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Chapter 1
Preface

Whenever one starts studying electronic devices, there's a particular one which is
more often than not ignored, and that is the power source, the ever-mysterious
black box. The most attention it is given is when it is determined whether it is a
current source or a potential source and whether it meets the requirements for the
circuit it has to power. Rarely does it take the centre stage over the ever-needed
transistor. Even in upgrading hardware, it is hardly given a thought whether the
high demands of software would require a reasonably sized battery or not to

power it.

This has recently changed, discussions taking more often place about
whether batteries could potentially replace fossil fuels or AC generators, on which
the present world is dependent, for perhaps a more sustainable approach to energy
generation. Due to the possibility to generate and transmit it easier across long
distances with minimal losses, AC generators took centre stage in energy
generation, with DC power being limited only to portable devices with little
power requirements. As technology inevitably kept advancing, more and more
portable devices have emerged, with the added need of finding a portable power
source that could last longer, be smaller, with a longer lifetime, more sustainable

and affordable.

The demand for portable power led to the development of Li-ion batteries,
and their limitations have since inspired innovations in supercapacitors. For a
long time, Li-ion batteries dominated the portable power market, with
supercapacitors remaining a less prominent alternative. However, as the
drawbacks of Li-ion batteries start to outweigh their benefits, supercapacitors are
now racing to catch up and perhaps even surpass them. With numerous

advantages and significant potential for improvement, supercapacitors have been



the focus of much of my academic work. I have devoted considerable time to
exploring how they could become a primary player in portable power as our world
increasingly embraces mobility—from laptops and smartphones to tablets,
smartwatches, and even cars. AC now feels more like a fuelling station for DC,
supporting a society that values both portability and sustainability. As solar panels
become more widespread, the need for advanced power storage will be crucial.
With that in mind, I present my work on the development and improvement of
silicon-based supercapacitor devices. While these supercapacitors aren’t yet
capable of powering a smartphone, they represent an important step toward that

goal.

Will the stage belong once again to DC power, or will it again be left in the

dark by what was once its superior substitute, the alternative current?



Chapter 2
Introduction

This work is based on Silicon electrodes modification towards building
supercapacitors. Silicon was chosen as a base material since it is at the foundation
of modern technology, which means that a Silicon based supercapacitor would be
easier integrated in the existing technology. Silicon being an extensively studied
material, as well as being compatible with a large variety of technological
processes, it is a very appealing substrate for surface modifications. Coupling this
with its behaviour as a reactive material it follows that electrodeposition is also a
considerably feasible, cost-effective method for redox active compounds
deposition. The supercapacitors in this work are based on a heavily doped porous-
Si base, modified through multiple redox active compounds. The supercapacitor
presented in Chapter 4, which had a thermally treated polymer deposited on it,
exhibited a capacitance of around 8 F/cm?>. The following capacitor structure, on
which Cobalt Hexacyanoferrate was further deposited, showed a capacitance of
around 300 F/g, comparable to that of CNT-based capacitors. The subsequent one,
in Chapter 6, on which a layer of TiN was further deposited, provided a
capacitance of 75 F/g, but with a significant increase in stability compared to the

other two structures.
The content of this thesis is structured by chapters as follows:

Chapter 3 will present a short description of the physical phenomena
involved in charge storage and charge transfer inside a capacitor, as well as of the
three main measurement methods used for assessing a supercapacitor’s
performance: Cyclic Voltammetry (CV), Electrochemical Impedance

Spectroscopy (EIS) and Galvanostatic Charge Discharge (GCD).

Chapter 4 deals with electrical measurements of a porous Silicon
supercapacitor on which a conductive polymer has been deposited and thermally

treated towards becoming a carbon composite. This chapter will present how

3



electrical measurements were used to determine the degree of porosity and the

length that optimize the charge storage performance.

Chapter 5 presents a continuation of the work in the previous chapter,
involving the deposition on top of the structure of a cobalt hexacyanoferrate layer
of nanocubes. Its performance is determined through electrical measurements, as

well as via its ability to keep an LED on.

Chapter 6 deals with the subject of stability of a charge storage device. A
TiN layer was deposited on top of the porous Silicon and carbon composite
electrodes to form a supercapacitor which is able to withstand tens of thousands
of charge-discharge cycles. Here electrical measurements are used in order to
understand what the supercapacitor went through during the charging-discharging

Proccsses.

Chapter 7 introduces the programming language Julia in this work and
presents how it is used for finding an equivalent circuit model for one of the types
of supercapacitors described in Chapter 4. A parameter determination algorithm,
which determines the corresponding circuit values from measured EIS data, is

developed.

Chapter 8 presents three different methods which deal with problems
encountered during the measuring process. The first one is an encapsulation
system for encasing aqueous/gel electrolytes and preserving and protecting them
from the surrounding environment towards ensuring measuring accuracy in
prolonged measurements. The second method is employed to fabricate a contact
on the back of the electrodes, in cases when a lateral one is not feasible. And the
third method to enhance the performance of supercapacitors is a crocodile
connector, which offers the possibility to fine tune the action of gripping a

supercapacitor electrode.



Chapter 9 contains the conclusion of this thesis, where the work in this
thesis is summarized, and my contributions and the impact of this work are

presented.
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Chapter 3
Brief Presentation of Charge Storage Processes in a Supercapacitor and of

the Electrical Measurement Methods Used
3.1 Description of the Electrochemical Double Layer

At the interface between an electrolyte, i.e., a liquid or gel containing ions,
and a conductor submerged in it, charges building up at the surface of the
conductor were observed. This phenomenon happens because, since charges are
free to move in an electrolyte, some will be adsorbed on the surface of an
electrode submerged in the liquid, and in return, charges of the opposite sign will
develop on the said electrode surface, screening them. As a result, the two layers

of charges form a charged capacitor, with capacitance values much larger than a

classical capacitor since the distance between the layers o

S} e
1s of the order of 10 nm (for a classic capacitor C = sd_s). © S5 6
2 e % o
When a conductive electrode is submerged in the § 5 S .
electrolyte, the free electrons at the surface of the o o ©
material will attract the positive ions in the electrolyte, ee 5
Blectrolyte

building a barrier of charges.
Figure 1. Simplified diagram
of the electrochemical double

3.2 The concept of Pseudocapacitance )
layer formation process

One of the missing pieces for explaining the
double layer was, for a while, the pseudocapacitance phenomenon. While charges
building up at the surface (being adsorbed) involve mainly electrostatic
interactions between charged specimens, the pseudocapacitance concept involves
charge storage through redox reactions. Redox reactions refer to a chemical
reaction between two elements/ compounds where one of them is oxidized and
the other reduced. In the case of redox reactions, where electron transfer happens
(as opposed to atom transfer), the oxidized part ceases an electron to the reduced

part, which accepts the said electron. Then, the reduced element can also give the
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electron back to the oxidized one, the reaction happening in reverse order. Due to
this back-and-forth electron transfer and its storage to one element or the other,
this could be seen and modelled as a capacitor charging or discharging, depending

on the potential applied, similar to how a classical supercapacitor functions.
3.3 Cyclic Voltammetry

