¢, charge released by the capacitor during discharge Q4., energy
output in the load resistor R, o, during thermal charging Egy, ., energy
stored in the capacitor C' during thermal charging E¢ ., and energy output
in the load resistor R,, 4. during discharge. (b) Voltage profiles for different
values of load resistance applied during thermal charging. The values of
thermal charging time and actual temperature gradient AT, have been
kept fixed at 3600 s and 30 °C respectively. . . . . . .. ... ... ... 280

S22 Influence of hold time duration on the charge retention coefficient g and
the energy retention coefficient fg. . . . . . . . . ..o 281



XXX

ABSTRACT

Kundu, Arpan PhD, Purdue University, May 2018. Nanoscale Multiphysics Phe-
nomena For a New Generation of Energy Storage and Conversion Devices. Major
Professor: Timothy S. Fisher.

The swelling demand for storing and using energy at diverse scales has stimulated
the exploration of novel materials and design strategies applicable to energy storage
systems. The most popular electrochemical energy storage systems are batteries, fuel
cells and capacitors. Supercapacitors, also known as ultracapacitors, or electrochem-
ical capacitors have emerged to be particularly promising. Besides exhibiting high
cycle life, they combine the best attributes of capacitors (high power density) and
batteries (high energy storage density). Consequently, they are expected to be in
high demand for applications requiring peak power such as hybrid electric vehicles
and uninterruptible power supplies (UPS). This dissertation aims to make advance-
ments on the following two topics in supercapacitor research with the aid of modeling
and experimental tools: applying various thermophysical effects to design superca-
pacitor devices with novel functionalities and studying degradation mechanisms upon
continuous cycling of conventional supercapacitors.

The prime drawback of conventional supercapacitors is their low energy density.
Most research in the last decade has focused on synthesizing novel electrode ma-
terials. Although such novel electrodes lead to high energy density, they often in-
volve complicated synthesis process and result in high cost and low power density.
A new concept of inducing pseudocapacitance developed in recent years is by in-
troducing redox additives in the electrolyte that engage in redox reactions at the
electrode/electrolyte interface during charge/discharge. The first section of this dis-

sertation reports the performance of fabricated solid-state supercapacitors composed
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of redox-active gel electrolyte (PVA-K3Fe(CN)6-K4Fe(CN)6). The electrochemical
performance has been studied extensively using cyclic voltammetry, constant cur-
rent charge/discharge and impedance spectroscopy techniques, and then the results
are compared with similar devices composed of conventional gel electrolytes such
as PVA-H3PO4 and PVA-KOH on the basis of capacitance, internal resistance and
stable voltage window.

The second section explores the utility of the thermogalvanic property of the same
redox-active gel electrolyte, PVA-K3Fe(CN)6-K4Fe(CN)6 in the construction of a
thermoelectric supercapacitor. The integrated device is capable of being electrically
charged by applying a temperature gradient across its two electrodes. In the absence
of available temperature gradient, the device can be discharged electrically through
an external circuit. Therefore, such a device can be used to harvest waste heat
from intermittent heat sources. An equivalent circuit elucidating the mechanisms
of energy conversion and storage applicable to thermally chargeable supercapacitors
is developed. A fitting analysis aids in the evaluation of model circuit parameters
providing good agreement with experimental voltage and current measurements.

The latter part of the dissertation investigates the factors influencing aging in
conventional supercapacitors. In the first part, a new imaging technique based on
the electroreflectance property of gold has been developed and applied to character-
ize the aging characteristics of a microsupercapacitor device. Previous aging stud-
ies were performed through traditional electrical characterization techniques such as
cyclic voltammetry, constant charge/discharge, and electrochemical impedance spec-
troscopy. These methods, although simple, measure an average of the structures’
internal performance, providing little or no information about microscopic details in-
side the device. The electroreflectance imaging method, developed in this work is
demonstrated as a high-resolution imaging technique to investigate charge distribu-
tion, and thus to infer aging characteristics upon continuous cycling at high scan rates.
The technique can be used for non-intrusive spatial analysis of other electrochemi-

cal systems in the future. In addition, we investigate heat generation mechanisms
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that are responsible for accelerated aging in supercapacitors. A modeling framework
has been developed for heat generation rates and resulting temperature evolution
in porous electrode supercapacitors upon continuous cycling. Past thermal models
either neglected spatial variations of heat generation within the cell or considered
electrodes as flat plates that led to inaccuracies. Here, expressions for spatiotemporal
variation of heat generation rate are rigorously derived on the basis of porous elec-
trode theory. Detailed numerical simulations of temperature evolution are performed
for a real-world device, and the results resemble past measurements both qualitatively
and quantitatively.

In the last chapter of the thesis, a rare thermoelectric effect called the Nernst ef-
fect has been investigated in single-layer periodic graphene with the aid of a modified
Boltzmann transport equation. Detailed formulations of the transport coefficients
from the BTE solution are developed in order to relate the Nernst coefficient to the
amount of impurity density, temperature, band gap and applied magnetic field. De-
tailed knowledge of the variation of the thermoelectric and thermomagnetic properties
of graphene shown in this work will prove helpful for improving the performance of

magnetothermoelectric coolers and sensors.



1. INTRODUCTION

Some of the material in this chapter has been published in

SpringerBriefs in Thermal Engineering and Applied Science [1]

1.1 Electrical Energy Systems

With growing energy demands and the looming depletion of fossil fuels, electrical
energy storage (EES) systems are under aggressive development for current and future
renewable energy needs [2]. EES systems with high energy and power density values
are required to meet the energy requirements of hybrid electric vehicles (HEVs) and
portable electronic devices such as mobile phones and laptops. The major types of
EES systems are batteries, capacitors, fuel cells, and their combinations which are

summarized in Fig. 1.1.
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Fig. 1.1. Types of Electrical Energy Storage Systems.



Batteries store electrical energy via faradaic reactions at the interface of the elec-
trode and electrolyte. A typical example of battery is lithium ion battery which
is composed of lithium nickel manganese oxide (LiMnyOy) cathode, graphite anode
and a lithium salt in the electrolyte. During charge, the lithium ions migrate to the
negative electrode, while during discharge, they migrate to the positive electrode.
Dielectric capacitors on the other hand, store charge electrostatically within two elec-
trodes separated by a dielectric material. Finally, fuel cells use a continuous stream
of hydrogen fuel and oxygen to sustain an electrochemical reaction that generates

electricity.
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Fig. 1.2. Ragone plot of different major energy storage systems.

The prime performance metrics for comparing these technologies are reliability,
power and energy density, cycle-life, temperature range and emission of pollutants.
Batteries and capacitors are closed systems with anodes, cathodes and separators
that are soaked with electrolytes and sealed in a single compartment. Conversely in
fuel cells, the fuel, consisting of hydrogen at the anode and oxygen at the cathode, is
supplied from a tank. Fig. 1.2 provides a Ragone plot that compares different elec-

trochemical energy storage systems to internal combustion engines and turbines, and



electrolytic capacitors. As apparent from the simplified Ragone plot, supercapacitors
bridge the gap between conventional electrolytic capacitors and batteries in terms of
specific energy and power densities. The terms specific energy (Wh kg™!) and energy
density (Wh L~!) are generally used to assess energy storage systems, whereas their

rate capability is represented by specific power (W kg™!) or power density (W L™1).
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Fig. 1.3. Schematic of an electrochemical double layer capacitor based
on porous electrode materials [3]

1.2 Supercapacitors

Supercapacitors are referred to as electric double-layer capacitors (EDLCs), elec-
trochemical capacitors, electrochemical supercapacitors, and ultracapacitors. The
concept of supercapacitors derives from conventional electrolytic capacitors, which
consist of two electrically conducting plates or electrodes separated by a dielectric
such as air, glass or ceramic. The plates hold equal and opposite charge on their op-

posing faces, and the dielectric composition develops an electric field. The capacitance

(C) is,

. (1.1)



where g is the permittivity of vacuum 8.85 x10712 F m~!; , is the relative permit-
tivity of the dielectric, A is the cross-section area of the conducting plate, and d is the
distance between the plates. Unlike electrolytic capacitors, charge in supercapacitors
is stored at the interface between an electrode and an electrolyte, in which case each
electrode-electrolyte interface represents a capacitor. Consequently, a two-terminal
supercapacitor device is equivalent to two conventional capacitors in series. Super-
capacitors bridge the gap between batteries by featuring higher energy density but
lower power density and conventional capacitors that offer higher power density but
relatively low energy density. They are termed super because of the high surface area
(A) of their electrodes (e.g., porous carbon with a specific surface area of 2000-3000
m? g1), and the very small separation distance (d) between the positive and nega-
tive charge, on the order of Angstroms. The advantages of supercapacitors include
high power density, low maintenance and long cycle life. Comprehensive reviews of
supercapacitor fundamentals are provided in Ref. [4].

Supercapacitors can be classified into two main types based on their working mech-
anisms [4]: (i) Electric double-layer capacitors (EDLCs): Energy is stored through
physical ion adsorption. Charge accumulation is achieved with electrostatically posi-
tive and negative charge separately residing in a Helmholtz double layer at the bound-
ary between an electrolyte and a conductor electrode. The charge transfer is non-
faradic without redox reactions taking place within or across the electrode interface as
shown in Fig. 1.3. EDLCs typically exhibit rapid cycling, longer cycle life and higher
coulombic efficiencies than batteries. (ii) Pseudocapacitors: Energy is stored through
fast redox reactions at the interface between the electrolyte and electroactive materi-
als. Charge transfer is faradic in nature. Pseudocapacitors have higher energy density
compared to EDLCs, but they suffer from lower cycleability due to quasi-reversible
redox reactions during the cyclic charge and discharge processes. Pseudocapacitors
typically consist of metal oxides (e.g., MnO,, RuO,, and Fe;O3) or conducting poly-
mers coated on porous electrodes (typically porous carbon). The primary challenges

supercapacitor manufacturers now face are to improve energy density and reduce fab-



rication costs without sacrificing power, cycle life and safety. The energy density of
typical supercapacitors is limited to several watt hours per kilogram, which cannot
meet the requirements of hybrid vehicles, and consequently they have been used as
ancillary components in battery systems that require short power bursts. To resolve
this issue, extensive efforts have been dedicated to further enhance the overall perfor-
mance by adopting new nanostructures for electrodes, new types of electrolytes and
innovative structural designs. For instance, ionic liquid electrolytes with a large volt-
age window (>4 V) are promising potential replacements of currently used organic

electrolytes [5], which possess an operational voltage window of 2.7 V.
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Fig. 1.4. Equivalent circuit of a supercapacitor stack

The maximum operating voltage and charge storage capacity of a single superca-
pacitor cell is quite low, and therefore a large number of cells are generally connected
to form a stack that meets the requirements of voltage and current in a particular
application. In most cases, the input parameter is the stored energy W,,.. and the
equivalent capacitance of the stack C.,. A schematic of a supercapacitor stack is

shown in Fig. 1.4. The maximum stored energy W, .. is,

C.V?
Winaw = ‘12 (1.2)




The number of series-connected cells in a stack Ny (Ca, Cp,.Cy) is,

Vmax
Veeur

where V.. is the maximum voltage of the supercapacitor stack, and V., is the

N, = (1.3)

nominal voltage of each supercapacitor cell. The number of parallel branches N, is,

N,C
N, =242 1.4
P C1cell ( )
The total number of cells in the supercapacitor stack (V) is,
Ny = NN, (1.5)

Thermal analysis and management of supercapacitors is also critical for practical ap-
plications. Operating supercapacitors at off-design temperatures for long durations
leads to safety, reliability and performance issues. Therefore, it is essential to un-
derstand the temperature variation in supercapacitors during their operation, from
both experimental and theoretical analyses. Supercapacitor temperatures typically
increase during charge and discharge processes due to Joule heating. Heat dissipa-
tion occurs by conduction within the cell and by convection and radiation from the
capacitor wall to the ambient. The amount of Joule heating is related to the charging
current and the electrical resistance of the cell. Apart from internal heat generation,
capacitor temperatures also depend on the ambient temperature especially if they op-
erate under extreme temperature conditions. Typical high temperature applications
include military applications and underground drilling. Another common example is
capacitor banks used in hybrid electric vehicles that may heat up by a nearby com-
bustion chamber [6]. Cold temperature applications include cold cranking in vehicles
and space missions. The performance of supercapacitors under such extreme condi-
tions is quite different from their rated performance. Thus, understanding thermal
influences on supercapacitor performance with regard to capacitance and cycle-life is
of vital significance for their use in various applications.

Prolonged use of supercapacitors leads to aging, i.e., deterioration in performance.
The aging of supercapacitors occurs at different rates for different electrode and elec-

trolyte materials, and is a function of cycling parameters (maximum voltage, number



of cycles and duty cycle). Hence, understanding the decomposition mechanisms lead-
ing to aging is essential for estimating their aging rate and lifetime [6]. Such analyses
can aid in the design of appropriate thermal management systems, and hence alleviate
safety issues in practical operation. In recent years, much progress in supercapacitors
has been accomplished from both experimental and theoretical perspectives, showing
great promise to complement or replace batteries in energy conversion and storage

applications [7].

Commercial Supercapacitors

Supercapacitors typically possess a long-term life of millions of charge/discharge
cycles and a low equivalent internal series resistance, allowing them to provide much
higher power than battery packs of similar total energy ratings. Although ultra-
capacitor packs are relatively more expensive and store less energy per unit mass
compared to batteries, they are expected to last the life of electric vehicles and are
found to provide more fuel-efficient power in heavy electrical applications (e.g., au-
tomotive, hybrid transport). Combining supercapacitors with batteries can enhance
performance in hybrid electric vehicles, including more powerful acceleration, braking
energy recovery, outstanding cold-weather starting and increased overall system life.
For instance, pulsed power during startups to reduce the duty cycle on a battery
prolongs battery life, which can dramatically reduce battery replacement costs and
improve reliability in vehicles. Because of their outstanding recharging capability
and reasonable energy density, they provide applications such as automotive, heavy
transportation, marine and traction with reliable engine starting over a wider temper-
ature range than batteries. Commercial supercapacitors have been successfully used
in many applications such as electrical vehicles (EVs) and hybrid electric vehicles
(HEVs) for capturing and storing energy from regenerative braking and supplying
vehicle acceleration power. For instance, supercapacitors are rapidly recharged at

bus stops with charging stations to power EV buses in Shanghai, and supercapacitor



modules are used as a power buffer in Honda fuel cell cars, which can respond to
rapid changes in power in a few seconds. The excellent low-temperature performance
of supercapacitor modules makes them appealing to replace batteries as power sup-
plies for cold cranking trucks in freezing weather, because batteries usually cannot
provide enough power required to start the engine, whereas supercapacitors exhibit
reliable performance even down to -40 °C. Supercapacitors with excellent low temper-
ature performance can easily satisfy the power needs in extreme weather conditions
in heavy electrical applications. The automotive sector is now a steady source of
revenue for supercapacitor manufacturers. Moreover, supercapacitors are also used

in wind turbine pitch control, rail, and heavy industrial equipment.

1.3 Electrode and Electrolyte Materials for Supercapacitors
1.3.1 Electrode Materials

Conventional supercapacitor electrodes usually consist of active electrode mate-
rial (e.g., activated carbon), binder and conducting agent (e.g., carbon black). Each
of the components makes contribution to the electrochemical performance in terms
of specific capacitance, rate capability, and cycle life. High specific surface area,
high electrical conductivity and good electrolyte accessibility to intra-pore regions
are usually the qualities of a high-performance supercapacitor electrode. Apart from
those requirements to ensure good electrochemical performance, other qualities such
as good thermal stability and high thermal conductivity are also essential to deter-
mine thermal performance of the supercapacitors in practical applications, especially
in extreme temperature conditions. In order to attain both high power and energy
density, the constituent electrode materials should be capable of undergoing rapid, re-
versible redox reactions.The most common pseudocapacitive electrode materials used
in the past are metal oxides such as MnOy, RuOs, VO) . Although RuO; exhibits
high specific capacitance (720 F g=!), its high cost prohiibts commercialization. On

the other, MnO, has attracted much attention as a pseudocapacitive electrode mate-
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Fig. 1.5. (a) Buckypaper(BP)/MnO, electrode [8] (b) Polyaniline
coated on graphene petals on top of carbon cloth (CC/GP/Pani) (c)
A symmetric two-terminal device composed of CC/GP/Pani device
and (d) Ragone plot comparing the performance of the fabricated
device with the state-of-the-art [9]

rial due to its low cost, low toxicity, and high theoretical specific capacitance (1370
F g7!). On the flip side, its poor electric conductivity prevents realization of high
theoretical capacitance. Electrically conducting polymers such as polypyrrole (PPy),
polyaniline (PANT) and polythiophene (PTP) are generally used as pseudocapacitive
materials to boost energy and power density. Fig. 1.5 displays a snapshot of the
several types of pseudocapacitive electrodes employed in the past to fabricate high

performance supercapacitors.
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1.3.2 Electrolyte Materials

The electrolytes used in supercapacitors can be classified into 4 major cate-
gories namely organic electrolytes, aqueous electrolytes, ionic liquids and polymer
gel eelctrolytes. Fig. 1.6 maps the electrochemical performance and thermal stability

of the various types of electrolytes in a radar plot.

Organic Electrolytes

Organic electrolytes possess a relatively large operational potential window and
high ionic conductivity, but face shortcomings of high viscosity, cost and volatility.
The most commonly used organic solvents in commercial supercapacitors are propy-
lene carbonate (PC), acetonitrile (ACN), and dimethyl carbonate (DMC). Organic
electrolytes based on ACN and PC solvents are limited to a potential window of
about 2.7 V, but their conductivity of about 100 mS cm~! comes close to aqueous
electrolytes such as sulfuric acid (850 mS ecm™') and potassium hydroxide (620 mS

cm™1).

Aqueous Electrolytes

Aqueous electrolytes possess high ionic conductivity of the order of 1 S cm™!. Su-
percapacitors based on aqueous electrolytes usually exhibit higher capacitance than
other types of electrolytes because of many reasons. Apart from high ionic conductiv-
ity, small solvated ion size in aqueous electrolytes makes it easier for them to penetrate
into small pores leading to higher charge storage compared to organic electrolytes [43].
Aqueous electrolytes exhibit advantages in terms of high ionic conductivity, low cost,
non-flammability and environmental benignity, which makes supercapacitors based
on aqueous electrolytes attractive. However, some operational difficulties are associ-
ated with the aqueous electrolytes: (i) Supercapacitors based on aqueous electrolytes

can be operated to 1 V because of the limitation by the decomposition voltage of
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Fig. 1.6. Comparative radar plots of the thermophysical properties
of organic (red), aqueous (green) and ionic liquid (blue) electrolytes.
A data point is not plotted in the green curve, indicating that the
information about that category is unavailable in the reference.

water (=~ 1.23 V [41]), except for asymmetric supercapacitors, the operational volt-
age window of which can be extended to 2 V. Asymmetric supercapacitors employ
a pseudocapacitive (e.g., MnOy) positive electrode that relies on faradaic reactions
for charge storage and a high-surface-area carbon as a negative electrode. These low-
cost aqueous electrolyte-based asymmetric supercapacitors could potentially satisfy
the power and energy demands of practical applications. However, they also face
potential problems such as gas evolution during charge/discharge processes. Such
problems might be avoided or mitigated by adding alternative catalysts to the sys-
tem or using carbon materials as catalysts for water recombination. (ii) The choice
of current collectors used in aqueous electrolytes is limited to several metal materials

(e.g., stainless steel, nickel, Pt, and Au) to avoid the corrosion of these metals during
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charge/discharge processes. Corrosion of the current collectors in aqueous electrolytes
should be minimized to ensure good long-term cycling performance. These current
collectors are generally heavier and more costly than the thin (25 ym) aluminum foil

current collectors used in non-aqueous supercapacitors.

Ionic Liquids

Tonic liquids (ILs) are low-temperature molten salts (composed of only ions) with
a large liquid range. ILs with melting temperature and glass transition temperature
below room temperature are called room-temperature ionic liquids (RTILs). They
are attracting extensive interest as electrolytes in supercapacitors because of their
low flammability, low volatility, low corrosivity, high chemical and electrochemical
stability, large voltage window (>3.5 V) and wide temperature range. Moreover, the
use of neat ILs facilitates device flexibility and packaging because of the absence of
any solvent. However, IL electrolytes face many drawbacks such as high viscosity
and low ionic conductivity (107> S em™!) at room temperature. Increasing amount
of work has been reported on exploring the potential of using such electrolytes in
commercial products, particularly at high temperatures.

The viscosity and ionic conductivity of IL electrolytes have been discussed in prior
work. Their room temperature ionic conductivity generally lies between 1072 and
1072 S em~! with some even comparable to that of aqueous electrolytes. Their ionic
conductivity is generally low at room temperatures. Their enhanced ionic conductiv-
ity at high temperatures (typically above 60 °C) renders them favored candidates in

high-temperature applications.

Polymer Gel Electrolytes

A polymer electrolyte is generally a mixture of a gel agent, solute and a solvent.
Based on the type of solute and solvent that is spread into polymer matrix, polymer

electrolytes can be classified as organic solvent-containing, water-containing (includ-
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ing acidic, neutral and alkaline solute), and IL-containing electrolytes. The most
common polymer matrices in electrochemical energy devices are polyvinyl alcohol
(PVA), polyacrylonitrile (PAN), polyvinyl chloride (PVC), polyvinyl sulfone (PVS),
polyvinyl pyrrolidinone (PVP), polyethylene glycol diacrylate (PEGDA), polymethyl
methacrylate (PMMA), and polyvinylidene fluoride (PVdF). Solid-state polymer gel
electrolytes hold some distinct advantages over their liquid counterparts such as re-
duced leakage, improved safety, better shape versatility, lightness and better manu-
facturing integrity. Moreover, their unique bifunctional role as both electrolyte and
separator requires no additional separator materials.

Polymer electrolyte-based supercapacitors primarily find applications in consumer
electronics, micro-electronics, and wearable or printable electronics because of their
high reliability, ease of handling, scalability, good electrochemical and chemical sta-
bility, flexibility, and wide operating temperature range. Polymer gel electrolytes
can be applied into many supercapacitor structures such as sandwich, interdigitated,
coaxial fiber, and braided cells. The advantage of solidstate/ polymer gel electrolytes
have been addressed in prior work. However, typical polymer electrolytes such as
anhydrous protonic electrolytes PEO/H3PO,4 or PVP/H3PO, possess a relatively low
ionic conductivity of 1076 to 107° S em~! at 25 °C. Thermal stability and ionic con-
ductivity of the polymer electrolytes need to be further improved in order meet the
requirements in practical applications. Much work has been reported on lithium-
conducting polymer electrolytes prepared by immobilizing various lithium salts in a
polymer matrix and solid-state lithium ion conductors. Although possessing a wide
electrochemical voltage window, those electrolytes generally exhibit a relatively low
ionic conductivity. New IL electrolytes for lithium ion batteries are being developed
intensely in many industrial and academic laboratories. Many popular concepts of
fabricating high-performance of polymer electrolytes for lithium ion batteries can be

applied in supercapacitor polymer electrolyte fabrications.
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1.3.3 Redox Electrolytes

An innovative approach to boost the energy density of supercapacitors is by in-

troducing redox species in the electrolyte. As displayed in Fig. 1.7, the redox
species undergo oxidation at the positive electrode and reduction at the negative
electrode thereby inducing pseudocapacitance. Prior studies have demonstrated en-
hanced performance by incorporating redox additives such as hydroquinone [10, 11],
p-phenylenediamine [12], KI [13-16], Na;MoOy [17] and K3Fe(CN)g [18] in the elec-

trolyte.
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Fig. 1.7. (a) Schematic of energy storage mechanisms in a pure double-
layer electrolyte system (b) Schematic of energy storage mechanisms
in a redox-active electrolyte system
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1.4 Thermo-Electrochemical Cells for Waste Heat Harvesting

Apart from research into energy storage systems, substantial work is ongoing in
harvesting waste heat and directly converting thermal energy from sources such as
industrial waste streams, solar heat to electrical energy. This section presents an
introduction to the various thermo-electrochemical energy conversion methods used

for waste heat harvesting.

1.4.1 Liquid-based Thermoelectric Generator

The conventional method to convert thermal to electrical energy is through solid-
state thermoelectrics. They work on the principle that electronic charge carriers in a
semiconductor thermodiffuse when subjected to a temperature gradient which leads
to a thermo-voltage called the Seebeck voltage. A plethora of materials including
semi-metals, inorganic semiconductors, and electronically conducting polymers have
been explored for use in such applications. However, such devices suffer from draw-
backs such as high cost, intrinsically low Seebeck coefficient (10-100 mV/K) and rigid
structure. Alternative thermoelectric conversion techniques are thus being explored
using temperature dependence of voltage in a liquid electrochemical cell. Such a de-
pendence is known to primarily originate from two types of phenomenon depending
upon the choice of the electrolyte, namely the thermogalvanic effect and the Soret
effect. Their operating principles differ slightly from solid-state thermoelectrics in

which electrons are the charge carriers through the entire circuit.

1.4.2 Soret Effect

Soret effect is the phenomenon observed in a mixture of ions where the different
types of ions exhibit different mobilities upon application of a temperature gradi-
ent. This effect has been found to lead to a thermovoltage for electrolytes such as

polystyrene sulfonic acid (PSSH) [2] and polyethylene oxide-sodium hydroxide (PEO-
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NaOH) [3] with Seebeck coefficients of 7.9 mV /K and 11 mV K~! respectively. For
an electrochemical cell composed of PSSH electrolyte, a temperature gradient across
the two electrodes leads to diffusion of mobile H* to the cold side, while leaving less
mobile PSS behind. An excess of H' ions near the cold electrode leads to the forma-
tion of an electric double layer which results in an open-circuit voltage that can be

described using the Nernst equation:

RT, [H},]
Eeen = By — —In7 1
. el F ! [H;—)ld]

(1.6)

where £, is the potential difference between the cold and hot electrodes, E. . is

Fig. 1.8. Soret effect in polyethylene oxide (PEO)-NaOH electrolyte [19]

the standard cell potential for the two electrodes, [H,".] and [H " .yq] are the molar
concentration close to the hot and cold electrodes respectively, R is the universal gas
constant, T is the temperature and F' is the Faraday constant. The schematic of the

phenomenon is displayed in Fig. 1.8.

1.4.3 Thermogalvanic Effect

Thermogalvanic effect is caused by a temperature-dependent entropy change dur-
ing electron exchange between a redox ion and the electrode surface. The electro-

chemical Seebeck coefficient S for a hypothetical reaction B—A+ne™ is given by

- oV B ASB,A
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(1.7)
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where V' is the electrode potential, T"is the temperature, Asp 4 is the reaction entropy

e I Load € I
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. Fe(CN)E =

— Fe(CN)4~

Fig. 1.9. Working mechanism of a thermo-electrochemical cell

for the redox couple and n is the number of electrons involved in the reaction. The
Seebeck coefficient is found to be quite high for redox couples such as Fe(CN)g~/
Fe(CN)&™ (-1.21 mV K7Y)[4], Fe?* /Fe?t (1.02 mV K1) [5] and I*~ /I~ (0.5-2.0 mV
K~!) [6]. The most widely used electrolyte is ferro/ferricyanide liquid electrolyte due

to its favorable properties such as high Seebeck coefficient and non-toxicity.
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Fig. 1.10. Schematic of a thermocell harvesting waste heat from a hot
water pipe [20]
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Fig. 1.11. (a) Schematic depicting the structure of a flexible ther-
mocell. (b) Dependence of open-circuit voltage on the temperature
difference between hot and cold electrodes. (c¢) Photograph of a T-
shirt embedded with the thermocell and capacitor [21]

1.4.4 Thermo-Electrochemical Cell

Thermo-electrochemical cells (also known as thermocells or thermogalvanic cells)
work on the principle of temperature dependence of electrochemical redox poten-
tials to generate electrical power. They may turn as an attractive alternative to
harvest low-grade heat, because of their simple design, direct thermal-to-electric en-
ergy conversion, continuous operation and low expected maintenance. A thermo-
electrochemical force (EMF) is produced by the free energy difference of products
and reactants upon application of a temperature difference across the electrodes.
The products after being oxidized/reduced due to thermogalvanic effect migrate to

opposite electrodes inside the electrolyte, while the electrons generated at the an-
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ode due to the oxidation of ions move through the external circuit from anode to
cathode. For aqueous electrolyte water molecules carry heat from hot to cold side.
Thermocells using aqueous potassium ferrocyanide/ferricyanide redox solution have
been thoroughly studied in the past because the reaction leads to exchange of one
electron per iron atom and yields a large Seebeck coefficient (>1 mV/K) and high

exchange current density. The power conversion efficiency of a thermocell is expressed

as
1/4Voelse
= 1.8
T Ak(A/D) (18)
and the power conversion efficiency relative to Carnot cycle is
N
y = ———— 1.9
" ) )

where I, is the short circuit current, V,. is the open circuit voltage, A is the elec-
trode cross-section, AT is the temperature difference between the electrodes, d is
the electrode separation distance, k is the effective thermal conductivity of the elec-
trolyte and separator, and T}, is the temperature at the hot side. In order to obtain
a high exchange current density j,. = Is/A, the charge transfer resistance (R.)
and mass transfer resistance (R,,;), need to be minimized. For this reason, various
nanocarbon electrodes such as single-walled and multi-walled carbon nanotubes with
favorable properties such as intrinsically high surface area and fast electron conduc-
tivity to/from the electrolyte, have beeen employed in the past [22,23] for superior
power output. A collection of the most recent works on thermo-electrochemical cells

is displayed in Fig. 1.10 and Fig. 1.11.

1.5 Motivation of The Present Study

Electrochemical capacitors are promising for serving the energy requirements for
hybrid electrical vehicles and portable electronics. In a conventional electrical double-
layer capacitor (EDLC), the charge is stored at the electrode/electrolyte interface
by electrostatic attraction forces. Although EDLCs are capable of generating high

power, they lack in energy density and are hence considered inferior to other energy
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storage devices. One option to boost the capacitance is to induce faradaic reactions
at the electrode/electrolyte interface. The conventional technique to attain pseudo-
capacitance is by fabricating electrodes with reactive materials such as manganese
dioxide, ruthenium dioxide, etc. However, these options carry disadvantages such as
high cost, complicated synthesis procedures and short cycle life due to rapid mate-
rial degradation. Furthermore, integrated energy storage devices required to power
low-power devices such as microprocessors, sensors and wireless communication chips
need to interface with external power supplies. Here, we employ a redox electrolyte to
build supercapacitors with enhanced performance without the involvement of compli-
cated synthesis steps. Furthermore, we demonstrate a novel integrated thermoelectric
supercapacitor device that is capable of converting waste heat directly into stored
charge.

Similar to other energy storage systems, supercapacitors dissipate heat during
charging and discharging. The dissipated heat leads to elevated temperatures which
causes material degradation, aging, low cycle life and high self-discharge rates. In
order to avoid such harmful effects, proper thermal strategies need to be developed.
A thorough understanding of the underlying mechanisms of heat generation needs
to be developed. Here, we propose a new continuum model to investigate the heat
generation rate in supercapacitors and its dependence on the various system and
operating parameters. Furthermore, we develop a new non-contact imaging technique
to investigate the degradation of microsupercapacitor electrodes during continuous

cycling.

1.6 Contributions and Organization of the Thesis

In this dissertation, we aim to investigate various multi-physics phenomena in
supercapacitors. The two primary objectives of the work presented here are: (i) per-

formance enhancement of supercapacitors using novel electrolytes and (ii) an in-depth



21

analysis of various heat generation and degradation mechanisms in supercapacitors
upon continuous cycling. A brief overview is represented in Fig. 1.12.

Chapter 2: We develop a thin, lightweight, symmetric and all-solid-state pseudo-
capacitor employing a redox-active gel electrolyte KzFe(CN)g- K4Fe(CN)g and elec-
trodes composed of graphene petals coated on carbon nanotube paper. A thorough in-
vestigation of the electrochemical performance of all-solid-state supercapacitor devices
fabricated with such redox-active electrolyte is performed in terms of capacitance, in-
ternal resistance and operating voltage window. Furthermore, detailed comparison is
performed with similar devices composed of pure double-layer gel electrolytes such as

PVA-H3PO, and PVA-KOH gel electrolytes.
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Fig. 1.12. A summary of various multi-physics effects studied in this thesis

Chapter 3: In addition to inducing pseudocapacitance, the ferrocyanide/ferricyanide
redox couple also exhibits thermogalvanic property. Such interesting property en-

ables the successful conversion of waste heat energy into electricity. We establish
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the connection between pseudocapacitance and thermogalvaic property of the ferro-
cyanide/ferricyanide redox couple to conceptualize an integrated thermoelectric su-
percapacitor. We design, build and test the device and demonstrate its capability
to directly convert waste heat into stored electrical energy thus circumventing the
need for an external energy storage device in systems that are conventionally used
to harvest waste heat from intermittent heat sources. Furthermore, we develop an
equivalent circuit model to elucidate the working mechanisms of energy conversion
and storage applicable to thermally chargeable supercapacitor devices in general. A
fitting analysis aids in the evaluation of model circuit parameters providing good
agreement with experimental voltage and current measurements.

Chapter 4: The following two chapters of the thesis focuses on developing novel
techniques to characterize and predict degradation of supercapacitor components dur-
ing continuous cycling. With age, its capacitance degrades and internal resistance
rises. Aging is also strongly dependent on the operating temperature. Typically,
the lifetime of a supercapacitor is halved for every 10 K rise in operating tempera-
ture. Thermal modeling is an effective technique to predict temperature evolution
in supercapacitors. Previous models oversimplified heat generation rate calculation
by considering it spatially uniform and estimating it as Joule heating evaluated from
the current imposed and experimentally measured electrical resistance. Here, for the
first time, we develop a one-dimensional continuum model to predict temperature
evolution in a full device composed of several sandwich EDLC structures. We employ
porous electrode theory in derivation of expressions for total heat generation rate
as a function of the solid and liquid phase currents in the electrodes. Such model
is an improvement over the first principles flat plate electrode model and takes into
consideration factors such as electrode porosity, volumetric surface area and electrode
and electrolyte conductivity. Furthermore, we present a scaling analysis of the model
which simplified the problem. Eleven independent design parameters were simplified

to seven dimensionless similarity parameters which govern the spatio-temporal evolu-
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tion of electrode and electrolyte phase potentials, ion concentration, heat generation
rates and temperature evolution.

Chapter 5: The performance degradation of supercapacitors has traditionally
relied on electrical characterization methods such as cyclic voltammetry and elec-
trical impedance spectroscopy which measure an ’average® of the performance of its
internal components. In chapter 4, we leverage the electroreflectance property of gold
electrodes to propose a new high-resolution, non-contact technique to image dynamic
charge distribution in integrated microsupercapacitor during fast voltage cycling. The
novel technique was used to study electrode degradation in the microsupercapacitor
devices upon cycling over a period of 4.1 million charge/discharge cycles.

Chapter 6: Thermoelectric materials are commonly used for continuous gen-
eration of electricity in response to a temperature gradient without involvement of
moving parts. Here, we study a new thermoelectric effect called Nernst effect which
involves the generation of electric current in the cross product direction between a
temperature gradient and an applied magnetic field. In the past, such phenomena has
been demonstrated to have a simpler design than conventional thermoelectric devices
based on Seebeck effect. Using a semiclassical Boltzmann transport equation (BTE)
approach, we derive analytical expressions for electric and thermoelectric transport
coefficients of graphene in the presence and absence of a magnetic field. The Nernst
coefficient is thoroughly characterized as functions of impurity concentrations, tem-
perature, carrier concentration and magnetic field, and valuable insights emerge in

comparing model results with previously published experimental data.
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2. EFFECT OF REDOX-ACTIVE GEL ELECTROLYTE
ON GRAPHITIC PETAL BASED SOLID-STATE
SUPERCAPACITORS |

Some of the material in this chapter is being prepared for publication in ACS Energy
Letters.

2.1 Introduction

In recent years, thin, flexible and lightweight energy storage devices have un-
dergone rapid development to satisfy the growing energy demand for miniaturized
consumer electronic devices [24,25]. Among various alternatives, supercapacitors
have emerged to be promising for their fast power delivery, excellent cyclic stability
and low maintenance costs. Past studies have predominantly targeted novel electrode
materials to promote storage through electrical double layer formation and pseudo-
capacitance. Carbon-based electrodes have been used because of their high surface
area, low cost and high electrical conductivity. Furthermore, pseudocapacitive elec-
trode materials such as transition metal oxides [26] and conducting polymers [27]
have been employed to attain high energy density. However, these options carry dis-
advantages such as high cost, complicated synthesis, low power density and short
cycle life [28,29].

Recently, several groups have reported a different approach to promote energy den-
sity, by introducing redox species into the electrolyte. Such species undergo oxidation
at the positive electrode and reduction at the negative electrode during charging, thus
producing pseudocapacitance. These electrolytes allow the use of less-expensive car-

bon electrodes to build devices with high energy density while ideally maintaining
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high power and cycle life. Oftentimes, such liquid electrolytes are encapsulated in
a polymeric network to form gel electrolytes for building solid-state devices that are
compact, durable and have longer shelf life in comparison to liquid electrolyte devices.
Redox electrolytes can be broadly classified into two types [11, 30, 31]: redox-
additive electrolyte obtained by addition of redox-active species to a supporting elec-
trolyte, or the exclusive use of a redox-active electrolyte. Numerous prior studies have
demonstrated enhanced performance of supercapacitors in terms of high capacitance
and low internal resistance by incorporating redox additives such as hydroquinone
[10,11], p-phenylenediamine [12], KI [13-16], NagMoO, [17] and K3Fe(CN)g [18].
Reports of redox-active electrolytes are comparatively more scarce. Lota et al. [15]
and Tian et al. [32] obtained large values of capacitance from three-electrode mea-
surements with aqueous KI and K Fe(CN)g as electrolytes due to pseudocapacitive
contributions of the redox ions. Lota et al. [15] found that the KI solution led to
higher capacitance (261 F g=!) compared to aqueous HySO, electrolyte (160 F g*)
using activated carbon electrodes. The authors also inferred that the redox species
(I7) engaged in redox reactions only at positively charged electrode which is indicated
by relatively higher capacitance value while applying positive bias across the working
electrode in three-electrode measurements. It is well known that in a capacitor, both

the electrodes contribute cumulatively to the performance, according to [28]:
1 n 1
Cdev B C—i— C- '

Thus for exceptional device performance, both cationic and anionic species must be

(2.1)

present in the electrolyte. Omne proposed approach is to introduce separate redox
additives in two compartments partitioned by a Nafion separator in a sandwich-
type configuration [28,29,33]. For example, Frackowiak et al. [28] applied potassium
iodide solution as catholyte (electrolyte for the positive electrode) and vanadyl sulfate
solution as anolyte (electrolyte for the negative electrode). Similarly, Zhong et al. [29]
assembled a solid-state supercapacitor using hydroquinone (HQ) and methylene blue
(MB) as the catholyte and anolyte respectively. Such a strategy is reported to produce

a three to four-fold improvement in specific energy density based on the active mass
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of the electrodes. However the large thickness of the electrolyte/separator layer(4
mm) in such devices is expected to cause low volumetric capacitance.

Potassium ferricyanide (K3Fe(CN)g) and potassium ferrocyanide (K4 Fe(CN)g)
salts have been previously used as electrochemical probe reagents to investigate elec-
tron transfer kinetics at the surface of single- and multi-walled carbon nanotubes
[34,35]. Studies on the electrochemical performance in supercapacitor applications
are relatively scarce. Tian et al. [32] obtained higher single-electrode capacitance in
aqueous 0.1 M K, Fe(CN)g electrolyte (232 F g') compared to 144 F g~ in 0.1 M
KOH. Ma et al. [18] constructed a solid-sate supercapacitor composed of PVA-KOH-
K3Fe(CN)g gel electrolyte and demonstrated its superior electrochemical performance
compared to PVA-KOH gel electrolyte. Yang et al. [36] prepared PVA-K3Fe(CN)g-
K Fe(CN)g (PVA-PFC) gel electrolyte and leveraged its thermogalvanic property to
build of a flexible and wearable thermo-electrochemical cell. The ionic conductivity of
the gel electrolyte was found to be ~ 6 mS cm~! which is much lower than its liquid
counterpart, (168.4 mS ecm™! for 0.4 M K3Fe(CN)g [37]). The weight percentage of
K3Fe(CN)g/K4Fe(CN)g in the gel corresponded to its maximum solubility, which has
also been confirmed in this study.

Here, we investigate the electrochemical properties of the PVA-PFC gel when em-
ployed in the form of an electrolyte for a lightweight, solid-state supercapacitor de-
vice with electrodes composed of vertical graphene petals (GPs) grown by microwave
plasma chemical vapor deposition (MPCVD) on flexible buckypaper (BP) substrates.
Furthermore, we compare its performance with devices composed of PVA-H3PO,
and PVA-KOH gel electrolytes in terms of capacitance, internal resistance, operating
voltage window and self-discharge rate. Such influences have not been studied system-
atically previously for graphene- based supercapacitors. The different blends of gel
electrolytes are prepared by mixing poly(vinyl alcohol) (PVA) with liquid potassium
ferrocyanide/ferricyanide, phosphoric acid and potassium hydoxide. The preparation
technique of the PVA- K3Fe(CN)g-KyFe(CN)g gel electrolyte (denoted PVA-PFC),
PVA-H3PO, gel electrolyte and PVA-KOH gel electrolyte is adopted from Yang et
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Fig. 2.1. (a) Schematic representation of a symmetric two-terminal
supercapacitor device with BP/GP electrodes and PVA-K;3Fe(CN)g-
K,Fe(CN)g gel polymer electrolyte. (b) SEM image of GPs fully cov-
ering CNTs at low and high (inset) magnifications.

al. [36], Hashmi et al. [38] and Ma et al. [18] respectively. Two BP/GP electrodes were
assembled with a piece of a particular variety of gel electrolyte film to assemble an
all-solid-state supercapacitor. The redox electrolyte device is found to exhibit larger
energy and power densities compared to the other devices, owing to its high capaci-
tance and wider operating voltage window (1.5 V). All reported results are based on

the projected (Euclidean) area of the electrodes.
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2.2 Experimental
2.2.1 Polymer Gel Electrolyte Preparation

4g PVA powder (molecular weight 89,000-98,000, 99% hydrolyzed, Sigma-Aldrich)
was dissolved in 40 ml deionized water with continuous stirring at 85 °C for 20 min.
In order to synthesize PVA- K3Fe(CN)g-Ky4Fe(CN)g gel (denoted PVA-PFC), 10 ml
0.1 M K3Fe(CN)g and K4Fe(CN)g was added to the PVA solution. To prepare PVA-
H3POy gel, 4¢g concentrated H3PO,4 was added to the PVA solution. Similarly, in order
to prepare PVA-KOH gel electrolyte, 2.7g¢ KOH was added to the PVA solution. The
gel electrolytes were subsequently allowed to cool to room temperature. Finally, this
homogeneous viscous solution was poured onto a PTFE evaporating dish and allowed
to dry at room temperature for 24 hours. The prepared film was cut into small pieces

and then used for supercapacitor assembly.

2.2.2 Electrode Fabrication

Commercial buckypaper substrates (5 x 10 mm? , Nanotech Labs Inc., USA),
elevated 9 mm on top of a Mo puck, were subjected to MPCVD growth conditions
of Hy (50 scem) and CHy (10 scem) at 30 Torr total pressure. At first, the substrates
were exposed to hydrogen plasma for approximately 2 min, during which the plasma
power was gradually raised from 300 to 600 W. The growth time was 20 min to ensure
complete coverage of GPs over the entire substrate. Detailed steps involved in the
growth process are provided in ESI. GPs grown in the presence of Hy plasma are highly
graphitic and thus hydrophobic. The activation of the GPs requires functionalization
with oxygen-containing functional groups which is accomplished by electrochemical

oxidation process performed at 1.9 V in 1 M HySO4 for 20 min.
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To construct a solid-state supercapacitor, two BP/GP electrodes were dip coated

with the corresponding gel electrolyte solution and then assembled with the film

electrolyte. The as-synthesized device was kept at room temperature for 1 h prior to

operation.

2.2.4 Characterizations

The surface morphology of the electrodes was characterized by field emission scan-

ning electron microscope (SEM, Hitachi S-4800). Electrochemical measurements were

performed in both a three-electrode and two-terminal cells using the Gamry Echem

Testing System, Gamry Instruments, Inc., USA under ambient conditions. In the
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Fig. 2.3. Photograph of gel polymer electrolyte film samples. (a)
PVA-K3Fe(CN)g-K4Fe(CN)g (b) PVA-H3PO, and (c) folded PVA-
K3F€(CN)6—K4F6(CN)6 film

three-electrode cell, the BP/GP electrode is considered as the working electrode,
platinum mesh as the counter electrode, and saturated calomel electrode (SCE) as
the reference electrode. For the two-terminal cells, cyclic voltammetry (CV) mea-
surements were performed at scan rates ranging from 5 to 50 mV s~1. Galvanostatic
charge/discharge tests were performed for currents ranging from 1 to 20 mA cm™2.

The device-specific areal capacitance (Cye,) and electrode-specific areal capacitance

(C;) were obtained from galvanostatic current curves using [18,29,33]:
Caev = (I x At)/(A X (AV = I Ryyrop)) (2.2)

Cel = 4066” (2.3)

where C' represents areal capacitance (F cm™2), I(A) is the applied current, At is
the discharge time, AV is the voltage window, I R4, is the voltage drop at the
beginning of discharge and A is the projected (Euclidean) area of the electrodes. The
energy density Fge, (W h cm™3) and power density Py, (W cm™3) are estimated
from [18,29,33,39]

Eiep = Cue AV?/7200 (2.4)

Pdev = Edefu X 3600/At (25)
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Electrochemical impedance spectroscopy (EIS) measurements were also carried out
with an AC voltage amplitude of 5 mV in the frequency range of 0.1 Hz and 100 kHz
and a dc bias voltage of 0 V. Conventionally, the device capacitance is normalized by
the mass of active electrode materials. Such an aprroach may be ambiguous for com-
parison purposes because the mass of the metallic current collectors and electrolytes
are ignored in the process. Therefore, we have reported the performance parameters

of our devices in terms of the geometric area of the electrodes.

2.3 Results and Discussion
2.3.1 Electrode Characterization

Scanning electron microscopy (SEM) images in Fig. 2.1b show the morphology
and microstructure of GPs synthesized by MPCVD on commercial buckypaper. The
petals protrude approximately 500 nm from the BP surface, while the span width
of a single petal was found to range from 100 nm to 500 nm. A comparison of the
microstructure before and after GP growth is provided in Fig. 8.1. Besides generating
high surface area, GP-coated CN'T arrays have been found to be more mechanically
stable than bare CNT arrays in a past study [40]. Furthermore, unlike bare CNTs,
they retain their morphology during solvent immersion and evaporation cycles. Thus,
attributes such as robust mechanical properties, high surface area and small thickness
makes BP/GP an ideal choice for supercapacitor electrodes.

The capacitive performance of the BP/GP electrode was tested in a three-electrode
configuration cell, as described in the Experimental section. Fig. 2.2a shows CV

Lin three different electrolytes: solution

curves acquired at a scan rate of 50 mV s~
of 0.2 M K3Fe(CN)g and 0.2 M Ky Fe(CN)g, 1 M H3PO, and 1 M KOH. A quasi-
rectangular CV shape is observed for the 1 M H3PO, and KOH electrolytes while
a pair of broad peaks originating from pseudocapacitive contributions of the redox
species is observed for the redox electrolyte. The CV curves obtained at different scan

1

rates ranging from 10 to 50 mV s™ are displayed in Fig 8.2. The area-normalized
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specific capacitance is found to be significantly higher for the redox electrolyte at all
scan rates as indicated by the larger area in the CV curves. At a scan rate of 10
mV s~!, the capacitance is found to be 0.79 F cm~2 for the redox electrolyte which is
approximately 5 times that for HsPO, aqueous electrolyte (0.16 F cm™2) and 10 times
that for KOH aqueous electrolyte (0.08 F cm™2). However, the capacitance retention
rate at high scan rates is quite low for the redox electrolyte. The Nyquist plots
obtained from EIS measurements show a lower x intercept for the redox electrolyte,
suggesting higher ionic conductivity compared to H3POy electrolyte, which has also
been confirmed in past studies (168.4 mS ecm™! for 0.4 M K3Fe(CN)g [37] compared
to 59.4 mS cm~! for 1 M H3PO, [41]).

2.3.2 Symmetric Supercapacitors Based on PVA-PFC Polymer Gel Elec-
trolyte

Symmetric two-terminal devices were assembled by sandwiching polymer gel elec-
trolyte film between two BP /GP electrodes. For all the fabricated devices, the BP/GP
electrodes and electrolyte film are each approximately 0.1 mm thick, leading to an
overall device thickness of around 0.3 mm. Cut pieces of the polymer gel electrolyte
films are shown in Fig. 2.3. The film can be easily bent into a circular arc, and does
not fracture even when bent over 180°. The film quickly recovers upon releasing,
thereby exhibiting robust mechanical properties.

The structure of the fabricated PVA-PFC device is schematically illustrated in
Fig. 2.1a. The redox species engage in reversible Faradaic charge transfer in addi-
tion to forming a double layer by virtue of their charge. CV curves of the device in
the voltage window -1.5 to +1.5 V are displayed in Fig. 2.4a for scan rates ranging
from 5 to 50 mV s~'. The ferrocyanide ion (Fe(CN)g~) reacts to form ferricyanide
(Fe(CN)3™) ion during the forward scan and vice-versa during the reverse scan, rep-
resented by the oxidation and reduction peaks. The oxidation and reduction peaks

move in the positive and negative voltage directions respectively as the scan rate
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rises, thus demonstrating the quasi-reversible nature of the reactions [42]. The inset
of Fig. 2.4a shows that both the oxidation and reduction peak current densities al-
most vaies linearly with the square root of scan rate, implying that the reactions are
diffusion-controlled [29,43].

The electrochemical performance of the device is further examined by galvanos-
tatic charge/discharge (GCD) measurements at current densities ranging from 1 to
20 mA cm~? in the voltage window of 0 to 1.5 V. Fig. 2.4b shows the GCD curves for
current densities of 2, 3 and 4 mA cm~2. The charge and discharge time durations can
be observed to be almost equal in all the curves, which is indicative of high coulombic
efficiency and favourable electrochemical reversibility. Voltage non-linearity points
observed in the charge/discharge curves are found to be similar to the redox peaks
observed in the CV curves.

Electrode-specific areal capacitance determined from the charge/discharge curves
is plotted as a function of the current density in Fig. 2.4c. At a low current density
of 1 mA ecm™2, the electrode-specific areal capacitance C ¢ is 0.95 F cm™2 based on
a single electrode, which is comparable to devices with pseudocapacitive electrodes
studied in the past [44]. As the current density increases from 1 to 20 mA cm™2
(4. undergoes a gradual depletion from a value of 0.95 to 0.14 F cm™? . The device
shows a relatively low capacitance retention (15%) at high current density (20 mA
cm~2). The dwindling capacitance may be attributed to incomplete participation of
the ferro/ferricyanide ions during rapid cycling. The volumetric capacitance based on
the entire device volume is calculated to be 7.9 F cm ™ at a low current density of 1 mA
cm ™2, which is significantly higher than previous reports of solid-state supercapacitors
(graphene based SCs 0.45 F cm ™ [45], carbon onion/MnO, based SCs 0.68 F cm™
[46], H-TiO, based SCs 0.7 F cm ™2 [47], carbon fiber/MnO, based SCs 2.5 F cm ™3 [48],
WO3_,/MoOj3_, asymmetric SCs 3.8 F cm ™2 [48])

Life cycle tests were conducted over 5000 cycles for the symmetric device at a cur-
rent density of 5 mA cm™2 using galvanostatic charge/discharge cycling in a potential

window from 0 to 0.8 V. Fiig. 2.4d shows that the device exhibits a capacitance loss of
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~ 13% at the end of 5000 cycles, indicating good long-term stability. Such stability
surpasses the results obtained in previous studies on redox electrolytes [18,49-51].
The coulombic efficiency, also plotted in Fig. 2.4d, maintains a high value (;98%)
throughout the course of 5000 cycles, suggesting high charge transfer efficiency during
long term cycling. The constant current charge discharge profiles for the first cycle
and the 5000 cycle displayed in the inset of Fig. 2.4d shows no significant change
in electrochemical response after the long-term cycling test.

The primary drawback of redox electrolytes is that they cause rapid self-discharge
under open-circuit conditions, making them unsuitable for applications requiring long-
term energy storage. Rapid self-discharge primarily occurs due to shuttling of mobile
redox species and cyclic instability due to intermixing redox couples [11,52,53]. For
most devices based on redox electrolytes, self-discharge characteristics are not studied.
A recent study by Chen et al. [53] proposes employing an ion exchange membrane such
as Nafion instead of a porous separator to mitigate the shuttling of the redox species.
However, the high cost of Nafion membranes is prohibitive to mass production.

The leakage current was measured on our PVA-PFC based device while main-
taining a constant voltage of 0.8 V for 10 h. The results in Fig. 2.5a indicate that
the leakage current drops rapidly from its initial value, before reaching a steady state
value of 50 A cm™2 (see in inset). This leakage current is slightly higher than that ob-
served for devices based on electrochemically inert electrolytes like PVA-HySO,4 [54].
In order to investigate the charge retention capability, self-discharge characteristics
were measured under open-circuit condition. The device was initially held at 0.8
V. The hold duration was also varied to study its influence. The results shown in
Fig. 2.5b show that for all hold durations, there is a quick drop in cell voltage ini-
tially, followed by a slow decay. Furthermore, long hold times mitigate the voltage
drop to a certain extent, possibly due to longer equalization time allowing for charge
distribution [53].

The inset of Fig. 2.5b compares the charge retention capability of our device

with past measurements on aqueous redox electrolyte (0.4 M HQ + 1 M HySO,)
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devices [53]. Plots are shown for two devices, one with porous cellulose separator and
the other with Nafion 117 membrane. Our device exhibits superior charge retention
capability compared to the porous separator device indicating that the PVA polymer
chains present in the gel electrolyte are quite efficient in suppressing self-discharge
occurring due to shuttling of the redox species. The self-discharge rate of the PVA-
H3PO, electrolyte device is found to be much slower than the PVA-PFC electrolyte

device as shown in Fig. S6, due to the absence of any redox species.

2.3.3 Performance Comparison with Various Gel Electrolytes

In this section, we compare the performance of devices based on redox electrolyte
PVA-PFC with devices consisting of pure double layer electrolytes PVA-H3PO, and
PVA-KOH. A lone study [55] on graphene-based supercapacitors comparing the per-
formance of various pure double layer gel electrolytes demonstrated that PVA-H3PO,
electrolyte outperforms other electrolytes such as PVA-H,SO,, PVA-KOH, PVA-
NaOH in terms of capacitance and stable voltage window. The small radius of H*
ions present in the PVA-H3PO, electrolyte compared to the other ions (K*, OH™)
was proposed to allow them to easily diffuse between graphene layers, leading to high
capacitance. We find similar trends while comparing the performance of PVA-H3POy4

and PVA-KOH gel electrolytes.

Voltage Window

The operating voltage window of a supercapacitor is a critical factor in deter-
mining its energy and power density, and it primarily depends on the stability of
the electrolyte. In order to achieve a large potential window, electrolytes based on
organic solvents or ionic liquids [56,57] are generally preferred over aqueous elec-
trolytes, although the volatility of organic liquids and the high cost of ionic liquids
are major concerns. Asymmetric cell configurations based on a plethora of electrode

materials [58,59] have been also deployed in the past to attain a wide potential win-
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dow. However, such approaches involve intricate and expensive electrode synthesis
techniques that are generally not favorable for mass production.

In a recent study, Lee et al. [30] demonstrated stability up to 1.8 V in a symmetric
device employing aqueous potassium ferricyanide electrolyte. The large potential
window was attributed to suppressed potential rise at the positive electrode due to
the ferricyanide/ferrocyanide redox reaction, causing biased potential development at
the negative electrode. This effect may in turn cause the potential at each individual
electrode to remain below the decomposition voltage of water, thus leading to stability
up to 1.8 V.

Here, we study the voltage window of a device based on gel-based potassium ferro-
cyanide/ferricyanide electrolyte instead of its aqueous counterpart. S-value analysis
has been performed to determine the stable voltage window. The S-value, an index
of stability, is defined as [30,60,61],

_ Qs

Quis

where Q)cpqr is the charge stored during charging and ()4 is the charge released during

S

~1 (2.6)

disharging. When the applied voltage exceeds the chemical decomposition potential
of the electrolyte, Faradaic leakage currents become significant, leading to a non-zero
second derivative of S with respect to applied potential V. Two types of criteria were
applied by Weingarth et al. [60] to determine the stable potential window of ionic
liquids, namely Sj0.1 and 52—‘;210.05. For a GCD measurement, S can be shown to be

inversely proportional to the coulombic efficiency 7., as
S = 1/Neow — 1. (2.7)

Fig. 2.6a displays the variation of S with voltage window for devices based on PVA-
PFC, PVA-H3PO, and PVA-KOH gel electrolytes. The S-values were derived from
GCD measurements performed at a current density of 2 mA cm™2 while extending the
operating voltage window from 0.5 to 1.5V, 0.5 to 1.1 V and 0.2 to 0.5 V, respectively
for the PVA-PFC, PVA-H3PO,4 and PVA-KOH electrolyte based devices. For the
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PVA-PFC based device, S can be observed to reach the cutoff value of 0.1 at 1.5 V,
while for the PVA-H3PO, and PVA-KOH devices, S reaches the cutoff value at 1.0
V and 0.4 V respectively. In other words, the coulombic efficiency drops below 90 %
for wider voltage windows as shown in the inset of Fig 6a. The GCD curve for the
PVA-PFC device retains its shape while extending the voltage window from 0.5 V to
1.5V as displayed in Fig. 2.6b.

S-values were also evaluated from CV curves acquired during operation at different
voltage windows. Fig. 2.6¢ shows that the S-value for the PVA-PFC device deviates
significantly from 0.1 for voltages above 1.5 V and also deviates from linear variation,
implying non-zero second derivative. The CV curve can also be observed to retain its
shape while expanding the voltage window from 0.5 to 1.5 V, shown in Fig. 2.6d.

In comparison, for the PVA-H3PO, device, S exceeds 0.1 at 1.0 V and rises
abruptly to 0.65 at 1.2 V, indicating the occurrence of chemical decomposition. The
CV curves shown in Fig. 2.6e display a high current response at 1.2 V caused by
contributions from Faradaic leakage. From this analysis, the safe potential window
for the PVA-H3PO, device can be inferred to be 1.0 V. Similarly, the window for the
PVA-KOH device is inferred to be 0.4 V. These results are in agreement with a past
study by Chen et al. [55] which reports voltage windows of PVA-H3PO,4 and PVA-
KOH devices as 0.8 V and 0.4 V. Fig. S9 compares the GCD profiles obtained for
voltage windows below and above the stability point for the three devices, revealing

the loss of symmetric shape as the voltage window exceeds the stability limit.

Capacitance and ESR

Fig. 2.7 compares the performance of the present devices in terms of capacitance,
cyclic stability and impedance characteristics. Fig. 2.7a displays the GCD profiles
obtained at a constant current denisity of 2 mA cm™2 for the three devices. A clear
deviation from the ideal trangular shape is observed for the PVA-PFC device. The

plateau characteristics represent redox reactions that occur at a constant potential
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and are typical for pseudocapacitors. The electrode-specific areal capacitance (Ca ;)
values evaulated from the GCD curves are shown for the three devices as a function
of current density in Fig. 2.7b. At a small current density of 1 mA cm~2, the
PVA-PFC device exhibits a capacitance C4; of 0.95 F cm~2 that is four times that
of the PVA-H3PO, device (0.23 F cm™2) and about eight times that of the PVA-
KOH device (0.12 F cm™2). At a high current density of 10 mA cm™2, although
the capacitance retention is lower for the PVA-PFC device (20%) compared to the
PVA-H3PO, device (65%) and PVA-KOH device (73%), its capacitance value is larger
than the PVA-H3PO, and PVA-KOH devices by factors of 1.3 and 2.2 respectively.
The electrode-specific areal capacitance is also derived from the CV characteristics
at different scan rates. The results depicted in Fig. S3 shows higher capacitances for
the PVA-PFC electrolyte device at all scan rates. However, the capacitance retention
is higher for the PVA-H3PO, and PVA-KOH devices (79% and 78% respectively)
compared to the PVA-PFC device (64%) at a scan rate of 50 mV s, The CV curves
for the PVA-H3PO, and PVA-KOH devices acquired in voltage windows of 1.0 V and
0.4 V respectively at scan rates ranging from 10 to 50 mV s~! are shown in Fig. S7a
and S8a respectively. The CV curves are almost rectangular in shape, indicating a
predominant double-layer effect. Similar conclusions can be drawn from the GCD
curves shown in Fig. S7b and S8b for the respective devices.

The cyclic durability of the PVA-PFC and PVA-H3PO, devices was evaluated by
repeating the GCD measurements at a current density of 5 mA cm™2 over 5000 cycles.
As shown in Fig. 2.7c, 87% and 73% of the initial capacitance is retained after 5000
cycles for the PVA-PFC device and the PVA-H3PO, device, respectively. Both the
devices retain a coulombic efficiency of &~ 98% at the end of the cyclic test. The high
cyclic stability of the PVA-PFC device is indicative of fast redox reactions occurring
during charge/discharge. The equivalent series resistance (ESR) calculated from the
x intercept are evaluated to be 2.87, 7.44 and 13.47 2 cm? for the PVA-H3PO,4, PVA-
KOH and PVA-PFC devices, respectively. The higher ESR of the PVA-PFC device
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can also be inferred from the larger IR voltage drop occurring at the beginning of
discharge in the GCD curve of Fig. S5.

A Ragone plot displaying the volumetric energy and power densities of the devices
fabricated in the present work, electrolytic capacitors, commercial supercapacitors,
batteries and other solid-state symmetric and asymmetric supercapacitors reported in
prior work is shown in Fig. 8. The average energy density (derived from GCD profile
at a constant current density of 1 mA cm™2) of the PVA-PFC device is evaluated to
be 7.4 mWh cm~2 which exceeds that for PVA-H3PO,4 and PVA-KOH based devices
by 9 and 111 times, respectively. Furthermore, the average power density (derived
from GCD at a constant current density of 20 mA ¢cm™?2) of the PVA-PFC superca-
pacitor is 8.2 W cm ™3 which exceeds values evaluated for the PVA-H3PO, device (1.6
W em™?) and PVA-KOH device (0.56 W cm™?). A simple calculation shows that the
energy densities of the PVA-PFC and the PVA-H3PO, devices are 22.7 and 2.5 times
greater than the maximum energy density of a 3.5 V/25 mF commercial supercapac-
itor. Meanwhile, their power densities are 1535 and 300 times greater than that of a
standard lithium thin-film battery. Additionally, both the energy and power densities
are superior to those of similar solid-state devices fabricated in prior work [45,62-64],
thereby highlighting the extraordinary performance of the symmetric redox-active gel

electrolyte based supercapacitors developed in this work.
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2.4 Conclusions

In summary, we have fabricated and compared the electrochemical performance
of two-terminal all-solid-state supercapacitor devices composed of redox-active gel
electrolyte PVA-K3Fe(CN)g-K,Fe(CN)g with electrochemically inert PVA-H3PO,4 and
PVA-KOH electrolytes. A nanoarchitecture based on BP/GP was selected as the
electrode material by virtue of its mechanical robustness and large electrochemical
surface area. The redox reactions of the ferrocyanide/ferricyanide redox couple lead
to large capacitance especially at small current densities. Furthermore, the device
exhibits a wider potential window compared to the other electrolytes, leading to

larger overall energy and power density.
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3. HARNESSING THE THERMOGALVANIC EFFECT OF
THE FERRO/ FERRICYANIDE REDOX COUPLE IN A
THERMALLY CHARGEABLE SUPERCAPACITOR

Heat e

Some of the material in this chapter is currently under review in FElectrochimica

Acta.

3.1 Introduction

The requirements of today’s portable and wearable electronic equipment have
prompted the need to integrate ‘on-chip’ power supplies. Integrated flexible and com-
pact energy storage permits low-power devices such as microprocessors, sensors and
wireless communication chips to operate without any direct interface to an external
power supply [24,25]. One viable approach for such integrated stand-alone devices
is to harness energy from low-grade waste heat that is abundantly available from
various sources such as solar energy or automobile exhaust. Conventional thermo-
electrics, typically inorganic semiconductors, are expensive which exhibit low Seebeck

coefficients (10-100 ¢V /K). Hence new routes for thermoelectric conversion are be-
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ing explored such as thermally driven ion migration [19,66-68], mixed ion/electron
diffusion [69, 70] thermogalvanic [37,71] and thermomagnetic [72] effects .
Thermo-electrochemical cells (or thermocells) that exploit the thermogalvanic ef-
fect are quite appealing due to their low cost, simple design and operation near
room temperature. Such devices based on the thermogalvanic effect generate steady
electrical power upon application of a temperature gradient across two electrodes.
The thermogalvanic Seebeck coefficient S, due to a generic electron transfer reaction

B—A+ne™ is
. oV . ASB7A
9T nF

where V' is electrode potential, T is temperature, Asp 4 is the reaction entropy for

Se (3.1)

the redox couple, n is the number of electrons involved in the reaction, and F' is the
Faraday constant. Ikeshoji [73], Quickenden [74] and Burrow [75] were the first to re-
port a high S, value of -1.4 mV K~! for ferrocyanide/ferricyanide aqueous solutions;
this value is approximately one order of magnitude higher than those reported for
conventional thermoelectric materials such as BiyTes (ca. 0.2 mV K~! [76]). Signifi-
cantly high Seebeck coefficients have also been reported for electrolytes composed of
cobalt complexes [77]( 1.9 mV K™ ) and triiodides [78] (2.0 mV K™!).

In the past, researchers have demonstrated thermocells with enhanced perfor-
mance by employing large surface area carbon electrodes [79-81]. The electrolyte
most commonly used is aqueous ferrocyanide/ferricyanide due to its favourable prop-
erties, namely high Seebeck coefficient, low cost and high ionic conductivity. Further-
more, in order to boost the overall conversion efficiency, the electrical and thermal
resistances were tuned by mixing carbon nanotube additives to such aqueous elec-
trolytes [37,82]. However, despite possessing high ionic conductivity values, aque-
ous electrolytes make large-scale integration and packaging cumbersome. Solid-state
polymer gel electrolytes, in contrast, offer easy handling, improved safety, low internal
corrosion, lightness, shape versatility and manufacturing simplicity. In a past report,
Yang et al. [83] fabricated a pair of thermogalvanic gel electrolytes for use in wearable

applications.
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Although thermocells can generate continuous power from a steady temperature
gradient, for intermittent sources additional energy storage devices are required to
store the harvested energy. Recent studies have attempted to integrate both func-
tionalities into a single device leading to overall system simplicity and suitability
for waste heat harvesting. Zhao et al. [19,66] demonstrated thermal charging with
PEO-NaOH liquid polymeric electrolyte operating on the basis of Soret effect with a
Seebeck coefficient greater than 11 mV /K. Similarly, Kim et al. [84] fabricated a ther-
mally chargeable solid-state supercapacitor with polystyrene sulfonic acid electrolyte
exhibiting a Seebeck coefficient of 8 mV /K. However, Zhao’s device suffered from high
self-discharge rates and other drawbacks associated with liquid electrolytes. Kim’s
solid-state device, the first of its kind, consisted of polyaniline coated electrodes that
are expensive and complicated to implement. Moreover, the high thermo-induced
voltage demonstrated in these studies does not translate to high energy density. Al-
though the converted voltage can be easily amplified using an inexpensive voltage
converter circuit, the low amount of stored energy is unaltered by voltage conversion.

A TCSC’s net energy density [85] expressed as £ = 1/2C(SAT)? is influenced
by both the capacitance C' and the Seebeck coefficient S. The conventional ap-
proach to obtain high capacitance involves constructing electrodes consisting of elec-
trochemically active materials coated on carbon materials with high surface area (e.g.,
graphene [86], activated carbon [87], carbon nanotubes [88], carbon fibers [89], ver-
tical graphene nanosheets or graphene petals (GPs) [8]). However, such electrodes
can exhibit low electrical conductivity and poor cyclic stability [90]. An innovative
approach involves introducing redox additives such as quinone/hydroquinone [49,91]
or p-phenylenediamine [12,39] into liquid or gel electrolyte that enhance capacitance
through electron transfer redox reactions. Interestingly, the ferro/ferricyanide redox
couple, in addition to being used as an electrolyte in thermocells for its thermogal-
vanic effect, also finds application as a redox additive to electrolytes in supercapac-
itors [92-94]. The electron transfer reaction at the electrode/electrolyte interface

Fe(CN)g™ +e~ = Fe(CN)g~ is found to be highly reversible and produces a consider-
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able improvement in the overall capacitance. Ma et al. [94] found that the addition of
potassium ferricyanide to PVA/KOH gel electrolyte improved ionic conductivity and
increased capacitance from 137.8 F g=! to 431 F g=!. To date, this redox couple has
not been systematically employed in any device to exploit both its thermogalvanic
and pseudocapacitive properties at the same time.

In the present work, we combine this new thermogalvanic gel electrolyte, PVA /K3Fe(CN)g/
K4Fe(CN)g, with inexpensive carbon cloth electrodes to build an all-solid-state, lightweight,
flexible thermally chargeable supercapacitor (TCSC). This device can be used as a
stand-alone component to store charge from intermittent temperature gradients and
then to supply on-demand power to portable electronic devices. It possesses high
overall area-specific capacitance and low self-discharge rate, resulting in high energy
density that can be harvested with minimum loss over a long period of time after
‘thermal’ charging. An equivalent circuit model of the device is also presented that
produces identical voltage and current profiles as measured experimentally. This
model furthermore is used to study the influence of parameters such as applied tem-
perature gradient and load resistance on the energy storage characteristics of the

device.

3.2 Results
3.2.1 Electrochemical Characterization of Electrodes

Carbon cloth (CC) has previously been employed as electrodes for supercapac-
itors primarily due to its large surface area. Scanning electron microscopy (SEM)
images in Fig. 9.1 reveal the microstructure of pure carbon cloth at low and high
magnifications. The average diameter of a single carbon fiber inferred from Fig. 9.1c
is =9 um. The porous nature of the carbon cloth allows for a large number of reac-
tion sites for the ferro/ferricyanide ions to exchange electrons leading to large overall
capacitance. In order to clarify the role of electrolyte on the overall electrochemi-

cal performance, cyclic voltammetry experiments were conducted in a three-electrode
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configuration cell in a voltage window of 0-0.8 V, for two different electrolytes: (i) 0.2
M K3Fe(CN)g/K4Fe(CN)g aqueous electrolyte and (i) 1.0 M HsPO,4. The CV curves
corresponding to a scan rate of 50 mV s~! are compared in Fig. 3.1a, while the area-
specific capacitance values derived from the CV curves are shown as a function of
scan rate in Fig. 3.1b. The CV curve for the ferrocyanide/ferricyanide electrolyte ex-
hibits a large redox peak at 0.71 V which can be attributed to redox reaction through
direct electron transfer process from Fe(CN)g*~ to Fe(CN)g*~. On the other hand,
the CV for the H3PO, electrolyte exhibits a more rectangular shape indicating only
electrical double-layer contribution. At a scan rate of 5 mV s~!, the area-normalized
capacitance based on the projected area of the carbon cloth for the redox electrolyte
is evaluated to be 2.8 F cm~2 that is almost 10 times larger than for the pure double-
layer electrolyte. However, with rise in scan rate, the capacitance value declines
rapidly for the redox electrolyte. At a scan rate of 100 mV s™!, the areal capaci-
tance value for the redox electrolyte is 0.25 F em ™2 which is merely 4 times that for
the double-layer electrolyte. Past studies [32,95] suggest that such observation can
be attributed to insufficient time available for adsorption of Fe(CN)g*~ /Fe(CN)g>~
ions onto the electrode surface at fast scan rates. In summary, the potassium ferro-
cyanide/ferricyanide electrolyte acts as a redox mediator which leads to large values
of capacitance especially at low cycling rates.

The carbon cloth electrodes can be functionalized with different graphene nanos-
tructures in order to attain high electrochemical surface area. In the past, GPs grown
on carbon cloth (SEM images shown in Fig. 3.2) without any binder has shown
promising results as active electrode materials in supercapacitors [9]. Thus, in order
to investigate the influence of GPs on electrochemical performance, a comparison
study was performed between bare carbon cloth (CC) and carbon cloth coated with
graphene petals (CC/GP) as the working electrodes. Fig. 3.2 displays the three-
electrode configuration cell test results for two working electrolytes: (i) a solution
of 0.2 M K3Fe(CN)g and 0.2 M K, Fe(CN)g, and (ii) 1.0 M H3PO4. The CC/GP

electrode was oxidized in 1 M HySOy for 15 mins prior to the run, to turn the GPs
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Fig. 3.2. Electrochemical performance of bare carbon cloth (CC) and
graphene petal coated carbon cloth (CC/GP) electrodes in a three
electrode configuration. (a) CV curves for a bare CC and CC/GP
electrode at scan rates of 10 mV s™! and 50 mV s™! in mixture of 0.2
M K;3Fe(CN)g and 0.2 M K4Fe(CN)g (b) CV curves for a bare CC and
CC/GP electrode at scan rates of 10 mV s™! and 50 mV s™! in 1.0
M H3PO, aqueous solution (¢) Comparison of area-normalized spe-
cific capacitance of bare CC and CC/GP electrodes at different scan
rates in 0.4 M K;3Fe(CN)g/K4Fe(CN)g aqueous solution (d) Compar-
ison of area-normalized specific capacitance of bare CC and CC/GP
electrodes at different scan rates in 1.0 M H,SO,4 aqueous solution.
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hydrophilic using the procedure described in a previous study [9]. Fig. 3.2b and 3.2d
exemplify that the capacitance values for the pure double-layer electrolyte 1 M H3POy4
is larger in case of the CC/GP electrode compared to bare CC electrode. The CC/GP
electrode offers a capacitance improvement of 2.3 and 5.9 times at scan rates of 2 and
100 mV s~! respectively. Such result indicates that GPs offer larger electroactive
surface area to ions present in the H3PO, electrolyte. However, in case of the redox
electrolyte, it is surprising that the GPs offer a minor improvement in capacitance at
all scan rates as observed from Fig. 3.2a and 3.2c. Such result is presumed to be due
to inaccessibility of the large ferrocyanide/ferricyanide ions to the porous structures
of the GPs. In fact, such observation is quite common when the redox reactions at the
electrode/electrolyte interface are diffusion controlled and the diffusion layer thick-
ness is much larger than the size of the nanostructures [96]. Results shown in Fig. 9.3
illustrate that similar to present observations, two-electrode symmetric devices com-
posed of CC/GP electrodes provide an insignificant improvement in electrochemical

performance over devices composed of bare CC electrodes.

3.2.2 Thermally Chargeable Supercapacitor Based on PVA /K3Fe(CN)g/
K Fe(CN)g Polymer Gel Electrolyte

The all-solid-state symmetric supercapacitor device used to demonstrate thermal
charging is fabricated by sandwiching a piece of gel electrolyte film between two
bare carbon cloth electrodes. The gel electrolyte is composed of an aqueous solution
of poly(vinyl alcohol) (PVA) and potassium ferricyanide/ferrocyanide redox couple
(see Experimental section for preparation details). It serves the dual purpose of a
solid electrolyte and a thermoelectric generator. The device is encased in a nylon film
package to prevent electrolyte evaporation. The assembly consisting of the electrodes,
gel film, nylon film packaging, fabrics and copper wires is flexible and pliable enough
to accommodate a wide variety of heat source shapes. A sketch depicting the structure

of the flexible TCSC is provided in Fig. 3.4a.
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Before testing the thermoelectric properties of the two-terminal symmetric device,
its electrochemical performance is characterized using galvanostatic charge/discharge
(GCD), cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and
cyclic stability tests. Galvanostatic charge/discharge (GCD) profiles are shown in Fig-
ure 3a for current densities ranging from 0.2 to 1.0 mA ¢cm™2 in the potential window
of 0 and 0.1 V (profile at current density of 0.1 mA ¢cm™2 shown in Figure S5a). The
semi-symmetric shape of the charge/discharge curves is indicative of high Coulombic
efficiency and stable capacitance. The area-normalized specific capacitance can be

derived from the curves using the relation [97],

I,
S 2
Cy " (3.2)

where I; is the discharge current density and v is the slope of the voltage profile
after the IR drop. Cy is shown as a function of the charge/discharge rate (current
density) in Figure 3c. At a constant current density of 0.1 mA cm™2, the calculated
area-specific capacitance is 9.5 F cm™2. This value is more than an order of magni-
tude higher than what was obtained in the past two studies on thermally chargeable
supercapacitors [19,84]. It can be attributed to the pseudocapacitive contribution
of the redox species (also evident from the redox peaks in the CV curves shown in
Figure S5¢) which are absent in case of pure double-layer electrolytes. Furthermore,
the area-specific capacitance shows a decreasing trend with discharge current density
because at high cycling rates, the ions dont have enough time to exchange electrons
with inner active sites of the porous carbon electrode [98]. The internal resistance
calculated based on the IR voltage drop at the beginning of discharge (shown in
Figure S5b) is 71  at a current density of 1 mA cm~2 which can be considered quite
large and is caused by the low ionic conductivity of the gel electrolyte.

Electrical impedance spectroscopy was carried out to probe the electrochemical
behavior of the device in the frequency range of 10 mHz and 100 kHz with ac voltage
amplitude set at 5 mV and dc bias at 0 mV. As shown in Figure 3b, the Nyquist plot

displays the variation of the real part of the impedance Zg.(f) vs. the imaginary
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Fig. 3.3. Electrochemical performance of an all-solid-state two-
terminal symmetric supercapacitor device consisting of bare carbon
cloth electrodes and 1.5 mm thick gel electrolyte film. (a) Galvanos-
tatic charge-discharge curves at constant-current densities in the range
of 0.2 to 1.0 mA cm~2. (b) Nyquist plot in the frequency range of 10
mHz and 100 kHz.(c) Area-specific capacitance versus current den-
sity obtained from constant current curves. The inset shows area-
specific capacitance vs frequency obtained from Nyquist plot. (d)
Charge/discharge cycling test at a current density of 5 mA cm™2,
showing = 8% loss over 1000 cycles and ~ 25% loss after 2000 cycles.

part, —Zp,,(f) where f is the frequency. The plot consists of two distinct segments:
a distorted semicircle in the high frequency region and a sloped line in the low fre-
quency region. The z-intercept in the plot represents the internal resistance of the
electrode material and electrolyte of the device, while the semicircle represents the
charge transfer resistance corresponding to the Faradic reaction occurring at the elec-

trode/electrolyte interface. The sloped line in the low frequency regime represents
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the ion diffusion/transport at the electrode surface [71]. The area-specific capacitance

derived from the Nyquist plot using the relation [99],
Co=—1/2nfAZ). (3.3)

is shown as a function of frequency in the inset of Figure 3c. Following the trend of
C.1, the calculated value decreases from 5.7 F em™2 at a frequency of 10 mHz to 1.5
F cm~2 at a frequency of 1 Hz. Long-term cyclic life is a crucial factor for practical
applicability of such devices. The cyclic stability tests for the device at a constant
current density of 5 mA cm™2 show a mere 8% loss in specific capacitance after
1000 cycles and 25% loss after 2000 charge-discharge cycles with ~100% Coulombic
efficiency as shown in Figure 3d.

The thermoelectric properties of the device is tested by sandwiching it in beteeen
a Peltier heater and cooler as shown in Figure 4b. A thermistor is attached to each
face of the external casing in order to monitor the applied temperature difference
AT,.;. The open circuit thermovoltage V,. is recorded for different values of AT,
by varying the hot and cold side temperatures in the range of 19 to 63 °C and 13
to 19 °C respectively. The transient plot shown in Figure 4c reveals that the open
circuit voltage V,. closely follows the variation of the applied temperature gradient
AT.,,; with respect to time. Furthermore, the steady state value of thermo-induced
voltage was recorded for different AT,,, values (each held fixed for 3 min). The
plot shown in Figure 4d establishes a linear relationship between the observed V,.
and the applied temperature gradient AT,,; (time-dependent results shown in Figure
S6a) in both positive and negative regimes. The effective Seebeck coeffcient Seyy, is
then back-calculated using the measured open circuit voltage V,. and the measured
temperature difference across the two faces of the device AT,,; through

Voe
ATea;t .

Serf = (3.4)

As expected, the S.;; magnitude evaluated from the slope, 0.86 mV K™! is lower
than the characteristic Seebeck coefficient of the ferrocyanide/ferricyanide redox cou-

ple (1.21 mV K™1). The ratio between the two is 0.71 which is about a factor of 7
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higher than found for a plastic thermocell based on ferrocyanide/ferricyanide redox

electrolyte [71].

3.2.3 Thermally Chargeable Supercapacitor Design Parameters

Cyclic voltammetry tests performed in a three-electrode configuration cell de-

scibed previously in Section 2.1 illustrate the role of the ferrocyanide/ferricyanide ions
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present in the aqueous electrolyte as a redox mediator. In addition to double-layer
formation, the ions engage in redox reactions at the electrode/electrolyte interface
during charge/discharge that results in enhanced capacitance. In order to confirm
the pseudocapacitive behavior of the ferrocyanide/ferricyanide redox couple present
in the gel electrolyte, a comparison of electrochemical performance is conducted be-
tween solid-state devices composed of PVA /H3PO,4 and PVA /K3Fe(CN)g /K Fe(CN)g
gel electrolyte films each 0.9 mm thick. Both devices are built of bare CC electrodes.
The galvanostatic charge/discharge (GCD) curves corresponding to a current density
of 1 mA cm™? are displayed in Figure S4. For both devices, the curves are symmetric
in nature. However, the curve for the redox electrolyte exhibits a larger area that
corresponds to larger capacitance. The areal capacitance values are evaluated to be
5.5 F ecm™2 for the device composed of PVA /K3Fe(CN)g /K Fe(CN)g gel electrolyte,
and 0.167 F cm~? for the device composed of PVA /H3POy gel electrolyte. Thus, the
pseudocapacitive contribution of the ferrocyanide/ferricyanide ions leads to 33 times
higher capacitance for a small operating current density of 1 mA cm~2.