The main measurement method used for evaluating chemical reactions and

their contributions to the total current is cyclic voltammetry (CV), which consists

0.6 T T T 0.6
0.4 | B 0.4 /
z 02 7 z 02 / Discharge Charge
E E
E‘ 0.0 F g 00 F
5 5
—02 | 1 9 L2t Charge Discharge
(a) (b
-0.4 1 -0.4
_06 . . . _06 L L L
-1.0 05 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Potential (V) Potential (V)
3F
2+
<
~—"
=
o 0r
-
[ -
o
1F
2+
| | | | | | |
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Potential (V)

Figure 3. (a) Idealized representation of CV curve for EDL. (b) Charge and discharge portions of
the CV curve. (c) CV of a TiN electrode @ 500 mV/s
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of applying a triangular wave potential to the measured device. A triangular wave
is applied because you need a function that is uniformly continuous, with a
variable that is increasing linearly, and because in order to test redox reactions
you need the potential to cycle back and forth through the same potential values.
The measured physical property is the resulting current, plotted against the
potential, basically an /- characteristic, but returning through the same values as
well. Figure 3(a) shows an idealized image of a CV (cyclic voltammogram) curve

for a supercapacitor presenting double layer charge storage only.

In Figure 3(b), the charge and discharge regions of a CV curve when the
potential increases from a negative to a positive value are represented. The
sections are divided by quadrants. In the first quadrant, the potential goes from 0
to Vmax, 0 being the reference potential. Since this is a charge storage device, when
the potential increases, the device charges to the maximum value. Once it
switches to the second quadrant, the potential decreases, going from Vpax to 0,
and the capacitor discharges. After crossing through 0, now to -Vnax, the capacitor
charges in the opposite direction, in the third quadrant, to discharge back to 0 V
in the fourth quadrant. For the capacitance calculation, each quadrant is taken

separately.

In the case of an ideal capacitor, the charging current remains constant,
making the capacitance calculation straightforward. However, in a scenario such
as the one in Figure 3(c), the redox reactions contribute to the total current, and
their dependence on the potential complicates the behaviour of the super-

capacitor, deviating it from the ideal capacitor behaviour.
3.4 Electrochemical Impedance Spectroscopy

While CV reveals information about the chemistry of the device, EIS
(Electrochemical Impedance Spectroscopy) is a measurement method that reveals

information about the electronic structure of the measured device, which aids in

11



finding an equivalent circuit that could further explain the physical processes

taking place inside the capacitor.
The potential is defined as:
V= VmaxSin(w?)

(see Figure 4(a)). Using the Euler notation instead, ¢ = cosg + jsing, it becomes

V= "TVne®". Herej is used instead of i to not be confused with the electric current.

0.010 [ I T I e 0.010 [

0.005 1 0.005 -

0.000 0.000 -

Potential (V)
Potential (V)

~0.005 4 —0.005 |

_0010_\ L L L 1 70010_\ L 1 L 1 1
0 250 500 750 1000 0 250 500 750 1000

Time (s} Time (s)
(a) (b)
Figure 4. (a) Potential signal. (b) Same signal plotted against the current signal
[ R C
Ve ] I
N
AV GND
Rp

Figure 5. A parallel RC circuit connected in series with a resistance

When this potential is applied to a charge storage device, which obeys the relation

I=C %, the current is written as:
I=C = (Vad™) = jwCVne
From I = jwCV => L= _L, which is the impedance of a capacitor, Z, = L :
I jwC jwC

Z,= Z(cosp + jsing)
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3.5 Galvanostatic Charge Discharge

Galvanostatic Charge Discharge (GCD) is the measurement that assesses
just how good the tested supercapacitor is at storing charge. The measurement
consists in a capacitor being charged at a constant current, so charging it at a
constant rate, and plotting the measured potential against time. First, a positive
current is applied, corresponding to the capacitor being charged, and then a
negative current is applied, meaning the capacitor is being discharged. The
theoretical potential vs time graph for a double layer capacitor looks as shown in
Figure 8(a). This time, the reason why the dependence is a straight line in both
directions is because the processes correspond to the reverse of what happens in

CV. Now, a constant current means a constant derivative for the function ¥(¢), I =
av av : : ..
C e I— constant, C — constant, so pri constant, meaning a straight line, in each

direction.

20p

Y
0.8 7

Potential (V)
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.
“\
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™
/
/

Y \‘\ 05F

0.0 . 2 0of |
0 10 20 30 40
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Time (s)

(a) (b)

Figure 8. (a) Ideal Charge-Discharge graph for an EDL capacitor. (b) Charge-Discharge graph
for a porous Si supercapacitor

When reactions are involved, as seen from CV, the current becomes a
potential-dependent function, and has no longer a constant value. When the
potential value where a reaction takes place is reached, the current would either
increase or decrease, depending if oxidation or reduction processes occur, while

the source will still maintain the current value constant, therefore it will adjust

13



the potential accordingly, which will result in slope variations in V(). This is the

GCD measurement (Figure 8(b)).
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Chapter 4

Porous Si-based Supercapacitors and the Determination of the

Effects of Porosity on their Performance

In the first part of this chapter, the work done on improving porous Silicon
capacitors through polymerization and thermal treatment will be presented. Two
different parameters in the fabrication process were varied and used for
comparison between samples, namely the current density and the exposure time,
and from electrical measurements an explanation for the physical processes
present was developed. The main goal of the work in this chapter was to
determine which parameter values in the porosity-inducing process would yield
the best results in terms of capacitance value, energy density, stability and redox

contribution.

4.1 Fabrication of Porous Silicon Electrodes

The fabrication process involved the treatment of silicon wafers (provided by
Siegert Wafer GmbH), which were boron-doped with a resistivity of 1—5 mQ c¢cm
and had a (100) crystallographic orientation, by electrochemical etching ina 1:1
(v/v) electrolyte solution (40 wt% HF and 98 wt% ethanol) at constant current
densities ranging from 10 to 110 mA/cm?2 This anodization process was
conducted for two different durations, namely, 5 and 10 minutes, resulting in the
creation of 12 distinct types of electrodes with varying degrees of porosity. Before
the electrodes underwent polymerization, the native oxide layer was eliminated
by immersing them in a 5% (v/v) aqueous HF solution for 3 minutes, followed
by rinsing with deionized water and drying under N,. The electrochemical
deposition of 7-hydroxy-1,2,3,4-tetrahydro-naphthalene-2-carboxylic acid onto
the silicon electrode through potentiometry was performed using an Autolab
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Cross
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Figure 1. SEM images for each porous electrode obtained, top & cross
sections

302N apparatus equipped with FRA 32 M, SCAN 250, and ADC 10 M modules,
applying a constant current density of 39 mA/cm? for 120 seconds in a solution
containing 2 mM 7-hydroxy-1,2,3,4-tetrahydronaphthalene-2-carboxylic acid in
10 mM PBS and 0.1 M KCI as the electrolyte. The electrodeposition step was
also performed to passivate the Silicon layer, since it is well known that Silicon
is quite reactive with many electrolytes [1,2]. The porous silicon sample served
as the working electrode, a saturated calomel electrode acted as the reference

electrode, and a Pt wire functioned as the counter electrode.