Furthermore, in order to investigate the influence of electrode surface area on
the device performance, a comparison of area-normalized specific capacitance was
performed for TCSC devices composed of bare CC and CC/GP electrodes at a low
current density of 0.1 mA ecm™2. The results shown in Fig. 9.3 indicates that the
device capacitance improves by 5% at all scan rates upon replacing bare CC elec-
trodes with CC/GP electrodes. This corroborates with the inference drawn from
three-electrode cell configuration test results shown in Fig. 3.2. Because the GPs
contribute marginally to the performance, bare CC is used to prepare electrodes for
the TCSC device.

The thickness of the gel electrolyte film plays a major role in determining the
device performance. A thick film is expected to boost the effective Seebeck coefficient
Seff, however it may adversely affect ion transport leading to poor areal capacitance.
As explained earlier, the energy storage in the device is proportional to the product

of areal capacitance and square of Scr¢ . Therefore, both parameters need to be
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maximized in order to attain high energy storage density. Here, we have investigated
these two performance parameters separately for devices with film thickness values
of 0.3 mm, 0.9 mm and 1.5 mm. Fig. 3.5a shows the thermo-induced open circuit
voltage V,. as a function of AT,,; for the three devices. The thermo-induced V,.
can be observed to rise linearly with applied temperature gradient in all cases (time-
dependent results shown in Fig. 9.6). However, the slope is much larger for the
0.9 mm film device compared to the 0.3 mm film device that corresponds to higher
temperature difference induced across the two faces of the film. The slope increases
marginally with rise in film thickness from 0.9 mm to 1.5 mm, which indicates that
the ratio of the thermal resistance of the film to thermal resistance of the overall
device does not vary significantly for film thickness greater than 0.9 mm.

Fig. 3.5b shows the galvanostatic charge/discharge curves for the three devices,
all at a constant current density of 1 mA cm™2. The areal capacitance derived from
the CV curves is shown as a function of the gel film thickness in Fig. 3.5d. It can
be observed that the areal capacitance drops in value with rise in film thickness.
The areal capacitance decreases from a value of 8.6 F cm™2 for a film thickness
of 0.3 mm to a value of 5.5 F cm™2 for a film thickness of 0.9 mm. In order to
compare the thermally-induced energy storage for the films, the energy coefficient
defined as k = 1/2C'SZ;; is evaluated for all three devices. Fig. 3.5d shows that &
follows the trend of the effective Seebeck coefficient and is highest for the 1.5 mm
thick film. Therefore, we decided to use the 1.5 mm thick film in our thermoelectric
measurements.

The Nyquist plot shown in Fig. 3.5c exhibits rising value of x intercept with
increase in film thickness. Using the slope of rise of the = intercepet with thickness,

the bulk ionic conductivity of the electrolyte using

B 1
s.A

o

(3.5)

1

is estimated to be 5.44 mS cm™" which is similar to the value determined by Yang

et al. [83] for the same gel electrolyte (6 mS cm™!) at room temperature. Here, s
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Fig. 3.6. (a) Bias circuit used for the thermoelectric measurements.
(b) Equivalent circuit for the device and the load resistor. The device
is modeled as a series combination of a thermovoltage power source
and supercapacitor (represented by a Randles circuit).

represents the slope of variation of z-intercept in the Nyquist plot with film thickness,

and A is the projected area of each electrode.

3.2.4 Demonstration of Thermal Charging Phenomenon

Fig 3.6a shows the bias circuit used to investigate the thermal charging phe-
nomenon. The device is connected in series with a variable resistor R;; while a tem-
perature gradient AT,,, is applied across its two surfaces. The time variant voltage
and current across the variable resistor is recorded with the help of data acquisition
boards NI-DAQ 9215 and NI-DAQ 9203 respectively at a sampling rate of 100 samples
per second. Fig. 3.7 shows the measured transient electrical response of the device
during one typical thermal charging cycle. In order to charge the device thermally,
a steady temperature gradient AT,,; of 50 °C was applied across its faces, while
shorting its two terminals externally. The charging current density induced by the

2 as the external temperature

thermovoltage rises from 0 to a value of -0.6 mA cm™
gradient attains its steady-state value. As the device continues to charge gradually
under application of the constant temperature gradient, the current decays slowly to

finally reach a value close to 0. The long charging time (3600 s) can be attributed to
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the high RC' time constant of the device. At the end of the thermal charging process,
the circuit is opened and the voltage across the terminals is recorded as a function
of time. As soon as the temperature gradient is removed, the open circuit voltage
increases from 0 to 41 mV. Because of self-discharge, the thermo-induced open circuit
voltage drops to 31 mV in the next 4100 s. We note that the observed charge reten-
tion capability compare favorably to a similar TCSC device [19] (decay from 150 mV
to 0 in 1600s).

Fig. 3.8 compares the thermo-induced voltage corresponding to AT,,; of 30 and
50 °C. In both the cases, the rise in thermo-induced voltage coincides with decline in
the applied temperature gradient. The thermo-induced V. for AT,,; =30 °C peaks at
22.2 mV which slowly declines to 16.3 mV at the end of 2500 s due to self-discharge.
In the latter case, the decay in V. is comparatively less abrupt at the beginning, and
the thermal charging time (for the charging current to reach 0) is much lower, 1041
s compared to 3600s for AT,,; =50 °C.

The observed thermal charging phenomenon can be explained by the sequence
of steps shown in Fig. 3.9. Initially, the gel electrolyte consists of ferrocyanide and
ferricyanide ions randomly oriented in a polymer matrix (State 1). When the temper-
ature of one electrode is raised with the aid of waste heat, it causes a change in the
redox potential of the electrolyte, triggering the reaction Fe(CN)g~ — Fe(CN)3™+e™.
The reverse reaction does not occur at the cold electrode due to dearth of excess
electrons. The accumulation of electrons at the hot electrode leads to a negative
open circuit voltage (State 2). When the electrodes are externally connected through
a load resistor, electrons flow from the hot to cold electrode where they reduce the
neighboring ferricyanide ions to ferrocyanide ions (State 3) while also generating some
useful electrical work in the load resistor. This process represents ‘thermal charging’
of the supercapacitor and continues until the ion concentrations near the electrodes
reach saturation, at which point the current through the external circuit decays to

zero (State 4).
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Fig. 3.9. Working mechanism of the thermally chargeable supercapac-
itor (TCSC). State 1:Discharged (initial) state with ferro/ferricyanide
ions dispersed randomly in PVA matrix. State 2: When a tempera-
ture gradient is applied under open-circuit condition, the ferrocyanide
ions at the hot electrode react to generate ferricyanide ions and elec-
trons. State 3: Electrons generated by the reaction transfer to the
cold side and reduce the neighboring ferricyanide ions to ferrocyanide
ions upon shorting the two electrodes externally with a load resistor.
State 4: The current drops to zero when all the ions on the hot (cold)
side are oxidized (reduced). State 5: When the temperature gradient
is removed and the load resistor is disengaged, the ferrocyanide ions
at the cold electrode react to generate electrons. These electrons on
the cold side produce an open circuit voltage present across the device
at zero temperature gradient.
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The reaction products remain localized near the hot and the cold electrodes due to
their inability to travel through the tortuous path of the PVA polymer matrix. Such
a characteristic is evidenced by the low ionic conductity of the PVA/KsFe(CN)g/
K4Fe(CN)g gel electrolyte used in this work (6 mS em™! [83]) compared to that of 0.4
M K3Fe(CN)g/ KyFe(CN)g aqueous electrolyte (170 mS em™! [37]). Upon removing
the temperature gradient, both electrodes return to ambient temperature causing the
electrolyte redox potential near the electrodes to change, this time in the direction
opposite to State 2. The ferrocyanide ions near the cold electrode become oxidized to
generate ferricyanide ions and electrons at the electrode, leading to a positive open
circuit potential (State 5). We note that the reverse reaction does not occur at the
hot electrode upon equilibration due to lack of excess electrons. State 5 represents

the ‘thermally charged’ state of the supercapacitor.

3.2.5 Equivalent Circuit Model

The mechanism of TCSC operation explained in the previous subsection is further
elucidated here with the help of an equivalent circuit model. Because the TCSC
performs the dual function of a thermoelectric generator and a supercapacitor, we
propose that it can be effectively modeled by a series combination of a thermo-induced
voltage source and a supercapacitor. The supercapacitor is modeled as a Randles
equivalent circuit as shown in Fig. 3.6b. The voltage source Vg is assumed to be
the product of the Seebeck coefficient S of the gel electrolyte and the temperature
difference across the faces of the gel film, AT, across the two surfaces of the gel
electrolyte. S was found to be -1.21 mV /K for the gel electrolyte [83] over the range
of AT from 0-20 K, and the same value is used here. The parameter Rg represents
the ion transport resistance in the electrolyte, C' represents an ideal capacitor at the
electrode-electrolyte interface that stores charge during charging and releases charge
during discharging, while R; represents the leakage resistance in the device that

causes self-discharge under an open-circuit condition. The load resistance used in
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the thermal charging and discharging phases are termed R,,. and R, respectively.
The voltage across the load resistor and the capacitor C' are denoted by V and V;
respectively. The current flowing through the load resistor, capacitor C' and the
leakage resistor Ry are represented by I, I; and I respectively. The model values of
V' and [ across the load resistor are later used to validate the experimental results.
The timeline can be broken into 3 phases: thermal charging (Phase 1), hold
(Phase 2) and discharge (Phase 3). Initially, the TCSC circuit is open, and both Vg
and V) are zero. In Phase 1, a load resistance R,,. is installed while maintaining a
positive temperature gradient AT across the device. The thermo-induced voltage Vg
rises to SAT', which then charges the capacitor C'. The capacitor voltage Vi increases
gradually with time, while the charging current I decays slowly. The charging current

is determined from

Vip —V — Vi — IRg = 0. (3.6)

In Phase 2, the temperature gradient is removed, and the external load is disen-
gaged. This causes the thermovoltage Vg to disappear and the open circuit voltage
to attain the value of —V;. Under open-circuit conditions, the TCSC should ideally
maintain a constant voltage; however the presence of parasitic shunt paths in the
device results in self-discharge that causes a slight decay in the open circuit voltage.

V1 is obtained from

ILRL—F‘/l:O,
, _C% (3.7)
L= ae

In Phase 3, the circuit is closed once again with a load resistor R,,4, and the unknown

voltage and current values are determined using
Vi = —I(Rs + Rmd) (38)

Detailed analytical expressions of voltage and current across the load resistor during
different phases of the cycle are listed in the Supplementary Information. ¢,, ¢, and ¢,

represent time values from the beginning of Phases 1-3 respectively. The durations of
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Phases 1-3 are ty, to, and t3 respectively. The unknown parameters in the model are
obtained by fitting expressions for voltage and current with the measurements. The
procedure used for fitting is illustrated in Fig. 3.10. The combination of parameters
resulting in the minimum value of the total mean square error (M SE,,;) is selected to
represent the circuit parameters. M SFE}, is chosen to be the sum of the normalized
mean square error for voltage and for current, thereby giving them equal weight. The

normalized M SE for the i*" combination of parameters is defined as

2 (Xomoders () — X 2
MSEx; - =0 (Xmodeti(t) = Xewp(H))” (3.9)

n t=t

i=1 t:of (Xmodehi(t) - Xezvp(t))z

where X stands for voltage or current, and n is the number of combinations of the

fitting parameters.

Because the equivalent circuit is found to provide an excellent fit with the exper-
imental results, it can be used as a convenient tool to analyze the role of the tunable
parameters namely load resistance in the thermal charging phase R,,., thermal charg-
ing phase duration, and hold phase duration. The performance indices obtained from
the model are as follows.

The amount of charge stored in the capacitor in the thermal charging phase Q).
is obtained by integrating the capacitor charging current I; over time from 0 to t;.
During charging, I, decreases exponentially with time while V; gradually rises to the

equilibrium voltage. The value of ). upon complete charging (I;=0) can be expressed

as CV.s¢ where V sy is SATRLZLRS

. However, we note that the duration required for
the device to charge completely may be quite long. For small charging durations, the
capacitor is not completely charged by the end of the thermal charging phase. The
charge released by the capacitor during discharge Q4. is calculated by integrating I
with time from (f; + £2) to (1 + t2 + t3). The charge retention ratio is defined as
B = 9 and denotes the fraction of charge retained by the device during the hold

Qc
phase.
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Fig. 3.10. Flow chart for calculating Randles circuit parameters for
the thermally chargeable supercapacitor.
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The amount of energy supplied by the thermovoltage source during the thermal
charging phase is given by
t1

Eipch = 1. Vrgdt. (3.10)
0

This energy is distributed among the circuit elements R,,., Rgs, C' and Ry:
Ein,ch - ERm,ch + EC,ch + ERs,ch + ERl,ch (311)

Ersen and Epgy e, are energy losses in the series and leakage resistors, while Ery, o
is the energy output in the load resistor. E¢ o, is the energy stored in the capacitor.
A fraction of this energy is lost during the hold phase due to current flow through
the leakage resistance Ry. In the discharging phase, the stored energy is distributed
among the load resistor R,,;, series resistor Rg and the leakage resistor R;. The
thermovoltage source is absent in both the hold and discharging phases. The energy

balance in the discharging phase can be written as,
—FEci. = Erm,dc + Ers,gc + Eriac (3.12)

where E¢ 4. represents energy stored in the capacitor C, and Ery, dc, Ers.dc and Ery gc
represent energy lost in R,,4, Rs and Ry respectively. A point to note here is that

Ec¢ qc is negative because the capacitor loses energy during discharge.

3.2.6 Model Fitting

To estimate the areal capacitance of the TCSC device, model fitting based on the
full equivalent circuit in Fig. 3.6b was performed on the measured voltage and current
profiles. Current and voltage profiles were fitted by iterating over combinations of
the free parameters in the Randles equivalent circuit. Values of the parameters that
resulted in optimal voltage and current fit are: Rg=144 2, R;,=4100 2, C=10 F. Fig.
3.7 shows that the fitted model current and voltage profiles follow the experimental
results quite closely. The value of M SFE}., obtained for the optimal fit is evaluated

to be 6.59x 1075, which is indicative of a very good fit. The areal capacitance 13.3 F
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2

cm™? is comparable to that derived from galvanostatic charge/discharge cycling at a

current density of 0.1 mA ecm™2 (9.5 F cm™2).

3.2.7 Stored Charge and Energy Calculations

In Section 2.4, the thermal charging phenomenon was demonstrated by allow-
ing the device to ‘thermally’ charge under closed circuit codition. Furthermore, the
thermally induced open-circuit voltage was retained for a long time to investigate its
self-discharge rate. This time, in order to estimate the amount of charge and energy
stored in the TCSC device corresponding to the thermo-induced voltage, the ‘ther-
mally’ charged TCSC device is connected in series to a load resistor after a hold period
of 1000 s, and the voltage and current across the load resistor is monitored. Similar
changes are made during the ‘thermal’ charging phase, the device is connected to a
330 €2 resistor instead of short-circuiting. Thus, even during the ‘thermal’ charging
stage, some useful amount of work is obtained. In principle, the load resistor can be
varied to tune the useful work output and the charging speed of the device.

Fig. 3.11a displays the voltage profiles obtained across the load resistor corre-
sponding to applied AT,,; values of 25, 35 and 50 °C. The current profiles in phases
1 and 3 can be obtained by dividing the measured voltage V' by R,;. The voltage
variation is similar in all three runs and has a negative peak during phase 1 which
thereafter slowly saturates to zero. Upon open-circuiting, the voltage rises to a posi-
tive value swiftly. This positive voltage value representing the thermo-induced voltage
is discharged with a load resistor during the discharge phase. The output energies
in phase 1, Ery, o, and in phase 3, Egry, 4. are evaluated by integrating V2 /Ry with
time. The negative peak voltage value as well as the charging time can be observed to
rise with applied AT,,;. Similarly, the open circuit voltage during phase 2 increases
proportionately with AT,,;. We note that during the 1000 s hold time in phase 2,
the decay is quite significant (41.4 to 38.3 mV) for AT,,;= 50 °C, while in the other

two runs, the variation is marginal. Such behavior may be due to auxillary reactions
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Fig. 3.11. (a) Measured voltage across the load resistor Rj; corre-
sponding to runs with AT,,, of 25, 35 and 50 °C. Each run consists
of a thermal charging phase, a hold phase and a discharging phase.
The load resistance is set at 330 W in both the thermal charging
phase and the discharging phase. The hold phase duration is 1000
s. (b) Measured and modeled values of charge and energy storage
density as a function of the temperature difference across the faces
of the gel film,, AT,.,;. The geometric area of the electrodes is used
for normalization. ()¢ denotes the charge input to the capacitor C' in
the thermal charging phase while Q4. denotes the charge released by
the capacitor in the discharging phase. FE¢ ., represents the energy
stored in the capacitor C' in the thermal charging phase, while Egy, o
and Egry, 4. represent the energy output in the load resistance during
thermal charging and discharging respectively.

triggered at high temperatures. During phase 3, the net discharge time (time until
voltage dips below 1 mV) is higher for large values of AT,,; due to greater stored
energy in the device.

The equivalent circuit model used to fit the measured voltage and current profiles
may be perceived as a convenient tool to analyze the influence of controllable parame-
ters such as the temperature difference across the faces of the gel film, AT, external
load resistance during thermal charging R,,., and hold phase duration. Fig. 3.11b
shows the impact of the actual temperature difference AT,. across the electrolyte

film on the charge and energy storage in the device during phase 1 and 3. The stored
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charge density in the capacitor element C' rises approximately linearly with AT,
with a slope of 83 C m2K~!. Owing to self-discharge during the hold phase, the
output charge density in the discharge phase is lower with a slope of 58 C m—2K~!.
The output charge in phase 3, evaluated from measurements shown in Fig. 3.11a can
be observed to follow the trend of the model data.

The influence of the applied temperature gradient on the energy stored and energy
output has also been evaluated using the model. Fig. 3.11b shows the variation of the
energy output in the load resistor during thermal charging (Erm.cn), energy stored in
the capacitor C' during thermal charging (E¢ ) and energy output in the discharge
phase (Ermdc). As expected, all three vary quadratically with the applied AT,..
Due to loss in the various circuit elements, Egrq4. is lower than the stored energy
Ec ey . Furthermore, Egy, 4. calculated from the measured voltage profiles displayed
in Fig. 3.11a, which is also shown in the same plot, shows a close resemblance to that
calculated using the model.

A load resistance R,,. applied during the charging phase may be beneficial for
extracting some useful work, although it may lead to low charging currents (Fig.
9.8b), implying slow charging rates. Consequently, with a rise in the value of the load
resistance R,,. and considering a fixed thermal charging phase duration, the charge
stored (()¢) and energy stored (E¢ ;) decline due to insufficient charging, while the
energy output during the thermal charging phase (Egpen) rises.

Figure 9.9 displays the influence of the applied hold time on the charge and energy
output characteristics of the device. During the hold phase, the capacitor loses charge
due to self-discharge through the leakage resistance Ry. This is due to decay in the
capacitor voltage V; . The charge retention ratio and the energy retention ratio are
given by 8o = Qu./Qc and Bp=FEgm. dc/Fc ch respectively. For zero hold time, [ is
close to 100% while B is 62% because of energy loss in the circuit elements other
than the load resistor, which occur even at zero hold time. With a rise in hold time

from 0 to 3000s, the value of ¢ falls to 89 %, while g falls to 54%.
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3.2.8 Performance Comparison

We now compare the performance parameters of our device with similar TCSC
devices demonstrated in recent studies. Table 1 shows that the area-specific capaci-
tance of our device (13.3 F cm™?) exceeds the PSSH device (120 mF ¢m™2) and the
PEO-NaOH device (1031 pF cm™2) by 110 and 13000 times respectively. On the
other hand, the Seebeck coefficient of our device (1.21 mV K1) is inferior to that
for the PSSH device [84] (7.2 mV K™!) and the PEO-NaOH device [19] (11.1 mV
K1) by 6 and 10 times respectively. However, considering the effects of both areal
capacitance and Seebeck coefficient, the net thermally induced charge and energy
density values turn out to be much greater for our device compared to the PSSH
device and the PEO-NaOH device. Furthermore, a comparison study has been con-
ducted with a conventional energy havesting and storage system consisting of a single
leg thermoelectric generator (TEG) based on BiyTes connected in series to the same
supercapacitor. Besides larger space requirements and circuit complexity, the See-
beck coefficient of BigTes (190 pV K™!) is approximately six times lower than our
gel electrolyte which results in 41 times lower energy density (Table S2). Also, we
evaluate the efficiency 7 in converting heat to electricity defined as the ratio between
energy stored in the device during thermal charging (E¢ ) and waste heat input
during that time (Q;,), using the the equation S16 developed recently by Wang et
al. [66]. The efficiency of our device is quite low (5x107° %) when compared to the
circuit composed of a conventional TEG in series to the same supercapacitor. The low
efficiency can be attributed primarily to the low ionic conductivity of the electrolyte
used in this study (detailed in Table S2). Future research on electrolytes displaying

such thermoelectric effects is anticipated to produce a higher efficiency.

3.3 Conclusions

We have demonstrated for the first time that the thermogalvanic effect of the

ferrocyanide/ferricyanide redox couple can be used to construct a solid-state ther-
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moelectric supercapacitor. The device stays charged even after the thermal gradient
is removed and thus can be discharged by delivering power to an external circuit.
Our TCSC consists of two carbon cloth electrodes sandwiching a potassium ferro-
cyanide/ferricyanide gel electrolyte film. In addition to thermogalvanic effect, the
potassium ferrocyanide/ferricyanide redox couple also generates high capacitance due
to its redox action, that has been demonstrated through comparison studies with pure
double-layer electrolytes. The fabricated symmetric TCSC device exhibits excellent
electrochemical performance in terms of enhanced capacitance, self-discharge behav-
ior and cyclic stability. Hence, such thermal charging concept offers a simple, low-cost
method of storing large amount of energy in a given footprint area from intermittent
heat sources without involving any complex electrode fabrication process. An equiv-
alent circuit model representing the device is shown to provide a satisfactory fit with
the current and voltage profiles measured during thermal charging. Based on a fitting
technique, the area-specific capacitance value is inferred to be 13.3 F ecm~2 which is
more than two orders of magnitude larger than TCSC devices demonstrated in the

past.

3.4 Experimental Section

PVA/K3Fe(CN)gs/KyFe(CN)g gel fabrication: 4g PVA powder was dissolved in 40
ml deionized water along with 10 ml solution containing a mixture of 0.1M K3Fe(CN)g
and K4Fe(CN)g. The solution was heated to 85°C under continuous stirring, until the
solution became clear. The viscous solution was then poured onto a 60 mm PTFE
evaporating dish and allowed to evaporate slowly in hood at room temperature for
around 3 days. Upon complete evaporation of excess water, a flexible, thin, free
standing and semi-transparent polymer gel electrolyte membrane was obtained. It was
then cut to the desired shape for supercapacitor assembly. By altering the volume of

the viscous gel electrolyte allowed to dry, the membrane thickness could be controlled.
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Two-electrode device assembly: Two CC electrodes were immersed into the 85 °C
PVA /K3Fe(CN)g /K Fe(CN)g gel electrolyte (the copper contacts kept out) for 10 min
and then taken out. The hot electrolyte soaked and penetrated the porous electrodes
thoroughly. To assemble the TCSC device, the wet electrodes were clamped together
with a polymer gel electrolyte membrane of appropriate thickness, sandwiched in
between. The assembly was dried at room temperature for 12 h. Thereafter, the
device was immersed in a solution of 0.2 M K3Fe(CN)g and 0.2 M K Fe(CN)g for 1 hr
to ensure complete soakage of the electrodes prior to packaging in a nylon film bag.

Material characterization: The surface morphology of electrodes was characterized
by field emission scanning electron microscope (SEM, Hitachi S-4800).

Electrochemical measurements: The electrochemical performance of the device and
individual electrodes was evaluated using a Gamry Echem Testing System, Gamry
Instruments, Inc., USA. Electrochemical tests were conducted in a three-electrode
configuration cell at room temperature using either 1.0 M H3PO,4 or a mixture of 0.2
M K3Fe(CN)g and 0.2 M K 4Fe(CN)g as the electrolyte. Pt foil, bare carbon cloth or
CC/GP electrode was used as working electrode with Pt mesh and standard calomel
electrode (SCE) as the counter and reference electrodes respectively.

Thermastor calibration: The thermistor used in the experiments is a micro-betachip
thermistor probe procured from Mouser electronics. It was calibrated with a standard
Parr 6775 digital thermometer. A comparison of the temperature readings shown in

Table S1 shows a maximum error of 0.1 %.
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4. HEAT GENERATION IN SUPERCAPACITORS

Some of the material in this chapter has been accepted for publication in

SpringerBriefs in Thermal Engineering and Applied Science [1]

4.1 Introduction

Repetitive charge/discharge cycling of a supercapacitor causes significant amounts
of heat generation leading to substantial temperature rise. In absence of proper
cooling systems, the operating temperature of EDLCs may exceed the temperature
rated by manufacturers which is typically around 70 °C. Elevated temperatures have
undesirable effects on EDLCs such as accelerated aging, high self-sischarge rates and
increased cell pressure and electrolyte evaporation. With age, the internal resistance
of EDLCs rise and their capacitance fades. Furthermore, temperature anomalies
between series-connected EDLCs may lead to overvoltage in indicidual cells. All
these factors make it essential to build a thorough understanding of the underlying
heat generation mechanisms and thus predict the operating temperature for the given

operating conditions.

4.1.1 Aging

The electrochemical performance of supercapacitors deteriorates with prolonged
use. This process is called aging, during which the components of a supercapacitor
cell (e.g., electrolytes) undergo redox reactions to form decomposition products that
block the electrode pores, leading to higher ESR and lower capacitance. Both high
operating temperatures and high applied voltages accelerate the aging of supercapac-

itors. A study on the aging characteristics of commercially available supercapacitors
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reveals that the aging rate increases by a factor of 64 by either increasing the tem-
perature by about 40 °C above room temperature (25 °C) or by charging to a voltage
of 200 mV above the rated voltage [100]. For example, supercapacitors with a rated
lifetime of 15 years meet their end-of-life criteria within 3 months of operation under
such conditions. Commercial supercapacitors used in room-temperature conditions
generally age at a slow speed and possess a cycle lifetime of a few years. It is possible
to study the aging characteristics under such conditions but requires an unreasonable
amount of time for the experiments to end. In order to avoid this problem, acceler-
ated aging tests can be performed by operating supercapacitors at high temperatures
and voltages. EIS is an efficient experimental technique to study the aging parame-
ters (e.g., ESR and capacitance) during cyclic charge-discharge cycles of a capacitor
under varying conditions. Although both high voltage and high temperature promote
aging, their individual influence is difficult to disentangle. For this purpose, experi-
ments can be carried out to study the aging characteristics by varying one parameter
while keeping the other one fixed. However, the results vary with many factors such
as cell design, electrode and electrolyte material and testing conditions. The superca-
pacitors tested are usually commercial supercapacitors consisting of activated carbon

electrodes and organic electrolyte.

4.1.2 Thermal Modeling

Thermal modeling is an effective technique to predict the spatial and temporal
variation of temperature under the prescribed operating conditions. The operating
temperature rise is typically caused by either internal heat generation or heat trans-
fer from external sources. Most studies estimate the internal heat gener tion rate
and the corresponding temperature profiles in commercial supercapacitors for given
charge/discharge current profiles. The temperature reaches steady state after the
heat generation rate equals the heat dissipation rate to the ambient. A higher heat

dissipation rate leads to a lower steady-state temperature in supercapacitors. Heat
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Fig. 4.1. Mechanism of reversible heat generation. a Charged; b
discharged state. Vp represents the volume occupied by the ions in
the charged state and V| represents the volume of the entire electrolyte
in the uncharged state, adapted from Ref. [101]

dissipation occurs by conduction from the core of the supercapacitors to the outer
wall and by convection and radiation from the outer wall to the ambient. Heat is
generated in supercapacitors primarily in the form of irreversible heating or Joule
heating, and reversible heat. The irreversible heat is positive during both charge and

discharge. In the most common form, it is expressed as,

dQJ oule
dt

= I’Rg (4.1)
where [ is charging current, and Rg is the equivalent series resistance. The ESR is
determined by: (i) interfacial resistance between the electrode and the current col-
lectors; (ii) electronic resistance of the electrode material; (iii) ionic resistance of ions
diffusing through the electrode pores; (iv) electrolyte resistance, and (v) resistance of
ions migrating through the separator. Equation (4.1) reveals that the Joule heating
is dominated much more by the charging current (proportional to square) than the
series resistance (linearly proportional).

Apart from the irreversible Joule heating losses, reversible heat generation caused
by entropic effect occurs during the charge/discharge processes of a supercapacitor.

Unlike irreversible Joule heating, the reversible heat generation rate is positive during

charging and negative during discharging. It is not accounted for in the heat gen-
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eration term of many models because: (a) its neglect simplifies the models and (b)
the thermal time constant of the supercapacitor material is larger than the periods
of charge/discharge. Reversible heat generation is dictated by ion behavior. During
charging, ions migrate to the electrodes to compensate for the positive and negative
charge on the electrodes. In the charged state (see Fig. 4.1a), the ions are in a state
of maximum order and minimum entropy. This causes the ions to release heat to the
contacts, leading to a rise in temperature in the contacts (heating). In the discharged
state (see Fig. 4.1b), however, the ions disperse into the electrolyte, causing them
to reach a state of maximum disorder and hence maximum entropy. During this
process, the ions absorb heat from the contacts and thus cool them. Therefore, the
contacts alternately heat during charging and cool during discharging which causes
the temperature-time profile to follow a saw-tooth shape. Based on the above anal-
ysis, the entropy of the enclosed system changes during charge/discharge processes.
The entropy change of the closed system during charging is,

“dge, " Cpewdl _ T

— =— . T__CHmtln(ﬁ) (4.2)

where AS is the entropy change of the ions, ¢,., is the reversible heat, Cyeq is the

AS = —

heat capacity of the contacts, and 77 and T, are the contact temperatures at the
beginning and end of charging pulse. During discharging, the entropy change is the
same in magnitude but negative in sign. The entropy change of the ion system during
charging is defined by the Boltzmann relation which relates entropy (.5) to the number

of ways the ions can be arranged (p) and is,

VH N Ck:bV VH

) (4.3)

where k;, is Boltzmann constant (1.38058 x 1072* J K™!), Vi is the volume occupied
by the ions in the charged state, namely the volume of the Helmholtz layer, V4 is the
volume of the entire electrolyte in the uncharged state (see Fig. 4.1), N is the number

of ions forming the layer, C is the capacitance which is assumed to be constant, V'
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is the voltage, and e is the charge of an ion (assumed to be monovalent). The total
entropy change due to ion formation at the two electrodes is,

ChkAV Vi
(&

AS =2 In(<7
0

); (4.4)
where AV is the voltage applied during charging. Equating the change in entropy
obtained from both relations reveals,

TQ) C’kbAV Vi

AS = C’Hmtln(T1 . In (%)

(4.5)

Hence, the temperatures before and after charging are related by,

Ck,AV
15 = T1@€55p( .
ag eCHeat

) (4.6)

where ay and ay are the thicknesses of the Helmholtz layer and electrolyte region,
respectively. The dimensions in the other directions have been assumed to be constant

during the charging process. The reversible heat generation term can be derived from

the Eq. 4.2 as,

dqrev kb ag
= -2T—In I(t 4.
I “in(2)1(0), (4.7

Since I(t) = C%7,

the heat generation rate becomes
dgyrey ds Cky
=-T— = —2T—l
dt dt (

amg dV
) dt’

(4.8)

Comparing Eqs. (4.1)-(4.7), we find that the irreversible heat generation term is
proportional to the square of the current while the reversible heat generation term is
linearly proportional to the current. The entropy change during a charge/discharge
process is higher for higher currents. Gualous et al. [102] tested commercial superca-
pacitors at different currents and observed that the entropy change during charging
increases from -0.37 J K=! at a current of 10 A to -0.99 J K~! at a current of 30
A. The temperature ripples caused by this phenomenon during the charge/ discharge
process of a commercial capacitor (Nesscap 5000 F, 100 A) between 0.5 and 2.5 V
with a pause of 150 s are as shown in Fig. 4.2 [101]. Generally, the temperature
profiles observed experimentally during continuous charge/discharge cycling of a su-

percapacitor is a superposition of a linear profile caused by irreversible Joule heating
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Fig. 4.2. Temperature ripple observed for the Nesscap 5000 F super-
capacitor operating at 100 A in a voltage range of 0.5-2.5 V [101].

and oscillations caused by reversible heating. Following this trend, the typical tem-
perature history of the Nesscap capacitor (5000 F, 1.5-2.5 V) at different currents is
shown in Fig. 4.3 [101].

Similar temperature profiles have also been experimentally observed in other stud-
ies for charge/discharge cycling [102,103]. The temperature oscillations due to the
entropy effect are found to increase with increasing potential window and increas-
ing charge/discharge duration. In supercapacitors with high thermal mass, these
oscillations in temperature occur primarily at the core. The time required for them
to propagate to the surface is substantially longer than the charge/discharge dura-
tion. Notably, these oscillations continue even after the supercapacitor reaches its
steady-state temperature and lead to additional thermal stresses in the supercapaci-

tor component materials and hence reduce their lifetime.
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Fig. 4.3. Temperature profiles measured for a Nesscap 5000 F capaci-
tor (1.5-2.5 V) at different currents. The duration of each step is 50 s
for 100 A, 100 s for 50 A and 200 s for 25 A. The first step is charging
and second step is discharging [101].
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Types of Thermal Models

To date, numerous methods have been proposed to model temperature profiles of
supercapacitors. Most thermal models make the following assumptions:
1. Heterogeneities in physical, electrical and structural properties of the different
components are assumed to be absent.
2. Heat generation/absorption from redox exothermic/endothermic reactions during
charging/discharging is neglected.
3. Thermal interface resistances at electrode/current collector interfaces and elec-
trode/electrolyte interfaces are neglected.
4. Thermophysical properties of the materials are assumed to be the same at all
temperatures.
5. Solvent species are not considered in ion transport.

6. Self-discharge and charge redistribution effects are neglected.

Comprehensive models that consider all the constituent species in the electrolyte
and include reversible and irreversible heat generation, charge redistribution effects,
self-discharge effects, and polarization and depolarization energy losses have not yet
been developed. Most thermal models use approximations such as equivalent circuit
models, lumped capacitance models and finite element models with effective medium
approximations to obtain the temperature profiles. Equivalent circuit models are fit
to the EIS results to derive unknown parameters. Thereafter, the heat generation is
calculated from Joule heating in the resistances and then used in the Fourier heat
conduction equation to obtain the temperature distribution. Such analyses are very
approximate and grossly simplify the influence of cycle parameters and thermophys-
ical properties of the materials. Physics-based analyses, on the other hand, are more
elaborate as they use continuum models in the electrolyte to derive ion transport

equations and heat generation parameters. However, they require high computa-
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tional costs, and it is difficult to include details of components such as electrodes,

separator and current collectors.

Electro-Thermal Model

The electrical performance and thermal behavior of supercapacitors are intricately
related to numerous parameters such as operating cycle parameters, temperature his-
tory and material properties. Also, a large set of transport phenomena (e.g., ionic
and electronic transport, heat and mass transport) are intertwined and difficult to
model in a coupled manner. In order to incorporate the interdependence of electrical
and thermal parameters, electro-thermal models are often used. The input current
profiles are often adopted from typical duty cycles of hybrid electric vehicles (HEV)
in order to obtain realistic results. Duty cycles for HEV often consist of discontin-
uous peaks for small time durations followed by large rest periods. The simplest
and most common approach to model electrical and thermal behavior is to treat the
supercapacitor as an equivalent circuit composed of several capacitive, resistive and
inductive elements. Each element represents a certain type of physics that influences
the charge/discharge characteristics. The advantage of such models is that they are
simple and easy to compute, but their disadvantage is that they approximate real
physical phenomenon and properties. Electrothermal modeling is an iterative process
in which the output current and temperature are fed iteratively to change the Ther-
mophysical properties until the results converge. The approach for electrothermal
modeling proposed by Lajnef et al. [104] is shown in Fig. 4.4. Joule heating, which
is the only thermal input to such models is obtained from the electrical model. In
turn, the temperature obtained from the thermal model also influences the electrical
parameters. The electrical and thermal models shown in Fig. 4.4 are described in
the following paragraphs. Initially, an equivalent electrical circuit is established for a
given supercapacitor. Thereafter, the unknown capacitance and resistance values are

obtained by fitting to experimental EIS and power cycling test results. The simplest
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Fig. 4.4. Electro-thermal model of a supercapacitor

electrical equivalent circuit model of a double-layer capacitor is the series RC circuit.
However, this simple model ignores important features such as charge transfer resis-
tance due to faradaic reactions at the electrode surface, distributed charge storage
in porous electrodes, and inductive effects that commonly occur in double-layer ca-
pacitors. To resolve these issues, a Randles circuit, shown in Fig. 4.5, incorporates
the charge transfer resistance caused by faradaic reactions and semi-infinite linear
diffusion of ions in the electrolyte. In this model, the charge transfer resistance R
models the impedance of the faradaic reaction at the interface, and the impedance
parameter Z, also known as the Warburg parameter, models the diffusion behavior
of ions.

However, this model neglects the porous nature of the electrodes and is often
insufficient in describing experimentally observed current-voltage characteristics. The
first attempt to model porous electrodes was made by De Levie [105] who suggested
a transmission line model for each pore, a representation of which is shown in Fig.
4.6. The double-layer capacitances and resistances within the pores can be modeled

by the transmission line model.
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Fig. 4.6. Five-branch transmission line model for a porous electrode
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Zubieta and Bonert [106] found that an equivalent circuit consisting of three
branches, as shown in the Fig. 4.7, is able to fit to certain experimental results
well. In this equivalent circuit, each branch possesses a different time constant. The
first branch containing R; (which is the ESR) denotes the immediate branch possess-
ing a time constant of a few seconds. The branch consisting of Ry and C5 denotes the
delayed branch which has a larger time constant. Finally, R, represents the leakage
resistance. Many other types of equivalent circuit models for porous electrodes have

also been proposed. The heat generation rate due to Joule heating is calculated as,

= : Ie(t)* Ry, (4.9)

k=1

dQJ oule
dt

where R;, accounts for ESR as well as the resistances in the RC' branches. The cal-
culated power (Joule losses) is fed as input to the thermal model in order to estimate
the average temperature. The thermal model (see Fig. 4.8) can be represented by
a number of thermal RC' branches in parallel to model the different time constants
in the temperature-time characteristics. The average temperature is then obtained
from the thermal model. Individual resistance and capacitance values are fitted to
the experimental temperature-time characteristics for different current profiles.The
temperature characteristics obtained from the previous step are used to adjust the

parameters of the electrical models, namely resistance and capacitance. This itera-
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Fig. 4.9. Lumped capacitance model for heat transfer in a commercial
supercapacitor

tion process continues until the changes in parameters from one iteration to the next

reaches a threshold value i.e., convergence is reached.

Lumped Models

Lumped thermal models solve for average temperature values instead of the spatial
temperature distribution in supercapacitors. An inherent assumption of such models
is that temperature changes within the device are small compared to the temperature
difference between the device and the ambient. This assumption was found to be
quite reasonable particularly for large cycling currents, for which the temperature
gradient within the device was found to be negligible in comparison with the differ-
ence of the outer surface temperature with the surroundings. Such models are more
convenient to study the temperature evolution in commercial supercapacitors due to
their inherent simplicity, low computation cost and easy comparison with experimen-
tal results. In some lumped models, termed single-temperature models here, only
the average temperature of the device is evaluated and is subsequently compared to
the experimental temperature values. However, this approach may involve significant
error, since the experimental temperature is generally obtained from a thermocouple

attached to the case of the device and can differ from the average temperature. In
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order to obtain better estimates, two temperature values can be evaluated, namely
the core temperature and case temperature. These are termed double-temperature
models here. The core temperature is generally a few degrees higher than the case

temperature.

Finite Element Models

In situations where a large spatial temperature variation exists, it is often essen-
tial to study the temperature distribution throughout the supercapacitor. Moreover,
uneven temperature distribution leads to higher thermal stresses and accelerated ag-
ing. Many authors have studied the temperature distribution at various time instants

during charging/discharging using the time-dependent heat diffusion equation [107],

or
Py = E 2T + Gyen (4.10)

where 2 is the Laplacian operator, gy, is the volumetric heat generation rate (W
m~?), pc, is the thermal mass of the capacitor, and k is the thermal conductivity of
the capacitor material. If the supercapacitor is assumed to be axisymmetrical, i.e.,
the heat conduction is assumed to occur only in the radial and axial directions, the

equation becomes,

OT(r, z,t) O*T(r,z,t) k0T (r,2,1) O*T(r, 2, 1)

= — ] 4.11
Pl ot For or? + r or +k 022 + dgen ( )

where k£, is the thermal conductivity along the radial direction, k. is the thermal
conductivity along the axial direction, and r;<r<r,, 0<z<L, 0<t<t;. The heat
generation term ¢y, has contributions from the following sources:

(i) Joule heating during ion transport in electrolyte (within electrodes and sep-
arator) and electronic charge transport in current collectors and the solid phase of
electrodes.

(i) Exothermic/endothermic electrochemical reactions at the electrode/electrolyte
interface.

(iii) Thermal contact and electrical resistances between layers.
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In order to express the heat diffusion terms, the geometric features of the superca-
pacitors should be considered. A typical commercial supercapacitor takes a cylindrical
shape consisting of two activated carbon electrodes separated by a porous membrane
(separator) and impregnated with an organic electrolyte. The carbon electrodes are
in direct contact with aluminum metallic current collectors to minimize internal resis-
tance. These components are usually either rolled and sealed in a cylindrical container
or stacked and sealed in a rectangular one.