4.2 Evaluation of Supercapacitors’ Performance Through Cyclic Voltam-

metry

Initially, cyclic voltammetry (CV) measurements were conducted on each
symmetric plane parallel supercapacitor assembled and the voltammograms

obtained at a scan rate of 50 mV/s were compared.

Figures 3(a) and (b) display the profiles obtained from each electrode after
5 and 10 minutes, respectively. Upon examining the current values of each
electrode, we can preliminarily observe that for the 5-minute duration, the
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electrode treated at 70 mA/cm? exhibits the highest current value, whereas for the

10-minute duration, it is the electrode processed at 110 mA/cm? which showed
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Figure 3. CV profiles for the supercapacitor with electrodes obtained at 70 mA/cm’ for 5 min (a)
and 110 mA/cm’ at 10 min (b); comparison between voltammograms recorded at 50 mV/s for 5
min (c), respectively, and 10 min (d); comparison between two electrodes obtained at the same

porosity (e) and same pore length (f)

Although the redox peaks indicate a greater deposition of polymer at 110
mA/cm?, based on the voltammetry curves exhibiting a larger current value
reached at the same or similar potential values, they appear less distinct compared
to those at 90 mA/cm? or even its 5-minute counterpart. Upon closer examination
of the behavior of electrodes treated at 70 mA/cm? for 5 minutes and those at 110
mA/cm? for 10 minutes, we analyze the recorded CV profiles across scan rates

ranging from 5 mV/s to 10 V/s (Figure 3(c) and (d)).

To provide a quantitative explanation, the capacitance has been determined
from the discharging regions of the voltammograms of each capacitor. These
discharging regions occur in the second and fourth quadrants, where the potential

across the capacitor decreases from its chosen maximum value, either -1 or 1.5
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V, depending on the current direction. First the absolute capacitance, Cyy, Was

calculated using the formula presented in the previous chapter and plotted against

the scan rate in Figures 4(a) and 4(b) for each current density, and separated by

the exposure time. Then, the obtained capacitance for each supercapacitor was

divided by the porous volume given in Table 1(d), to obtain the volumetric

capacitance, C,, which was plotted in a similar manner as the absolute value in

Figures 4(c) and 4(d). The reason why the volumetric capacitance was chosen

was because most of the exposed area is inside the electrode, the porosity process

producing channels inside the silicon that would be filled by the electrolyte,

therefore making the volumetric capacitance more relevant than the surface

capacitance.
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Figure 4. Capacitance vs scan rate for symmetric supercapacitors assembled using
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4.3 Galvanostatic Charge Discharge Measurements

Galvanostatic charge-discharge (GCD) measurements were conducted by
applying a constant current and monitoring the potential evolution across each
device. The potential range selected extended from 0 to 1.4 V on the positive side
and from 0 to -1 V on the negative side. The decision to set the upper limit at 1.4
V instead of 1.5 V was motivated by concerns regarding electrode oxidation at
higher voltage rates, which could compromise the device's longevity, especially

at high currents [14]. Current values ranged from 100 pA to 1 mA.
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Figure 5. GDC curves for the symmetric capacitor with electrodes porosified at 110 mA/cm’ for 10
min (a) and at 70 mA/cm’ for 5 min (b); comparison of the GDC curves for electrodes with the
same pore length (c) and same porosity (d), capacitance as a function of current for all 5 min

electrodes (e) and for all 10 min electrodes (f); volumetric capacitance symmetric capacitors with

electrodes porosified for 5 (g) and 10 min (h)
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Upon initial examination of the charge-discharge curves for each capacitor,
it becomes evident, as anticipated, that there is a departure from the triangular-
shaped potential characteristic of an ideal capacitor (Figures 5(a,b)). When
comparing two electrodes with differing degrees of porosity while maintaining a
constant pore length (Figure 5(c)), it is apparent that the electrode subjected to
higher current density, and thus greater porosity, exhibits a significantly smaller
slope compared to the 10-minute electrode, thereby prolonging the discharging

period.

Transitioning to the pair where porosity remains constant but the pore
length varies (Figure 5(d)), an initial observation reveals that the electrode with a
shorter pore length, 70 mA/cm?, takes twice as long to charge compared to the 30

mA/cm? electrode, while displaying the same discharge time.

The calculated capacitances, using the formula from Chapter 3, were
initially represented both as absolute values (Figures 5(e) and 5(f)) and as
volumetric capacitances (Figures 5(g) and 5(h)) in relation to the applied current.
When discussing the capacitance of the device itself, it can be noted that the
maximum values are exhibited by the electrodes at 70 mA/cm? for 5 minutes and

100 mA/cm? for 10 minutes.
4.4 Electrochemical Impedance Spectroscopy Measurements

Lastly, Electrochemical Impedance Spectroscopy (EIS) measurements
were conducted to assess the overall electrical behavior of the supercapacitors.
This involved applying a sinusoidal voltage with an amplitude of 10 mV across

frequencies ranging from 10 mHz to 1 MHz.
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In Figures 7(a) and 7(b) we depict the Nyquist and Bode plots for the two
devices previously identified as having the best performances based on absolute
capacitance values. Notably, for the 110 mA/cm? electrode, the Nyquist plot
displays an increased presence of semicircles, while the Bode plot exhibits
smaller peaks. These observations may be attributed to surface nonuniformity and
charge transfer processes resulting from the exceptionally large pore length.
Although the capacitance appears relatively consistent at lower frequencies,
attention is drawn to the significant parallel resistance observed in the 110

mA/cm? electrode.

(a) (b) (c) ®
4 . pSi electrodes
. pSi electrodes sk —m— 70 mAGY, 5 min Al a pSi electrodes
B 70 mAlem®, 5 min —m— 5 "
m 110 AT 10 min m— 110 mAjem?, 10 min [ - & 70 mAGr. 5 min
i L | =, - B 30 mAlcm’, 10 min
— - n 60 fm [} ] . G 3} n
g > L . u < =
2, o w A i | 2 n
~ [ ] [ \ ] E
2 A I " " Naof o ®
N = ot w A / " L]
FS \
\ | ] \ ] [ ]
L m = o " / u ]
= & LY ! p'-l. \ it w
20 i L - L | ]
I | n
’ "--1 o
. " . - L 0 L L L L L L !
0 ! 2 3 4 10 10 10° 10' 10° 10 10 10 0 2 4 6 8 10 12
Z, (k) Frequency (Hz) Z (k)
re
(d) (e) ()
pSi electrodes 4 DSielectrodes u Si electiodes
) —8—70 mA/ent’, 5 min " 110 mAfer, 5 min - 80 —m=110 mAlem’, 5 min
..... —m—30 mA/en?, 10 min B 50 mAiem’, 10 min —m—50 mAlem”, 10 min
' § " . [
T el m "

"

n
I h
\

(k2)
-
-

b
2 [ ©
o L] "
o \

ima
a

g |
n
< \
o ] -
) .\\_‘#"ﬁ! ol d u
\ b N L y \
n n = ] . "
\ \ 1 %
b ] H L -F "
2r ' oy .'\..'Iy'...-.. A
10"

L}
L™ l'. h'l
’
. . . . : . . L . . . L . . 0
R

10 107 10 10
Frequency (Hz) Z, (k) Frequency (Hz)

ot I

Figure 7. Comparison of the Nyquist and Bode plots for the electrodes with the best performances
(a,b) for the electrodes with the same degree of porosity (c,d) and for the same pore length (e,f)

Turning our attention to the two electrodes with identical porosity
percentages (refer to Figures 7(c) and 7(d)), an initial observation reveals a
similar pattern. The electrode subjected to a 10-minute porosification process
exhibits an enhanced peak at high frequencies, indicating increased pseudo-
capacitance, whereas the one processed for 5 minutes demonstrates superior
capacitive behavior at low frequencies. It's evident that longer exposure times

result in deeper conductive pathways and a larger surface area, favoring a better
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deposition of polymer during the electrodeposition process. While this facilitates
an enhanced pseudocapacitive contribution, it also entails a prolonged migration
time for charge carriers and a less efficient double layer, as evidenced by the phase

at low frequencies [18].

In Figures 7(e) and 7(f), we once again compare two electrodes with the
same pore length but different porosity. Notably, the Nyquist plots indicate a
similar electrical behavior between the two electrodes, showcasing comparable
profiles. However, disparities arise in terms of impedance magnitude and phase,
with the electrode featuring higher porosity, namely the 110 mA/cm? electrode,
exhibiting a superior phase and higher capacitance value at lower frequencies.
These final measurements confirm that electrodes subjected to shorter porosi-
fication times offer superior capacitive behavior at low frequencies, with a phase

approaching 80° around 10 mHz.
4.5 Stability Tests on a Porous Silicon Supercapacitor

Stability tests were conducted on a capacitor assembled using electrodes
produced at 50 mA/cm?, with a 5-minute exposure time. Impedance data were
recorded after 100, 1000, 2000, and 3000 cycles, respectively, as depicted in
Figures 8(a) and 8(b). This value was specifically selected as it falls midway
between the previously given current density values, providing a general

overview of the overall stability.
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Figure 8. Nyquist (a) and Bode (b) plots after different periods of charging—discharging cycles;
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In order to measure the charge retention, Figure 8(c) depicts the ratio of
areas from the charge-discharge profiles between the initial discharging cycle
from 1.5 to 0 V and subsequent equally spaced cycles up to 3000. By the 1000
cycle, the retention has decreased to 80% of its total capacity, indicating the
capacitor's continued optimal performance. However, this retention drops to a

consistent 60% by the 2000™" and 3000™ cycles.

Based on the above-mentioned relevant conclusions drawn from this study,
the porous Si electrode obtained through anodization at 70 mA/cm? was chosen
to be subjected to further surface enhancements for an additional improvement of

its capacitive performances, which will be presented in the following chapters.
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Chapter 5
Porous Silicon Modified with Cobalt Hexacyanoferrate

Supercapacitor

This chapter focuses on the work accomplished through depositing Cobalt
Hexacyanoferrate on the previously described porous Si supercapacitor, with the
specific porosity that offered the best capacitive capabilities, namely the one
obtained at 70 mA/cm? for 5 minutes. It focuses on the process of depositing
cobalt hexacyanoferrate nanocubes in addition to the processes previously used

to modify porous Silicon electrodes.

5.1 Fabrication of Porous Silicon Supercapacitors and Deposition of Carbon

and Cobalt Hexacyanoferrate

Figure 1. SEM images of the CoHCF/C/Si electrode at different magnifications

CoHCF nanocubes were grown on the porous Si’s carbonic surface by

chronopotentiometry (40 pA, 400 s) which was also carried out in a three-
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electrode glass cell with the carbon-hybrid porous silicon as WE, a standard
Ag/AgCl electrode and a Pt wire as RE and CE, respectively. The electrolyte bath
used for material deposition was a fresh solution containing 5 mM
Co(NOs),-6H,0O, 5 mM Kj;[Fe(CN)s], 10 mM HCIl and 1 M K,SO,4. After
electrodeposition, the CoHCF coated p-Si pieces were washed with deionized
water, then dried under N, [1-3]. The finalized hybrid electrode, denoted as
Si+C+CoHCEF, had a mass of total active material of about 10 pg.

5.2 Electrochemical Impedance Spectroscopy Measurements

Electrochemical impedance spectroscopy (EIS) measurements were conducted
over a frequency range of 10 mHz to 100 kHz using a sinusoidal potential signal
with an amplitude of 10 mV. These measurements were taken both in the initial
state of the device and after subjecting it to 5000 cycles of charge/discharge
between 0 — 2.3 V (refer to Figure 2). In the Nyquist plot (Figure 2(a)), the initial
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supercapacitor exhibited a semi-circle in the high-frequency region, indicative of
the electrode's capacitance and overall resistance. This was followed by a line
nearly parallel to the imaginary axis in the low-frequency region, suggesting the
presence of electric double-layer capacitance (EDLC) coupled with charge-
transfer phenomena, resembling a Faradaic impedance. This behaviour is
attributed to the redox reactions of Fe*'/Fe?" and Co*'/Co?" from the CoHCF
material [4,5]. After 5000 cycles, the Nyquist plot displayed a notable increase in
the resistance of the device, reflecting significant degradation of the electrode
surface. Such modifications, favoured by the redox reactions, are likely

responsible for the decline in the capacitive properties.
5.3 Cyclic Voltammetry Measurements

The symmetric CoHCF supercapacitor assembly underwent further
characterization via cyclic voltammetry, wherein CV scans were conducted
across a potential range of 0 to 2.3 V using varying scanning rates, ranging from
5 mV/s to 20 V/s (refer to Figure 3(a)). The resulting CV profiles exhibit a quasi-
rectangular shape with discernible changes in slope, indicative of redox reactions
occurring at the electrode surface, as anticipated for a pseudocapacitive behaviour
[9]. While these redox peaks may not be fully pronounced in all scans, they are
notably distinct in the CVs recorded at scanning rates of 2500 and 5000 mV/s,
suggesting the presence of Fe**/Fe?* and Co*'/Co*" redox couples within the
CoHCF-based supercapacitor, particularly in the 1.15-1.25 V region. These redox
couples are associated with the intercalation/deintercalation of Li" ions within the

cyano-linked framework of the HCF material (refer to Figure 6(a)).
5.4 Galvanostatic Charge Discharge Measurements

Galvanostatic charge-discharge measurements were conducted on the symmetric

supercapacitor within the potential range of 0 to 2.3 V, consistent with the
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potential window utilized in cyclic voltammetry (CV). Currents ranging from

0.35 mA to 10 mA were applied (refer to Figure 3(b)).
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Figure 3. (a) CV curves at scan rates ranging from 5 mV s to 20000 mV s™'; (b) Discharge
profiles at different currents for the CoHCF/C/Si supercapacitor; (c) Absolute capacitance and (d)
Specific capacitance at various current densities for COoHCF/C/Si supercapacitor.