Along the radial direction, the thermal resistances of the different layers lie in

series,
L;
ki A;

Ryud = (4.12)

where L;, k; and A; are the thickness, thermal conductivity and cross-sectional area
of each layer. Since the thermal conductivity of activated carbon (0.5 W m~* K1)
is much lower than the thermal conductivity of aluminum (120 W m~! K™'), the
thermal resistance in the radial direction is dominated by the carbon layers [10].

Along the axial direction, the thermal resistances are in parallel,

N
1 1
- , 413
Rrad i Rth,n ( )

where Ry, is the thermal resistance of the n'* layer, and N is the total number
of layers (including carbon, aluminum and separator). The thermal conductance of
carbon and separator can often be neglected compared to that of aluminum, and
hence the thermal path along the axial direction is largely determined by the thermal
conductivity of aluminum. As the thermal resistance is lower in the axial direction,
most of the heat generated is dissipated through the longitudinal surface of the super-
capacitors rather than from the cylindrical surface. Moreover, due to the low thermal
resistance, temperature is almost uniform along the axial direction. This is also the
reason the terminal temperature is assumed equal to the core temperature in many
studies [108,109]. The terminal temperature is more convenient to be measured than

the core temperature.
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Fig. 4.10. Isothermal surface distribution of Nesscap 2.7 V/3500 F
cell after 50 cycles [110].

The heat conduction equation is solved using the following initial and boundary

conditions: (a) Initially, the temperature in the capacitor is assumed to be uniform,

T(r,z,0) =Ty, (4.14)

(b)The temperature gradient at the centerline is zero,
— =0, (4.15)

(c) On the supercapacitor casing, the heat conduction rate is equal to the convective
heat loss rate,
aT(To, 2 t)

—)\TT = heonw (T — T,) (4.16)

where T, is the ambient temperature. The governing Eq. 4.11 is solved with the
initial and boundary conditions from Eqs. (4.14-4.16) to obtain temperature profiles

at different time instants and locations.
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Thermal Models for Supercapacitor Stack

Because of the relatively low maximum operating voltage and charge storage ca-
pacity of a single supercapacitor, a large number of cells are generally connected to
form a circuit in order to meet the voltage and current requirements in hybrid electric
vehicles. The heat dissipation problem under such circumstances is worse than for
single cell units because of the higher power densities in comparison to available cool-
ing area. The cooling strategy directly influences the temperature distribution of the
supercapacitor pack. The average temperature, temperature uniformity and voltage
uniformity in supercapacitor modules significantly influence the lifetime expectation
of the entire module. In addition, the temperature distribution in the stack is also
critical because temperature variations within the stack can lead to different aging
rates and hence different charge/discharge characteristics. This phenomenon in turn
may lead to electrically unbalanced stacks and reduced performance [111]. Simulation
models make it possible to predict the temperature evolution in each cell and help
design the cooling system (if necessary) with appropriate characteristics to maintain
the temperature of all cells below the allowed maximum temperature. Many thermal
models of supercapacitors packs have been developed in prior work [3, 9, 11, 47, 48].

Figure 4.11 shows an example of cooling supercapacitor modules by forced convec-
tion in the transverse and axial directions. Al Sakka et al. [103] modeled a superca-
pacitor stack with axial ventilation with a nodal thermal model. The supercapacitor
stack was modeled using an electro-thermal approach as shown in Fig. 4.12. Each cell
was represented by an equivalent circuit model, and the heat transfer between them
or to the surroundings was represented by additional resistances. The heat generation
term for each individual cell calculated from Joule heating occurring in the equivalent
series resistance was as given in Eq. 4.1. The convection heat transfer from one cell
to another cell or to the ambient was modeled by thermal resistances.

The modeling for transverse ventilation involves a more complicated procedure

than for the axial ventilation because the ambient temperatures around all cells in
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Fig. 4.12. Discretization of a supercapacitor tank [103]
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the former case are different. In transverse ventilation, the air flows from the inlet to
the outlet while ventilating components in the transverse direction. Hijazi et al. [109]
presented a model for the temperature evolution in these stacks in which the system
is divided into a number of elements. Each element is assumed to have a uniform
temperature equal to that at its node. Heat exchange between the nodes occurs by
conduction, convection and mass transfer, which is represented by thermal resistance
(separately for conduction, convection and mass transport) in between contiguous

nodes. The matrix representation of all the nodes is represented as,

oT .
mcpa - [Acond + Aconv + Atrans]T + Qgen7 (417)
where T' is the temperature vector of the nodes, mc, is the heat capacity of each
element and ¢y, is the heat generation at each node in watts. G is the thermal
conductance matrix which consists of conduction matrix A..,q, convection matrix
Aconv, and mass transport matrix Ay..,s that represents the effects of heating of the

cooling stream,

(

Acond(i7j) — Rcond(zvj) (418)
0 otherwise
\
4
1 . .
yoo— ) if Joa
Aconv(i,j) — < Rconv( 7]) (419)
0 otherwise

\

where a; is the set of neighboring nodes that exchange heat with node i. The con-

duction resistance R.,,q and the convection resistance R, are,

R o 7‘;567‘7m'77,al - Tcase
cond —

Qgen
Tcase - Ta)

Qgen

(4.20)
Rconv -

where Tiermina and Trqse are the temperatures measured at the terminal and case of a
particular cell, respectively. The heat generation rate g, is calculated as the differ-

ence between the power input during charging and power output during discharging.
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The conduction and convection thermal resistances are calculated using Eq. 4.20. For
systems with large number of nodes, the matrix G is sparse because the temperature
of each node primarily depends on the temperature of its adjacent nodes. The eval-
uation of the coefficients of the matrix Atrans differs slightly from the calculation of
the matrices A.opg and Ao, since the heat exchange by mass flow in node i depends
only on the upstream nodes and not all the neighboring ones. Consequently the terms

are equal to,

o 1M5Cp if 7o
Atrans(zaj) - (421)
0 otherwise

where rn;; is the mass flow rate (kg s™') from node i to j, and u; is the set of nodes
which are upstream with respect to i. The model is used to calculate temperatures
of all node points at different charge/discharge currents, and the results are matched
with experimental results. Sensitivity analysis shows that uncertainties in the air
velocity and convection heat transfer coefficients have the greatest impact on model
accuracy.

In the models mentioned above, only the cells are assumed to participate in heat
generation and thermal transport. However, a packaged element also contains inactive
components such as the case, current collector ends and electrical cables that do
generate negligible if any heat. Incorporating the inactive components into models
is necessary to make them more realistic and accurate particularly because they can
represent extended heat transfer surfaces. Guillemet et al. [112] considered both active
and inactive components in their compact thermal model. The active components
were modeled as 2D blocks with uniform heat generation. Meanwhile the inactive
components were represented by a collection of thermal resistances attached to the
active components similar to the representation of heat dissipation to the ambient by

convection and/or radiation.
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First principles Thermal Models

The equivalent circuit models, lumped models and finite element models for ther-
mal analysis described in the previous sections make many approximations. For
instance, the equivalent circuit models and lumped models assume the temperature
in the entire capacitor to be uniform or within individual elements such as current
collectors, electrodes and electrolyte. Irreversible heat generation parameter is calcu-
lated from Joule heating through the ESR and is often assumed to be constant. Also,
most models do not consider reversible heat generation, with a notable exception
by Schiffer et al. [101] who considered reversible heat generation term by assuming a
Stern layer of monovalent ions on the electrode surfaces. However, this model assumes
that the ions compress to a layer of uniform thickness during charging.

An alternative is to make use of Poisson-Nernst-Planck (PNP) electro-diffusion
theory to represent the transport of ions in the presence of voltage and concentration
gradients. The model separates the electrolyte domain into two regions, namely an
inner region called the Stern layer which is of known thickness (assumed to be equal
to ion radius ), and an outer region called the diffuse layer. The ion concentrations in
the diffuse layer and electric potential are evaluated by solving the Modified Poisson-
Nernst-Planck (MPNP) equations in the diffuse layer [107,113] ,

0 C;
ot

=—-v N; for 1=1,2,...., (4.22)

where N; is the local flux of species 7. For a binary, symmetric electrolyte, N; is

expressed as follows,
ZZFD,L
RT

where the first and second terms on the right side express ion diffusion and migration

Ni=—[D; ¢+ ¢ (4.23)

in an electric field, respectively. The third term expresses steric effects caused by finite
ion size. In the above equations, v, 7, a, o, , and N4 represent electric potential,
current density, ion radius, absolute permittivity, relative permittivity, and Avogadro
number, respectively. D; and ¢; represent the diffusion coefficient and concentration

of a particular ion species, respectively. R is the universal gas constant (R=8.314 J
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mol~! K~1). ¢ and j, represent the electric potential and the current density at the
electrode surface, respectively.

The accounting of finite size becomes particularly important for potentials above
1 V and concentrations over 1 mol L™'. The simulation can be run with constant
current or constant voltage boundary conditions,

. rdw(()’t) _ Js for (n—Dt. <t <(n—1/2)t, (4.24)

o for (- 1/t <t < nt,

0 fort<0
¥(0,t) = (4.25)
vy fort>0

Temperature is evaluated by solving the time-dependent heat diffusion equation,

orT .
per gy =k P T+ dgen, (4.26)
where the heat generation term ¢, (W m™?) consists of irreversible and reversible

terms,
QQen = QJoule + QTev- (427)

The irreversible heat generation term is due to Joule heating,
j2
q'Joule = (428)
o
The above equation is equivalent to Eq. 4.1 if we consider current density j (A
m~?) instead of current I (A). The reversible term is a sum of ion diffusion, steric,

concentration gradient and temperature effects,

QTev - QTev,diff + QTev,steric + erev,conc + QTev,temp (429)
. DzF
Qrev.diff = j (a—c) (4.30)
DzFa®Na(c; — ¢3)

.rev steric — Cp —C 4.31
revsst 0(1—a3NA(01+02))‘] (1 = ) ( )
3 2el?

Nl + NQ) (Cl + CQ) (432)

Grev,conc = 327T( 0 r>3/2R1/2T1/2(Cl + 02)1/2<
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Fig. 4.13. (a) Illustration of simulated 1D cell and (b)Predicted tem-
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_ 3 BeF o 4 o)'?
Qrev,temp = _3271' ( 0 ,,)3/2R1/2T3/2

Detailed derivations of Egs. 4.29-4.33 are provided in Ref. [115]. The Joules heating is

(Ny+Ny) T, (4.33)

positive both during charging and discharging, while the reversible heat is exothermic
during charging and endothermic during discharging. This leads to large temperature
oscillations in the Helmholtz layer. Moreover, the maximum temperature is signif-
icantly higher than that caused by only Joule heating, due to the addition of the
reversible heat. The temperature variation obtained is the superposition of Joule
heating and reversible heat, as illustrated in Fig. 4.13.

Although coupled physics-basedmodels are accurate, they bring high computa-
tional cost. Such models can be simplified by applying scaling laws to non-dimensionalize
parameters. For instance, Entremont and Pilon [116] non-dimensionalized the govern-
ing equations and boundary conditions and thereby reduced the twelve independent
design parameters to seven non-dimensional parameters. These non-dimensional pa-
rameters can be used as a framework to develop thermal management strategies for
electric double-layer capacitors.

Most physics-based models to date have been applied to symmetric electrolytes.
However, in practical applications, asymmetric electrolytes are often used. A recent
study by Entremont and Pilon [117] on asymmetric electrolytes with multiple ion
species shows that the irreversible heat component decreases with increasing valency
or increasing diffusion coefficient of the ion species due to the resulting increase in
electrical conductivity of the electrolyte. On the other hand, the reversible heat gener-
ation rate increased with increasing counter-ion valency and/or decreasing counter-ion
diameter. As a result, the electrode with the counter-ion of smaller diameter and/or
larger valency experienced significantly larger temperature oscillations during gal-
vanostatic cycling than the opposite electrode. Consequently, electrolytes consisting
of ions with small diameter and valency produce large capacitance but suffer from
large reversible and irreversible heating. All these studies indicate that physics-based

thermal models capture the physics of heat generation effectively. However, signifi-
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cant work remains to include the thermophysical properties of the other components

such as the electrode and separator to make them more realistic.
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4.2 Continuum Modeling of Heat Generation in Electrical Double-Layer

Capacitors
4.2.1 Introduction

Electrical double-layer capacitors (EDLCs) are popular in applications requiring
rapid response and long cycle life such as regenerative braking in electric vehicles
[118,119]. They exhibit higher energy density than conventional dielectric capacitors
but offer higher power density than batteries. The electric charge in such devices is
stored physically by electrostatic attraction forces in the electric double-layer formed
at the boundary of mesoporous electrodes.

During EDLC charge/discharge processes, a significant fraction of the input elec-
trical energy is dissipated as heat. The heat generation rate is closely coupled to
ion transport behavior [114] and is thus influenced by numerous factors such as op-
erating conditions, cell design and constituent material properties. Sustained high
temperature is known to cause accelerated aging [120-122], high self-discharge rate,
electrolyte evaporation [103], and increased cell pressure. The capacitance degrades
and internal resistance rises as it ages. Typically, the lifetime is halved for every 10
K rise in operating temperature [123]. Furthermore, temperature difference among
individual cells in stacked systems causes voltage imbalances resulting in accelerated
aging [120,124]. Mitigation of such harmful effects requires a thorough understanding
of the thermal behavior and its dependence on the various system parameters.

Experiments have been conducted in the past to estimate heat generation rate
in commercial EDLCs [101,102,110,121]. Gualous et al. [121] investigated tempera-
ture evolution of a commercial BCAP350 F supercapacitor subjected to galvanostatic
charge/discharge operation between 1.25 and 2.5 V, with natural convection cooling
at the outer surface. Temperatures were recorded with the help of thermocouples
attached to its outer surface. The recorded temperature showed an initial rise fol-
lowed by saturation after a particular time. However, the curve was smooth and did

not contain any oscillations. Temperature oscillations were observed in the following
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study by Gualous [102] under same operating conditions. However, this time, ther-
mocouples were placed inside the device at different positions along the radial axis,
instead of only on the surface. The average temperature and oscillation amplitude
were found to decline along the radial direction owing to natural convection at the
outer surface.

Thermal characterization using thermocouples, although useful, lack accuracy due
to added thermal mass of the themocouples during measurement [125]. Calorimetric
techniques were first used by Pascot [126] and then by Dandeville [127] to measure
heat generation rates in custom-made symmetric and asymmetric capacitors. Heat
generation rate was estimated from the measured temperature evolution of the cell
using deconvolution analysis. The symmetric device consisted of activated carbon
electrodes while the asymmetric device consisted of activated carbon and MnO, elec-
trodes. The reversible heat generation rate was found to be of opposite sign for the
carbon and the MnOs electrode indicating that it is primarily influenced by enthalpy
of ion adsorption onto the electrode surface. Recently, Munsteshari et al. [125] de-
signed an isothermal calorimeter to measure heat generation rates at each individual
electrode accurately to gain insights into the contributing factors of the reversible
heat generation rate.

The time-dependent temperature profile obtained duing continuous galvanostatic
cycling can in general, be mathematically expressed as superposition of a constant lin-
ear temperature rise along with temperature oscillations repeating at cycle frequency.
The linear temperature rise corresponds to Joule or irreversible heating, which is
proportional to square of the current and is always positive, while the temperature
oscillations correspond to entropic heating, which varies linearly with current.

Schiffer et al. [101] was the first to associate the temperature oscillations to the
entropic effect. The reversible phenomenon occurs because the net entropy of the

ions (a) decreases during charging, as the ions form an electric double-layer and (b)
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increases during discharging as the ions return to their original random orientation.

A simple model expressing the reversible heat generation rate as

ds Tk,

was used to explain the exothermic and endothermic nature of the charging and

Qrev =T

discharging processes. Recent models [114,116] based on first principles suggest that
the reversible heat generation rate has contributions from ion diffusion, entropy of
mixing, steric effects and possibly redox reactions.

Thermal modeling is an effective technique to predict temperature evolution of
EDLCs. The models can be broadly categorized into: (a) equivalent circuit, (b)
lumped, (c) finite element and (d) first principles model [1]. The heat generation rate
calculation in most of these models has typically been oversimplified; it is considered
spatially uniform and is estimated as Joule heating from the imposed current and the
experimentally measured device electrical resistance. In equivalent circuit models,
the heat generation rate is estimated by summing up Joule heating terms from all
resistor elements in the equivalent circuit representing the device [128]. In lumped
models, an energy balance is solved for the time varying average temperature while
neglecting spatial temperature variations inside the cell [103,129,130]. Finite-element
models represent an improvement over the lumped model and solve for the spatio-
temporal temperature variation assuming a constant heat generation rate [121]. Re-
cently, d’Entremont and Pilon [114,116] developed a spatio-temporal physical model
based on first principles which accounted for coupled ion transport, heat generation
rates and thermal transport in an EDLC. The model was successful in developing a
deep understanding of physical phenomena underlying the experimentally observed
temperature oscillations. However, although the simulated temperature profile was in
qualitative agreement with experimental results, they differed by orders of magnitude
quantitatively due to the reason that they make the rarely accurate assumption of
considering electrodes as flat plates while neglecting electrode morphology completely.

In the present study, we develop a one-dimensional model to simulate the spatio-

temporal temperature evolution in a sandwich EDLC structure comprised of two
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Fig. 4.14. (a) Schematic of a complete supercapacitor cell consisting
of N sandwich units. The zoomed up view of a single unit shows
its major components: (1) aluminum current collector (2) two porous
electrodes each length L., composed of activated carbon and (3)a
separator of length Ly. The magnified view shows a cross-section of
the cell structure. Dark spheres correspond to activated carbon that
constitute the two electrodes. The electrolyte residing in the porous
regions of the carbon electrodes is electrically neutral except for the
thin Stern diffusion layer forming around the walls of the activated
carbon spheres. (b) An overview of the numerous factors influencing
heat generation in an EDLC cell.

porous electrodes and a separator impregnated with a binary symmetric electrolyte.
Drawing from porous electrode theory, we derive expressions for the total heat gen-
eration rate as a function of the current flowing in the solid and liquid phases of the
electrodes. Such model is an improvement over the flat plate electrode model and
takes into consideration factors such as electrode porosity, volumetric surface area
and electrode and electrolyte conductivity. In addition, we present a scaling analysis
of the model which led to simplification of the problem. Eleven independent design
parameters were simplified to seven dimensionless similarity parameters which gov-
ern the spatio-temporal evolution of electrode and electrolyte phase potentials, ion

concentration, heat generation rates and temperature evolution.
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4.2.2 Analysis
Schematics and Assumptions

Fig. 4.14 illustrates a one-dimensional cell of thickness Lg., composed of N el-
emental sandwich EDLC units in series. Each unit consists of two electrodes with
thickness L. (left denoted electrode A and right denoted electrode B) sandwiching a
separator of thickness Lg. A symmetric, binary electrolyte resides within the porous
structure of the electrodes and separator. Ions present in the completely dissociated
electrolyte accumulate at the electrode interface forming a Stern-diffusion layer. The
electrolyte residing in the electrode pores away from the Stern-diffusion layer is elec-
trically neutral. ITon accumulation in the Stern-diffusion layer induces an equal and
opposite charge on the electrode surface.

Each EDLC unit is charged/discharged at a constant current density I, (t) im-
posed at the boundary of the right electrode. In galvanostatic charge/discharge mea-
surements, the imposed current density is allowed to vary periodically with time as,

I(t) = —1Iy, for 2(n— 1)ty <z < (2n — 1)t. (435)
+1y, for (2n — 1)ty < x < 2nty.
where Iy is the applied current density in A m~2, n (=1,2,3,...) is the cycle number,
and t is half the cycle period. The cell voltage is allowed to vary periodically from
Vinin 10 Vinae and vice-versa. Here, AV = V.. — Vinin is referred to as the potential
window.

The following assumptions were made (1) The electrolyte completely dissociates
into its constituent ions. (2) The electrolyte is binary and symmetric (z;=-z_=1
and ¢ o=C2,0,0=0p); also the bulk diffusion coefficient is equal for both types of ions
(Dy=D_=D). (3) Chemical reactions and ion adsorption due to non-electrostatic
forces are absent inside the electrode. (4) Bulk movement of the electrolyte i.e., ad-
vection, is negligible. (5) Steric effects due to ion-ion repulsion are neglected. (6) All

electrolyte properties are independent of temperature. (7) The ambient temperature
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is constant at T. (8) The heat transfer coefficient h is constant and independent
of surface temperature. (9) Porous electrode theory is sufficient to represent the
electrochemical and thermal behavior of the EDLC.

In the past, porous electrode theory has been employed to solve transport problems
for a wide variety of energy storage systems such as batteries [131], fuel cells [132],
EDLCs [133,134] and hybrid pseudocapacitors [135,136]. This approach is appli-
cable only when the microscopic features are uniform and much smaller than the
system dimension to justify volume averaging liquid and solid phase properties in
the form of a continuum set of equations. This condition is applicable to activated
carbon electrodes, which are typically around on hundred microns thick and consist

of agglomerate carbon particles with sizes on the order of a micron.

Electrochemical Transport

Conservation of charge requires that the input current density I;,(t) is equal to

the sum of currents flowing through the solid and liquid phases of the electrode,
Lim(t) = I + L. (4.36)

The current density in the solid phase and in the liquid phase of the electrode can be

expressed by Ohm’s law as

TS 4.37)
P "
2 ox

where the electrical conductivity of the solid phase ¢ is a constant and the electrolyte
ionic conductivity x is a function of the local ion concentration ¢ and is given by

2F?Dc
K= )
R, Ty

(4.38)

The positive and negative ion concentrations differ only in a narrow region around
the electrode/electrolyte interface called the Stern-diffusion layer. Because the pores

occupy a much larger volume, it is safe to assume that the average concentrations of
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positive and negative ions are equal in the binary symmetric electrolyte, ¢, = c¢_ = c.
The diffusion coefficient is assumed to be equal for the positive and negative ions
and incorporates the effects of porosity and tortuosity: D = D..e/7 [137,138]. In
the past, self-consistent effective medium theories have been used to show that when
the porosity ( ) is uniform over a length scale that is small relative to the system
dimension, as assumed in the present study, the tortuosity (7) can be approximated
by the Bruggeman relation [139,140] 7 = ~Y2. Thus, the diffusion coefficient in the
electrode region (D.) and in the separator region (Dy) is expressed as
D, = Dy, 32,

I (4.39)

The electrolyte concentration is considered spatially uniform initially,

Table 4.1.
Field equations
Left Electrode Separator region Right Electrode
(0<z< Le) (Le<xz<Le+Ls) | (Le+ Ls <z <2Le+ L)
Oy Lim (8)—1> _ 01 Lim(t)—12
ox o ox o
9% I s _ _ I 0> I
or K oxr K oxr K
P O(p1—p2 _ 2 (P 2
% — aC (¢8t¢) I = Iim(t) % — q(9¢1—92)
dc __ 0? C O(p1—¢2) dc __ 02 dc __ 0? C O(p1—¢2)
eof = Degr + 97— a1 sot = Dsga e = Degaz + 57— a1
c(x,0) = oo for 0<z<2L.+ L,.

The boundary conditions at the current collector and electrode/separator boundaries
are listed in Table 4.2. At the current collector, the solid phase transports the imposed
current density entirely while at the electrode/separator boundaries, the liquid phase
carries the imposed current density. The potential at the left collector is set to zero;

hence, the cell voltage is given by ¢; at the right collector.
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Boundary conditions
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Current Collector | Electrode-separator | FElectrode-separator | Current collector
(x=0) boundary (x=L.) | boundary (x=L. + L) (x=2L. + L)
¢1=0 Tl =m0 | Pla= R0 | Rle-—te0R

ot | 6ok | Lok | -k
L=0 I = Ijm(t) I = Iim(t) IL,=0
e=0 D[ = D&|r D%|L = D&|r =0

The capacitance per unit projected area of the electrodes, Cy (F m™2) is evaluated

as
o ]Otdc

where t4. represents the discharge phase duration and AV, represents the potential

Ca (4.41)

change during discharge (AVy = Vj & — Vinin). The device equivalent series resistance

(ESR) is obtained by
[Rdrop

E prm—
SR T

(4.42)

where IR, represents the voltage drop at the beginning of discharge (/Rgrop =
Vmax - Vd,st)~

Thermal Transport

In the absence of chemical reactions and convection heat transfer, the energy

conservation equation can be expressed as

orT 0T

Pl gy = k’@ + Grot, (4.43)

where ¢, is the volumetric heat generation rate. It can be interpreted as the sum-

mation of an irreversible component ¢;.., which is positive during both charge and
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discharge; and a reversible component ¢,.,, which is positive during charge and nega-
tive during discharge [101]:
qtot = Qirr + q.rev' (444)

The irreversible component is the sum of Joule heating in the solid electrode phase
and in the liquid electrolyte phase ¢irr = Girreic + Girrey- Hence, in the electrode

regions (0<zx<L. and L, + L;<x<2L. + Ly),
17 I3
‘irre c= 'irre = —. 4.45
Qirr el o Qirrely i ( )
The imposed current density I;,,(t) is transported entirely through the liquid phase

in the separator region. Thus, in the separator region (L.<z<L, + L),

i

Qirr = Qirrely — —

(4.46)

The reversible heat generation rate caused by entropy change during double-layer
formation is predicted to hold a linear relation with the double-layer current according
to the model proposed by Schiffer et al. [101]
Toky, V)
0 bln(_H

e Vo

q.rev = -2 )’l(t) (447)

In the present study, an entropy constant [ is used to relate the ¢,., to the rate of
charge formation at the electrode/electrolyte interface. Reversible heat generation

rate in the electrode domains (0<z<L. and L. + L,<x<2L.+ L) is expressed as

_— O(d1 — o)
Qrev = 6(@07) (448)

whereas it is zero in the separator domain. The reversible heat generation rate in the

electrode domains can also be expressed as

. o1,
Qrev = % (449)

$ formulated in this fashion was determined by Schiffer et al. [101] and d’Entremont
et al. [114] as 0.101 J C~! and 0.06 4 0.012 J C~! respectively by comparing analytical
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models to experimental measurements. In summary, the heat generation rate ¢, is

expressed as

g‘i‘%‘i‘ﬁ%? 0<z<Le
ot = %, Le <o < Le+ Ly (4.50)
ByL, pob Lo+ Ly <2 <2L.+ L.

Energy conservation over a complete charge/discharge cycle requires that the electri-
cal energy supplied in the charge phase is the sum of energy output in the discharge
phase and the total dissipated energy. The dissipated energy can, in principle, be
transformed into various forms of energy by different physical and chemical processes.
Pascot et al. [126] verified that the dissipated energy calculated from the difference

of the input and output energy is equal to the total heat generation. In other words,

te tettye tettqe 2Le+Ls

[y Vdt = 1y.Vdt + Grordxdt

0 te te 0
tettye tettye 2Le+Ls (451)

= 1. Vdt + Girrdzdt.

te te 0
A portion of the energy input during charging is lost in the form of heat which is
dissipated to the ambient while the rest is stored in the device and available during
discharge. Note that although the reversible component of heat generation rate con-
tributes to the instantaneous value of total heat generation rate, its net contribution
over the duration of the entire cycle is zero due to opposite signs in the charge and

the discharge phase. The physical properties in the electrode and separator domains

are calculated using a weighted average,

Melc,afu - eMely + (1 - e)Melc
(4.52)
Msep,av - sMely + (1 - S)Msep

where M represents density p, thermal conductivity k& or thermal diffusivity a. In
a typical commercial supercapacitor, the electrode and separator assembly is wound
into several layers either in the form of a stack or in the form of a cylinder. The number

of layers vary with device size. Schiffer et al. [101] estimated the number of layers
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for a 5000 F Nesscap supercapacitor device to be 80. The heat generated during
continuous charge/discharge cycling leads to non-uniform temperature distribution
inside the device. Due to convection heat loss, the temperature at the center of the
device may exceed the surface temperature by as much as 3 °C as estimated by
Gualous et al. [102]. The temperature distribution inside the device and its variation
with time is expected to influence device aging significantly and hence needs to be
thoroughly investigated.

In this study, 50 sandwich units are stacked in series to construct a device (schematic
shown in Fig. 4.14a) and its temperature evolution is studied. Eq. 4.43 was solved
for the entire device to evaluate the spatio-temporal evolution of temperature. The
electrochemical response of each unit was assumed to be identical. The initial tem-

perature was assumed to be uniform,
T(x,0) =Ty 0 < < Lgey- (4.53)

The left end boundary condition is

—kAlg—z(O, t) = h(Ts — T(0,1)). (4.54)

Similarly, the boundary condition at the right end is

or
—kar—(Laeo, ) = M(T (Laes, t) = Too)- (4.55)

Here, the ambient temperature T, is considered equal to the initial temperature of

the device Tj.

Dimensional Analysis

The following scaling parameters were defined to make the formulation dimen-

sionless,
x [0} t
* el R =
=0 R.T,JF’" ~ L?/D. (.56
I —F '
IF = — & = ¢ T — M.

[0’ Coo’ Ty
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Here, the position vector  was scaled by the electrode length L. while the solid
phase and liquid phase potentials were scaled by the thermal voltage R,T,/F which
represents the voltage equivalent to the thermal energy for an ion of valency 1 at
ambient temperature Ty. The time ¢ was scaled by the characteristic time for ion
diffusion across the length of the electrode estimated as 74 = L?/D,, while the solid
phase and liquid phase current densities /; and [; were scaled by the applied current
density Iy. Finally, the ion concentration ¢(x,t) and temperature change T'(x,t) — Tg
were scaled by the bulk ion concentration c,, and initial temperature Tj respectively.
The resulting dimensionless governing equations are shown in Table 4.3 and the asso-
ciated dimensionless boundary conditions are documented in Table 4.4. Using scaling
analysis, the 11 dimensional quantities Iy, L., o, D,., ¢, aC, «, k, 5, h and Tj are

simplified to the following 7 non-dimensional paramters:

L FL,
N O'RUTO
o IOLe
"~ 2FD,co
D,
I, — aC
o
o aely
Le = D. (4.57)
o IOLeRu
FDe(PCp)ely
BF
| —
T R,
_ hL,

ka

IT;

IT,

115

17

The non-dimensional number II; scales the voltage across the length of the electrode
in the solid phase IyL./o by the thermal voltage R,T,/F. Similarly, the dimension-
less number Il, scales the voltage across the length of the electrode in the liquid
phase IyL./k. by the thermal voltage R,Ty/F. The Lewis number Le is given by
the ratio of the characteristic time for ion diffusion 7y = L?/D, to that for heat dif-
fusion 1y, = L?/ ey 1in the electrolyte. The non-dimensional number 1l is the ratio

of the characteristic volumetric heat capacity Cy = IgL.R,/F D, to that of the elec-
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trolyte (pc,)ery. Similarly, Ilg scales the reversible heat coefficient 5 to the thermal
voltage and 117 is the effective Biot number considering the characteristic length to
be the electrode thickness L.. The non-dimensional energy conservation equation is

expressed as:

.

« 27+ o Cp)e *
) K%Le ?9352 U_Al—((iclg;))/i? II, 115, x* collector
1" «a 2 C Ix2 oIx
G = ) Ste Ll 4 P (I (40 — 13)? 4 LT % + T5115%),  a”e electrode
Qsep,av o2T* (pCP)ely 115115 *
e Le 5oz + Do) oemms e x* separator
(4.58)
The boundary condition at the left end boundary is given by,
oT™
7 lvr=0 = 7T 0. 4.59
B 0 7 0 ( )
Similarly, the boundary condition at the right end boundary is given by,
oT™ y
B g = —IL,T oo B (4.60)

4.2.3 Method of Solution

The set of governing equations (Table 4.1) and associated boundary and initial
conditions (Table 4.2 and Eq. 4.40) were used to solve for electrochemical transport
variables ¢1, @5, Is and c. The electrochemical transport equations were solved for
a single unit with uniform mesh size in both electrode and separator regions. On
the other hand, for the thermal model, the computational domain consisted of N
number of stacked units. The energy conservation equation, Eq. 4.43 along with
the associated boundary and initial conditions (Eq. 4.53-55) was solved to determine
the spatio-temporal variation of temperature. The electrochemical performance of
each unit in the stack was assumed to be identical and thus the results obtained

by solving the electrochemical problem were used repetitively to estimate the local
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heat generation rate at each grid point. The mesh size for the thermal model was
chosen to be p times larger than that for the electrochemical model, and hence only
the p™ multiples of the evaluated electrochemical transport variables were used to
compute the local heat generation rate. The expansion factor p was introduced to
reduce the computation time while maintaining accuracy. Refinement was performed
on mesh size, time step and expansion factor p to determine their appropriate values.
Numerical convergence was assessed on the basis of computed energy, power density,

spatially averaged heat generation rate during charge phase (chh) and discharge

phase (Qav,dc) .
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Fig. 4.15. (a) Cell voltage as a function of time during a single
charge/discharge cycle for an operating current density Io=50 A m~2.
The device operates in the voltage range of 0 and 2.7 V. Spatial vari-
ation of solid phase potential ¢, liquid phase potential ¢9 and stored
charge density Q. = aC(¢; — ¢2) at equi-spaced time intervals from
the beginning to end of discharge (¢/t. =0.0, 0.17, 0.34, 0.51) are
shown in (b), (¢) and (d) respectively. Spatial variation of the solid
phase current density /; and liquid phase current density I, during
the charge phase (¢/t.=0.25) are shown in (e), while the spatial vari-
ation of I, during transition from charge to discharge phase is shown
in (f). The grey and blue regions in the plots represent the electrode
and separator regions in the device.
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4.3 Results and Discussion

Simulations were performed for the set of parameters shown in Table 4.9. Refine-
ment studies were performed for mesh size, time step and expansion factor p. The
results of refinement study are displayed in Tables A1, A2 and A3. Upon inspection,
less than 1% change exists in the computed values upon refinement beyond a mesh
size value of 0.5 um, a time step of 0.05 s and a division factor p of 5. Therefore, these
parameters are used in all subsequent calculations. Electrochemical performance and
heat generation rates were evaluated during constant-current cycling at a current
density Ip=50 A m~? in the voltage range 0-2.7 V. Detailed numerical simulations
were performed to investigate the influence of operating current density Iy, imposed
rest period, convection heat transfer coefficient h, set voltage range of operation AV
and the number of sandwich units N on spatio-temporal temperature evolution in

the device during galvanostatic charge/discharge cycling.

4.3.1 Electrochemical Behavior

The variation of cell voltage with time is studied for continuous cycling at /= 50
A m~2. The cycle time is modulated in order to cycle the device over the prescribed
voltage range of 0-2.7 V. Fig. 4.15(a) shows that the cell voltage rises linearly from 0
to 2.7 V during charging, while in the discharge phase, first it undergoes a drop of 0.23
V and then declines linearly to 0 V. The cycle period t. of 102 s is comparable to that
observed for a commercial EDLC composed of porous electrodes. Note that unlike
past EDLC simulations [114,116] in which flat and planar electrodes were considered,
here a porous electrode EDLC of realistic dimensions is simulated. As expected, the
porous electrodes charge slowly relative to planar EDLCs, and hence the cycle period
t. is similar to that measured experimentally. Fig. 4.15(b) and (c) display the time
evolution of electrode phase potential, ¢ and electrolyte phase potential, ¢5 at equally
spaced time intervals from beginning to end of charge phase, for Ip=50 A m~2. The

grey and blue zones denote the electrode and separator domains respectively. During
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charging, the positive electrode potential rises at a constant rate, while the negative
electrode potential stays invariant. A mild slope in ¢; can be observed across the
length of the electrodes at all times. This slope is expected to rise with operating
current density and decrease in solid phase electrical conductivity ¢. Similar to ¢q,
the electrolyte phase potential ¢, can be observed to vary spatially. The variation is
larger in the separator region than in the electrodes, which can be attributed to I
being larger in the separator region. The volumetric charge density in the electrodes
Qcn, which is equal to product of the volumetric capacitance (aC') and the difference
between solid phase and liquid phase potentials (¢; - ¢2) is shown in Fig. 4.15(d)
at equi-spaced time instants during a single charge phase. The charge density rises
as a function of time during the charge phase and decreases during the discharge
phase. Furthermore, the distribution is non-uniform, indicating insufficient electrode
utilization.

Fig. 4.15(e) shows the spatial variation of solid phase current density [; and
liquid phase current density I, during a single charge phase. Both [; and I, are
symmetric about the centerline, which is representative of pure double-layer behavior.
At the current collector interface, the operating current density is transported entirely
through the solid phase. Also, the charging phase corresponds to a negative value
of the operating current density, Iy. Thus, during the charge phase, I increases
linearly from -1, at the current collector interface to 0 at the separator interface while
I5 declines linearly from 0 at the current collector interface to a value of -I; at the
separator interface. In the separator region, the liquid phase solely transports the
operating current. The charging process continues until the cell potential reaches the
upper set value. During the discharge phase, a reversal of sign of both the solid phase
current density, I; and liquid phase current density, Iy occurs. The corresponding
transition of the liquid phase current density I is displayed in Fig. 4.15f. Clearly, at
the beginning of the discharge phase, I5 follows a non-linear profile which corresponds
to non-equillibrium conditions. However, it gradually attains a linear profile, about

3 s into the discharge phase.
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Fig. Al shows the electrolyte concentration c(x,t) as a function of position z
at several time instants during a charge/discharge step. At the beginning of the
charge phase, salt concentration c(x,t) can be observed to be larger at the negative
electrode compared to that at the positive electrode. However, as the cell voltage
continues to rise, the salt concentration at the negative electrode reduces while it rises
at the positive electrode, similar to past simulations [141]. Notably, the concentration
variation is steeper in the separator region compared to the electrodes, which may be
attributed to the lower diffusion coefficient in the separator region. The cell voltage
profiles at different operating current densities Ip=30, 50 and 70 A m~? are displayed
in Fig. A2. All the profiles exhibit similar shape. The voltage rises linearly from a
positive value to the upper limit during charge phase. At the beginning of discharge,
a sharp voltage drop occurs followed by a linear decline.

Conservation of charge in the neutral liquid phase requires the spatial derivative
of electrolyte phase current to be equal to the rate of charge accumulation at the

electrode/electrolyte interface

ol (¢1 ¢2)
T T (4.61)

Performing mass conservation for the electrolyte bulk concentration in the electrode
domain yields
Oc 9*c  aC A¢1 — d2) (bg)

o~ Pomtor o (4.62)

where the first and second terms on the right side represent ion flux corresponding
to diffusion and corresponding to migration in an electric field respectively. Ton flux
in the separator domain is caused only by diffusion, and thus the mass conservation

equation is
0 0?
e _p O
ot ox?

The complete set of transport equations governing the electrode phase potential ¢,

(4.63)

the electrolyte phase potential ¢, the electrolyte phase current density I, and the

bulk electrolyte concentration c is listed in Table 4.1.
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Fig. 4.16. Predicted heat generation rates Girreic; Girrelys Girrtots
Grev and Gyor as functions of location z at non-dimensional time (a)
t/t.=0.25 and (b) t/t.=0.75 for [y= 50 A m~2. Predicted heat gener-
ation rates Girreic, Girrelys Girrtot, Grev a0d Gror as functions of location
x at non-dimensional time (a)t/t.=0.25 and (b)t/t.=0.75 for [,=70
A m2.
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4.3.2 Thermal Behavior
Local Heat Generation Rates

Fig. 4.16 shows the predicted value of volumetric heat generation rates ¢,eic,
Qirrelys GQirrtots Grev aNd Gor as functions of location x during the charge phase (non-
dimensional time t/t.=0.25) and during the discharge phase (non-dimensional time
t/t.=0.75). The results for [y= 50 A m~? are shown in Fig. 4.16(a) and (b) while
results for I[p=70 A m~2 are displayed in Fig. 4.16(c) and (d). The grey and blue
regions in the plots represent electrode and separator, respectively. Fig. 4.16(a)
indicates that the total heat generation rates is more uniform in the separator com-
pared to in the electrodes. Such observation can be attributed to the fact that in
the separator the reversible heat generation rate ¢,., is zero, and the liquid phase
current density I is uniform. The slight variation in ¢;,; within the separator is due
to varying local electrolyte concentration c¢. On the other hand, the irreversible heat
generation rate variation within the electrodes can be attributed to changing solid
phase current density [; and liquid phase current I5 as shown in Fig. 4.16(b) and (c).
Such spatial variation in irreversible heat generation rate was neglected in the first
principles model developed by d’Entremont et al. [114] in which the computational
domain consisted of only the electrolyte. The reversible heat generation rate ¢,., does
not vary spatially within the electrodes, which implies that the total reversible heat
generation rate within a cell is linearly proportional to the electrode thickness.