The capacitance was computed and represented for each measured current
both in absolute terms and relative to the deposited mass (refer to Figures 3(c)
and 3(d)). It is evident that the CoHCF/C/Si electrode-based device exhibited a
specific capacitance of approximately 300 F/g at a current density of 35 A/g and
was capable of achieving a specific capacitance of about 150 F/g, even at a high

current density of 1000 A/g.
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5.5 LED Circuit for Testing the Supercapacitor’s Performance

To evaluate the supercapacitor's performance in

3V 6800
practical operation, a simple circuit was 4'

implemented. Here, the capacitor charges from a 3

V CR2032 battery and subsequently discharges _:I_“ 2 O]
1

through a variable resistance to illuminate an LED.

N
Therefore, the performance was evaluated based ) o )
’ P Figure 4. Circuit schematic for the
on the duration and brightness of the LED supercapaciior festing ctreuit.
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Figure 5. (a) Capacity retention of the CoHCF/C/Si supercapacitor at 100 A g (1 mA) for 5000
cycles (Inset: Picture of an illuminated LED using the CoHCF/C/Si supercapacitor as energy
source); (b) GCD profiles before and after 5000 cycles at 1 mA for CoHCF-modified device; (c)
Pictures of a powered-up LED at different times during the device's discharge.

illumination. To switch between charging and discharging modes, a switch with

two available positions was utilized. The first position activates the charging
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mode, with current flowing through two series resistances: 180 Q and 680 Q,
respectively. The reason why the 180 Q resistance was added was as a safety
measure to limit the current through the LED if the potentiometer is set in its
minimum resistance position, when the supercapacitor is discharged through that
LED (Figure 4). The capacitor charges with an initial current of 3.4 mA. The

selection of these resistances was made to safeguard both the battery and the LED.

Additionally, Figure 5(b) presents the first and last GCD profiles from the
set of 5000 cycles, revealing a noticeable decrease in charging/ discharging times
and a distinct change in slope [13]. The initial waveform below 0.5 V is largely
absent in the last cycles, indicating that the affected surface of the electrodes
primarily contributes to the charge storage mechanism after repeated cycles,
reducing the discharge time from approximately 7 s to 3 s at a 1 mA current.
Despite the considerable changes observed at the surface level, the device still

exhibited excellent specific capacitance with satisfactory cycling stability.
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Chapter 6
TiN Supercapacitor: Sometimes Research is not Intentional, it’s

Serendipitous

6.1 The Conceptualization Process of the Presented Supercapacitor Surface

This chapter deals with porous Si modified with a layer of carbon
composite underneath going through an additional modification process in order
to deposit an extra, continuous layer on top of it as a multi-layer system
(Schematic 1), which is meant to present a better stability due to this fail-safe

mechanism implemented.

)
ST E I LI T E E N ETE T EETFE I,

Schematic 1. A visual representation of the resulting supercapacitor structure: dark grey — Doped

Silicon layer, light grey — pores etched in the Silicon surface, formation on top of the Silicon layer

— deposited polymer which was turned into carbon composites through thermal treatment, golden
layer — TiN layer deposited on top

The resulting supercapacitor has been subjected to tens of thousands of
charge-discharge cycles in order to verify that the implemented fail-safe system
works and the stability is improved. EIS, as well as CV have been used in addition

of GCD in order to explain the physical phenomena behind the evolution of the

supercapacitor’s performance throughout this intense process of cycling.
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6.2 TiN Supercapacitor Fabrication Process

TiN films were deposited directly onto the graphitized p-Si pieces as
substrates by RF magnetron sputtering (MS) with the PlasmalLab System 400
from Oxford Instruments, Abingdon, UK. The TiN layer deposition was carried
out reactively, from a 154 mm-diameter Ti target (Testbourne Ltd., Basingstoke,
UK), by introducing both Ar (99.999% purity) and N3 (99.9999% purity) as
nitrogen precursor in the reaction chamber and igniting a RF (13.56 MHz)
plasma. A base pressure of 10”7 Torr is reached prior to the deposition, after which
Ar and N are introduced into the chamber and the plasma is ignited at 30 mTorr.
After ignition, the pressure is lowered to the desired value. The nitrogen
percentage in the gas mixture was ~9%, while the pressure and RF power were
kept constant during the deposition at ~2 mTorr and 350 W, respectively. TiN
depositions were carried out at a substrate temperature of 50 °C. The swipe
number during the deposition was varied to achieve different thickness values for

the TiN layer, as follows: 450, 830, 1300 and 1650 swipes to obtain 50, 100, 150

Cyclic Voltammetry
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Figure 2. Cyclic Voltammograms performed every 5 000 cycles at 50 mV/s scan rate
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and 200 nm, respectively. Thus, the discussed electrodes are denoted as Ti 50, Ti

100, Ti 150 and Ti 200, after the intended thickness of TiN films.

6.3 Developing a Quantitative Relation Between Cyclic Voltammetry and

Electrochemical Impedance Spectroscopy

Cyclic voltammetry measurements were performed between -1.5 Vand 1.5
V at different scan rates, 50, 100, 250, 500, 1000 mV/s. Due to the possibility of
coupling it with EIS measurements, the CV measurements made at 50 mV/s are

presented in Figure 2.

Cyclic voltammetry (Figure 2) at 50 mV/s presents a few areas of interest,
mainly around 0 V, +/- 1.5 V and +/- 0.5 V. In the initial voltammogram, only the
-1.5 V portion is visible, which points to some chemical compound formed at the
surface during the fabrication, when the surface is being reduced in a redox
reaction, and the significantly higher current value compared to the average
current indicates that some form of corrosion is taking place [8]. Considering that
the electrodes are made of porous Si + a layer of carbon, which are covered by a
layer of TiN, these results indicate that the phosphoric acid might be attacking the
TiN layer [9].

After 30 000 C/D cycles, SEM measurements were performed on one of
the two electrodes used (Figure 3). What has been predicted by CV was revealed
to be the case in Figure 3(a), where it can be clearly seen that the top layer of TiN
has been “broken” into a scale-like formation. Figures 3 (¢) and (d) show a
magnified look of the supercapacitor’s surface, where patches of dried-up

electrolyte, as well as the porous Si area underneath are visible.

Figures 4(a) and 4(b) display the current values at +/-1.5 V in more details.
It can be observed that in both cases, as the number of cycles increases, the

amount of charges originating from over oxidation/reduction decreases. This
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observation can be explained as most of the corrosion of the TiN layer happened

in the first 10 000 cycles.
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Figure 3. (a) SEM top view of the TiN layer after cycling; (b) Closer look at the TiN layer; (c) Top
view of the porous Si layer underneath the TiN layer, (d) A view of the electrolyte trapped between
scales of TiN.

Figures 4(c) and 4(d) present the computed maximum and minimum
current values around the area of interest for both CV and EIS, which is a redox
reaction present around 0 V in the CV curves. Because EIS uses a sinusoidal
signal with an amplitude of 10 mV and the lowest frequency of the applied signal
i1s around 10 mHz, in the EIS analysis for this region, there is also a pseudo-

capacitive potential-dependent component.
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Figure 5 shows the Nyquist graphs at each batch of cycles. Together with
Figure 6, which illustrates data pertaining to Bode graphs, it tells a story of what
happened to the two electrodes, which will be unfolded by linking together the
CV analysis with the EIS analysis.
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Figure 5. Nyquist for each cycle iteration, with a zoom in (to the right)

Moving further, for the sake of simplicity any frequency below 10 Hz will
be called as being in the low frequencies region (LF) and any frequency above 10

Hz will be called as being in the high frequencies region (HF).

Because TiN completely covers the porous and the carbon layers, it is safe
to assume that initially most of the charge storage contribution comes from the
TiN layer, specifically the ECDL capacitance at the surface. After 5000 cycles,
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Figure 6(a) shows a slight increase in the phase difference at LF. Since for each

iteration two peaks can be differentiated, indicative of parallel RC circuits, the

behaviour can be modelled as being a circuit with a series resistance and two

parallel RC circuits in series, one corresponding to the LF behaviour and the other

to the HF behaviour.
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Figure 6. (a) Bode for each cycle iteration; (b) Local maxima taken for each iteration above 10
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the tangent between the two impedances:

tan(0) ==,

where Xc is the capacitive reactance and R the resistance.

25000

30000

Therefore, the phase difference can be treated separately in each region as
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Thus, a change in the phase difference between the input potential and the
output current can be caused by a change in either resistance or capacitance or
both. Figures 6(b) and 6(c) present the evolution of the phase differences in more

details in each respective region.

Part of the area is
passivated,

Porous layer is

Most of the charge TiN layer was corroded,)
storage contribution allowing access to the
comes from the TIN pseudocapacitive

layer contributing layer

uncovered, dried-up
electrolyte piles up, [~ | supercapacitor still can
maximum surface area be used after 30 000
C/D cycles

reached

Schematic 2. A diagram showcasing the supercapacitor s evolution throughout the charging-
discharging cycling process

CV together with EIS have shown that throughout the C/D cycling the
supercapacitor has been subjected to, it has gone from a TiN capacitor, to a TiN
modified surface + pseudocapacitive layer + porous Si to a TiN modified surface
+ dried electrolyte dielectric + passivated layer + porous Si. These modifications
to the surface caused by the electrolyte can be coupled with the potential
application. The C/D cycles and the mechanical stress can explain how the
capacitance of the device ends up increasing in value, after passing through a
maximum value where the optimal exposure to the surface and redox active layer

was achieved (Schematic 2).
6.4 Galvanostatic Charge Discharge Measurements of TiN Supercapacitors

The last measurement to be discussed is the one most indicative of the
supercapacitor’s performance, namely GCD. The device was subjected to 30 000
charge-discharge cycles between 0 and 2 V at a 0.5 mA current. While CV
measurements indicate that the operation of the structure is preferable to occur
under 1.5 V, the device was pushed forward in order to test the TiN layer and to
investigate what would happen to it under extreme conditions. Figures 7(a) and

7(b) show a charging, respectively a discharging curve each 5000 cycles.
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Capacitance (mF)

What was concluded by the previous measurements is confirmed by the

discharging time in Figure 7(b). The initial state offers the lowest discharging

time, with the supercapacitor showing a steady increase in performance up to 15

000 cycles, after which a steady decline is observed up to 30 000 cycles.
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Figure 7. (a) Charging curves for each cycle iteration @ 0.5 mA; (b) Discharging curves for each cycle
iteration at 0.5 mA; (c¢) Capacitance calculated from discharge curves in absolute values;
(d) Same capacitance in F/g.

The absolute capacitance was calculated and plotted in Figure 7 (c). The

mass capacitance was calculated by using the TiN’s layer measured density, 4.47

g cm?, its surface area, 0.5 cm?, and length, 150 nm, and it was determined to be

33.525 pg (Figure 7(d)).
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Chapter 7
Circuit Modelling for Porous Silicon Supercapacitors

In the following pages I will present the formalism I have developed so far
towards achieving a plausible and correct circuit model for supercapacitors. This
work was done in the Julia programming language [1] using the following
packages: Plots.jl [2], Datalnterpolations [3], Optimization.jl [4], DataFrames.jl
[5], CSVjl [6], PrettyTables.jl [7], GR.jl [8].

7.1 Software used for data plotting

Before moving on to modelling, data must be turned into graphs. In developing
the algorithm for circuit modelling, and for supercapacitor analysis in general, a
significant number of data files piled up, prompting a different approach to
plotting all the graphs needed for this modelling. Before I started the modelling,
I wrote a few programs in the programming language Julia which will do the
graphics automatically once the respective data file is selected. The graphs in

question can be found at https://github.com/Ir1n-a.

7.2 Measurements for data modelling

While ultimately the algorithm’s job is to model the behaviour of a supercapacitor
into an equivalent circuit, starting directly with supercapacitor data in
programming in the said model would make the task more daunting than it
already is or should be. In order to validate an algorithm’s prediction, I should
already know what the result should be, otherwise I’'m pretty much working in
the dark. So, because of this I first performed EIS measurements on classical RC
circuits that I have soldered myself with components whose values are already

known, literally listed on the package. I’ve assembled multiple types of RC
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circuits while also trying to follow the form of what a specific supercapacitor EIS

graph looks like.

Figure 1 shows how the Nyquist * a

graph of a porous Silicon

6000

supercapacitor looks like. Three
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Figure 1. Nyquist characteristic of a porous
Silicon supercapacitor

Region one is similar to a Nyquist
graph of a parallel RC circuit
(Figures 2 (a,c)), and regions two and three are similar to a parallel RC circuit in
series with a RC ladder circuit (Figures 2 (b,d)), so combining the two circuits in

series should give a Nyquist graph similar to that of a capacitor, which it does.
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Figure 2. Schematics of (a) a parallel RC circuit, and (b) a parallel RC circuit connected in series
with an RC ladder circuit. (c,d)Nyquist graphs for measured circuits of types (a,b), respectively.
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In order to model region one, the model discovery program needs to be
able to recognize that this particular shape corresponds to a parallel RC circuit,
to determine the parameters from the graph, to introduce constraints for the
possible parameters and to have a fitting stage where the theoretical model
obtained is plotted against and compared to the experimental data. Therefore, I
have decided to solder and measure a circuit made out of four parallel RC circuits
in series. The reason why I chose four instead of one or two was to make it harder
for the program to discover and calculate all of them, for there is a possibility for
supercapacitor Nyquist graphs to contain more than one single RC circuit in

region one.

Figure 3 (a) shows the soldered device and Figure 3 (b) shows the resulting
Nyquist graph from EIS measurements performed on the presented circuit. For
clarity, the circuit’s schematic, Figure 3 (c), was also included. The circuit test
was measured, next a theoretical model and a parameter determination algorithm
was needed to check if the final program could possibly guess the schematic, as

well as the values for each electronic component present in the circuit.
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Figure 3. (a) Physical circuit. (b) Nyquist graph of the circuit. (c) Circuit s schematic.