Comparing Fig. 4.16(a) and (b), the total heat generation rate ¢, is larger
within the electrodes in the charge phase compared to the discharge phase because
the reversible heat generation rate ¢,., is positive during charge and negative during
discharge. On the other hand, in the separator, the total heat generation rate is
almost the same. A comparison of Fig. 4.16(a) and (c) establishes that a change
in the operating current density [, leads to a substantial change in the magnitude
and spatial variation of the volumetric heat generation rates. Both the reversible

heat generation rate ¢,., and the irreversible heat generation rate ¢ .+ are higher
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Fig. 4.17. Spatially averaged irreversible heat generation rate in the
solid phase Q

Qjrr el total irreversible heat generation rate

irreversible heat generation rate in the liquid phase

irr.elcy

irrtots TEVErsible heat

generation rate @,., and total heat generation rate Q,,, plotted as
a function of time ¢ for two consecutive charge/discharge cycles at
operating current density (a) [p=50 A m~2 and (b) [,=70 A m2.

at Ip=70 A m~2 compared to [;=50 A m~2. Furthermore, in the separator region,
(i has a larger slope at Ip=70 A m~2 which can be attributed to the larger gradient
in electrolyte concentration ¢ at high current densities. In summary, the total heat
generation rate varies considerably in space during both charge and discharge, which

was neglected entirely in past equivalent circuit electro-thermal models [103, 126].

Overall Heat Generation Rates

In order to assess the relative significance of the different components of the to-
tal heat generation rate, spatial and temporal integration needs to be performed
on the evaluated volumetric heat generation rate ¢;(x,t). In this context, four new

terms are defined: spatially integrated instantaneous heat generation rate Ql(t) (W

m~ %= 02L8+L5 ¢;dx, spatially averaged instantaneous heat generation rate éz(t)[ W
m~3]= 02L6+L5 ¢idx /(2L + L), the total heat generation in a charge/discharge cycle
Q; [Jm™2]= Ot elae 02LE+LS ¢;dz, and the spatially and temporally averaged heat gen-

tc +tdc 2Le +Ls

eration rate Q; [Wm™3]|= 0 0

Gidz/[(2Le+ Ls)(t.+1tq.)]. Fig. A3 compares
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the breakdown of the net energy input during the charge phase ( (fc Iy.Vdt) into its
various components. According to Eq.(19), the components are: total energy dissi-
pated as Joule heat in the solid electrode phase (Qirreic), total energy dissipated as
Joule heat in the liquid electrolyte phase (Qjrr 1), and total energy output during

tc+tdc

discharge ('

Iy.Vdt). The results are shown for two operating current densities
Ip=50 and 70 A m~2. As observed in Fig. A3, for the higher operating current den-
sity, the net energy dissipated due to Joule heat is much larger, and consequently,
the energy output is lower.

Fig. 4.17 shows the net spatially averaged total heat generation rate, 6 and its
irreles 61'7«7«,313; and 5

sidered: (a) =50 A m~2 and (b) [,=70 A m~2. First, in both cases the irreversible
0 and é

various components, () as functions of time. Two cases are con-

rev

Joule heating rates Q , are always positive and constant. In

irr.elcy Qirr,ely irr,to

addition, they are proportional to square of the operating current density I,. The

spatially averaged reversible heat generation rate Q... on the other hand, is positive

rev
during the charge phase and negative during discharge but equal in magnitude, as
observed experimentally. Furthermore, an inspection of Fig. 4.17(a) and (b) demon-
strates that it is a linear function of Ij.

The spatially integrated instantaneous heat generation rate, Qrev(t) is evaluated as
6.06 and 8.49 W m~2 at J,=>50 and 70 A m~2 respectively. These results are similar to
the reversible heat generation rates of 5.03 and 7.05 W m~2 calculated using Eq. 4.34
as proposed by Schiffer [101]. Another noteworthy point is that Qrw(t) is independent
of the separator length because the separator has no contribution, in contrast with
the model proposed by Schiffer et al. [101] which predicted increasing values of Qtot,mv
with increasing inter-electrode distance.

The spatially integrated total heat generation rate Qtat(t) alternates between two
constant values during charge and discharge. For I,=50 A m~2, it is 96.5 and -
0.1 kW m™2 in the charge and in the discharge phases respectively. Thus, in the

discharge phase, there is no net heat generation rate, because the Joule heating rate

is completely offset by the reversible heat generation rate. Similarly, for (=70 A
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Fig. 4.18. (a) Thermocouple temperature measurements at different
positions of a BCAP350 F EDLC cycled at + 15 A plotted as a
function of time ¢ (reproduced from Fig. 10(a) of Ref. [102]). The
inset shows a magnified view of the temperature profiles (reproduced
from Fig. 10(b) of Ref. [102]). In the figure, T(surface) represents the
temperature measured on the outer surface, while T1, T2, T3 and
T4 represent temperature measurements corresponding to positions
moving away from the center of the device. (b) Numerically predicted
temperature evolution with time at positions = 0, © = Ly, /6,
T = Lgew/3 and @ = Lge,/2 for imposed current density Ip=50 A m—2
and outer convection heat transfer coefficient h =20 W m~2 K~!. The
inset shows a magnified view of the temperature profiles in the time
range of 2000 and 2500 s.

m~2, the total heat generation rate Qtat(t) alternates between 163 and 27 kW m™3.
Thus at large currents, the Joule heat generation rate exceeds the reversible heat
generation rate in the discharge phase leading to a net positive total heat generation
rate.

Fig. 4.20(a) shows the predicted device centerline temperature as a function of
time ¢ for continuous charge/discharge cycling at three values of operating current
density Io= 30, 50 and 70 A m~2. The cycle time was adjusted in order to maintain
the device in a voltage window of 0-2.7 V. In all cases, the average temperature rises
initially, followed by saturation after a certain time. The temperature oscillates over a

longer time period at low operating current densities which correspond to longer cycle
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Fig. 4.19. Computed (a) cell voltage V. as a function of time ¢, (b)
dimensionless cell voltage V, as function of dimensionless time ¢*
during a single galvanostatic charge/discharge cycle for cases 1 to 3
(Table 4.5). Computed (c) device centerline temperature T'(Lge,/2,t)
as a function of time ¢ and (d) dimensionless centerline temperature

T*(Lgev/2,t*) as a function of dimensionless time ¢* for cases 1 to 3
(Table 4.5).
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time periods. The trend is similar to measured temperature profiles on the surface of
a commercial EDLC reported by Gualous et al. [121]. The steady-state temperature
value obtained from experiments [102] (after 3000 s of cycling) is plotted as a function
of operating current in Fig. 4.20(d). The quadratic function shown in the plot can
be observed to fit the results very well, thus confirming the hypothesis that at steady
state, Joule heating solely defines the average temperature of the device. Similarly,
the numerically predicted device centerline temperature follows a quadratic variation
with operating current density as shown in Fig. 4.20(b).

The numerically predicted spatial variation of temperature inside the device at
the end of 3000s is shown in Fig. 4.21(a), (b) and (c) for the three operating current
densities. As expected, the temperature profile is parabolic in all cases with the
maximum temperature occurring at the device center and the minimum temperature
at the device surface. Both the center temperature as well as the surface temperature
rise as a function of operating current density. The temperature difference between
center and surface was predicted to be 0.24, 0.40 and 1.42 °C at operating current
densities 1p=30, 50 and 70 A m~2. Such a non-linear variation is because the Joule
heating varies with square of operating current density. This difference in temperature
between the center and surface was measured to be in between 1-3 °C for a BCAP

350 F EDLC by Gualous et al. [102].

Temperature Evolution

Fig. 4.18 compares the numerical predictions of the present model with exper-
imental temperature measurements on commercial supercapacitors reported in the
literature [102]. Parameters for the simulations are presented in Table 4.9. Fig.
4.18a displays the temperature response measured by Gualous et al. [102] in a 350 F
EDLC subjected to galvanostatic charge/discharge at an operating current of 15 A
and cooled by natural convection on the external surface. Ty, represents the temper-

ature measured on the external surface of the device while 17, T5, T3 and T} represent
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Fig. 4.20. (a) Predicted device centerline temperature T'(Lge,/2,t)
as a function of time ¢ for galvanostatic cycling at three different
operating current densities, Io=30, 50 and 70 A m~2. The dotted lines
represent the cycle-averaged temperature profiles. The convection
heat transfer coefficient h on the outer surface of the device is assumed
to be 20 Wm=2 K~!. (b) Numerically predicted device cycle averaged
centerline temperature after 3000 s of cycling plotted as a function
of cycling current density. (c) Measured surface temperature of a
Maxwell BCAP350 F supercapacitor as a function of time, reported
by Gualous et al. [121] for cycling currents 10, 15, 20, 25, 30, 35
and 40 A (reproduced from Fig. 13). (d) Plot of measured surface
temperature after 3000 s of galvanostatic cycling as a function of
operating current.
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temperature measurements at different radial positions inside the device from the
center to a point closest to the outer surface. The results indicate that temperature
decreases along the radius due to dissipated convective heat flux on the outer sur-
face. Furthermore, the external surface temperature profile T, does not exhibit the
oscillations apparent in measurements taken inside the device.

Fig. 4.18(b) shows the numerical results obtained from the present model for a
cycling current density of Ip=>50 A m~2 and a fixed value of convection heat transfer
coefficient, h= 20 W m~2 K~! at the outer device surface. The inset illustrates a com-
parison of the temperature profiles computed at different locations along the length of
the device. Our physical model results resemble the experimental response of commer-
cial EDLCs during galvanostatic cycling quite well. The predicted thermal behavior
is similar to experimental results both qualitatively as well as quantitatively. At all
locations, the cycle-averaged temperature rises rapidly initially, followed by gradual
saturation. Furthermore, temperature oscillations are superimposed onto the average
temperature profile as a consequence of reversible heat generation. At saturation,
the total heat generation rate inside the device equals the heat dissipation rate to
the ambient. The temperature oscillations occur due to reversible heat generation
which is opposite in sign during the charge and discharge phase. The predicted am-
plitude of the oscillations is around 1.15 °C, which is close to 0.9 °C measured by
Schiffer [101].for a voltage range of 0.5 and 2.5 V. Importantly, the agreement in tem-
perature results contrasts with recent simulations based on planar electrodes [114,116]
which predicted temperature profiles that were similar in shape to measurements, but
whose oscillation amplitudes magnitude were smaller by several orders of magnitude

because of the assumption of flat and metallic electrodes instead of porous electrodes.

4.3.3 Dimensional Analysis

Table 4.5 summarizes the three sets of input parameters used for scaling analysis.

Case 1 was based on realistic system parameters described by Verbrugge et al. [133].
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The electrolyte ionic conductivity was assumed to be that of 0.93 M TEABF, salt
in acetonitrile solvent at 25 °C. The input parameters for case 2 and 3 were varied
in a way such that the dimensionless numbers remained constant. The dimensionless
numbers corresponding to each case was I[1;=1.453, [1,=2.540, 113=0.0034, Le=1.16 x
104, T15=0.0172, I15=2.337 and II;=2.44x 1075, The dimensionless governing equa-
tions along with associated boundary conditions represented in Table 4.3 and 4.4
respectively were solved to compute ¢f, ¢3, I3 and ¢*, while Eqgs. (26)-(28) were used

to determine 7. The results depend only on the seven dimensionless numbers defined

in Eq. 4.57 and a few property ratios (é—:, -, 5, o is—j, ((/fccﬁ))gi and ((555))52;). Fig.
4.19(a) illustrates the cell voltage as a function of time ¢ during a single galvonostatic
charge/discharge cycle for all three cases. The cell voltage profiles featured different
cycle periods due to different values of operating current density 1. Fig. 4.19(b) plots
the dimensionless cell voltage V%, versus dimensionless time ¢*, and the dimensionless
voltage profiles can be observed to collapse onto a single curve.

Similarly, Fig. 4.19(c) and (d) illustrate the dimensional analysis for temperature
profiles. The device centerline temperature is shown as a function of time ¢ for all
three cases in Fig. 4.19(c). As expected, higher operating current density I, is
observed to lead to higher temperature. However, when the results are plotted in

terms of dimensionless temperature versus dimensionless time, they all collapse onto

a single curve as shown in Fig. 4.19(d).

4.3.4 Influence of Convection Heat Transfer Coefficient

The convection heat transfer coefficient A governs the heat transfer rate from the
external boundary of the device to the ambient. A previous study by Sakka et al. [103]
has compared the temperature evolution in supercapacitor modules during cycling
while being subjected to natural and forced convection. In general, the convection
heat transfer coefficient is a function of the flow conditions on the outer surface of

the device. In a few studies, the device is modeled as a horizontal cylinder, and
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the convection heat transfer coefficient is estimated using Nusselt number- Rayleigh

number relations [121]. In the case of laminar convection (10°<Ra<10?)

Nu = 0.53Ra*/*, (4.64)
while in case of turbulent convection (10°<Ra<10'%)

Nu = 0.10Ra"/3, (4.65)

In case of forced convection, the total heat transfer coefficient (including convection

and radiation) is estimated from empirical relations such as [142,143]
h=5+17.(v+0.1)"% (4.66)

where h is in W m~2 K~! and v is in m s~!. Fig. 4.22 displays the influence of h on
the temperature evolution in the device upon continuous charge/discharge cycling at
an operating current density of 50 A m™2. As shown in Fig. 4.22(a), the numerically
predicted device centerline temperature undergoes a rapid rise initially, followed by
gradual saturation or a slow rise. For h=20 W m™2K™!  the average temperature
saturates at 33 °C, while for h~=10 W m2K™!, it saturates at 39 °C. However, for
h=5 W m~2K™!, the average temperature continues to rise at a slow pace even at
the end of 3000 s. As expected, a large heat transfer coefficient improves device
cooling resulting in lower average temperature at the end of 3000 s. As shown in
the inset of Fig. 4.22(a), the device centerline temperature decreases from a value
of 51 °C at h=5 W m2K~! to 33 °C at h=20 W m~2K~!. The spatial variation of
temperature inside the device at the end of 3000 s is shown in Fig. 4.22(b). Such
parametric analysis could prove useful in sizing of a cooling system required to prevent
the maximum temperature to rise above the rated temperature which is typically 65

°C for commercial EDLCs [103].

4.3.5 Influence of Number of Sandwich Units

Commercial EDLCs are packaged by stacking several layers of the sandwich units

in a casing. The number of layers is expected to depend on the shape of the casing
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and desired capacitance of the device. Schiffer et al. [101] estimated the number of
layers for a commercial Nesscap 5000F EDLC device to be 80. Here, we consider the
1D model shown in Fig. 4.14(a), consisting of a linear stack of elementary units. The
total number of layers in the device defines its size and is expected to influence the
temperature evolution in the device. Fig. 4.23(a) shows the numerically predicted
device centerline temperature evolution profiles for different numbers of layers. The
device centerline temperature for N=30 saturates at a temperature of 33 °C after
about 1000 s, while the device with N=50 saturates at 38 °C at the end of 1400
s. However, for N=80, the temperature does not saturate but continues to rise
gradually even after 3000 s. Thus, the average device temperature increases with
the number of constituent sandwich units. The average temperature plotted as a
function of NV shown in the inset of Fig. 4.23(a) demonstrates a linear relationship.
This observation may be attributed to the fact that as the number of units rises, the
total heat generation rate in the device increases accordingly. However, the outer
surface area remains invariant due to its rectangular cross-section. In addition to the
device centerline temperature, the spatial variation in temperature from the center
to the edge is found to rise with the number of units. The temperature difference is

evaluated to be 0.26, 0.70 and 1.70 °C for N=30, 50 and 80 respectively.

4.3.6 Influence of Rest Time Period

In practical applications, the operation of EDLCs involves rest times imposed be-
tween charge and discharge processes, instead of continuous charge/discharge. This
stems from the fact that in hybrid vehicles, EDLCs are charged by regenerative brak-
ing which is stored for some time and then released during rapid acceleration. The
Scania and BMW driving cycles that were tested on commercial EDLCs by Sakka et
al. [103] featured charging/discharging currents of the order of 100-300A separated
by rest periods of 20-100s. Thus, in order to make realistic predictions of tempera-

ture evolution, it is essential to study the impact of rest time duration on thermal
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Fig. 4.22. (a) Predicted device centerline temperature T'(Lge, /2, 1) as
a function of time ¢ and (b) spatial variation of temperature inside the
device at the end of 3000s of cycling (T'(x, 3000 s) - 7(0,3000 s)) at
an operating current density /p=50A m~2, plotted for three different
values of convection heat transfer coefficient, h=>5, 10 and 20 W m~2
K~!. The inset of (a) shows the variation of the device centerline
temperature at the end of 3000 s, (7'(Lgey/2,3000s)) as a function of
the convection heat transfer coefficient h.
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behavior. The results shown in Fig. 4.24 compare the effect of including rest periods
in the charge/discharge cycle at operating current density Ip=50 A m~2 and I,=100
A m™2. In the case of continuous charge/discharge operation at an operating current
density Io=50 Am~2, the average device centerline temperature experiences an initial
rise followed by saturation at 39 °C. In the absence of a rest period, the temperature
oscillations exhibit a symmetric shape.

The introduction of a rest period before and after every discharge step leads to
two effects: (a) reduction in the steady state temperature value and (b)asymmetry
in shape of the temperature ripple. The first observation can be attributed to the
extra time during which the device is idle and heat generation rate is zero. The
second observation, i.e. a loss in symmetry at steady state needs to be investigated.
The temperature drop occurring during the discharge phase is because the negative
reversible heat exceeds the positive Joule heating, leading to a negative net heat
generation rate. Because the device loses heat to the ambient during the rest periods
before and after the discharge phase, the temperature drop in the profile is continuous
over the three consecutive phases. However, the same is not true for Io=100 Am—2,
the results of which are displayed in Fig. 4.24(b). A sudden kink can be observed in
the profiles with pause durations of 20 s and 50 s. In this case, because of the high
cycling current, the Joule heating rate exceeds the reversible heat in the discharge
phase, leading to a positive net heat generation rate. In addition to the kink, the

average temperature rises at a much faster rate than the profiles shown in Fig. 4.24(a).

4.3.7 Influence of Operating Voltage Window

Fig. 4.25 shows the device centerline temperature as a function of time ¢ for
continuous cycling at a current density of 50 A m~2 in case of different operating
potential window 0-2.7 V and 1.35-2.7 V. The average temperature profile is similar
in both cases. However, the oscillation amplitude is higher for cycling at 0-2.7 V

compared to cycling at 1.35-2.7 V due to larger reversible heat generation rate. This
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Fig. 4.23. (a) Predicted device centerline temperature T'(Lge,/2,t)
as a function of time ¢ and (b) spatial temperature variation inside
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units N. The inset of (a) shows the variation of the device centerline
temperature at the end of 3000 s, as a function of N. The convection

heat transfer coefficient h on the outer surface of the device is assumed
to be 20 W m—2 K—1.
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observation is in agreement with the experimental results reported by Schiffer et
al. [101] who found the temperature oscillation amplitude to vary linearly with the

voltage window size.

4.3.8 Influence of Electrode Volumetric Capacitance

In the previous sections, we investigated the influence of various operating condi-
tions and geometric characteristics of the device while assuming the electrode/electrolyte
properties in each sandwich unit to remain constant. However, beginning from this
section, we consider the effect of variation of characteristics of each individual build-
ing block of the device. The volumetric capacitance parameter aC' of the electrode
material is product of the specific surface area per unit volume a (m? m—3) and the
area-normalized specific surface area C' (F m~2). In past studies, it has been found
that this parameter is dependent on both the type of electrode material and the type
of ions present in the electrolyte. In general, activated carbon electrodes exhibit large

3

values of volumetric capacitance, around 80 F cm™ in aqueous electrolytes [144] and

3

around 50 F cm™ in organic electrolytes [145].

The influence of the volumetric capacitance aC' on the electrochemical and thermal

behavior of the device at an operating current density of ;=50 A m~>

is displayed
in Fig. 4.26 and Table 4.6. Three values of aC' are selected for demonstration: 30, 42
and 70 F cm 3. Other parameters are maintained at their base values. Fig. 13a shows
that the cycle duration is longer for a larger aC' value which indicates a higher area-
normalized capacitance value C'y for the device. Table 4.6 shows that C'4 increases
proportionately with aC', while the device ESR remains the same.

Furthermore, Table 4.6 demonstrates that all components of the net heat gener-
ation rate remain invariant with change in aC', except the reversible heat generation
rate C}rev. The time variance of the érev establishes that it is invariant of aC' which

is expected from Eq. 4.49. The kink observed at the beginning of discharge can

be attributed to the non-equillibrium current density values I, during transition as
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Fig. 4.24. Influence of imposed rest time duration on the tempera-
ture evolution characteristics. Predicted device centerline tempera-
ture T'(Lgey /2, t) as a function of time ¢ for (a) cycling current density
Io=50 A m~? and rest periods of duration 0 s, 50 s and 150 s applied
before every charge and discharge step and (b) cycling current density
Ip=100 A m~? and rest periods of duration 0 s, 20 s and 50 s applied
before every charge and discharge step. In all cases, the charge and
discharge time durations are adjusted in order to cycle the device in a
voltage range of 0 and 2.7 V. The convection heat transfer coefficient
h on the outer surface of the device is assumed to be 20 W m=2 K1,

shown in Fig. 4.15f. Because the cycle duration increases as a function of aC', both
the temperature oscillation amplitude and the oscillation period is larger for higher
aC' values as shown in Fig. 4.26c. Nevertheless, the cycle-averaged centerline tem-

perature follows a similar profile for all three cases.

4.3.9 Influence of Bulk Diffusion Coefficient

The ionic conductivity of the electrolyte influences both the electrochemical and
thermal behavior of the device significantly, and is governed by the diffusion coefficient
and the concentration of the electrolyte. In general, the ionic conductivity is higher
for aqueous electrolytes compared to organic electrolytes. The influence of the bulk
diffusion coefficient D,, on the electrochemical and thermal behavior of the device
at an operating current density of [p=50 A m~2 is displayed in Fig. 4.27 and Table

4.7. Three values of D, are selected for demonstration: 107!, 5x107 and 10~
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m? s71. As shown in Table 4.7, the area-normalized capacitance improves fairly with
change in Do, from 107! to 5 x107'* m? s™!, but varies hardly upon further rise
in D,,. The GCD curves shown in Fig. 4.27a point to a similar result. In contrast,
the device ESR decreases significantly upon increase in D, which leads to a low
value of irreversible heat generation rate in the electrolyte. Table 4.7 shows that
the spatially and temporally averaged irreversible heat generation rate in electrolyte
éirr,ely decreases significantly upon improvement in D, from a value of 107 to 5
x1071 m? s7!, while the rest of the terms change marginally. The time dependent
temperature profiles plotted in Fig. 4.27c display a much lower temperature rise for
electrolyte with high diffusion coefficient. However, the change is quite insignificant

for change in value of diffusion coefficient from 5 x107! to 10710 m? s~!

4.3.10 Influence of Electrode Thickness

The influence of the electrode thickness on the electrochemical and thermal char-
acteristics of the device is explained in Fig. 4.28 and Table 4.8. Three values of
L, are chosen for comparison: 40, 50 and 60 pym. Table 4.8 demonstrates that both
area-normalized capacitance C'4 and internal resistance vary significantly with change
in L.. A thick electrode provides larger surface area for double-layer formation and

2 upon raising the thickness

hence C'4 improves from a value of 832 to 1241 F m~
from 40 to 60 pm. On the other hand, a thick electrode also presents a more tortuous
path for the ions to flow through, which leads to high ESR value. However, despite
a high ESR value, the thicker electrode exhibits almost same value of étot because
the length of the electrode is normalized for its computation. The device centerline
temperature profiles shown for the three cases in Fig. 4.28c demonstrates that the
average temperature rise is larger for a device with thick electrodes. Such observa-
tion can be exaplained by the fact that although the average heat generation rate

Qtot is same in all three cases, the total thickness of the device (sum of N number

of sandwich units) is larger in case of thick electrodes which causes a large spatially
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Fig. 4.25. Predicted device centerline temperature 7'(Lge,/2,t) as a
function of time ¢ for cycling at operating current density I,=50 A
m~2 over different operating voltage windows. The convection heat
transfer coefficient h on the outer surface of the device is assumed to

be 20 W m~2 K1,

integrated total heat generation rate Qtot(t). Because the outer surface area available
for convection heat transfer to the ambient remains invariant, the temperature rises

at the center of the device is more pronounced in case of thick electrodes.
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Fig. 4.26. Influence of the electrode volumetric capacitance parameter
aC' on the electrochemical and thermal characteristics of the device.
(a) Cell voltage V.. (t) plotted as a function of time, (b) spatially av-

eraged time-dependent reversible heat generation rate Q,,, plotted as
a function of time for a single charge/discharge corresponding to an
operating current density of 50 A m~? and aC values of 30, 42 and 70
F cm™3. Plot (c) shows the predicted device centerline temperature
T(Lgen/2,t) as a function of time upon continuous galvanostatic cy-
cling over a duration of 3000 s. The inset of plot (c¢) shows a magnified
view of the temperature profiles.
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Fig. 4.27. Influence of electrolyte bulk diffusion coefficient D, on
the electrochemical and thermal characteristics of the device. (a) Cell
voltage Veen(t) plotted as a function of time, (b) spatially averaged

time-dependent irreversible heat generation rate in electrolyte Q. .,
plotted as a function of time for a single charge/discharge correspond-
ing to an operating current density of 50 A m~2 and D, values of
10711, 5x107" and 107 m? s7t. Plot (c) shows the predicted de-
vice centerline temperature T'(Lge,/2,t) as a function of time upon
continuous galvanostatic cycling over a duration of 3000 s.
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Fig. 4.28. Influence of electrode thickness L. on the electrochemi-
cal and thermal characteristics of the device. (a) Cell voltage Vee;(t)
plotted as a function of time, (b) spatially averaged time-dependent

irreversible heat generation rate in electrolyte @, ., plotted as a
function of time for a single charge/discharge corresponding to an
operating current density of 50 A m~2 and L. values of 40, 50 and
60 um. Plot (c) shows the predicted device centerline temperature
T(Lgey/2,t) as a function of time upon continuous galvanostatic cy-
cling over a duration of 3000 s.
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Conclusions

Here, we present a new continuum model based on porous electrode theory for
simulating coupled electrochemical and thermal transport during constant-current
charging and discharging of EDLCs. Expressions for irreversible and reversible heat
generation rates have been rigorously derived. Non-dimensionalization of the thermal
and electrochemical model equations simplifies the problem from eleven independent
parameters to seven dimensionless similarity parameters. The temperature evolution
is computed for a commercial EDLC consisting of multiple units of an elementary
sandwich assembly. The results compare favorably with past measurements [101,102]
both in qualitative and quantitative senses. According to the authors’ knowledge, the
present study is the first to relate the heat generation rate to the average physical
properties of electrode, electrolyte and separator in EDLCs. Using the model, valuable
insights have been obtained regarding the dependence of the thermal behavior of

EDLCs on the various system and operating parameters.
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Table 4.9.
Parameters used in the simulations.

Quantity Value Units Ref.
Carbon electrode thickness L, 50 pm [133]
Separator thickness L 25 pm [133]
Volumetric capacitance aC 42 F cm™3 [133]
Initial bulk salt concentration c., 0.93 M [133]
Void volume of carbon electrodes . 0.67 - [146]
Void volume of separator 0.5 - [146]
Bulk ionic conductivity ke at coo 0.67 | mScm™! | [133]
Solid phase conductivity o 0.521 | mS cem™ | [133]

Base temperature T 298 K -
Upper voltage limit V,,, 2.7 \Y [114]
Lower voltage limit Vj,,, 0 Vv [114]

Aluminum density p4; 2700 kg m—3 -
Bulk electrolyte density pe, 1205 kg m~? [114]
Electrode density peje 600 kg m~3 [147]
Separator density psep 492 kg m—3 [147]
Specific heat capacity of aluminum ¢, 4 900 | Jkg 'K~ | [147]
Bulk specific heat capacity of electrolyte ¢, ., | 2141 | J kg™ 'K™! | [114]
Specific heat capacity of electrode ¢, ¢ 700 | Jkeg 'K | [147]
Specific heat capacity of separator ¢, sep 1978 | J kg 'Kt | [147]
Thermal conductivity of aluminum k4 205 | Wm K™t | [147]
Bulk thermal conductivity of electrolyte ke, | 0.164 | W m™ 'K~ | [147]
Thermal conductivity of electrode k.. 0.649 | W m— 'K~ | [147]
Thermal conductivity of separator kg, 0.334 | Wm K~ | [147]
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Table 4.10.
List of Symbols
Symbol Description Units
a interfacial area per unit volume cm? cm ™3
A cross-sectional area of the electrode cm?
Coo Bulk electrolyte concentration mol m~3
C, capacitance per unit interfacial area F cm—2
Dy Bulk electrolyte diffusion coefficient m? s !
D, Electrolyte diffusion coefficient in electrode domain m?s!
D, Electrolyte diffusion coefficient in separator domain m?s!
E,, Area-specific energy density Jm™2
e Electrode porosity -
s Separator porosity -
F Faraday constant C
L Convection heat transfer coefficient Womn? K-
at the outer boundary of the device
I,(¢) Time-variant applied current density A m2
Iy Magnitude of applied current density A m?
I Current density in the electrode phase A m™2
I Current density in the electrolyte phase A m™2
ka Thermal conductivity of aluminum WmtK!
Koo Bulk electrolyte ionic conductivity Sm~!
Ke Electrolyte ionic conductivity in electrode region Sm!
K Electrolyte ionic conductivity in separator region Sm!
L, Electrode length m
Ly Separator length m
Lgey Length of the full device consisting of multiple sandwich units -
m Cell body mass kg
N Number of sandwich units in a device -
Nu Nusselt number (%) -
Ra Rayleigh Number (%2 2ir9 (TfT‘””b)Dzj)

Agirbair




Table 4.11.
List of Symbols (contd.)
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Symbol Description Units
01 Solid phase electrical potential \Y
o)) Electrolyte phase electrical potential \Y
P, Area-specific power density W m~—2

irr.ele Irreversible heat generation rate in solid phase of electrode Wm?
Girr.ely Irreversible heat generation rate in liquid phase of electrode W m™3
Girrtot | Total heat generation rate in liquid and solid phase of electrode W m3
R, Universal gas constant J mol~! K1
R Specific equivalent series resistance Q.m?
Pelec Bulk density of electrode solid phase kg m~3
Pely Bulk density of electrolyte liquid phase kg m—3
Psep Bulk density of separator solid phase kg m™3
o Electrode electrical conductivity Sm~!
t time S
ten Charging phase duration s
tae Discharge phase duration s
t. Total cycle time duration S
Ty Initial temperature of the device K
Ty Ambient temperature K
Vinin Lower voltage limit of operation Vv
Vinaz Upper voltage limit of operation \Y
T Position /m
Z; Valency -
o Electrical conductivity of solid phase in electrode Sm!

O Al Electrical conductivity of aluminum Sm™!
Oele Phase-averaged electrical conductivity in the electrode region Sm!
(pep) ai Volumetric heat capacity of aluminum Jm™3 Kt
(PCp)eic Phase-averaged volumetric heat capacity in electrode region Jm3 K!
(pCp) sep Phase-averaged volumetric heat capacity in separator region Jm™3 K!
I5] Entropy constant JCt
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4.4 Calorimetric measurements of heat generation in pseudocapacitors

In this study, an isothermal calorimeter is used to measure heat generation rates
in fabricated all-solid-state sandwich supercapacitor devices. This work was done
in collaboration with Prof. Laurent Pilon’s group at University of California, Los
Angeles. The isothermal calorimeter used in this study was designed, fabricated,
and validated to measure time-dependent heat generation rates in EDLC cells upon
galvanostatic cycling in a previous study [125]. The EDLC cells used in the previous
study consisted of activated carbon electrodes and separator immersed in an aqueous
electrolyte. However, in this study, the calorimeter has been employed to probe the
difference in transient heat generation rate characteristics of all-solid-state EDLCs
and pseudocapacitors during galvanostatic charge/discharge operation.

Heat generation rate measured for pseudocapacitors operate quite differently from
pure EDLCs due to additional heating or cooling caused by exothermic/endothermic
reactions. Very few studies have investigated the temperature evolution of pseudo-
capacitors. Pascot et al. [126] and Dandeville et al. [127] assembled a non-adiabatic
calorimetric setup to measure transient heat generation rates in EDLCs and hybrid
pseudocapacitors. The setup consisted of (i) a sandwich cell with activated carbon
and MnOy pseudocapacitive electrodes immersed in (ii) aqueous electrolyte, (iii) a
heat flux sensor, and (iv) two isothermal cold plates. Each heat flux sensor was
composed of 16 thermocouples connected in series and enclosed in a polyphenylene
sulfide plate. The heat generation rate was computed for the complete device by
deconvolving the temperature difference between the test cell and the cold plates as
a function of time. In contrast, in the present setup, the instantaneous heat gener-
ation rate is acquired accurately for each individual electrode. Thus, this setup is
capable of comparing the heat generation rate in two identical electrodes with dif-
ferent polarity and also the influence of electrolyte. Two types of devices have been
studied here, (i) a pure EDLC composed of BP/GP electrodes and PVA-H3;PO, gel

electrolyte, and (ii) a pseudocapacitor that is composed of BP/GP electrodes and re-
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dox gel electrolyte, PVA-K3Fe(CN)g/-K4Fe(CN)g. The construction of the isothermal
calorimeter is described below:

Fig. 4.29 shows (a) an exploded view of the apparatus and (b) an enlarged view
of the sensing area. The two heat flux sensor plates were placed firmly in thermal
contact in between the cold plate and the electrode surface with the help of a vertical
clamp. The copper rod helps in conducting heat generated in the electrode through
the heat flux sensr to the cold plate. The 10x10 mm thermoelectric heat flux sensors
(gSKIN-XP, greenTEG) had a sensitivity of 0.161 xV/K. Further information about
the experimental setup is detailed in Ref. [125].

Fig. 4.30 and 4.31 show the schematic of the all-solid-state supercapacitor device
assembly. The buckypaper/graphene petal (BP/GP) electrodes have a footprint area
of 0.77 cm? and a thickness of 100 gym. Two identical electrodes are sandwiched
with a gel electrolyte film leading to an overall thickness of 300 pm for the entire
device. The composition of the PVA-H3;PO, and the PVA-PFC gel electrolyte films
are prepared following the same technique as Section 2.2.1. Sample devices (S1 and
S2) are fabricated by sandwiching the PVA-H3PO, gel electrolyte film in between 2
BP/GP electrodes, while sample devices (S3 and S4) are fabricated by sandwiching
the PVA-PFC gel electrolyte film in between 2 BP/GP electrodes. Fig. 4.30 includes
an enlarged view of the transparent PVA-H3POy gel electrolyte film used to compose
samples S1 and S2, while Fig. 4.31 consists of an enlarged view of the yellowish-green

colored gel electrolyte film used to compose samples S3 and S4.

4.4.1 Electrochemical Performance

Fig. 4.32 displays cyclic voltammetry (CV) curves measured on the samples S1
and S2 which are composed of PVA-H3PO, gel electrolyte film and on the samples
S3 and S4 which are composed of PVA-PFC gel electrolyte film. For samples S1 and
S2, the measurements were performed in the potential window of 0 and 1.0 V at scan

rates ranging from 5 to 30 mV s~!, while for samples S3 and S4 the measurements
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Fig. 4.30. Schematic of the two-electrode sandwich symmetric device
with BP/GP electrodes and PVA-H3PO, gel electrolyte.
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were performed in the potential window of 0 and 1.2 V at scan rates ranging from 5
to 30 mV st .

The quasi-rectangular nature of the CV curves for samples S1 and S2 indicate
only electrical double-layer contribution in energy storage. Furthemore, it is note-
worthy that the curves are quite similar for the two samples indicating good re-
peatability. The CV curves for samples S3 and S4 exhibit a noticeable peak at a
potential of 0.4 V which is indicative of the redox reaction corresponding to the
ferrocyanide /ferricyanide redox couple.

The cell’s integral capacitance Cj,; can be evaluated by integrating the area en-

closed by the CV curves for a given scan rate v as,

1 I

Cint(y) - wmax - wmzn 5

i) (4.67)

Fig. 4.33 shows the variation of device capacitance derived from the CV curves as a
function of operating scan rate for the 4 samples. The device capacitance for samples
S3 and S4 is much higher than that for samples S1 and S2 at all scan rates due to
the contribution of the redox reactions in charge storage. However, the capacitance
decays at a faster rate with increase in scan rate for samples S3 and S4 indicating
lower rate capability. Furthermore, the variation is found to be similar for samples
S1 and S2 and for samples S3 and S4 indicating good repeatability in electrochemical
performance of the devices.

Fig. 4.34 shows the galvanostatic charge/discharge profiles meaured on the sam-
ples at operating current values ranging from 1 to 6 mA. The operating voltage win-
dow was kept at 0-1.0 V for samples S1 and S2, while it was maintained in the range
of 0-1.2 V for samples S3 and S4. The internal resistance of the device is calculated
from the potential drop at the beginning of the discharge phase using

_ @bs(tj) _ wS(tc_)
fs = 21

(4.68)

where 14(t1) and ¥,(t, ) are the potentials across the EDLC cell at the end of charg-

ing step and immediately after the beginning of the discharge phase respectively. For
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Fig. 4.31. Schematic of the two-electrode sandwich symmetric device
with BP/GP electrodes and PVA-PFC gel electrolyte.

the devices composed of PVA-H3PO, gel electrolyte (S1 and S2), the cell voltage
rises linearly with time during charge and declines linearly during discharge at all
operating current densities. The internal resistance is calculated to be 15 €2 and 8
Q) for the samples S1 and S2. On the other hand, for the samples S3 and S4, the
charge/discharge profiles deviate from linear behavior. At the beginning of charge
phase, the slope is small which is indicative of pseudocapacitive processes. Further-
more, the internal resistance is much higher, 65 2 and 70 €2 for the samples S3 and S4
respectively. The higher internal resistance compared to the PVA-H3PO, electrolyte
devices is indicative of the lower ionic conductivity of the PVA-PFC gel electrolyte.

4.4.2 Time-Dependent Heat Generation Rate at Individual Electrodes

The transient heat generation rate measured at individual electrodes of the devices
during galvanostatic cycling at a constant current of 3 mA is shown in Fig. 4.35.

Results for the PVA-H3POy electrolyte devices, S1 and S2 are shown in (a) and (b),
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Fig. 4.32. Cyclic voltammetry curves for the two PVA/H3PO4 gel
electrolyte devices (S1 and S2) and the two PVA/PFC gel electrolyte
devices (S3 and S4) for scan rates ranging from 5 to 50 mV s~
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while results for the PVA-PFC devices, S3 and S4 are shown in (c¢) and (d). The heat
generation rate oscillates with time in all cases. Fig. 4.35a demonstrates that the
heat generation rate in the charge phase is greater than that in the discharge phase
at both the electrodes. Such observation can be attributed to positive reversible heat
in the charge phase and negative reversible heat in the discharge phase at both the
electrodes. The instantaneous value of heat generation rate at the negative electrode
is slighltly lower than that in the positive electrode which indicates smaller reversible
heat generation corresponding to ion adsorption at the negative electrode.

The heat generation rate at both the positive and negative electrodes of the PVA-
PFC sample shown in (c) exhibits a similar oscillatory behavior. The heat generation
rate in the charge phase is higher than that in the discharge phase. However, the
oscillation amplitude is higher than sample S1. The peak value of the total heat
generation rate during the charge phase is arounf 0.9 mW which is much higher than
that for the PVA-H3PO,4 sample (S1) shown in (a). Furthermore, the cycle-averaged
value of heat generation rate is much higher compared to sample S1, which can be
attributed to its higher internal resistance caused by the low ionic conductivity of the
PVA-PFC gel electrolyte.

Fig. 4.36 displays the cycle averaged heat generation rates as a function of the
operating current for all the samples. Fig. 4.36a shows the sum of the cycle-averaged
heat generation rate at the two electrodes of the PVA-H3PO, electrolyte devices
(Samples S1 and S2), while Fig. 4.36b shows the results for the PVA-PFC gel elec-
trolyte devices (Samples S3 and S4). For both S1 and S2, it can be observed that
the cycle-averaged total heat generation rate has almost same value as the Joule heat
I’Rg. This is quite expected because in the cycle-averaged heat generation expres-
sion, the reversible heat generation rate terms in the charge and discharge phase
nullify each other and only the Joule heat term remains. However, interestingly for
the PVA-PFC electrolyte samples, S3 and S4, the cycle averaged heat generation

rate exhibits a slight deviation from I?Rg especially at high operating currents. Such
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Fig. 4.35. Heat generation rates Q. at the positive electrode (blue),
Q_ at the negative electrode (red), and Qr in the entire cell (black)
as functions of the dimensionless time ¢/t.4 for current /=3 mA for
all-solid-state supercapacitor devices composed of PVA-H3PO, gel
electrolyte(samples S1 and S2) for five galvanostatic cycles. Time-

averaged heat generation rates Q,, Q_ and Q7 under galvanostatic
cycling are also displayed in the same plot. Heat generation rates Q-
at the positive electrode (blue), Q_ at the negative electrode (red),
and Q7 in the entire cell (black) as functions of the dimensionless time
t/teq for current 1=3 mA for the all-solid-state supercapacitor devices
composed of PVA-PFC gel electrolyte (samples S3 and S4) for five

galvanostatic cycles. Time-averaged heat generation rates Q. Q_

and Q7 under galvanostatic cycling are also displayed in the same
plot.