48



7.3 Theoretical model used

The measuring apparatus determines the total impedance Z = Zre + jZimg from

%, which is a complex number, and the Nyquist graph plots its imaginary part

on y and its real part on x. The circuit in question consists of 4 parallel RCs in
series, so, naturally, the real and imaginary part should be determined for one
parallel RC circuit first. For this RC circuit, the impedances for the resistance R

and capacitance C are, respectively

Zr=R and Z =.L,
jwC

with w-angular frequency, so that for the parallel circuit,

1+ jwRC
R

1 1 1
S=—d—=-+juC=
Z Zrx Zc R

or

R __ R-jwR?*C
1+ jwRC  1+w2R2C2°

This is the total impedance for one RC circuit, and when adding three more of
them, since they are in series, the total impedances will just have to be added. We

have for the nth element

Rn— jwRp2Cyp . Rn } _ —wRy%Cy,
Zre, = ——————s.  /img, = ————
T 1+w?Rp2C, %’ " 14+w2Rp%Cp % In =~ Tvarry2c,?
and thus for the circuit
4 Ri— jowRC; 4 R 4 — WR{*C;

Z; = Zre; = Zimg; =

=114 w2R;2¢;?’ i=114+w2R;2¢;? =1 14+w2R;2(;>

A function made out of the formula for the total imaginary part plotted against
the formula for the total real part should fit the experimental data, that is if the

parameter determination and optimization algorithms are accurate enough to hit
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their target values, which moves the algorithm to the parameter determination

section.
7.4 Parameter determination algorithm

In order to make sure the optimization step converges to the parameter values it
should discover, an accurate parameter determination is paramount. So how

exactly will this be achieved?

In the Nyquist plot (Figure 4), there are a few notable points that could be
used for parameter determination, such as at the maximum value for Zimg, where
the relation wRC = 1 must be fulfilled, as well as at the lowest value for Zre, Zre i,
= Rs (series resistance), and for the maximum value for Zren.x = Rp. Looking at
these relations, a picture starts to form on what the algorithm must do to determine

the circuit’s parameters.
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Figure 4. Plot of theoretical formulas for Zre and Zimg and marks for points of interest.

To compare the results, I plotted the experimental data, the theoretical
model using the values determined by the parameter determination section and

the theoretical model using the values determined by the optimization algorithm
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(Figure 5). Optimization.jl is a Julia package providing a unified interface for
defining and solving mathematical optimization problems, such that one can use
several optimization algorithms with the same syntax. In order to fit the data, an
objective function was defined describing how far the experimental values are
from the theoretical predictions. Thus, the mathematical optimization problem
consists of finding the parameters that minimize the value of this function. To
achieve this, I used the LBFGS [9] algorithm in Optimization.jl with the starting

point given by the parameter determination algorithm.
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Figure 5. Theoretical predictions compared with experimental data.

It is quite apparent that the optimization step was indeed needed to fine
tune the discovered parameters. For a better showcasing of the difference in
values, table 1 presents the values as they are written on the package by the
manufacturer, as measured by me with a multi-meter, the parameter estimation

values and the parameter optimization ones.
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Circuit Element Multimeter Optimization

1 ()
()
()
()

Flp2
Rp3

Rpd
C1 (pF)
C2 (uF)

2000
2000
2000
2000
0.47
4.7
47

1964
1958
1964
1952
08.57
4.94

a7.

95

2019.6
2230
1869.¢
1863.63
0.65

2019.6
2238,
1869 .¢

1863.03

C3 (uF)
C4 (uF)

478 483 .4

Tabel 1. Predictions made by parameter estimation algorithm with table of values obtained
through different methods underneath

Now that the program has proven successful in finding parallel RC circuits

from the Nyquist plot and discovering an equivalent circuit, I attempted to fit the

semicircle section on an actual supercapacitor data (Figure 6 (a)).
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Figure 6. (a) Nyquist plot for a porous Silicon-based supercapacitor. (b) Initial attempt. (c)
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Figure 6. Nyquist plots of a circuit shown as the inset figure with
varying capacitances C; (a) C = 0.2mF, (b) 1 mF, (¢) 5mF, and (d)
10 mF. The ratio of the time constants of the two parallel RC circuits
is (a) 250, (b) 50, (c) 10, and (d) 5.

2500

Second attempt after manually adding another RC circuit. (d) Figure 6 from [10] where the effect
of different time constant ratios between two RC circuits are showcased in Nyquist plots
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The semicircle was taken and the program was employed towards finding
a model. The first result, Figure 6 (b), looked almost right, but it was clear that
something was missing. Because in this case the semicircle had a more irregular,
flattened appeareance than the soldered circuit’s graph had, it was obvious that
probably an additional RC circuit was needed to be added to the model.
Unfortunately, the irregular shape also meant they were quite close in time
constants, 7 = RC, making it increasingly more difficult to determine the
parameters of the circuit model for that particular region, as exemplified in Figure
6(d). With this consideration in mind, I was able to manually modify the
theoretical model with a second RC circuit whose circuit values I determined in
a brute force manner, keeping in mind they had to be quite close to the ones
discovered by the program itself (Figure 6 (¢)). Now the estimation looked much
closer to the original data, but it also made it clear that it is adamant to address

this problem going forward.
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Chapter 8
Systems and Mechanisms Developed for Solving Problems in the

Measurement Protocol

8.1 Encapsulation System for Aqueous/Gel Electrolytes

The invention relates to a device for encapsulating and forming an electrical
contact on each electrode (19) of a parallel-plane supercapacitor device. The
device consists of two symmetrical components, each made up of three layers

Figure 1). '9
(Figure 1) / 1

The first layer (1), which is in direct ~ * ~.° </ /

4

contact with the sample, has a central

section (2) that facilitates the insertion :

of the first element of the electrical e —

contact system (9).

Figure 1. Assembled encapsulation
device component

The second layer (4) allows the storage of this system between the first layer (1)
and the layer to which it will be attached (6). The second element will, in turn, be
attached to layer (6), with the side where the electrical contact occurs having a

section similar to that on layer (1).

During encapsulation, the sample (19) will be pressed against an elastic force
attached to (9), and the electrical contact will be established by pressing the pin
from (9) onto the pin from (12). A symmetrical assembly will ultimately be
attached to the one described, with a gasket (20) to ensure system insulation,

thereby completing the encapsulation.

The invention relates to a device for encapsulation and forming an electrical
contact on each electrode (19) of a device parallel plane supercapacitor. The
device is consisting of two symmetrical component parts, made up of three layers
each.
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The first layer, (1), which is in direct contact with the sample has a section in the
middle (2) that facilitates insertion of the first element of the contact system
electric (9). The second layer, (4) allows storage of this system between the first
layer, (1), and the outer layer will be secured (6). The second element will in turn
be attached to the layer (6), with the side where the electrical contact will be
placed through a section similar to that on layer (1). The sample (19) will be
pushed against an elastic force attached to (9), and the contact electrical will be
done by pushing the pin in (9) on the pin in (12). A symmetrical assembly it will
be followed by the one shown, with a gasket (20) to ensure the isolation of the

system and thus encapsulation will be complete.

8.2 Mechanism for Realizing Contact on the Back of a Supercapacitor

The invention relates to a connector that can be attached to the back of an
electrode to form an electrical contact between the electrode and the external
frame (1) of the connector, which can then be connected to an external circuit.
This allows the use of the connector in applications where conventional
connectors, such as crocodile clips, cannot be wused—particularly in
electrochemical applications where the electrode -

surface 1s immersed in solutions that may be

corrosive. This type of connector (Figure 2) allows

A
\S)

the complete immersion of the electrode surface in
) ) l—>»
an electrolyte while ensuring the necessary

electrical contact to control the potential applied to 4 __|

the electrode (7) during electrochemical processes.