@) o6 i i () 55 i ; : ;
v PVA-PFC (S3)
20 = PVAPFEC (84) 1
* PVA-H,PO,(S1) : =
1w
0.4 * PVA-H,PO,(S2) ]
= £ 15t - ]
-
g g
~ —A— ~
|- ) LSl 1.0+ G ]
02+ A 1
e
051 ]
B
0.0 44 } f 0.0 } } f f
0.0 02 0.4 06 0.0 05__ 10 15 20 25
o _ 2 - = 2 =
0=R (DI (mW) 0=R DI (mW)
(©) o6 e s REaE (@) o4 s A Asans s
O Gpr=0.+0,. 8 8,r=0,.46,
o O LI
= - o O
o, =RI’
0.4+ ----Linear fit
z PVA-H,PO, (S1) z
E E
e
ES) )
02+
l B
1] ,’E"’"
0.0 A
0 5 10 15 20 25 30 35 40
I’ (mA)
© ;5 S ®
o + =0+ O
254 ° ]
o ,
O,=RI’ R=6210
2.0+ ----Linear fit 7 /,’/— 2.0+ ----Linear fit PRI
i E i o
< PVA-PFC ($3) " ; PVA-PFC ($4) A
%t b
E 154 g 151 i
&
| -5 .5
Qj T
104+ kS 10+ ]
051+ 05+ gof et ]
s
0.0 } t t t t t t 0.0 t t t t t t t
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
I’(mA) I’ (mA)’

Fig. 4.36. Time-averaged total heat generation rate in the entire cell
Qr plotted as a function of the time-averaged Joule heating rate for
(a) all-solid-state supercapacitor devices composed of PVA-H3;PO, gel
electrolyte(samples S1 and S2) and (b) all-solid-state supercapacitor
devices composed of PVA-PFC gel electrolyte(samples S3 and S4) for
five galvanostatic cycles. Time-avaraged heat generation rates Q4
Q_ and Qr under galvanostatic cycling as functions of I? for current
I ranging from 1 to 6 mA for all-solid-state supercapacitor devices
composed of PVA-H3POy gel electrolyte(samples S1 and S2) shown
in (c) and (d) respectively. Time-avaraged heat generation rates Q.
Q_ and Q7 under galvanostatic cycling as functions of I2 for current
I ranging from 1 to 6 mA for all-solid-state supercapacitor devices
composed of PVA-PFC gel electrolyte(samples S3 and S4) shown in
(e) and (f) respectively.
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Fig. 4.37. Reversible heat generation rates at the (a) negative elec-
trode Qm,’_, (b) positive electrode, Qreu,+ and (c) in the entire cell,
Qrev’T measured as a function of the dimensionless time ¢/t.; on all-
solid-state supercapacitor devices composed of PVA-H3POy gel elec-
trolyte at an operating current /=2 mA. The red curves represent
results for sample S1 while the blue curves represent results for sam-
ple S2. Time-averaged reversible heat generation rate measured in the
charge phase for the positive electrode, negative electrode and entire

cell is shown as a function of the operating current I for samples S1
and S2 in (d)
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Fig. 4.38. Reversible heat generation rates at the (a) negative elec-
trode QWU,_, (b) positive electrode, QW,HF and (c) in the entire cell,
Qrev’T measured as a function of the dimensionless time ¢/t.; on all-
solid-state supercapacitor devices composed of PVA-PFC gel elec-
trolyte at an operating current /=2 mA. The red curves represent
results for sample S3 while the blue curves represent results for sam-
ple S4. Time-averaged reversible heat generation rate measured in the
charge phase for the positive electrode, negative electrode and entire

cell is shown as a function of the operating current I for samples S3
and S4 in (d).
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an observation can be attributed to additional contributions to Joule heat from the
exothermic/endothermic reactions occuring in the redox electrolyte.

Fig. 4.36c and d show the cycle-averaged heat generation rate at the individual
electrodes of the samples S1 and S2 as a function of square of the operating current. A
linear relationship is observed for both the electrodes. The slope of the curves produce
the internal resistance corresponding to each electrode. The internal resistance values
are found to be 7.9 2 and 7.0 €2 for the positive and negative electrodes respectively
in sample S1. Similarly, the internal resistance is 4.1 €2 for each electrode in sample
S2.

Fig. 4.36(e) and (f) display the cycle-averaged heat generation rate at the indi-
vidual electrodes of the samples S3 and S4 as a function of square of the operating
current. At high operating currents, the results deviate from a linear behavior. How-
ever, the internal resitance inferred from linear fitting is found to be similar for the
two electrodes (27.9 Q and 25.7 € for the positive and negative electrodes respectively
in sample S3).

4.4.3 Reversible Heat Generation Rates

Fig. 4.37 shows the reversible heat generation rate during a single charge/discharge
cycle for the PVA-H3POy gel electrolyte devices (S1 and S2). Results are shown for
the positive electrode, the negative electrode and the entire device in (a), (b) and (c)
respectively. The average reversible heat generation rate during the charge phase is
plotted as a function of the operating current in (d). The reversible heat generation
rate is positive in the charge phase and negative during the discharge phase at both the
electrodes. However, the transition from positive to negative value at the beginning
of the discharge phase occurs smoothly instead of a rapid change. Fig. 4.38 reveals
the time-dependent reversible heat generation rate in a single charge/discharge cycle
for the PVA-PFC gel electrolyte device. Similar to PVA-H3PO, gel electrolyte device,

the reversible heat generation rate is positive in the charge phase and negative during
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the discharge phase. However, its peak value during the charge phase exceeds that
measured for the PVA-H3POy gel electrolyte devices by almost 4 times, which is in-
dicative of the higher adsorption heat corresponding to the ferrocyanide/ferricyanide

ions during charge/discharge.
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5. ELECTROREFLECTANCE IMAGING OF GOLD
ELECTRODE MICRO-SUPERCAPACITORS:
EXPERIMENT METHODOLOGY AND AGING
CHARACTERIZATION

Some of the material in this chapter has been published in RSC Analyst [24,25]

5.1 Introduction

The ability to integrate power supplies ‘on-chip’ has enabled a broad range of mi-
croelectronic applications. Integrated power permits autonomous or semi-autonomous
microdevices to operate with minimal or no direct interface to an external power sup-
ply. Implantable electrophysiology [148,149] and remote sensing and analysis [150]
are compelling demonstrations of autonomous microelectronics. Towards this goal
many electrochemical capacitor designs, consisting primarily of integrated electrode-
electrolyte interfaces, have been implemented as versatile power components that
can be integrated on rigid or flexible substrates. In particular, ‘microsupercapac-
itors’ show great potential in complementing or even replacing microbatteries and
conventional (electrolytic) capacitors on-chip. [151,152] Measuring behavior and per-
formance of integrated electrochemical structures has traditionally relied on electrical
characterization methods such as cyclic voltammetry, constant charge/discharge, and
electrochemical impedance spectroscopy. These methods are useful for assessing the
electrical performance of the full electrochemical structure as a single unit. How-
ever, these methods measure an ‘average’ of the structure’s internal performance,
providing little or no information about microscopic details inside the device. This
study demonstrates an electroreflectance imaging method to measure spatial vari-

ation of charge distribution in planar integrated electrochemical structures during
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charge/discharge cycling. The imaging method is demonstrated here with submicron
spatial resolution and one millisecond time resolution, though time resolution faster
than one microsecond is possible. Because the method is fully optical and camera-
based, the sample is not disturbed during measurements, and there is no need to scan
a measurement probe across the surface of the sample. Electroreflectance describes
the change in a material’s optical reflectance in the presence of a changing electric
field. Measurements of material electroreflectance at single point locations have been
used extensively to characterize semiconductor band structure. [153,154] In mate-
rial electroreflectance characterization the sample is typically immersed in a liquid
electrolyte with a controllable potential applied between the test electrode and a
reference electrode. Electrode potential is modulated, and the resulting change in in-
tensity of laser illumination reflected by the sample is measured by a photodetector.
Reflectance measured from the spot location of incident illumination is considered
representative of the whole sample if it is homogeneous. For metals, Feinleib [155]
was the first to report the observation of significant electroreflectance modulation
for gold immersed in salt water. He also reported electroreflectance spectra in other
metals such as silver, copper and sodium tungsten bronze (Na, WO3). The electrore-
flectance phenomenon obtained from such a setup was initially attributed partially
to the modulation of the optical properties of the metal and partially to that of the
electrolyte. Calculations from Prostak et al. [156] concluded that the experimentally
observed reflectance change for a gold-KCL system cannot be explained by electric
field modulation of the electrolyte’s optical constants. On the other hand, considering
only electrical modulation of the optical properties of the metal in the calculations
leads to a close match with experiment. Several factors can contribute to electromod-
ulation of a metal’s optical properties. Anderson et al. [157] considered contributions
from modulation of the free electron concentration, core electron polarization, and
interband transitions from the inner bands to the Fermi level, in their analysis. The
contribution of core electron polarization was found to be independent of incident

illumination wavelength while the other contributions were found to vary with wave-
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length. Hansen et al. [158] argued that bound electrons remain essentially unaffected
during the charging process, and the contribution from interband transitions varies in
a similar way to the contribution of the free electrons. Hence they used free electron
theory to calculate the change in optical constants. Calculations based on this simple
model indicate that the variation in free electron concentration in the first 50 A to
100 A of the gold electrode caused by the application of an electric field produces the
observed change in reflectance. In our study, we consider only free electron contribu-
tions to model the time dependent reflectance change in a microsupercapacitor. Gold
has long been considered to be a noble and catalytically inactive material. However
in the last three decades, the catalytic activity of gold has been heavily scrutinized.
The most significant factors influencing the reactivity of gold are the surface struc-
ture and electrolyte pH. [159] Although bulk gold is unreactive in alkaline and acidic
media [159], gold nanoparticles [160] and nanorods [161] supported on different metal
oxides are reactive and have found applications in plasmon-enhanced spectroscopy
and optical and optoelectronic devices. New strategies have been proposed to map
the catalytic activity of gold in different electrochemical environments, using different
imaging techniques. Munteanu et al. [162] studied the electrografting of nitrophenyl
(NP) radicals to gold electrode surfaces using a combination of electrochemical actu-
ation and optical detection techniques. Reflectivity microscopy imaging, allowing for
spatio-temporal imaging with sub-micrometer lateral resolution was used to map the
reacting fluxes of the NP radicals triggered by the electrochemical reduction of the
precursor. Abanulo et al. [163] used surface plasmon resonance (SPR) spectroscopy
to study the electrochemical response of gold-coated graded index channel waveg-
uide sensors in sulphuric acid solution. Kakkassery et al. [164] studied the absorption
spectra of gold nanocrystal assemblies formed from polyelectrolyte modified gold elec-
trodes and used it to infer the dipole moment induced due to the interaction of the
polyelectrolyte and the nanocrystals. Electroreflectance imaging exploits the change
in reflectance of the metal electrode in an electrochemical system during charge and

discharge cycles. The optical reflectance of most metals depends strongly on the
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concentration of free electrons near its surface. In an electrochemical capacitor, elec-
tron concentrations near the surface of the metal electrode (at the interface with the
electrolyte) change significantly while charging and discharging. A camera-coupled
microscope using lock-in amplification synchronized to device excitation can mea-
sure the resulting change in metal electrode reflectance. The resulting image shows
the magnitude and two-dimensional distribution of free charge in the device near the
electrode-electrolyte interface. In this paper, part one of a two-part series on electrore-
flectance imaging of supercapacitors, the experimental method is described in detail
with fundamental test results demonstrated for a gold-H;PO, polymer electrolyte mi-
crosupercapacitor. A full model of the electroreflectance response based on the device
equivalent electrical circuit will be presented. Electroreflectance image measurements
are cross validated with this equivalent circuit model. This study considers a superca-
pacitor with gold electrodes, but in principle the method can be used to characterize
active charge characteristics in any integrated electrochemical device where the metal
electrode can be seen under an optical microscope and electrode material has suffi-
cient electroreflectance response. Example materials with electroreflectance spectra
suitable for imaging using the method described include, but are not limited to, Au,
Ag [155,156,158,165] Pt, Ni [166], Hg [167], Pb [168], and Sn [169] among metals and
Ge [170], Si, GaAs, GaSb, InP, ZnTe, CdTe, HgSe [169], MoS2, and MoSe2 [171,172]
among semiconductors.In part two [173] of the series, electroreflectance imaging is
used in a case study to assess ageing phenomenon in supercapacitors under extended

cycling.

5.2 Device and Methods

5.2.1 Device Description

Microsupercapacitors have received attention for their ability to combine the high
energy density of batteries with the high peak power of conventional capacitors. [152]

Microsupercapacitors also exhibit long cycle life and can be integrated into a small
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polymer gel electrolyte Quartz substrate

Fig. 5.1. (a) Schematic representation of the microsupercapacitor
studied, based on gold electrode-H;PO, polymer gel electrolyte. (b)
Optical image of full microsupercapacitor with H;PO, polymer gel
electrolyte applied. The electrolyte is highly transparent in the nar-
rowband 530 nm wavelength LED illumination used, allowing the pat-
terned gold electrodes to be visible through the applied electrolyte.
The gold electrodes appear light in the image. Dark regions indicate
electrolyte on top of quartz substrate. Scale bar is 500 pm. (c¢) Op-
tical image detail of Au electrode trace and gap between electrodes.
Scale bar is 40 pm.

chip footprint. [174] Many designs, materials, and fabrication methods have been pro-
posed for high-performance microsupercapacitors. A broad overview of this research
is provided in a survey by Xiong et al. [151]

Electroreflectance imaging was performed on a planar integrated microsuperca-
pacitor consisting of interdigitated gold fingers covered by an H;PO, electrolyte in
polymer solution. A schematic of the microsupercapacitor sample is shown in Fig.5.1a.
Electrodes were fabricated by electron beam deposition of 200 nm gold, with a tita-

nium buffer layer (50nm) between the gold and electrically insulating quartz sub-
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strate. The polymer gel electrolyte was made from 6g H;PO, mixed with 60 mL
deionized water and 6 g polyvinyl alcohol (PVA) powder. Detailed fabrication infor-
mation is provided in the supplemental information. Fig.5.1b,c show topside optical
microscope images of the full microsupercapacitor layout including anode/cathode
leads and magnified detail of the gold electrodes. Total sample capacitance as mea-

sured by cyclic voltammetry was 33 nF.

5.2.2 Microsupercapacitor Electroreflectance Imaging

Images revealing spatial charge distribution in a metal/polymer electrolyte mi-
crosupercapacitor were achieved by measuring the small electroreflectance change on
device electrodes during continuous bias cycling. Images were acquired with a high
sensitivity charge coupled device camera attached to a reflectance microscope us-
ing narrowband visible wavelength illumination. Microsupercapacitor reflectance is
proportional to free electron concentration in the metal, which varies with potential
applied across the microsupercapacitor anode and cathode. The reflectance change in
the microsupercapacitor for charge accumulation under typical bias is on the order of
10~%. This change in light intensity is too small to be measured directly by a camera
for a single microsupercapacitor modulation cycle. Consequently a lock-in amplifica-
tion method was used to extract the small electroreflectance change by averaging over
many identical microsupercapacitor excitation cycles. The method was adapted from
thermoreflectance temperature imaging microscopy. [175-179] Thermoreflectance ex-
tracts the small temperature dependent change in reflectance (107> K~! to 1073 K1)
from background noise by averaging over many device excitation cycles. Lock-in re-
flectance imaging is equally capable of measuring reflectance change at the electrode-
electrolyte interface of a microsupercapacitor cell. In this case, however, the small
reflectance change is primarily caused by modulating free electron concentration in

the electrode rather than modulating temperature.
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Fig. 5.2. Experiment configuration for electroreflectance imaging us-
ing lock-in modulation.

Measurement system configuration

Fig.5.2 shows the experimental configuration used for lock-in electroreflectance
imaging of the microsupercapacitor. The device is placed under a reflectance mi-
croscope and illuminated by a monochromatic light-emitting diode (LED). An LED
centered 530 nm was chosen because gold exhibits optimal modulation amplitude near
this wavelength. [176] The microsupercapacitor is electrically excited by a periodic
sawtooth voltage signal. The resulting modulation in charge density at the micro-
supercapacitor electrode-electrolyte interface produces a corresponding modulation
in reflectance (electroreflectance) at this interface. A high sensitivity charge coupled
device (CCD) camera synchronized to the microsupercapacitor excitation signal mea-
sures device reflectance continuously and extracts the small amplitude of electrore-
flectance change either by frequency domain [180,181] or time domain [177,179, 182]
analysis. The result is an image map of microsupercapacitor electroreflectance am-
plitude over the microscope’s full field of view. The signal-to-noise ratio improves
by averaging over many device excitation cycles. Results in this study were acquired
using a time domain signaling scheme described below. Hardware triggering, synchro-

nization, and camera acquisition are controlled by a commercial Microsanj thermore-
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flectance imaging system, with excitation waveforms customized for electroreflectance
measurements. The microsupercapacitor’s excitation signal is provided by an arbi-
trary waveform generator. Reflectance images were recorded using a scientific grade
512 x 512 pixel Andor Ixon II CCD camera with 14-bit grayscale intensity levels.
The microsupercapacitor sample was fixed to a copper heat sink positioned under
the microscope objective. All measurements were conducted at room temperature.
Electrical contact to microsupercapacitor anode and cathode was achieved by solder-
ing copper wires to gold portions of the electrodes extending outside the polymer gel
electrolyte region of the cell. There was no contact between the electrolyte and the

copper segments of the leads.

Microsupercapacitor modulation bias for electroreflectance imaging

Fig.5.3a shows the bias circuit used during electroreflectance imaging of the mi-
crosupercapacitor. The negative electrode of the microsupercapacitor and the sample
substrate are held at ground. The arbitrary waveform generator applies signal vy, (t)
to the microsupercapacitor in series with a resistor R, that is included to provide
an independent element for measuring time varying current through the microsuper-
capacitor. Fig.5.3b illustrates the electrical response of an ideal capacitor when the
continuous periodic voltage signal v, is applied to the circuit during electroreflectance
imaging. For the hypothetical case of an ideal microsupercapacitor with no internal
parasitic resistance or current leakage and with R, = 0, the voltage across the micro-
supercapacitor, vo(t), equals the applied voltage vy (¢). The microsupercapacitor is
electrically active during a 30 ms triangular voltage ‘pulse.” The microsupercapacitor
charges during the positive slope of the pulse (v = 0V t0 Uprimar) and discharges
during the negative slope (var = Unrmar to 0V). With vpme. = 1V, the wave-
form produces a charge-discharge cycle equivalent to cyclic voltammetry at a scan
rate of 66 Vs~t. For an ideal capacitor the triangular voltage pulse would produce

a corresponding bipolar step current response as shown with positive current during
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the positive voltage slope and negative current during negative voltage slope. The
magnitude of excess charge in the electrodes as a function of time (not shown in
the figure) follows the same triangular shape as the voltage pulse. Because micro-
supercapacitor reflectance is a function of charge density at the electrode-electrolyte
interface, reflectance modulation also follows the triangular shape of the applied volt-
age pulse. The waveforms illustrated in Fig.5.3b assume only ideal characteristics
in the microsupercapacitor and no resistance in the bias circuit (Ry; = 0). For the
real experiment, both current through the microsupercapacitor and excess charge are
skewed by the presence of parasitic electrical effects including circuit series resistance

R); and internal resistance and current leakage in the microsupercapacitor.

micro-
f ) supercapacitor
i

reflectance

)7

(a) A (b) 0 15 30

time (milliseconds)

Fig. 5.3. (a) Bias circuit for electroreflectance imaging of the microsu-
percapacitor. Applied signal vy, is a periodic low duty cycle triangle
voltage ‘pulse’. Series resistor R); is used to measure current through
the microsupercapacitor. (b) Electroreflectance imaging excitation for
an ideal microsupercapacitor using a periodic 30 ms triangle voltage
pulse. For the hypothetical ideal case shown, Ry, = 0, vg = vy,
and the microsupercapacitor has no parasitic electrical characteristics
(internal resistance or current leakage). With vy e, = 1V, the ap-
plied waveform produces a charge and discharge cycle equivalent to
cyclic voltammetry at a scan rate of 66 Vs~!. Electrode excess charge
(not shown) and reflectance follow the shape of applied voltage vy;.
Electrical and reflectance response in the real microsupercapacitor is
skewed from the ideal case shown due to parasitic effects.

Electroreflectance images of the microsupercapacitor were acquired using the box-

car averaging method illustrated in Fig.5.4 in which the microsupercapacitor modu-
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lation signal is synchronized to a pulsed probe illumination signal. Electroreflectance
amplitude is calculated from two separately acquired images corresponding to the
active and passive states of the microsupercapacitor. The camera records microsu-
percapacitor reflectance only during the probe illumination pulse. By controlling the
phase delay (7) of the illumination pulse relative to the modulation signal, sample
reflectance can be measured at any time in the microsupercapacitor modulation cy-
cle. Microsupercapacitor reflectance during the electrically active state (Fig.5.4a) is
recorded by positioning the illumination pulse to occur during the charge/discharge
time window of the modulation cycle (time = Oms to 30 ms) when dvc/dt = 0V.
Then, reflectance during the electrically passive state (Fig.5.4b) is recorded by posi-
tioning the illumination pulse late in the cycle when dve/dt = 0V and both electrodes
are electrically at ground. The active and passive reflectance images are acquired dur-
ing separate averaging intervals. Images of electroreflectance changes are calculated
from the difference between the two reflectance images acquired in the active and pas-
sive stages. Although the amplitude of electroreflectance modulation is small (10~*
to 1073), images with good signal to noise can be extracted in five minutes of cumu-
lative averaging during continuous microsupercapacitor modulation. Modulation was
intentionally performed at low duty cycle (20%) to ensure the microsupercapacitor
returns to electrical and reflectance equilibrium during acquisition of the passive re-
flectance image. For the 30ms triangle voltage pulse at 20% duty the corresponding
system modulation was 6.67 Hz and 150 ms per cycle. Time resolution is determined
by the duration of the illumination pulse, which was selected to be one millisecond

for this study.
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Fig. 5.4. ‘Boxcar’ averaging scheme for acquisition of microsuperca-
pacitor electroreflectance image. The camera records reflectance only
during the illumination pulse. Images of electroreflectance change are
calculated from the difference of microsupercapacitor reflectance im-
ages acquired during the (a) active and (b) passive electrical states of
the modulation cycle.

5.2.3 Model of Microsupercapacitor Electroreflectance
Electrode reflectance dependence on charge accumulation

The relation between complex refractive index of gold (n=n;+ins) and its complex

dielectric constant ("= | + ie) derived from Maxwell’s equations is expressed as: [183]
= Ve (5.1)

The dielectric constant contains additive contributions from free electrons and bound

electrons:

=it (5.2)

Here we assume that the contribution of bound electrons remains unchanged with
charging/discharging of the microsupercapacitor. [158] The contribution of free elec-
trons to the dielectric constant is related to the incident light frequency by the ex-

pression

w2

ylw)=1- WZW/T’ (5.3)
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where 7 is the frequency-dependent relaxation time of electrons in the conduction

band [158,184] and w is the frequency of incident light given by w:%. c is the speed
of light in vacuum and A the wavelength of incident light. w,, the plasma frequency
at which the electron gas oscillates in electrically neutral conducting media such as

plasma and metals, is given by [157]

wp = ((ne?)/(om))"/2, (5.4)

where 7 is charge density, e is the electron charge, ( is vacuum permittivity, and
m is the electron effective mass. On applying a voltage bias to the microcapacitor
electrodes, an electric field is formed that causes charge to drift and hence alters the
free electron concentration in the top surface layer of the gold electrode. This change
in free electron concentration, or excess charge density An, leads to a change in the
plasma frequency given by

Aw,

w

A
=(1+ 77_(:7)1/2 -1, (5.5)
p

where 17 is the intrinsic electron concentration in gold (5.9 x 10%®/m?). This process
alters the complex dielectric constant and the refractive index of gold. In order
to simplify the calculations, the refractive index is considered to be shifted on the

frequency (w) axis by the same fraction that w, is shifted such that [158]

Aw _ Awp (5.6)

w Wp

Table 5.1 [157] shows refractive indices of gold for a range of wavelengths () near
green in the visible part of the spectrum. n,s and ny, represent the real part of the
refractive index for thin film gold (60 A) and bulk gold respectively, while ny; and
ng, represent the imaginary part of the refractive index for gold film and bulk gold
respectively. The wavelength used in the experiment (530 nm) corresponds to n; =
0.82 and no= 2.29 for uncharged gold. The gold electrode used in the experiment is
approximately 80 nm thick, so the optical constants of thin film of gold have been

used. The reflectance change is calculated considering a single positively charged or
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Table 5.1.
Gold refractive index at selected illumination wavelengths near green
in the visible spectrum. Real (n;) and imaginary (ny) part is given
for both thin film (60 A) and bulk.

A (nm) nif n1p naf nap

500 1.21 0.90 1.94 1.82
520 0.91 0.60 2.16 2.00
540 0.72 0.38 2.41 2.23
560 0.60 0.28 2.69 2.57

negatively charged gold finger electrode. The electric double layer is formed at the
interface between the gold electrode and polymer electrolyte. Charge density due to
excess or deficient electrons on the gold side is equal and opposite in sign to the excess

charge density of the ions on the electrolyte side (;0,) as given by
Ane = —0jon. (5.7)

Excess charge on the gold surface during the charge/discharge pulse is given by

q
Ap = 1
" Aed’

(5.8)
where ¢ is the total charge in a single gold finger electrode, A is the area of the
top surface of a finger electrode, e is the electron charge and d is the unknown skin
layer thickness. Although the charge is modeled to accumulate only in the fingers, in
reality, it also transfers further into the terminals because they are in contact with
the polymer electrolyte. The total surface area of finger electrodes of a particular

polarity (including the terminal portion) is 346200 pm?. A is 1/8" of this value,

which is 43275 pum?. ¢ as a function of time is expressed as

(

Jirdt Oms < ¢ < 15ms
q(t) = 5_152'1 dt +qo 15ms <t < 30ms (5.9)

5_302'1 dt + ¢ 30ms <t < 40ms.

\
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Fig. 5.5. Three-media reflectance model for the microsupercapacitor.

where ¢q is the value of ¢ at the end of 15 ms, ¢; is the value of ¢ at the end of 30
ms, and ¢; is the current charging the finger electrode. The definition of current 7; is
in (5.20).

The Fresnel laws of reflection have been used to determine the differential re-
flectance change AWR for the three-medium model shown in Figure 5.5. The three
media in the model are air (refractive index n; is 1), ion double layer whose thick-
ness, z, is considered to be 100 A (refractive index 7y is 1.34) [156] and gold (refractive
index 73 is 0.8242.29i in the uncharged state corresponding to A = 530nm). Prostak
et al. [156] found that for the gold-KCL system, variation in the electrolyte layer thick-
ness or electric field modulation of the electrolyte refractive index does not reproduce
the peak observed in electroreflectance experiments. Consequently the influence of
change in the thickness parameter z has not been studied here. The reflectance as a

function of the reflection coefficient is given by
R =1}y, (5.10)

where 7193 is given by [165, 183]

12 + T236_22ﬂ

T193 = — 5.11
123 1 + ri9roge—2i8 ( )
and 79 is the reflection coefficient from medium 1 to medium 2 given by
nycosty — nycost
Plg = L 22 (5.12)

nicosh; + nacosty
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Similarly, 793 is the reflection coefficient from medium 2 to medium 3 given by

T9c080y — Tizcos0
= 5.13
"2 N9cosly + nigcosls’ (5.13)

where [ = % is the phase factor, and the ion double layer thickness, z, is 100
A. Because near normal reflectance has been studied, #,=0,=03=0. For the present
analysis, the reflectance of the system with uncharged gold (Ryncharged) and that of the
system with charged gold (R nergeq) have been evaluated at every time step. Finally,
the differential reflectance change ATR has been calculated at every time step from the

expression

AR Rcharged - Runchm‘ged
AR, = , 5.14
( R ) det Runcharged ( )

The unknown value of the skin layer thickness is obtained by fitting the model re-
flectance change values with the experimentally obtained values. The mean square

error defined by

1" AR AR,
MSEref - ’I’L_ ((F)model - (f)eacp) (515)

i=1

is minimized for this purpose. n is the number of data points used for the study.

Here, we have used 41 points each at an interval of 1 ms.

Equivalent circuit model

The in-plane microsupercapacitor device shown in Fig.5.1 consists of two sets of
eight interdigitated electrode fingers connected to the positive and negative device
terminals. On charging, mobile ions in the electrolyte accumulate in the double layer
region atop of the electrodes. The microsupercapacitor electrodes do not contain
any pseudocapacitive material [185]; therefore the electrode-electrolyte interface is
expected to behave as a pure electric double layer capacitor (EDLC) with negligible
charge transfer directly between electrode and electrolyte.

The electrical equivalent circuit for the full microsupercapacitor sample and ap-
plied thermoreflectance imaging modulation is illustrated in Fig.5.6. If we consider

each adjacent positive and negative electrode finger pair in the microsupercapacitor
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Fig. 5.6. Equivalent circuit for the full microsupercapacitor sample
and applied thermoreflectance imaging modulation bias. Each adja-
cent positive and negative electrode finger pair is modeled by a Ran-
dles equivalent circuit. The Randles circuit for the m = 1 finger pair
is shown in detail. The full microsupercapacitor is modeled as eight
identical Randles circuits connected in parallel.

as a single electrical unit, the full device can be modeled as eight of these finger pair
units connected in parallel, all at potential vo. Each individual finger pair can be
modeled as a Randles [186] equivalent circuit, consisting of the capacitance created
at the electrode-electrolyte interface along with parasitic components. The Randles
circuit for the m = 1 finger pair is highlighted in Fig.5.6. Rg represents series electri-
cal resistance to charge transport both in the electrode metal and in the electrolyte.
Cpr, represents an ideal capacitor at the electrode-electrolyte interface which stores
charge during charging and releases charge during discharging. Leakage resistance,
Ry, represents the self-discharge characteristics of the capacitor due to parasitic shunt

current paths to ground. Current leakage can explain the nonideal current waveform
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observed during operation. For example measured total current through the circuit
as a function of time, plotted in Fig.5.10a, shows that current amplitude is greater
during charging than discharging. Conservation of charge (area under the current
curve) implies that the additional current is lost through parasitic leakage. Because
the eight finger pairs are assumed equivalent, only one finger pair is considered for
analysis. The cumulative parallel contribution of each finger pair is then factored into
the full device model.

The time period from Oms to 40ms is considered in 3 parts: (a) charging from
approximately 0 ms to 15ms, (b) discharging from approximately 15 ms to 30 ms, and
(c) idle from 30ms to 40ms. The externally applied electroreflectance modulation

voltage, vy (t), is,

(
66.7t Oms <t <15ms
vp(t) =41 —66.7t 15ms <t < 30ms (5.16)
0 30ms < ¢t < 40ms.

\
An analytical expression for the double layer voltage v(t), the voltage across Cpy in

the Randles circuit of Fig.5.6, is obtained through

d 8R Rs+ R
<8RM+RS>CDLd_:+ ( M+R 5 L)U = VM- (5.17)
L

Thereafter, the current i(¢) is obtained from the equation,

dv v

i(t) = 8(Cor— + R—L) (5.18)

The unknown parameters in the model, namely Rg, R;, and Cpy, are obtained by
fitting the current obtained from the model to the experimentally measured current
shown in Fig.5.10a. The combination of the parameters that results in the minimum

mean square error (MSE) given by

MSEC’U/I"I‘ - (imodel - iemp)Q (519)
n

=1
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Fig. 5.7. Flowchart for calculating Randles parameters for the microsupercapacitor.

is selected to represent the circuit elements. A detailed flowchart of the adopted
method is shown in Fig.5.7. The current charging the capacitor Cpy in one finger
pair, is evaluated from

21(t> — CDL_ -

— . 2
dt 8 Ry, (5:20)

5.3 Results and discussion
5.3.1 Electroreflectance Spectral Response

The electroreflectance response for the gold-H;PO, microsupercapacitor was mea-
sured at several probe illumination wavelengths. This allowed selection of optimum
wavelength for electroreflectance imaging response. Fig.5.8 shows electroreflectance
amplitude as a function of probe illumination wavelength. Measurements are com-
pared for narrowband LED sources with wavelengths centered at 405nm, 455nm,
470 nm, 530 nm and 940 nm. The plot suggests a peak in electroreflectance response
for the gold-H;PO, microsupercapacitor near 500 nm wavelength probe illumination.
This spectrum is consistent with previous electroreflectance measurement of gold-
electrolyte interfaces. Feinlab observed a similar peak in measured electroreflectance
for gold in a KCL solution. [155] The gold-KCL spectrum is plotted (blue curve)
with the microsupercapacitor data in Fig.5.8. The agreement between gold electrore-

flectance spectra despite differing electrolytes suggests reflectance change in the metal
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(gold) is the dominant cause of the electroreflectance response, as postulated by our

open circuit model of excess charge in the electrodes.

/L
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Fig. 5.8. Measured and modeled electroreflectance amplitude as a
function of incident illumination wavelength. Microsupercapacitor
(gold-H;PO,) electroreflectance was measured for incident narrow-
band LED sources centered at wavelengths 405 nm, 455nm, 470 nm,
530nm and 940 nm. Values shown were measured on the microsuper-
capacitor positive electrode at time = 16 ms into the triangle voltage
pulse. Modeled spectral response for the microsupercapacitor is also
plotted. The peak in electroreflectance for gold-H;PO, near 500 nm
is similar to the peak measured for gold-KCI (solid blue curve), per
Feinlab [155], copyright (1966) by The American Physical Society.

The variation of reflectance change with wavelength has also been evaluated from
the model. The charge obtained from the current fitting model at 16 ms and the
fitted skin layer thickness (90 A) have been used for the analysis. The Ryuncharged
in Eq.(5.14) has been obtained by using the gold refractive index at the particular
wavelength for an uncharged gold electrode. R pergeqa has been calculated for the
charged gold electrode at the same wavelength value. Calculated electroreflectance
spectral parameters for three incident wavelengths are summarized in Table 5.2 and
compared to measured values in Fig.5.8. The peak in the reflectance change is ob-
tained at 500 nm wavelength which corresponds to 2.49eV. This is similar to the

peak at 2.5eV obtained by Prostak et al [156], which supports the assertion that the
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Table 5.2.
Calculated electroreflectance spectral parameters based on An/n =
1.63 x 107, Aw/w =8.13 x 1075, and AE = 1.91 x 10~*eV.

A(m)  noa Kod  Mnpew  knew AR/R

460 1.36 1.75 1.36 1.75 0.79 x 1074
500 0.90 1.82 0.90 1.82 6.28x1074
530 049 212 049 212 4.69 x 10~*

metal is the dominant factor in the electroreflectance response for both gold-KCL and

gold-H;PO, systems.

5.3.2 Microsupercapacitor Transient Electrical Response and Transient

Electroreflectance Distribution

Fig.5.9b-f shows transient electroreflectance microscope images of the microsu-
percapacitor at selected times during one typical cycle of voltage excitation. Fig.5.9a
shows the optical microscope image of the microsupercapacitor with positive and neg-
ative electrodes indicated. Voltage bias matched the waveform described in Fig.5.3b
with triangular pulse duration of 30 milliseconds and pulse repetition every 150 mil-
liseconds. External applied voltage amplitude, vy, ranged from 0V to 1V. This
modulation bias produced a voltage ramp during the 30 millisecond triangle pulse
that was effectively equivalent to cyclic voltammetry using a scan rate of 66 Vs~!. It
should be noted that in conventional cyclic voltammetry measurements, the sample
typically undergoes voltage ramping (dV//dt) continuously without interruption. In
comparison, the electroreflectance modulation signal is periodic with a duty cycle of
20 %. Consequently, the voltage ramp occurs only for one fifth of each cycle and the
device is passive for the remainder of the cycle. (See Fig.5.4.) Time varying voltage
across the microsupercapacitor vo and total current ¢ were measured by oscilloscope.

Choosing series resistance Ry, to be 40 k() produced the most accurate measurement
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of total current in the circuit. Each image data point was averaged for 10 min (4000

continuous cycles).

Optical image Reflectance change

positive
electrode

electrode

()

Ims|

ARR i B
(104 -10 -5 0 5 10

Fig. 5.9. Transient electroreflectance images of the microsupercapac-
itor in response to 30 ms triangle charge/discharge voltage pulse ex-
citation. (a) Optical image of the microsupercapacitor with positive
and negative electrodes indicated. (b-f) Reflectance change images at
selected times during one voltage excitation cycle. Each image was
averaged for 10 min (4000 continuous cycles).

Fig.5.10 plots measured and modeled microsupercapacitor electrical parameters
and corresponding electrode reflectance as a function of time for one 30 ms charge/discharge
cycle. Fig.5.10a plots applied voltage modulation vy; and resulting measured volt-

age across the full sample vo and measured total current in the circuit ¢. Fig.5.10c
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plots corresponding measured electrode reflectance change AR/ R. Plotted reflectance
change was extracted from electroreflectance images at corresponding times in the cy-
cle. Each reflectance change data point was calculated from the mean of all pixels
within sampling regions on the positive and negative electrodes in the image. Location
of image sampling rectangles are indicated in the optical image of the microsuperca-
pacitor in Fig.5.9a.

The transient plot reveals electrode reflectance change closely follows voltage with
respect to time. This is true for both positive and negative electrodes. Maximums
for both ve and AR/R occur at the charge/discharge inflection point approximately
16 ms into the triangle waveform. Maximum AR/R is 8.5 x 10* on the positive
electrode and —9.0 x 10~ on the negative electrode. It is expected that reflectance
change is opposite in sign on the positive and negative electrodes because excess
charge is opposite on the respective electrodes.

Both ve and AR/R are symmetric with respect to time during the charge and
discharge stages of the triangle waveform. That is, amplitude of v and AR/R are
nearly identical at equal times before and after the charge/discharge inflection point
(~ 16ms). However, it is notable that total current through the microsupercapac-
itor does not display the same time symmetry. Maximum current amplitude while
charging (4 ;e = 2.6 pA at time = 15ms) is twice the maximum amplitude while
discharging (i_ 4 = 1.3pA at time = 30ms). This behavior is not surprising be-
cause electrical response of the real microsupercapacitor diverges from the case of
an ideal capacitor due to parasitic effects, which manifest in the asymmetric current
waveform. These parasitic effects are included in the microsupercapacitor equivalent
circuit model discussed later in this section. It will be argued that the different be-
havior observed for ¢ during charge and discharge portions of the cycle is due to device
internal current (shunt) leakage in parallel with its capacitance. This leakage has a
small effect on magnitude of both ve and AR/R, but negligible effect on symmetry

with respect to the time axis at their respective charge/discharge inflection points.
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Because microsupercapacitor electrode reflectance varies with temperature as well
as with charge density in the metal, it should be considered whether the measured
reflectance change is influenced significantly by temperature change due to electri-
cal self-heating (Joule heating) in the electrodes during cycling. The fraction of
reflectance change caused by electrical self-heating is assumed to be very small be-
cause power density in the electrodes for the applied bias (:?R/cm?) is extremely
small. Based on measured maximum current during cycling, temperature change
in the electrodes is estimated to be less than 10 mK. However, if the measured re-
flectance change was caused exclusively by electrical self-heating in the electrode it
would imply that the electrode heats up and cools down by more than 3 K during
each cycle. Because the estimated temperature change of 10 mK during cycling ac-
counts for only a 0.03 fraction of the measured reflectance change we can conclude
that device reflectance change is primarily caused by changes in the electrode free
electron concentration during cycling. The preceding calculation is based on the elec-
trode temperature dependence of reflectance, using a thermoreflectance coefficient
for bare gold [176] of 2.34 x 10~* K~!. Thermal transport in the microsupercapacitor
due to ion movement during cyclic excitation is an acknowledged possibility, though
its effect on reflectance change for the device studied is expected to be smaller than
the effect from electrode charge density. An alternate imaging experiment is under
consideration that would separate electrical and thermal contributions to reflectance
change on the microsupercapacitor.

Fig.5.10a also shows fitted total current through the sample, 7, and modeled volt-
age across the double layer, v. Modeled electrical parameters are based on the full
equivalent circuit of Fig.5.6. Current fitting was done by iterating over combinations
of the free parameters in the Randles equivalent circuit, consisting of double layer ca-
pacitance C'p;, and parasitic resistances Rg and Rj;. These free Randles parameters
are illustrated for the m = 1 finger pair in Fig.5.6. Values of the Randles param-
eters that resulted in optimal current fit are: Cp;, = 3.5nF, Rg = 101.2k(), and
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R; ~ 6 M(). Fitting also yields a model the voltage across the double layer, v, and
this critical waveform is included for reference in all three panels of Fig.5.10.
Because all the capacitors are connected in parallel, the net capacitance is approx-
imately 8 times Cpy, or 28 nF total. This compares well to the 33 nF measured for
the sample using cyclic voltammetry. The series resistance of the device, on the other
hand is 1/8" times Rg, i.e. 12.7 kQ. The series resistance of microsupercapacitors
with in-plane configuration are generally higher than those built with sandwich con-
figuration. For example, Gao et al. [187] reported microsupercapacitors with graphite
oxide (GO) electrodes to have series resistance of 6.5 k€2 in the in-plane configuration
compared to 126 €2 in the sandwich configuration. Sensitivity of the modeled current,
i(t), in Fig.5.10 has been evaluated for each of the relevant parameters in the Randles

equivalent circuit representation of the microsupercapacitor. For Rg, Ry, and Cpp,

iy Dy

= = —3.15 x 107 A /EkQ 5.21
aiavg Aiavg -6
= =2.37x10 A/EQ 5.22
Dlaug Aigyg .
= =2.70 x 10 A/nF 5.23
9Cp; ~ ACwh, x 107 pA/nF, (5.23)
where i, is the time averaged current calculated by 74, = Zjl i(t,)|/41 and the

change in parameters corresponds to 10% of their base values.

Current leakage produces the different peak magnitudes of iyeasurea Observed dur-
ing charge and discharge. A detailed parametric variation is shown in Fig. 5.11.
Modeled current is shown for several different values of the three Randles circuit pa-
rameters Cpy, Ry and Ry. As R; — oo, current leakage becomes negligible, and the
circuit resembles an ideal capacitor C'py in series with Rg. In this case the positive
and negative maximums of ¢ are equal. Both the positive and negative maximums
increase on increasing Cpy, individually, while they decrease on increasing R, indi-
vidually.

With the fitted Randles parameters, leakage current can be subtracted from total

current. The remaining current causes the microsupercapacitor electrodes to charge
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and discharge. We designate i; as the current needed to charge and discharge one
finger pair of the microsupercapacitor. Integrating i¢; with respect to time gives the
excess charge, Ag, in one electrode finger pair. Fig.5.10b shows waveforms of the
modeled excess charge Ag on the positive and negative electrode for one electrode
finger pair. As expected, the waveform for double layer voltage, v, closely follows the
waveform for excess charge. However, calculated double layer voltage is skewed from
voltage measured across the full sample, v, shown in Fig.5.10a. This is due to the
parasitic Randles parameters (Rg, Ry, and Cpy), which cause a slight attenuation
in the amplitude of the double layer voltage v, and also introduce a time delay of
approximately 1ms.

Fig.5.10c shows electrode reflectance change (measured and modeled) for the same
charge/discharge portion of the modulation cycle. Modeled reflectance change was
calculated from excess charge shown in Fig.5.10b. Because electrode reflectance is
proportional to excess charge in the electrode and also therefore proportional to the
double layer voltage, the waveforms for AR/R and v should display good corre-
spondence. This correspondence is confirmed by the observation that both AR/R
and v waveforms are delayed in time by =~ 1ms from the applied modulation v,
shown in Fig.5.10a. The measured reflectance change waveform can be reconciled
with the observed asymmetry in the measured current waveform by including current
leakage in the equivalent circuit model, represented by the Randles parameter Rj.
Current leakage explains why excess charge in the electrode returns to equilibrium
between each modulation cycle, despite the asymmetric magnitudes of current during
charge/discharge.

The skin layer thickness parameter d in equation 5.8 is unknown and hence a
fitting analysis has been used to determine its appropriate value. The mean square

error defined as,

1" AR AR,
MSEref — E ((f)model - (?)exp) (524)

i=1
is minimized by selecting the appropriate value of d. The MSE,.; is shown as a

function of the assumed d in Fig.5.12. The minimum is achieved at 90 A. This value
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is quite reasonable because Hansen et al. [158] assumed the electron density to change
for the entire 50 A thin gold film, in their model and got a good match with their
experimentally measured reflectance change values.

Sample calculations of reflectance change at time = 15 ms are shown in Table 5.3

assuming a skin layer thickness of 90 A.

Table 5.3.
Microsupercapacitor parameters calculated at time = 15 ms into the vy, bias pulse

Electrode polarity Positive Negative
q (nC) 2.21 -2.21
An (/m3) -1.91x10% 1.91x10%°
An/no -3.24x1074 3.24x107*
Awp/wp -1.62x101 1.62x107*
Aw/w -1.62x107* 1.62x10*
A(nm) 530 530
A\ 0.086 nm -0.086 nm
n 1.00 1.00
no 1.33 1.33
19 —0.1427 —0.1427
N3.uncharged 0.8180 + 2.2850i  0.8180 + 2.2850i
793 uncharged —0.4177 — 0.6186i —0.4177 — 0.6186i
N3, charged 0.8172 +2.28617  0.8188 + 2.2839i
793 charged —0.4180 — 0.6188; —0.4174 — 0.6184i
7123 uncharged —0.4032 — 0.6572i  —0.4032 — 0.6572i
7123 charged —0.4035 — 0.6574i  —0.4030 — 0.6570i
Runcharged 0.5945 0.5945
Reharged 0.5949 0.5940

% 0.000833 -0.000835
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Calculated excess charge can be used to quantify reflectance dependence on charge

density in the Au electrode for the incident illumination wavelength. Fig.5.10 shows

that applying a linearly changing external voltage (vys) across the full circuit pro-

duces approximately linear changes in the microsupercapacitor internal voltage v,

excess charge Ag, and mean reflectance change AR/R. All three waveforms can

be approximated as linear over the voltage range inspected (vy; = 0V to 1V) and

described by:

(

At Oms <t < 18ms

Y = B—A(t—18) 18ms <t < 36ms

0 36ms < t < 40 ms.

\

(5.25)

The coefficients are shown in table 5.4. From these relations, the reflectance

Table 5.4.

Estimated values of constants for the linear time-dependent model of

voltage, charge and reflectance change expressed by (5.25)

Variable A B RMS error
v(t) 0.038 (V/s) 071V 0.050 VV
q(t) 0.131 (nC/s) 2.43 nC  0.175 V/nC
A (< 10t 0.50 8.11 0.79
change % can be expressed as a linear functions of charge and voltage by
AR

—— =345 x107*
R XA

and

AR
T 13.2 x 1070,

(5.26)

(5.27)
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where ¢ is charge in nanoCoulombs and v is the voltage across Cpy, in volts. Using
the relation ¢(t) = Cpr, x v(t) and (5.26) and (5.27), 52 can also be expressed as a

function of the capacitance. At t = 15ms,

AR
& = L9Tx 107*Cpy. (5.28)

Minimum resolution

Dividing (5.26) by area of the electrode gives an expression for reflectance de-
pendence on charge per unit area in the microsupercapacitor. Approximating this
dependence as linear over the range inspected, we define a scalar electroreflectance
coefficient, Cgg, for the electrochemical system at a given incident illumination wave-

length. For the gold-H;PO, microsupercapacitor at 530 nm illumination,

A(AR/R)
Ag/A

This dependence can be used to estimate minimum experiment measurement res-

Cgr = =1.49 x 107" ecm?nC L. (5.29)

olution. We define minimum resolution as the amount of excess charge per unit area
of the electrode sufficient to produce magnitude of reflectance change equal to one
standard deviation in the measured reflectance change for all pixels in a region of
interest. From the electroreflectance image in Fig.5.9 (any time window), one stan-
dard deviation measured reflectance change for all pixels within a sampling rectangle
covering the full area of one electrode finger is ¢ = 7 x 107°. For 530nm inci-
dent illumination and 10 min averaging (4000 coninuous cycles), estimated minimum
resolution of the electroreflectance imaging technique for the gold-H;PO, microsu-

percapacitor is 0 /Cgr =~ 500nC cm ™

, equivalent to modulation of one charge per
32nm? electrode surface area. To date, the high sensitivity of the electroreflectance
response has been used primarily to characterize material properties. However, these
studies typically require averaging the response over macroscopic regions of a uniform
sample and consequently provide no spatial information. The imaging method pre-

sented here demonstrates this excellent sensitivity can be extended to precise spatial

characterization of microscale integrated electrochemical devices.
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5.3.3 Electroreflectance Spatial Uniformity Across Microsupercapacitor

Electroreflectance imaging can reveal subtle variations in charge distribution with
submicron spatial resolution. Fig.5.13 compares electroreflectance amplitudes and
spatial distributions for two similar gold-H;PO, microsupercapacitors. Optical im-
ages of the two samples are shown in Fig.5.13a,c. Both samples have identical fabri-
cation, electrode and electrolyte composition, and active area layout. Both samples
were measured under identical modulation bias at time = 15 ms into the applied volt-
age pulse v,;. Corresponding electroreflectance images of the two samples are shown
in Fig.5.13b,e. A cursory visual inspection reveals distinct differences in both ampli-
tude and spatial distribution of reflectance change under modulation bias. Profiles of
electroreflectance change along five electrode finger pairs, positive and negative, are
plotted in Fig.5.13c,f for sample 1 and sample 2 respectively. Locations of sampled
reflectance change profiles are indicated by the vertical dashed lines in the optical
images, measured top to bottom. The profiles show magnitude of reflectance change
on sample 1 is approximately double the magnitude of peak reflectance change on
sample 2. Also, sample 2 exhibits a clear radial shaped feature in the center of the
electroreflectance image (Fig.5.13e). There is no evidence of this feature in the cor-
responding optical image of sample 2. Reflectance change profiles along sample 2
electrodes show attenuation by as much as a factor of four. Conversely, no similar
spatial anomaly exists in sample 1, which displays much more uniform reflectance
change distribution. Reflectance change profiles along sample 1 electrodes vary only
by about 20 % across the finger. Additionally, a quantitative correlation was observed
between total device capacitance and mean electroreflectance of samples 1 and 2. The
ratio of total capacitance for samples 1 and 2 (obtained from CV measurement) is
C1/Cy = 3.7+ 1.0. The ratio of mean reflectance change for samples 1 and 2 is
(AR/R)meant/(AR/R)mean2 = 2.8 £ 0.5. This observation supports the need for fur-
ther investigation into the relationship between microsupercapacitor spatial defects,

average electrical performance, and reflectance. Quantitative analysis would likely
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require a full model of the microscopic polarization dynamics between electrodes dur-
ing cycling. We note the cause of the spatial anomaly in sample 2 has not yet been
determined. The defect was observed to be a permanent feature of the sample, not
changing in location or electroreflectance amplitude over the course of several days

and hundreds of thousands of electric modulation cycles.

5.3.4 Aging Characterization
Nominal microsupercapacitor

The ageing experiment was first performed with a nominal microsupercapacitor
with close-to-ideal behavior as a control for further samples. CV curves and capac-
itance values are shown in Fig. 5.14. The maximum scan rate of the capacitance

! whereas the electroreflectance cycling scan rate was

measurements was 25 V s~
66.7 V s~!. These two scan rates were chosen to be as close as possible within the
constraints of the measurement systems. There are no pseudocapacitance reactions
present, and the microsupercapacitor is close to ideal. The capacitance remains at
a fairly constant value throughout the cycling period, indicating that no significant
changes occurred to degrade the device performance at these cycling conditions.

The reflectance change associated with the nominal microsupercapacitor is shown
in Fig. 5.15. The magnitude of reflectance change was relatively constant throughout
the testing period, as expected given the constant trend of capacitance. The posi-
tive electrode exhibited a slight increasing trend, which is considered small in this
case. Reflectance images throughout the study indicated that charge accumulated
uniformly on both electrodes during charge/discharge processes.

The time-series of reflectance change during each individual voltage pulse were
very consistent in shape throughout the ageing period (not shown here for brevity;
see Fig. 5.21 for an example). The shape of each series closely followed that of the

voltage pulse applied to the device, while the reflectance change was positive on the

positive electrode and was negative on the ground electrode. However, in general,
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the positive electrode reflectance change was slightly larger in magnitude than that

of the negative reflectance change.

Microsupercapacitor with burn-in behavior

A repeat measurement was performed on a sample exhibiting non-uniform charge
accumulation on the negative electrode. Microsupercapacitor CV curves at various
cycling times, capacitance values, and the mean reflectance of each electrode are
displayed in Fig. 5.16. The CV curves were again relatively rectangular in shape,
which is indicative of ideal electrochemical behavior.

A summary of the mean reflectance throughout the study is shown in Fig. 5.17.
It is clear that a discontinuity in measured capacitance occurred between 1.2 and
1.5 million cycles. The CV curve shape indicates the device behaved more ideally
at and beyond 1.5 million cycles. While no known external factor occurred to cause
the sudden increase in capacitance, it provided an interesting feature to study the
corresponding charge distribution. The relation between capacitance and reflectance
along with several reflectance series associated with this device are presented in the
electroreflectance modeling section below (Fig. 5.21).

Reflectance images before and after the sudden increase in capacitance are shown
in Fig. 5.18 during charging, maximum charge, and discharging phases of operation.
At 1.2 million cycles, an area on the negative electrode exhibited less charge accumu-
lation than its complement area. The unactivated area became progressively smaller
from 0.0 to 1.2 million cycles until a sudden activation occurred. Therefore, at 1.5
million cycles, the area appeared to be fully activated.

Between 1.5 and 4.1 million cycles, the reflectance of each electrode decreased
uniformly. These two distinct phases of ageing behavior suggested a change in dom-
inance of two underlying physical mechanisms. We hypothesize that the first phase

was dominated by decreased wetting of the electrolyte to the electrode, and the sec-
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ond phase was dominated by breakdown of the electrolyte. This point is supported
further by the equivalent circuit model results presented below.

During the discharge phase when the electrodes were fully activated, as shown
in Fig. 5.18(f ), the charge dissipated away first from the area furthest from the
electrode lead (bottomleft on the negative electrode). This effect was consistently
observed throughout every discharge cycle recorded, and visually represents electrons
funnelling out of the negative electrode during diffusive-dominated discharge. This
pattern may be more subtle during the charging phase as the dominating mechanism

is electrostatic force, which is more likely to cause uniform charge accumulation.

Model results

The microsupercapacitor with burn-in behavior was chosen for model analysis in
order to understand its discontinuous behavior. The experimental and fitted model
current profiles for various ageing conditions are shown in Fig. 5.19. For the experi-
mentally measured current profiles, the magnitude of the maximum current was larger
than the magnitude of the minimum current. For example, for the ageing condition
of 1.5 million cycles, the maximum was 6.7 gA while the magnitude of the minimum
was 5.9 pA. This difference occurs because a fraction of the accumulated charge was
dissipated by self-discharge. The fitted circuit parameters of the electrical model are
represented in Table 1 for various cycling conditions. The capacitance of the model
device was obtained by multiplying Cy by 8, because there were 8 electrode fingers
each with capacitance Cy in parallel. The device capacitance is compared with the
experimentally-measured capacitance from CV measurements in Fig.5.16.

We hypothesize that two different phenomenoa dominate the device performance
at two different ageing phases. From 0.0 to 1.5 million cycles, the device increased
in capacitance. Similarly, RL increased and reached its highest value at 1.5 million
cycles. In a comparable inverse trend, Rs experienced a significant decrease during

this period. In other words, both values moved closer toward an ideal double layer
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capacitor (R; = oo and Rg = 0). The trend in ESR supports the previously stated
hypothesis that the initial capacitance trend occurs due to poor initial wetting of the
electrolyte to the electrode, as also evidenced by the nonuniformity in the reflectance
images (Fig.5.18). By definition, as the electrolyte wets the electrode more effectively,
ESR decreases.

In the second phase, from 1.5 to 4.1 million cycles, the device gradually decreased
in capacitance. In this phase, the ESR fluctated and no significant degradation of
the electrode was visible in the reflectance images. However, R gradually declined
during this phase, and therefore was the dominant cause of ageing. This is likely
to be a result from increasing ohmic leakage through conduction paths between the
electrodes.

The fitted circuit parameters were used to quantify the charge accumulation in a
single finger electrode capacitor Cy, resulting in the values shown in Fig. 5.20. The
external resistor in the measurement circuit induced an RC time constant, therefore
causing the charge to reach maximum after the peak voltage (15 ms) and to reach
zero after the end of discharge (30 ms). Throughout ageing, the peak charge increased
from its lowest value of 2.1 nC (0.6 million cycles) to a value of 4.7 nC (1.5 million
cycles) and thereafter reduced to 3.8 nC (4.0 million cycles). As expected, this trend
follows the trend of capacitance Cdl with ageing.

The reflectance change obtained from the model and the experiment are plotted
in Fig. 5.21. The shape of the reflectance change with time followed closely that
of the calculated charge variation with time. Also, the magnitudes of the positive
and negative experimentally-observed reflectance change were approximately equal,
agreeing well with the assumption that charge formation only perturbs the refractive
index of gold. Overall, the reflectance change varies linearly with charge accumulation
and thus capacitance.26

The skin layer thickness d was unknown for the reflectance calculations, and hence
a parametric variation was performed to minimize the mean square error MSE,.; as

shown in Fig. 5.22 for several ageing conditions. The final value for d was assumed
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to be 80 A for all reflectance calculations. Because this thickness is a fraction of the
actual thickness of gold (80 nm), the underlying titanium layer was not considered in
the model. Similarly, Hansen et al.21 reported that a change in reflectance is caused

by a change in electron concentration in the first 50 A of bulk gold.

High voltage cycling

An increased-voltage study was completed in order to simulate accelerated ageing.
The nominal microsupercapacitor was used subsequent to the previously described
study. Increasingly higher voltages were applied to the device circuit: 1.4 V, 1.6
V, and 1.8 V. The voltage pulse length remained at 30 ms, which corresponded to
increased scan rates for each voltage level. In this case, the reflectance change signal
was only recorded at 16 ms into the voltage pulse because it was greatest in magnitude.
As previously, each image was averaged over 2000 cycles (5 minutes). This modified
scheme has the advantage of enabling the record of data points more frequently in
terms of number of cycles. On the other hand, the disadvantage is that reflectance
change is not recorded at any other time steps during the voltage pulse.

CV curves were recorded between each voltage step, as shown in Fig. 5.23. The
results indicate that the capacitance slightly increased throughout this measurement
despite the decreasing trend during the last phase in reflectance measurements. This
effect was likely due to the fact that the capacitance was measured at 25 V s ~!, while
the reflectance measurements were recorded at greater scan rates that slightly varied
due to the external resistor.

The mean reflectance change and standard deviation results are shown in Fig.
5.24. The device reflectance did not change significantly during the first phase (1.4
V), then began to change during the second phase (1.6 V), and clearly degraded
during the third phase (1.8 V). Because of the presence of the resistor in the circuit,
the measured maximum voltages applied to the device were 1.19 V, 1.31 V, and 1.46

V., respectively. We note that PVA electrolyte requires some moisture to function
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correctly. Electrolysis of water occurs at 1.23 V; therefore degradation in performance
was expected.

A change in standard deviation of the reflectance images was also observed. During
the second phase (1.6 V), the standard deviation trend is similar for both electrodes.
Therefore, the physical source of this effect was likely the electrolyte. However, a
detailed understanding of this trend remains unclear. For the third phase (1.8 V),
a change in standard deviation occurred only on the negative electrode. The results
indicate that the mean did not change significantly, but the reflectance distribution
became more varied.

This trend was likely related to the visibly-degrading negative electrode in the
CCD image. In contrast, the mean for the positive electrode decreased significantly,
while the standard deviation remained relatively constant, indicating that the entire
electrode was degrading, yet more uniformly.

As shown in Fig. 5.25, the negative electrode clearly underwent visible ageing dur-
ing the third phase (1.8 V). The effect is consistent with previous references claiming
that the negative electrode is subject to more degradation (Sec. 1). However, it
seemed that this degradation did not strongly affect the reflectance change. Recall
that this electrode primarily interacted with the H+ ions. Because the degradation
was limited to a single electrode, we conclude that the bulk electrolyte was not the
cause of the ageing, but rather the electrode surface changed. An edge effect along
the outline of each electrode finger is also evident in the CCD image. The degradation
is less apparent toward the lead-side of the device (toward the right in the image), as
the electric field may be weaker in that area. Further, individual defect spots emerged
on the CCD image and became visible on the reflectance image, as highlighted in Fig.
5.25.
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Fig. 5.10. Measured and modeled microsupercapacitor transient elec-
trical response and electrode reflectance change during one 30ms
charge/discharge cycle. (a) Applied triangular voltage modulation,
vy, measured voltage across full sample, ve, measured and modeled
total current, ¢, and modeled voltage across the double layer, v, for
one cycle. (See Fig.5.6 for equivalent circuit.) Fitting measured total
current extracts the Randles parameters: double layer capacitance,
Cpr, and parasitic resistances, Rg, and Rj;. These parasitics cause
the double layer voltage, v, to lag in time and attenuate in ampli-
tude slightly from voltage measured across the full sample, ve. (b)
Modeled excess charge, Ag, on the positive and negative electrodes.
(c) Reflectance change (measured and modeled) for the positive and
negative electrodes. AR/R values were sampled from the mean of all
pixels corresponding to the location of the rectangles indicated in the
optical image of Fig.5.9a. Measured reflectance change closely follows
the modeled double layer voltage. Standard deviation for measured
AR/R, vg, and i was 7 x 107°, 0.09V, and 0.1 pA respectively.
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Fig. 5.11. Influence of Randles parameters on modeled current i(t).
Optimal fitting of the experimentally measured total current yielded:
Cpr = 3.5nF, Ry =~ 6 M, and Rg = 101.2k(Q.
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Fig. 5.12. Estimated gold electrode skin layer thickness based on fit of
measured reflectance change. Estimate of 90 A shows good agreement
with Hansen et al. [158]
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Fig. 5.13. Spatial conformity of electroreflectance distribution for two
similar gold-H;PO, microsupercapacitor devices under identical bias.
Optical images of sample 1 and sample 2 are shown in (a) and (d).
Fabrication, active area layout, and electrolyte composition are iden-
tical for both samples. Corresponding electroreflectance images at
the peak of the applied voltage pulse vy, time = 15ms, are shown
in (b) and (e). Reflectance change profiles for five electrode finger
pairs (positive and negative) are plotted in (c¢) for sample 1 and (f)
for sample 2. Dashed lines in the optical images show location of
sampled reflectance change profiles, measured top to bottom. Third
finger pair from left for each sample is emphasized in the plot. Profiles
show moving average of a 10 pixel window. Error bars show maximum
and minimum reflectance change in the averaging window centered at
250 pm.
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Fig. 5.15. (Mean reflectance change for positive (star) and negative
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for the nominal microsupercapacitor. (a) Positive electrode during
charge phase, (b) positive electrode during discharge phase, (c) nega-
tive electrode during charge phase, and (d) negative electrode during
discharge phase. Each data point was averaged over 2000 cycles.
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Fig. 5.18. For the microsupercapacitor with burn-in behavior, elec-
troreflectance images before ((a,c,e)) and after ((b,d,f)) the discon-
tinuous capacitance increase at time steps during charging (5.0 ms),
charged (17.5 ms), and discharging (30.0 ms).
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Fig. 5.19. Current and voltage profiles for various ageing conditions
for the microsupercapacitor with burn-in behavior. Reported for var-
ious ageing conditions in millions of cycles.
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finger electrode for the microsupercapacitor with burn-in behavior.
Reported for various ageing conditions in millions of cycles.
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cuit during the increased-voltage experiment. Annotation highlights
individual defect areas.
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5.4 Conclusions

Camera-based electroreflectance imaging microscopy has been demonstrated as
a highly sensitive, non-contact method for characterizing dynamic charge accumula-
tion and distribution in active integrated electrochemical devices. Electroreflectance
imaging of an interdigitated gold electrode-H;PO, polymer electrolyte microsuper-
capacitor during active charge/discharge cycling was demonstrated with submicron
spatial resolution and millisecond time resolution. The high sensitivity of the method
enables electroreflectance resolution on the order of 500 nC cm~2, equivalent to mod-
ulation of one charge per 32nm? electrode surface area. A model relating device
reflectance change to excess charge in the gold electrode, based on the microsuperca-
pacitor equivalent circuit including parasitic electrical effects, shows good agreement
with measured device electroreflectance. Results demonstrate that electroreflectance
imaging can be used for rapid, high-sensitivity characterization of real time perfor-
mance and spatial charge distribution in microscale integrated electrochemical de-
vices. This paper examined effects caused primarliy by double layer capacitance
at the supercapacitor gold-electrolyte interface. The method might also be used
to investigate pseudocapacitance in supercapacitors and Faradaic processes in inte-
grated batteries such as lithium ion systems. Future studies will apply the method to
non-intrusive spatial analysis of electrochemical based biosensors and other systems
involving nanoscale charge-dipole characteristics.

In the aging study, reflectance and CCD images were recorded over a period of
4.1 million cycles for a nominal device and a device with initial nonuniform charge
behavior. The performance of the nominal device had insignificant changes in re-
flectance and capacitance. In contrast, the capacitor with burn-in behavior exhibited
two phases of ageing behavior. The reflectance images and equivalent circuit model
supported the hypothesis that the device behavior was first dominated by wetting of
the electrolyte followed by ohmic leakage through the electrolyte. Next, an acceler-

ated ageing test demonstrated that the negative electrode is impacted more greatly in
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response to increased voltage, as visualized from CCD images. To complete the study,
a numerical model included the relationship between electrode charge accumulation

and reflectance change to predict the observed reflectance signal.
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6. MAGNETOTHERMOELECTRIC EFFECTS IN
GRAPHENE AND THEIR DEPENDENCE ON
SCATTERER CONCENTRATION, MAGNETIC FIELD
AND BAND GAP

Some of the chapter has been published in Journal of Applied Physics [72]

6.1 Introduction

Thermoelectric materials are capable of continuous generation of electrical energy
in response to a temperature gradient without involvement of moving parts. Many
prior research efforts have focused on developing new materials for practical power
generation applications based on thermoelectrics since the discovery of BiyTes in
the 1950s [188]. In comparison to thermoelectric effects, thermomagnetic effects have
been less studied. The Nernst (Ettingshausen) effect involves the generation of electric
(heat) current in the cross product direction between a temperature gradient (electric
field) and an applied magnetic field. The advantages of building a thermomagnetic
conversion module have been highlighted by Sakuraba et al. [189]. Their module
consisting of series-connected ferromagnetic wires has a much simpler design than
the conventional thermoelectric modules consisting of alternatively aligned n- and p-
type semiconductor pillars. Apart from devices, these effects have also been used as
sensitive probes for studying the electronic structure of various materials [190].

Graphene is a 2D material with high electron mobility and mechanical strength
[191]. These attributes make it a good candidate for thermoelectric and thermomag-
netic applications. However, it has two major disadvantages in this regard. First, it
is gapless and has a symmetric electronic bandstructure. Consequently, the electrons

(above Dirac point) and holes (below Dirac point) have opposite group velocities and
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hence they thermodiffuse in counter directions. This leads to a zero value of the
Seebeck coefficient at the Dirac point. Second, it is an excellent thermal conductor,
resulting in a low value of ZT [192].

However, several studies [193, 194] have demonstrated that appropriate nanos-
tructuring and introduction of a band gap around the Dirac point can enhance the
in-plane Seebeck coefficient of graphene many-fold without diminishing electrical con-
ductivity. Xiao et al. [193] demonstrated an enhancement of Seebeck coefficient in
few-layer graphene (FLG) films up to 700 xV/K upon oxygen plasma treatment,
which was attributed to disorder-induced band gap opening. Furthermore Wang et
al. [194] obtained a Seebeck coefficient of 180 1V /K upon introducing a band gap by
applying a vertical electric field between two gates in dual-gated bilayer graphene.

Experimentally, thermoelectric and thermomagnetic measurements are performed
as functions of Fermi energy Er. The Fermi energy is tuned by varying the gate
voltage and thereby controlling the charge carrier density. Depending on whether Er
is above or below the Dirac point, the system behaves either electron-like or hole-
like. Most experimental studies have used single-layer graphene sheets mechanically
exfoliated from highly oriented pyrolytic graphite (HOPG) [195-198]. However, a
few reports exist for graphene sheets grown using chemical vapor deposition (CVD)
[193,198-201] that are then transferred onto Si/SiOq substrates.

Tablel lists the experimental parameters for Seebeck and Nernst effect measure-
ments in the literature. In most cases, a microfabricated heater is used to create a
temperature gradient in the longitudinal (in-plane) direction. Typically, a tempera-
ture difference of 80-300 mK is applied across a length of 5-10pum (Ref. [198]). The
thermovoltage signal generated in the longitudinal and transverse directions is de-
tected using a four-point method in a Hall bar geometry. Checkelsky and Ong [197]
studied the thermoelectric properties of exfoliated graphene on SiO, in the presence
of strong magnetic fields (5-14 T). Both Seebeck and Nernst coefficients were found
to oscillate at high magnetic fields implying the formation of discrete Landau levels.

An increase in magnetic field from 5 to 14 T led to a rise in the peak value of the
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transverse Seebeck coefficient S,, from 20 to 40 pV/K and a fall in the number of
oscillations. Liu et al. [198] measured the longitudinal Seebeck coefficient S, and the
transverse Seebeck coefficient S, for samples with different mobilities in magnetic
fields up to 8 T. The peak in S,, increased almost linearly from 22 4V/K at 1 T to
160 uV/K at 8 T, while the peak in S,, rose from 70 to 100 ¢V /K upon increasing
the magnetic field from 2 to 8 T.

Theoretical modeling of Seebeck and Nernst effects has been primarily performed
using either the analytical Mott relation or the non-equilibrium Green’s function
(NEGF) approach. The Mott relation [195,199,202] predicts a linear rise in S,,
with temperature. Zuev et al. [195] found experimental results to follow the Mott
relation in the temperature range of 10-300 K. They attributed this observation to the
dominance of impurity scattering over phonon scattering. The Mott relation has been
thus found to hold true only when = >> 1 [196] where v is the impurity bandwidth
proportional to the square root of impurity concentration v oc | /My, [203]. In order to
avoid inaccuracies at high temperatures, many authors have used NEGF methods to
model thermoelectric and magnetothermoelectric effects [204-207]. Ugarte et al. [205]
included effects of unitary and charged impurities and presented results for both low
and high temperatures. Although the NEGF method is more rigorous than the Mott
relation, it cannot treat scattering of charged impurities at high magnetic fields.

A thorough understanding of the energy dependence of various scattering mech-
anisms is crucial in elucidating thermoelectric and magnetothermoelectric transport
properties [198]. Different scattering mechanisms have been identified and experi-
mentally validated for both suspended and supported graphene films. These include
long range Coulomb scattering due to impurities in the SiOs substrate and electron-
phonon scattering. Stauber et al. [208] proposed an additional scattering mechanism
that may originate from vacancies, cracks or defects in the sample. They showed
that incorporating this additional mechanism into the Boltzmann transport equa-
tion dramatically improved agreement between theoretical and experimental values

of mobility.
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In this work, we investigate the thermomagnetic and thermoelectric properties of
single-layer graphene. The Boltzmann formalism has proven useful in understand-
ing transport in graphene [209] as well as its three-dimensional counterpart, Weyl
semimetals [210], and shows good agreement with other theoretical approaches such
as the Kubo formalism [211]. The analytical solution to the BTE, which is valid for
a 1D system within the relaxation time approximation (RTA) and near equilibrium
conditions, is used to derive analytical expressions for the various transport coeffi-
cients. The mean relaxation times accounting for various scattering mechanisms have
been used in the derivations. The Seebeck coefficient S,, and Nernst coefficient N
are thoroughly characterized as functions of impurity concentrations, temperature,
carrier concentration and magnetic field, and valuable insights emerge in comparing
model results with previously published experimental data. Although this technique
of evaluatng thermoelectric and thermomagnetic properties has been applied to single
layer periodic graphene in this paper, it can be used to study other materials in the
future, given their bandstructure and scattering rate information.

The paper is organized as follows. In Sec. II, detailed formulations of the transport
coefficients from the BTE solution are provided. The solution methodology and final
form of the transport coefficients are presented in Sec. III. Model results are presented
in Sec. IV, including parametric variations of impurity density, temperature, band

gap and magnetic field.

6.2 Theory

The Nernst coefficient N is defined as [212,213]

Ey
=Y |, _,_ 6.1
where £, is the electric field in the y direction, B is the magnetic field in the z
direction, and V,T is the temperature gradient in the x direction. Thus, E, B and

AT are mutually perpendicular. J, and J, are electrical current densities in the

x and y directions respectively. The transverse Seebeck coefficient S, is obtained
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by multiplying the Nernst coefficient N with the magnetic field B. The longitudinal

Seebeck coefficient S, is

E,
Txr — _v T‘JIZJy:B:O- (62)

In linear response theory, .J, and J, are related to the electric field and temperature
gradient as

Jo = Ope iy + 00y By + 003 VT,

(6.3)

Jy = oy By + 0y By 4 0y, V. T,
where o0,, and o0,, are the longitudinal and transverse electrical conductivities re-
spectively, and o, and oy, represent the longitudinal and transverse thermoelectric
coefficients respectively. Under isotropic conditions o,, = 04y, Qpe = ), Oye = —0gy
and oy, = —ag,. Setting the current densities to zero and using Eqgs. 6.1 and 6.2, we
obtain the expressions for Nernst and Seebeck coefficients as

Uryamm — Ogx amy

N —
B(o3, +02,)

, (6.4)

and
OzxOlyy + OzyOlgy
2 2 :
O2a + awy

Spp = (6.5)

The electronic states in periodic graphene at the six corners K and K of the first Bril-

louin zone have a linear dispersion relation (k) = *hvp|k|=thvp k2 + k2, where

vr is the Fermi velocity (assumed to be 1x10° m/s [214,215]). The density of states
1s
2] |
D()= (6.6)

o 2,2 °
mh*vy,

The semiclassical Boltzmann transport equation (BTE) with the relaxation time

approximation is

('3 - Je
j + e Vefi + FeVpfi = —M,

ot Tim (6.7)

where fx is the probability density function of carriers with wave vector k, f., is

the equilibrium Fermi-Dirac distribution, 7, is the mean relaxation time, vy is the
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group velocity vx=nh"'9e /0k, and F, is the force field. In the presence of electric and

magnetic fields, the force field is

F.,=eE +ev x B. (6.8)
The 1D steady state linearized solution of the BTE in the absence of magnetic field
(B =0) is [216]

o= fua Tl = Ay (B 4 —H (7)) (6.9

at near-equilibrium conditions. The resulting current density (J,) assuming spin

degeneracy is

Jp =2 vz fx, (6.10)

p k

where the factor of 2 represents spin degeneracy and p represents summation over all

branches. From Eqgs. 6.3, 6.9 and 6.10 we obtain

Opw = 467 [dk]ugrm(—ag:q), (6.11)
Ofe
O = e [AKJuZ( — (22, (6.12)

where [dk] = £ = &%

We now discuss the case of a perpendicular magnetic field BZ in the presence of
a londitudinal thermal gradient V,7T'z. The Boltzmann equation is modified in the
following form to account for the influence of the magnetic field [210]

—

fk:feq+<_ T

(=V.T) + v Ay +v,A,). (6.13)

)(var

Oe

The correction factors A, and A, have been derived [210] by satisfying the steady
state form of Eq. 6.7 while using the force field from Eq. 6.8

[Mo — u)[— B 4 eBug _ wa) 4 [vz 4 U J[eBu, _ eBuy oy
A —eBr. 9. T — M lmg, m m May Tm m May m May Tm
e = EBTm Ve T [_ery_‘_erm_v_x]g_{_[erm_@Bﬁ_U_y]z !
m My Tm m May Tm
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[ — Lyl eBoy | eBvg _ By) (e by (B 4 eBug g
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Ay = eBTm VT —5 [—Bow | ebue _ ooy [Bir _ P _ o
m My Tm m My T
(6.15)

Considering only linear terms in B

A =7, T— L, (6.16)

T

where ¢, = —<E= and ¢, = <22 The band mass my; is defined as m,;' = h=?0* (k)/0k;0k;.

zy

Using Eqs.6.3, 6.10 and 6.13, the thermoelectric coefficients (longitudinal and trans-

verse) are
de af, eBT,
o == [k (=)0 ), (6.17)
_ de Ofeq U; Vg Uy
oy =~ [dK]( — )7 e )eBTm(m mwy), (6.18)

Similarly, the electrical conductivity coefficients (longitudinal and transverse) can be

shown to be

af, eBrT,
_ 2 2 . eq m
Ope = 4€*  [dK]voT,0( 5 1+ . ), (6.19)
af. V2 v
9 _OJeq y  UzUy
Oy = 4e [dK] 7, ( e )eBTm(—m . ), (6.20)

under the isotropic approximation v, = v, = vp/ V2 and k, = ky,=k/ V2.

We now discuss the various scattering mechanisms that have been considered in
the analysis. Scattering due to long-range Coulomb scatterers in the Si/SiO, substrate
exhibits a linear dependence with &k [208]

_ 16R%vr 2 2(1+7)?|k|
Nimp 4 2

Timp(k)

, (6.21)

where Z is the valency of the charged impurities considered to be 1, and ny, is

the charged impurity concentration. Acoustic phonon scattering time varies inversely
with & [208]

S8R pvivp
- D%k, T|k|

Tapra and Tapra correspond to scattering with acoustic phonons of LA and TA

Tap(k) (6.22)

branches respectively. p is the mass per unit area (7.6x 1077 kg/m?) and v, is the
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group velocity (7333 m/s and 2820 m/s) for the LA and TA phonon branches (respec-
tively). D, is the acoustic deformation potential, which generally varies with carrier
concentration but is assumed constant for simplicity in many studies. Bolotin et
al. [214] found D4 to be 29 eV for ultraclean suspended graphene compared to 17 eV
reported for unsuspended graphene [217]. On the other hand, Stauber et al. [208] as-
sumed Dy to be 9 eV. In this study, D4 has been assumed to be 17 eV because unsus-
pended graphene is considered. Electron scattering with optical phonons are expected
to have negligible contribution to the net scattering rate because the usual energy of
optical phonons is in the range of 0.1-0.2 eV for graphene-related materials [208], thus
diminishing their interactions with low energy scatterers. Electron-electron scatter-
ing has been neglected considering Born approximation. Acoustic phonon scattering
and substrate impurity scattering have only been considered in the mean relaxation
time for comparison with experimental findings in a few studies [218,219]. However,
Stauber et al. [208] criticises this assumption because of the high density of charged

2 needed in the Boltzmann formalism to obtain the ex-

impurities 7, > 10 cm™
perimentally observed mobilities, that are not likely to be present in an insulator like
Si0,. Based on this argument, they proposed an additional scattering mechanism
due to midgap states that may be caused by vacancies present in the substrate. The

scattering time of this mechanism is proportonal to k up to logarithmic corrections
_ K| (In(|k] Ro)?

71-2UFn'Uac

Toac(K) (6.23)

where n,,, is the concentration of vacancies, cracks or boundaries in the sample [208],
and Ry is the average radius of vacancies assumed to be 1.4 A. On consideration of
the foregoing three scattering mechanisms, a low impurity density of n;,, ~ 10"
cm™~? is able to justify the experimentally observed mobilities of u ~ 5000 cm?/(V.s).

The mean relaxation time 7, is finally obtained using Matthiesen’s rule

1 1 1 1 1
— = + +—t— (6.24)

Tm TAP,LA TAPTA Timp Tvac

Combining Eqgs. 6.21-24, 7, is expressed as

1 _CL1

Tm(k)  [K|

[E|(n(Ik] Ro))?”
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where a1, as and as are independent of k. 7, is used in the Boltzmann formalism to
obtain new expressions for the transport coefficients. To demonstrate the effect of an

introduced bandgap, the following dispersion relation is assumed [220]

(k) =+ (h2ilk]2+  2), (6.26)

where  is the bandgap. Such a dispersion equation has been assumed to produce
the bandstructure of Dirac systems possessing a band gap. In the above equation,

has a minimum value of  at zero Fermi energy (k=0), and it follows the dispersion
relation of graphene at high k£ values, considering  to be quite small. The group

velocity for such a dispersion relation has an energy dependence of

v()=vp 1——. (6.27)

For a non-zero band gap, the transport coefficients are obtained by energy integration
from -0o to +o00 while omitting the range from - to + , because the density of
states is zero in that zone. Eq. A-4 in the Appendix contains the final expression of

the longitudinal conductivity o,, for such a system.

6.3 Solution Methodology

Eqgs. 6.28-6.31 shown below represent the final form of the electrical conductivities

and thermoelectric coefficients used throughout the subsequent sections of the paper.

& Blkp| 2 (cosh (g (x — 1)) + cosh (575 (x + 1))

xrxr T d
7 wh 4hk,T (a1 + CL2/€12:$2 + ) !
[in(kpzRo)| (628)
P eBupky 2P (cosh (5 (x — 1)) — cosh (55 (x + 1))
th 8kT (a1 + azka?® + gtinss)? ’
_ SeBugy <P (eosh (G~ D) —oosh (R D) o

o — & CPUrFE
Yonh 4kT (a1+a2k%x2+(ln(kﬁiRo)P)Q
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@ vRhlkpPEr < 2(z — 1)cosh™ (% E(x —1)) — 2*(x + 1)cosh™ (% L (x4 1))

Txr — dx
wh 8mek,T? 0 (a1 + ang:L‘ + W)
- iBU%‘kFPEF o g2(g — l)cosh—Q(%(gg — 1)) + 2%(x + 1)cosh™ (% L (z + 1))d:v
wh  8kyT? 0 (a1 + agkpa® + WV ’
(6.30)
2 v3 BEp|kp* > 2*(v — 1)cosh™ (QfFT(a: — 1)) + 22(z + 1)cosh™? (5% = (x + 1))d
a"E f— vr;
S Y T (a1 + agkpa® + Gratipss)?
(6.31)
The constants aq,as and a3 are given by
nzmpZ2e4
a; =
_ DART(1/0] a4+ 1/Us,TA> (6.32)
g = )
8h2pvp

2
a3 = T VpNyge-

A sample derivation of o, is given in the Appendix. In these expressions, the integra-
tion variable x represents the normalized energy ¢/ Er where Ef is the Fermi energy.
The integrations are carried out using the trapezoidal rule. A step size of 1074 is
used for x after mesh refinement analysis. The upper limit of co in the integrations
is taken as 10 to make them computationally efficient without affecting the results.

Experimentally, the carrier concentration is controlled by varying the gate voltage
(V) in a parallel plate geometry. For the experimental range of parameters used,
it is generally assumed that the capacitance of the device is constant and the car-
rier density depends linearly on the gate voltage as n = C,V,/e, where the gate
capacitance C, is the capacitance per unit area generally in the range of 100-115
aF/um? [196,198,199]. Here we assume C, to have a value of 100 aF/um?. The
Fermi energy Fr is related to the carrier density n by Er = hvpy/mn [196].

6.4 Results and Discussions

We first consider the electrical conductivity coefficients at zero magnetic field.

Fig. 6.1(a) shows the temperature dependence of the scattering rates. Fig. 6.1(b)
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displays the temperature dependence of mobility p calculated using the Drude re-
lation o,, = pne near the Dirac point. The charged impurity scattering rate and
vacancy scattering rate remain constant with temperature while the phonon scatter-
ing rate increases linearly with temperature, as indicated by Eqs. 6.21-6.23. Thus,
at low temperature and high impurity concentrations, 7,, does not contain significant
contributions from phonon scattering, and hence the conductivity and mobility are
effectively independent of temperature. The mobility remains almost constant with
temperature up to about 50 K, after which it decreases. This is consistent with exper-
iments conducted by Chen et al. [217] and Zhu et al. [221] for single-layer graphene.
Thus, for samples with high impurity concentrations, impurity scattering dominates
the determination of conductivity at low temperatures while phonon scattering domi-
nates at high temperatures. Conversely, for samples with low impurity concentrations
such as highly oriented pyrolitic graphite studied by Sugihara et al. [222], the mobility
decreases almost linearly with temperature even at temperatures below 50 K.

The room-temperature value of conductivity is important for many practical ap-
plications; therefore the conductivity at 300 K has been evaluated and is shown in
Fig. S23 for Fermi energy 0.1 eV. The charged impurity and vacancy concentrations
have been kept equal and varied along the x-axis. The room-temperature conductivity
remains constant at 15¢*/(7h) for charged impurity concentrations up to 101 cm=2,
after which it decays. This result implies that the room-temperature conductivity is
primarily influenced by phonon scattering and not by impurity scattering if the con-
centration of impurities is below a threshold value. Furthermore, the charged impurity
and vacancy concentrations have been varied separately, and the results are tabulated
in the inset of Fig. S23. An increase in the vacancy concentration at a fixed charged
impurity concentration leads to a greater reduction in room-temperature conductivity
compared to an equivalent increase in the value of charged impurity concentration at
a fixed vacancy concentration, as can be inferred from Eqs. 6.21 and 6.23..

The Boltzmann transport formalism predicts the electrical conductivity to fall to

zero at the Dirac point (Er=0). Experimentally however, it is found to have a non-
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Z€r0 Opmin- Tan et al. [219] reported that almost all measured o, lie in the range of
1-6¢%/(wh). They justify this observation by the fact that in the low carrier density
limit near the Dirac point where the carrier concentration becomes smaller than the
charged impurity density, the system breaks up into puddles of electrons and holes
in which a duality in two dimensions guarantees that, locally, transport occurs either
through the hole channel or the electron channel. Most samples are reported to have
Omin =~ 2€2/(mh) [218]. Because we have no way to include such physics in our model,
the value of o, is artificially raised by a value of 2¢?/(7h) in the carrier density range
0] < M-

Fig. 6.2 shows the variation of o,, with Fermi energy Fp for different impu-
rity concentrations and compares it with the experimental results of Liu et al. [198].
0. varies symmetrically around the Dirac point both in the model and experimen-
tal results, although unlike the experimental results, the model values deviate from
parabolic behavior at high Ep.

Next, we evaluate the influence of magnetic field on the conductivity values. At
non-zero magnetic field, the Lorentz force leads to bending trajectories of thermally
diffusing carriers. At zero magnetic field, the Lorentz force is absent and both the Hall
conductivity o,, and Nernst coefficient N are zero, while o,, varies symmetrically
with Fermi energy Fpr around the Dirac point. Eq. 6.29 shows that at non-zero
magnetic field, o,, behaves as an odd function of Er. Also, Eq. 6.28 shows that o,
loses its symmetry with Er around the Dirac point. A similar trend is observed in
experiments conducted by Cho et al. [223] , but the applied field is 8 T, which might
lead to discrete Landau levels not considered in the present model.

The expressions for a,, and oy, shown in Egs. (30) and (31) respectively explain
certain characteristics about the variation of the Seebeck coefficient S,, and the
Nernst coefficient N. At zero magnetic field, o,, and a,, are zero. Hence from
Egs. (4) and (5), N is zero and S, is simply a,/04,. Also, o, and o, are odd and

even functions of Er respectively which leads to S,, being odd function of E.
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Next, we compare the model results for S,, and N obtained from Eqs.(4),(5), and
(28)-(31) to available experimental results of Liu et al. [198]. The purpose of the
fitting study is to make a qualitative comparison between model and experiment and
determine the unknown values of scatterer concentrations through fitting. Fitting
studies are done in the literature primarily by comparing only mobilities. Conversely,
we chose to perform the fitting study for mobility as well as Nernst and Seebeck
coefficients. It is noteworthy from the experiments that although the mobility of the
tested graphene devices were all different, the scatterer concentrations in the devices
were largely unknown. Hence a comparison with the model results may provide an
approximate value of the scatterer concentration in the samples. The model results
have been compared to measurements on one of the samples (mobility 12900 cm? V1
s71) for validation in Fig. 6.3. In the experiment, S,, was found to be positive below
the Dirac point (holes as charge carriers), zero at the Dirac point, and negative above
the Dirac point (electrons as charge carriers). Similar trends are observed in the
model results plotted in the same figure. As the magnitude of Er is raised from zero,
the magnitude of S, increases, reaches a maximum, and then decreases. Comparing
the model results to the experiments, impurity and vacancy concentrations of 10!
cm ™2 provide the best match.

For both experiment and model, the Nernst coefficient N reaches its peak value
near zero Er and decays slowly with increasing Fermi energy Er to a negative value
before rising back to a positive value at very high Fr. Close to the Dirac point,
the electrons and holes produce an additive effect on the Nernst coefficient as they
are deflected in opposite directions under a magnetic field and thereby add to the
transverse voltage. At high Er, the asymptotic decay is predicted by Fermi liquid
theory according to which N vanishes due to Sondheimer’s cancellation [210, 224].
Comparing model with experiment, the decay in N upon moving away from zero Ep
is observed to be steeper in the experiment than in the model. Impurity and vacancy

densities of 2.5x10* ecm~2 provide the best match with experimental results.
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To summarize, the variations of the Seebeck and Nernst coefficients with Fermi
energy qualitatively match those obtained from past experiments. The impurity con-
centrations obtained from our fitting process (2.5x10" ¢cm™2 for the Nernst coeffi-
cient and 10! cm =2 for the Seebeck coefficient) are close to the value of the Coulomb

scatter density (4x10M cm™2) evaluated to fit the experimental value of mobility in

Ref. [208].

6.4.1 Nernst Coefficient

In this section, the influence of impurity concentration and temperature on the
Nernst coefficient is studied. The magnetic field is considered to be 1 T because we
have neglected higher order terms in B in the transport coefficient calculations. Under
high magnetic fields, the electronic band structure breaks down into discrete Landau
levels, and such effects are not considered in our analysis. Fig. 6.4 shows variation
of the Nernst coefficient N with Fermi energy for graphene samples with different
impurity concentrations at 300 K. The peak value of N decreases with increasing
impurity concentration. The peak values are 50, 20, 11 and 7 pV K='T~or impurity
concentrations of 2.5 x 10 em™2, 5 x 10 ecm=2, 7.5 x 10! ecm™2 and 10'% cm 2
respectively. Moreover, as the impurity concentration decreases, the full width at
half maximum (FWHM) decreases. The trends are consistent with the experimental
results of Liu et al. [198] who found the Nernst signal S,, to increase almost linearly
with mobility. Mobility of devices decreases with increased impurity concentration as
shown in Fig. 6.1b and 6.2.

The only related prior study on the temperature dependence of N is that of
Wei et al. [196]. Their experiments on mechanically exfoliated graphene showed a
reduction in oscillations of N and a rise in peak values with increasing temperature.
A rigorous analysis of the influence of temperature needs to be conducted. Fig. 6.5
shows the variation in N from 10 to 400 K for samples with impurity concentrations

of 2.5 x 10" ¢cm~2 and 5x10* ecm~2. The shape of the curves change slightly with



231

increasing temperature. At low temperatures, the curve is quite flat, and N remains
positive for almost all values of Er. But as temperature increases, N attains higher
positive peaks for low Ep values. In Fig. 6.5(a), the peak value rises from 5 to 54 uV
K='T~! upon varying temperature from 10 to 200 K and then slightly decreases to
40 pV K ~'T~1 at 400 K. On the other hand, in Fig. 6.5(b), N increases from 1 to
20 uV K7'T~! from 10 to 300 K and then declines to 19 pV K~'T!at 400 K. The
temperature dependence of N is shown for different values of impurity concentrations
at a fixed Ep of 0.05 eV in Fig. 6.6(a). At the lowest impurity concentration, N
increases rapidly from 4 to 37 pV K~!T~! after which it decreases slightly to 28 pV
K='T~! at 400 K. For higher impurity concentrations, N increases at a slower pace
with temperature until 300 K, after which it saturates. The trends in Fig. 6.6(b)
showing the variation of N with temperature for different values of Fermi energy at
a fixed impurity concentration are similar.

The temperature dependence of the Nernst coefficient can be explained through
analysis of the equations derived in the paper. From Eq. 6.4, the Nernst coefficient
can be defined as N = —a,,/Bo,, neglecting the contribution of the other terms.

From Eq. 6.18 and 6.19, N can be approximated as

k(= (%)

N = constant x (6.33)
0 feq
T [dk)(—%)
From Eq. 6.24, 7, can be approximated as,

where ko, k3 and k4 are constants. At low temperatures, the Fermi-Dirac function f.,
has a sharp peak at = p which leads to almost zero value of N. As temperature
increases, feq starts to spread out, causing the numerator of Eq. 6.33 to increase more
rapidly than the temperature term in the denominator. At even higher temperature,
the numerator term saturates while the scattering rate of acoustic phonons decreases
rapidly leading to overall reduced scattering rate. This leads to a decline in the value

of N at very high temperature. The temperature corresponding to peak value of N
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can be evaluated by setting the temperature derivative of Eq. 6.33 to zero, yielding
Tpeak = kaNimp/2ks. Thus, Tpeqr is small for low impurity density whereas it is high
for large impurity density.

Fig. 6.7 displays variations in N with Fermi energy for different values of band
gap . Introducing a band gap leads to a decrease in the peak value of N, from 50
puV K 'T tat =0to 13 pV K7 'T tat =100 meV. Also, the Fermi energy values
corresponding to the peak values are found to be near the bottom of the conduction
band. This can be explained by the fact that for Fermi energy in the range of -  to

, the density of states of both electrons and holes is zero, which implies relatively

few carriers undergoing deflection due to magnetic field.

6.4.2 Seebeck Coefficient

Fig. 6.8 shows the Seebeck coefficient S, as a function of Fermi Energy Er for
various charged impurity and vacancy concentrations. The peak values of S,, are
lower for higher concentrations. They decrease from 60 pV/K at 10'' ecm™2 to 46
uV/K at 10" cm™2. Furthermore, at high impurity concentrations, the curves are
found to exhibit a smoother transition (over a larger Er) from positive to negative
near the Dirac point. These trends are consistent with experimental results [198]
as well as with tight binding model results [225]. Liu et al. [198] observed that S,
increases from 50 to 75 'V /K with increased mobility from 4560 to 12900 cm? V!
s7! . Hao et al. [225] found that as the impurity density is raised from 0 to 5x 102
cm ™2, the peak Seebeck coefficient is found to occur at higher values of Fermi energy.

Fig 6.9 shows the Seebeck coefficient S,, as a function of Fermi energy Ep for
different operating temperatures. The impurity concentration is kept fixed at 2.5
x10M ecm™2. S, increases monotonically with temperature initially but decreases
eventually. Such behavior can be inferred from an analysis of Egs. (17) and (19). S,
derived from these equations is

[Ak]( — ) (= %)
T [dk](—%)

(6.35)

Sye = constant X
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At near-zero temperature, the Fermi-Dirac function has a very sharp peak at = u
which leads to almost zero S,,. However with rise in temperature, the Fermi Dirac
function spreads out and covers more number of energy levels which all contribute to
the term ( — p). This increase dominates over the temperature term in the denom-
inator and consequently, S,, increases monotonically with temperature. However,
Sz peaks at 300 K (shown in the inset of Fig. 6.9), because the contribution of the
Fermi-Dirac function saturates compared to the temperature term in the denomina-
tor.

The foregoing results suggest that the Seebeck coefficient is limited to around
60 uV/K at zero magnetic field, as has also been confirmed experimentally. We
also consider the possibility of accentuating the Seebeck coefficient S,, by applying a
perpendicular magnetic field or introducing a band gap. Fig. 6.10 shows the variation
of S,, with Fermi energy Er at different values of magnetic field, from -1 to +1 T.
The curves become asymmetric upon applying a magnetic field although they all
cross zero at the Dirac point. At negative magnetic field, the peak is 71 pV/K in
the negative Fermi energy region and -54 pV/K in the positive region. The trend
reverses upon changing the direction of magnetic field. Thus applying a magnetic
field of 1 T can accentuate the peak Seebeck coefficient from 60 to 71 uV/K.

Previous experimental [193] and theoretical [220] studies have shown that the
introduction of a band gap accentuates the Seebeck coefficient S,,. Fig. 6.11 and
6.12 show the effect of band gap from 0 to 100 meV at zero magnetic field. In Fig.
6.11, S, is observed to rise with increasing band gap at all Er values. The inset shows
similar trends obtained using a Green’s function formalism for graphene nanoribbons
in the positive Fermi energy regime [226]. The shape of the curves is similar to that
of our study. Fig. 6.12 indicates that the peak value of S,, increases linearly with
band gap, following the trend of previous studies [220,226]. This result is expected
because upon introduction of a band gap, the electrons and holes no longer nullify

each other near the band edge, thus producing a higher value of S,,. The linear
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relationship between the maximum Seebeck coefficient and band gap conforms with

the theoretical prediction of Goldsmid et al. [227] for a general semiconductor.

6.5 Conclusions

In summary, an analytical solution to the BTE has been used to derive the elec-
tric and thermoelectric transport coefficients of single-layer periodic graphene both
in the presence and absence of magnetic field. By incorporating phonon, charged
impurity and vacancy scattering mechanisms into the analysis, we are able to repli-
cate experimentally measured results qualitatively, and also quantitatively to some
degree. Impurity concentration is found to be a critical factor in determining the
thermoelectric and thermomagnetic transport coefficients. The results include spe-
cific predictions for the Seebeck and Nernst coefficients, some of which remain to be
verified experimentlally. At high impurity concentrations, the Nernst coefficient has
a lower peak around zero Fermi energy and shows less variation at high Fermi energy.
Similarly, the Seebeck coefficient has a higher peak value for low impurity concentra-
tions. Upon increasing temperature, the peak Nernst coefficent near the Dirac point
increases monotonically to 300 K, after which it decreases slightly. Creating a band
gap enhances the Seebeck coefficient but degrades the Nernst coefficient. Detailed
knowledge of the variation of the thermoelectric and thermomagnetic properties of
graphene shown in this work will prove helpful for improving the performance of mag-

netothermoelectric coolers and sensors.



APPENDIX

235

Sample derivation of longitudinal electrical conductivity: Eq. 6.11 for o,, in the

absence of magnetic field becomes
o = 4P |27rkdk\ vFTm(_afeq)

o (2m)? 2 Oe

i '2{;7’?;”“‘ ”jfm(—ag:q)

ks

+ 4¢?
0

= Ozx,+ + Ogg,—-

For Oxx,+;
0fy  mrceP(gh)
S0 (Lteap(gh))?
1
ka(ewp(—é‘) +2+exp(—15))
B 1
kT2 + 2cosh(%))
B 1
B ka(4cosh2(ﬁ))'

— T

For 0,, _, performing the variable transform

Of _ !
Oe k:bT(4cosh2(2k T))

(A-3)
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Considering the expression for 7, in Eq. 6.25, and with the variable transform
x = €/FEr, we obtain the final expression for o,, given by Eq. 6.28. For a band gap
, the expression for o,, is modified using Eqs. (26), (27) to obtain

a :e_2E%]kp\ 00( o xQ(cosh_Z(%(x— 1)) +cosh_2(%(m‘+1)))dm
o mh 4hk‘bT 7 ZL‘ZE}% a; + azk%$2 + W(kﬁw
B 6_2631}?;/6’% 00( B 2 ZL’Q(COSh_Q(%(IE —-1))— cosh‘%%(m +1)))
7h 8]€bT = $2E}2; (a1 + dg/{%{LQ + WW)Z

P

(A-4)
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Fig. 6.1. (a) Variation of scattering time 7 and scattering rate 7= for
different scattering mechanisms, with temperature 7', at charged im-
purity concentration n;,,, and vacancy concentration n,,. both equal
to 5x10Mem ™2, and Fermi energy Er=0.1 eV. (b) Mobility as a func-
tion of temperature T for different impurity and vacancy concentra-
tions and comparison with experiments by Chen et al. [217] and Sug-
ihara et al. [222] at Fermi energy Er=0.1 eV.
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Fig. 6.2. Electrical conductivity o,, normalized by e*/(27h) at tem-
perature T'=150 K, magnetic field B=0 for various charged impurity
and vacancy concentrations, and its comparison with experimental
results of Liu et al. [198].
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al. [198]. Temperature 7=150 K and magnetic field B=0 for (a).
Temperature 7=150 K and magnetic field B=1 T for (b).
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Fig. 6.11. Variation of Seebeck coefficient S,, with Fermi energy Ep
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Nimp = Mwac=2.5% 10" cm™2. The inset shows the results from the
non-equilibrium Green’s function model of Mazzamuto et al. [226] for
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7. SUMMARY

Broadly, this dissertation focuses on the interplay between electrochemical, thermal
and optical effects in supercapacitors. Each new phenomenon has been investigated

in depth with the aid of modeling and/or experimental techniques.

e The first part of this dissertation concerns the study of pseudocapacitive and
thermogalvanic attributes of the ferrocyanide/ferricyanide redox couple. A
novel high energy density thermally chargeable solid-state supercapacitor ca-
pable of converting waste heat directly into stored charge was conceptualized,

designed and tested.

e The second part of this work focuses on the investigation of aging phenomena
in supercapacitors during continuous cycling. A novel imaging technique is de-
veloped to spatially characterize charge accumulation in gold electrodes of a
microsupercapacitor during charge/discharge. Furthermore, in order to study
heat generation in commercial supercapacitors, which is the primary cause of
aging, a continuum model based on porous electrode theory is developed and
implemented to investigate the influence of various system parameters and op-

erating conditions.

The contributions from the present work can be divided into five sections as discussed

below. Additionally, in each section, directions for future research are prescribed.

7.1 Redox-active gel electrolyte based solid-state supercapacitor device

Major contributions:
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e Performed electrochemical characterization of the electrodes in a three-electrode
configuration cell with 3 different aqueous solutions: (i) K3Fe(CN)g-K4Fe(CN)s,
(ii) 1 M H3PO, and (iii) 1 M KOH.

e Fabricated a thin, lightweight, symmetric, all-solid-state supercapacitor device
with BP/GP electrodes and redox-active gel electrolyte (PVA- KsFe(CN)g-
K4F€(CN>6) film.

Key results:

7.2

e Sharp redox peaks were observed in the cyclic voltammetry curves for aqueous
K3Fe(CN)g-K4Fe(CN)g which are indicative of the pseudocapacitive contribu-
tions to charge storage. The area-normalized capacitance for this electrolyte

exceeds that measured for H3PO, by 4 times at a low scan rate of 10 mV s~1.

e The all-solid-state symmetric device composed of the redox-active gel electrolyte

2 and a high volu-

exhibits a high electrode-specific capacitance of 0.95 F cm™
metric energy density of 7.4 mWh cm™3; these values are compared to and con-
siderably higher than devices with conventional gel electrolytes (PVA-H3POy,
PVA-KOH) due to the pseudocapacitive behavior of redox species in the elec-
trolyte. Complementary to enhanced capacitance, the redox-active gel elec-
trolyte device displays a large maximum voltage stability window up to 1.5 V.
Furthermore, the device exhibits excellent long-term cyclic stability (>90% ca-
pacitance retention after 5000 cycles) and high coulombic efficiencies (>98%).

However, on the flip side, the redox electrolyte device exhibited a large internal

resistance and high self-discharge rate compared to the other devices.

Harnessing the thermogalvanic effect of the ferro/ferricyanide redox

couple in a thermally chargeable supercapacitor

Major contributions:
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e Fabricated and designed a supercapacitor device composed of carbon cloth elec-
trodes and PVA-K3Fe(CN)g-K,Fe(CN)g gel electrolyte that can convert an ap-

plied temperature gradient directly into stored charge.
e Built a test platform to test the thermoelectric properties of the device
e Measured the electrochemical performance of the fabricated device
e Developed an equivalent circuit model to illustrate the thermal‘ charging process
Key results:

e In addition to the characteristic Seebeck coefficient of -1.21 mV K=}, the pseu-
docapacitive property of the ferrrocyanide/ferricyanide redox couple endows the
device with a high area-specific capacitance of 13 F cm™2 which finally leads to

high thermally induced energy storage density.

e The optimum thickness of the gel electrolyte film which leads to the largest
value of thermally induced energy density in the device is determined to be

around 1 mm.

e Experimentally obtained voltage and current measurements display a good
match with the results obtained from the equivalent circuit model upon per-

forming a fitting analysis.

7.3 Electroreflectance imaging of gold-H3P 04 micro-supercapacitors: Ex-

periment methodology and aging characterization

Major contributions:

e Demonstrated electroreflectance microscopy as a high-resolution, imaging tech-
nique to map dynamic charge distribution in integrated microsupercapacitor

structures during fast voltage cycling.
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e Developed and validated a model describing changes in the metal electrodes

optical constants as a function of free electron concentration.
Key results:

e Electroreflectance camera images of a gold-H3PO, polymer electrolyte micro-
supercapacitor reveal time varying charge distribution with submicron spatial
resolution, millisecond time resolution, and electroreflectance resolution on the

order of 500 nC c¢m™2.

e In the aging characterization study, the developed model was successful in re-
producing the reflectance signals and device capacitance values measured ex-

perimentally for devices subjected to over 4 million charge/discharge cycles.

7.4 Continuum modeling of heat generation in electrical double-layer ca-

pacitors

Major contributions:

e Built a continuum scale model describing electrochemical transport and heat

generation in supercapacitors subjected to galvanostatic charge/discharge

e Formulated expressions for reversible and irreversible heat generation rates and
thereby established the coupling between the governing energy equation and

the electrochemical model based on porous electrode theory

e Performed numerical simulations based on this model to evaluate spatio-temporal
evolution of temperature in a realistic EDLC device consisting of multiple sand-

wich units.
Key results:

e The temperature evolution results obtained from the model resemble past mea-
surements both qualitatively and quantitatively under different operating con-

ditions.
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e Scaling analysis performed on the model simplifies eleven independent design

parameters to seven dimensionless similarity parameters.

7.5 Magnetothermoelectric effects in graphene and their dependence on

scatterer concentration, magnetic field, and band gap

e Derived analytical expressions for electric and thermoelectric transport coef-
ficients of graphene in the presence and absence of a magnetic field, using a

semiclassical Boltzmann transport equation.

e Evaluated Seebeck (S,,) and Nernst (V) coefficients as functions of carrier
density, temperature, scatterer concentration, magnetic field, and induced band

gap, and compared the results to experimental data.

Key results:

e The peak values of both coefficients are found to increase with the decreasing
scatterer concentration and increasing temperature. Furthermore, opening a

band gap decreases N but increases S,,.

e Applying a magnetic field introduces an asymmetry in the variation of S,, with

Fermi energy across the Dirac point.
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8. APPENDIX

8.1 Appendix A. Supporting Information for Chapter 2: ” Effect of redox-
active gel electrolyte on graphitic petal based solid-state supercapac-

itors”

Supplementary Information includes:

e SEM images of bare buckypaper (BP) and buckypaper with graphene petals
(BP/GPs)

e Comparison of the electrochemical performance of BP/GP electrodes in three-
electrode configuration in 0.2 M K3Fe(CN)g /K Fe(CN)g and 1.0 M H3PO, aque-

ous electrolytes

e Comparison of the electrochemical performance of fabricated two-terminal sym-
metric supercapacitor devices composed of PVA-PFC, PVA-H;PO, and PVA-
KOH gel electrolytes with respect to electrode-specific areal capacitance C4 i,

equivalent series resistance (ESR) and self-discharge characteristics

e Schematic description of microwave plasma chemical vapor deposition (MPCVD)

system used to grow graphene petals (GPs) on bucky paper (BP) substrates

e Past demonstrations of enhancement in electrochemical performance (improve-
ment in capacitance and reduction in ESR) achieved by addition of redox ad-

ditives to gel electrolytes.
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SEM images of bare buckypaper (BP) and buckypaper with graphene
petals (BP/GPs)

Fig. 8.1. SEM images of (a) bare commercial buckypaper (BP) and
(b) BP/GP substrates at same magnification (5000x).
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Fig. 8.2. Electrochemical performance of BP/GP electrodes in various
electrolytes. (a) CV curves at scan rates ranging from 5 to 50 mVs™!
in a solution of 0.2 M K3Fe(CN)g and 0.2 M K Fe(CN)g. (b) CV
curves at scan rates ranging from 5 to 50 mVs~! in a potential window
of 0 to 0.8 V vs. Ag/AgClin 1.0 M H3POy. (c¢) CV curves at scan
rates ranging from 10 to 50 mVs™! in a potential window of 0 to
0.4V vs. Ag/AgCl in 1.0 M KOH and (d) Comparison of Nyquist
plots obtained in electrolyte consisting of 0.2 M K3Fe(CN)g and 0.2
M K4Fe(CN)g solution and 1.0 M H3POy electrolyte. The frequency
ranges from 100 kHz to 0.1 Hz.

Fabrication of GPs on buckypaper (BP)

Rectangular pieces of commercial buckypaper (Nanocomp Technologies, Inc., USA)

with dimensions 1.5 cm x 1 c¢m, washed in 6 M HNOj for 15 min to eliminate
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Fig. 8.3. Variation of electrode-specific areal capacitance derived from
CV scans, with scan rate for PVA-PFC, PVA-H3PO4 and PVA-KOH

based two-terminal symmetric devices.

surfactant and residuals before GP growth, were used as substrates to grow GPs.
After drying overnight in a Ny chamber, each sample was elevated 7 mm above a
55-mm-diameter Mo puck by ceramic spacers (see Figure S10), and then subjected
to MPCVD conditions. A schematic diagram of the chamber is shown for the growth
process in Figure S10. Unlike horizontal graphene growth by thermal CVD, GP
growth is catalyst-free and requires a plasma environment. H, (50 sccm) and CHy
(10 sccm) were used as the primary feed gases at 30 Torr total pressure and 650 W
plasma power. The GP growth time was 20 min. This plasma is sufficient to heat
the samples from room temperature up to approximately 1000°C, as measured by a

dual-wavelength pyrometer (Williamson PRO 92).
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Fig. 8.4. (a) Electrode-specific areal capacitance derived from Nyquist
plots drawn for PVA-PFC, PVA-H3;PO, and PVA-KOH based two-
terminal symmetric devices (b) Bode plot for PVA-PFC, PVA-H3;PO,
and PVA-KOH based two-terminal symmetric devices.

GP oxidation

GPs grown through MPCVD are hydrophobic by nature. Thus, before assembly
process, the samples are activated to be hydrophilic. They are electrochemically oxi-

dized to functionalize the GP surface with oxygen-containing functional groups. The
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Fig. 8.5. Comparison of IR voltage drop measured at the beginning of
discharge for GCD cycling of PVA-PFC, PVA-H3PO, and PVA-KOH

based two-terminal symmetric devices.

electrochemical oxidization (EO) process current and voltage transients are shown in

Figure S11.

Calculations

Specific capacitance derived from cyclic voltammetry (CV) in three electrode con-
figuration is calculated from:

1
C=——— I(V)av (A-1)
2sA(Vi = V1) visviou
where C is the specific capacitance in F ecm ™2, A is the geometric area of the electrodes,
V}, and 'V, are the high and low voltage limits of the CV tests, I is the instantaneous

current measured during the CV test and V' is the instantaneous applied voltage. The
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Fig. 8.6. Self-discharge characteristics of PVA-PFC and PVA-H3POy4
based two-terminal symmetric devices after maintaining at a constant
voltage of 0.8 V for 5 min.

same expression is used to calculate the device capacitance Cy,, from the obtained
CV curves. The area-normalized internal resistance R (in .cm?) is determined from
the voltage drop occurring at the beginning of discharge process in the GCD curves
and shown in Figure S5 for the fabricated two-terminal symmetric devices composed
of PVA-PFC, PVA-H3PO, and PVA-KOH gel electrolytes. R is evaulated using the
expression:

~ VigA

R=37 (A-2)

where Vg is the voltage drop, I, is the constant discharge current density and A is the

electrode projected area. The values of R evaluated for the PVA-PFC, PVA-H3POy,
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Fig. 8.7. (a) CV curves for scan rates ranging from 10 to 50 mVs™!
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two-terminal symmetric device. (b) GCD curves for constant current
density ranging from 2 to 4 mA cm~2 measured in a potential window
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and PVA-KOH devices are evaluated to be 30.0, 8.8 and 12.2 2.cm? respectively. The

capacitance retention during cyclic stability test is calculated using the expression:

C
P — 1&._
Nret = CO ( 3)
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PVA-KOH based two-terminal symmetric device.

where C' and Cj are the areal capacitance derived from the GCD cycle at the end and
beginning of the cyclic test respectively. The coulomic efficiency is calculated using

the expression:
n o Qdis o I~tdis o tdis
1= = =
o Qchar I ~tcha7' tchar

(A-4)
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1.5 V acquired at a current density of 2 mA cm~2 for the PVA-PFC
device. (b) GCD characteristics in voltage ranges of 0-0.5 V and 0-1.1
V acquired at a current density of 2 mA cm~2 for the PVA-H3PO,
device (¢) GCD characteristics in voltage range 0-0.2 V and 0-0.5 V
acquired at a current density of 2 mA cm~2?for the PVA-KOH device.

where Qcner and Qg;s are the charge stored and released during the charge and dis-
charge phases of the GCD cycle. Similarly, ¢4 and t.,,. are the durations of the

charge and the discharge phase.
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Fig. 8.11. Electrochemical oxidization process at 1.9 V in 1 M H5SO, for 15 min



T T
Ma et al.
(2015)

] I Redox mediated
30 - !
[ No redox species

£ 25 Ma et al.

o Ma et al.
(2014)
(2014)
= -
14
(2]
w 15

5
0 -
o QO s > (<)
S & F& & &
& @ F S F G
°® \\v\ 3 49 Q Oé
N < e <
3 &
¢ &
&
&
o
NG

Fig. 8.12. Past demonstrations of reduction in equivalent series resis-

Zhou et al.
(2011)

tance achieved by adding redox additives [13,16,18,228|.

700 —
Ma et al.
(2014)
600
I Redox mediated | |
~500d  maetal I No redox species
L) (2014)
w Ma et al.
‘0’ 400 - (2015) N
o
c
S
5 300 |
®
o
®
© 200 Zhou et al. |
(2011)
100
0- © L © ©
F& SN S e
“ 4* OQ‘ AY\ &+ ® o S » L
IR & R & 0 &Y
© - < W< & &
@ < < °
& K
o
Q"O\V
Fig. 8.13.

Past demonstrations of enhancement in capacitance
achieved by adding redox additives [13,16,18,228|.

263



264

8.2 Appendix B. Supporting Information for Chapter 3: ”Harnessing
the thermogalvanic effect of the ferro/ferricyanide redox couple in a

thermally chargeable supercapacitor”

Supplementary Information includes:

e SEM images of bare carbon cloth (CC) and carbon cloth with graphene petals
(CC/GP).

e Thermoelectric response of TCSC devices with different values of gel film thick-

ness.

e Comparison of electrochemical performance of symmetric two-terminal TCSC

devices composed of bare CC and CC/GP electrodes.

e Comparison of electrochemical performance of two-terminal symmetric super-
capacitor devices composed of PVA-H3;PO, and PVA/K;Fe(CN)g/K Fe(CN)g
gel electrolytes.

e Thermoelectric response of TCSC devices composed of PVA /K3Fe(CN)g /K Fe(CN)g

gel electrolyte films with different values of thickness.
e Thermistor calibration.
e Model equations for different phases of the thermal charging experiment.
e Equations for deriving various performance parameters.

e Comparison of the performance of our TCSC device with a conventional system
consisting of a BiyTes thermoelectric connected in series to the same TCSC

device (now playing the role of just supercapacitor).
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SEM images of bare carbon cloth (CC) electrode:

Fig. S14. SEM images of bare flexible carbon cloth at various magnifications.
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SEM images of carbon cloth with graphene petal (CC/GP): In order to
evaluate the effect of increased surface area of carbon cloth on electrode capacitance,
graphene petals (GP) were grown in a microwave plasma chemical vapor deposition
(MPCVD) system using growth conditions obtained from a previous study [9]. Figure
S2 displays the uniform and large-area GP coverage on carbon cloth substrates at
various magnifications. Fgure S2d shows nanopetal structures on carbon microfibers,

in which GPs with sharp edges fully cover the outer surface of a microfiber.

Fig. S15. SEM image of flexible carbon cloth embedded with graphene
petals (CC/GP) at various magnifications.
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Fig. S16. Comparison of electrochemical performance of sym-
metric two-terminal TCSC devices composed of bare CC elec-
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the TCSC devices. The main plot compares the variation of area-
specific capacitance as a function of current density for both devices,
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Fig. S17. Galvanostatic charge/discharge profiles at a constant cur-
rent density of 1 mA cm~2 for symmetric two-terminal devices com-
posed of 0.9 mm thick film of PVA-H3;PO, gel electrolyte and PVA-
K3Fe(CN)g-KyFe(CN)g gel electrolyte. Bare CC electrodes are used
to build both the devices.
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Thermoelectric response of TCSC devices with different values of gel film
thickness: Figure S6 shows the thermoelectric response of TCSC devices fabricated
using 0.3 mm thick and 1.5 mm gel films. The external temperature gradient AT,
is varied periodically in steps by changing the power input to the Peltier heater and
cooler. The corresponding open circuit voltage values are recorded. As expected, the

open circuit voltage recorded is highest for the 1.5 mm thick gel film due to its large
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thermal resistance and consequently high effective temperature gradient occurring

across the two faces of the film.
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The AT,,; was raised in steps of 5 © C. The V,. was recorded after
maintaining the corresponding value of AT,,; for 3 minutes.
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Comparison of electrochemical performance of TCSC devices composed of

bare CC and CC/GP electrodes
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Fig. S20. Internal resistance of the TCSC device (obtained from z-
intercept of the Nyquist plot shown in Figure 5¢) plotted as a function
of the gel film thickness.



Thermistor calibration:
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The thermistor used for temperature measurements at

the hot and cold faces of the device was calibrated with a standard Parr 6775 digital

thermometer. Both the probes were immersed in a beaker of water placed on a hot

plate. The thermistor was placed in series with a resistor of fixed resistance 4.7 kf).

The resistance of the thermistor was derived from the voltage reading across the

thermistor. The temperature corresponding to the resistance value calculated was

derived from the manufacturer’s specifications databook. The results are shown in

Table S1.
Table S1.
Calibration data for thermistor
Standard temperature | Thermistor resistance | Thermistor temperature | Error (%)
21.388 11.775 21.365 0.107
22.500 11.181 22.481 0.082
22.800 11.033 22.779 0.094
23.500 10.697 23.478 0.094
24.000 10.465 23.967 0.136
24.500 10.238 24.472 0.116
25.000 10.015 24.966 0.134
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Model equations for different phases of the thermal charging experiment:

The analytical equations of voltage and current across the load terminals are listed

below:
Phase 1:
Ly SATR,, “_mkﬂmﬂﬁﬂm)HSMR%xF%+&+%%)
~ Rs+ R, + Ry, P RIC(Rs + Rone) ™ T R+ Rope PV RLC(Rs + Rome)
SATR, Rs + Ry + Ry
Vi = 1 — exp(— ¢
! }%—FRL+l%w< cxp( Rﬂ?Uﬁ—kRmQID
%
I p—
Rmc
SAT RS + RL ‘I’ Rmc
I, — 1 — exp(— ¢
L EQ—FRL+l%w< cxp( RLCU%y+RmQ1»
L =1—1,
(S1)
Phase 2:
SATR; Rs + Rp + R ly
V = S.AT — 1— exp(— _
Rt Rt B PR oS 1 R VPR
SATRL RS + RL + Rmc t2
Vi = 1 — exp(— ¢ 2
S Rt Rt R TP R G 1 R VPR )
I =0
—S.AT Rs+ Ry + Rocn 12}
I = —I; = 1— exp(— ch 4 _
! L R5+}ﬁp%Rmm( exp( RLCUﬁw+Rde1»amw R.C
(52)
Phase 3:
S (1 S.ATR, G_ex(_RS+RL+RW%)kx(_ t kx(_RS+RL+
= (R + Rs) (Rs + Ry, + Ry P RIC(Rs + Rone) VPV RO Y RLC(Rs +
v SAmL(Lmﬂ_%+&+%%meh)w@Rmﬂﬁﬂm)
" RetR.+R,. P RIC(Rs + Rone) VPV RO P RLC(Rs + Rop)
v
B Rmd
. S.AT ﬂﬂmk%+m+%CMM—hka%+&+%d>
L RsY R, +R,. P RIC(Rs + Rone) VPV RGP T RLC(Rs + Ropg)

L=1-1,
(S3)
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The corresponding quantities called Egry, ch, ERs.ch, Ecen and Eg o, are given by,

t1
ERm,ch = I2Rmcdt7
0

t1
ERs,ch - ]2R5dt7
0
t1
Eccn = LVydt,
0
t

ERrich = IZRpdt.

0
t1+to+t3
Ecq. = L Vidt
t1+to
ti+ta+ts
2
ERm,dc - 1 Rmddt
t1+to
t1+to+t3
Ersae = I?Rgdt
t1+to
t1+to+t3
2
ERl,dc = ILRLdt

t1+t2

(S4)

(S5)

(S6)

(S7)
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Equations for deriving various performance parameters: Specific capacitance
derived from cyclic voltammetry (CV) in three electrode configuration is calculated

from:
1

B 2sA(Vi, = V1) ViV =V,

where Cj; is the specific capacitance in F ecm™2, A is the geometric area of the elec-

Ca 1(V)dV (A-5)

trodes, V,, and V; are the high and low voltage limits of the CV tests, [ is the in-
stantaneous current measured during the CV test and V' is the instantaneous applied
voltage. The same expression is used to calculate the device capacitance Cyg, from
the obtained CV curves. The area-specific capacitance of the device derived from the
galvanostatic charge/discharge cycling is

 Ligs

Cs2 - AAV;

(S12)

whereas the internal resistance derived from the galvanostatic charge/discharge cy-

cling is
IRdro
R=-"% S13
i (S13)
The coulombic efficiency for a single charge/discharge cycle is
ischarge It ischarge t ischarge
ncouIZQd harg - discharg - disch g' <S14>

Qeharge Itcharge Lcharge
Low coulombic efficiency is generally attributed to losses of charge due to self-discharge
occurring from shuttling of mobile redox species. The capacitance retention percent-
age (nyer) at the end of cyclic stability test conducted by cycling the device at the

same current density for numerous cycles using

C
Nret = o X 100% (Sl5)
Osli

where Cy15 and Cyy; are the device capacitance at the end and beginning of the cyclic

stability test respectively.



Table S2.

Property comparison of the gel electrolyte used in this work with
BiyTes solid state thermoelectric.
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Material o(Sm™) |k (Wm K™ | S, (VK™ | Ref
BiyTes 20000 0.216 190 [76]
PVA /K3Fe(CN)g /K Fe(CN)g 0.6 1.85 1210 [83]
Table S3.
Comparison of various device combinations for energy capture from
intermittent heat source with AT=10°C
) ) Energy Density
Device Efficiency (%) Flexibility | Cost
Ee, (1 cm ™)
TCSC 4.78 x 107° 973 Yes Low
BiyTes; and
0.55 24 No High
PVA/KgF@(CN)6/K4Fe<CN)6 SC

The maximum charging efficiency of the TCSC device (n = %) is expressed

as [66]

Ui

AT

T 2Ty + 1025 — JAT

in

(S16)
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Influence of tunable parameters such as load resistance applied during
thermal charging phase (Phase 1), and hold time applied on the energy
storage characteristics, as evaluated from the equivalent circuit model

It can be observed from Figure S8 that as the load resistance value R,,., is raised
for a fixed hold time duration, the charge and energy stored in the capacitor C'
decrease. This is because the small charging current is unable to charge the capacitor
upto the thermoinduced voltage within the given charging time period. This also
implies that if the device is allowed to thermally charge for a longer duration, the

device can attain the maximum open circuit voltage value.
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Fig. S21. Influence of load resistance R,,., on the charge storage
characteristics of the TCSC device, as obtained from the equivalent
circuit model. (a) Variation of charge stored in capacitor C' during the
thermal charging phase ()¢, charge released by the capacitor during
discharge ()4, energy output in the load resistor R, ., during thermal
charging Epry, cn, energy stored in the capacitor C' during thermal
charging Ec ., and energy output in the load resistor R, 4. during
discharge. (b) Voltage profiles for different values of load resistance
applied during thermal charging. The values of thermal charging time
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s and 30 °C respectively.
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