The tube (2), fixed (3) to the connector frame (1), ,__ =

allows the insertion of a screw (6) through a spring "

Figure 2. Cross section view of
the connector s mechanism
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(4), which provides an elastic force to pull on the electrode. The nut (5) is partially
screwed onto the screw and is intended to secure the screw to the spring, allowing
it to deform and reach the nut (8) attached to the electrode (7). When the spring
(4) 1s deformed to the point where the screw (6) makes contact with the nut on
the back of the electrode (8), the screw (6) is tightened until it reaches the end of
the electrode (7), thereby fixing the screw (6) to the electrode (7).

After fixation, the screw (6) is pulled back, allowing the electrode (7) to come
into contact with the connector frame (1). The spring (4), remaining deformed,
ensures an elastic force that pulls the electrode (7), keeping it in tight electrical
contact with the frame (1). Thus, the formation of the contact on the back of the

electrode is complete.

8.3 Crocodile Connector for Applications Requiring Fine Tuning Operation
The invention relates to a crocodile connector with an implemented mechanism
that allows fine adjustment of the distance between the two ends that will grip the
measured electrode. The invention (1) includes a metal frame (2) to which two
metal arms (3) are attached, held together by a spring (4) that pulls them together

to form an electrical contact between the arms, the electrode (8), and the frame
2).

The screw (7) is threaded into the metal frame (2) to push the slots (5), which, in
turn, push the attached arms (3) to raise or lower them depending on how far and

in which direction the screw (7) 1s turned (Figure 3).

The device i1s a crocodile

connector that uses a system

to transform rotational 8—>

motion into vertical motion.

Figure 3. The presented connector mid
clasping a supercapacitor electrode
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Chapter 9

Conclusions

The main purpose of this work was to study and improve the electrical
performances of Silicon based supercapacitors. In order to obtain a better
performance, surface modifications, as well as additional deposition of redox
active materials have been performed on the base electrodes, namely heavily p-
doped Silicon electrodes. Each stage was studied in detail and measurements
were performed towards obtaining a full picture of the feasibility of Silicon

supercapacitors as charge storage devices.

Chapter 1 contains a brief preface which presents the main area of interest

of this work.

In Chapter 2 a brief history of the supercapacitor was presented, as well
as past and current works and advances made in the supercapacitor field. There
is also a section in which this work is placed in the context of the work that came

before it and its relevance was emphasized.

In Chapter 3 a short introduction into the basic theory related to the
supercapacitor was presented. The involved measurements, EIS (electrochemical
impedance spectroscopy), CV (cyclic voltammetry) and GCD (galvanostatic
charge discharge), as well as the physical phenomena involved, electrochemical

double layer and pseudocapacitances were described.

Chapter 4 dealt with surface modifications, namely the porosification
process of Silicon electrodes. Building on the previously fabricated device, a
micro supercapacitor on which molybdenum disulfide nanoflakes and poly-
naphthalene methylamine were deposited on its surface, with a PVA-H,SO, solid
gel electrolyte (capacitance of 130 mF/cm?), a similar process was perfected for
a large-scale supercapacitor based of porous Silicon electrodes. Two parameters

in the porosification process were modified, the exposure time and the applied
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current density, and for two electrodes corresponding to one given exposure time
and one given current density, electrical measurements were performed for
electrical performance assessment, as well as for optimizing the process and
picking the most suitable values for further modifications towards performance
improvements. On top of the porous Si layer, a conductive polymer, turned carbon
composite through thermal treatment was also deposited at the surface to study
how an active material would be deposited depending on the degree of porosity
and pores length. Since porosity is extensively used in order to increase the
surface of a supercapacitor electrode, and, subsequently, its surface capacitance,
especially for silicon supercapacitors, having a qualitative, as well as a
quantitative description of the porosity’s influence was adamant for the progress
of silicon- based supercapacitors moving forward. The results of this work were

published in the following articles:

Irina-Nicoleta Bratosin, Pericle Varasteanu, Cosmin Romanitan, Alexandru
Bujor, Oana Tutunaru, Antonio Radoi, and Mihaela Kusko, In-Depth Analysis
of Porous Si Electrodes for Supercapacitors, The Journal of Physical Chemistry

C 125 (11), 6043-6054, 2021

Pericle Varasteanu, Cosmin Romanitan, Irina Bratosin, Nikolay Djourelov,
Raluca Gavrila, Antonio Radoi, Mihaela Kusko, Exploring the impact of MoS,
on the performance of the planar solid micro-supercapacitor, Materials

Chemistry and Physics 265, 124490, 2021

Chapter 5 goes further with the porous Silicon electrode which was
determined to give the best charge storage performance in Chapter 4. This time,
further enhancements were carried out by growing CoHCF nanocubes on the

porous Si’s carbonic surface by chronopotentiometry. The resulting electrodes
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were assembled in a plane parallel configuration and once again its electrical
properties and charge storage performances were assessed through the same type
of electrical measurements. While there was a significant improvement in the
capacitance value, as well as in energy density, its stability suffered considerably.
Therefore, for the next modification, stability was kept at the forefront of the
fabrication process. Cobalt hexacyanoferrate has proven itself to be a very
promising supercapacitor material, offering a large energy density value, which
is one parameter always targeted to be increased for supercapacitors. The results

of this work were published in the following article:

Irina-Nicoleta Bratosin, Cosmin Romanitan, Gabriel Craciun, Nikolay
Djourelov, Mihaela Kusko, Marius C. Stoian, Antonio Radoi, Graphitized
porous silicon decorated with cobalt hexacyanoferrate nanocubes as hybrid
electrode for high-performance supercapacitors, Electrochimica Acta 424,

140632, 2022

For Chapter 6 the strategy was modified. From previous studies it became
clear that whatever redox active material was deposited at the surface, no matter
how reversible the redox reactions are, there is always a risk of losses and surface
passivation through chemical reaction when an electrode is submerged in an
electrolyte. With the guarantee of failure, we came prepared. On top of the porous
Silicon layer, and on top of the carbon composite presented in Chapter 4, an
additional second layer, a TiN layer of 150 nm thickness, was deposited through
RF magnetron sputtering. The idea behind this strategy was for the layer
underneath, the porous Si layer + carbon composite, to act as a backup layer for
the one on top of it, acting as a fail safe for when the first one gives in. At the end

of the electrical measurements it was revealed this was exactly what happened,
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the TiN layer cracked after 5 000 to 10 000 charging-discharging cycles, revealing
the porous layer underneath, which in turn started participating in the charge
storage process, extending the overall lifespan of the measured supercapacitor for
up to 30 000 charging-discharging cycles, which was an incredible performance
compared to previous attempted supercapacitor, as well as for Silicon based
supercapacitors in general. The work in this chapter devised a supercapacitor
structure which could aid in improving the life cycle of supercapacitors in
general, which is an essential goal towards developing more sustainable, long-

lasting charge storage devices.

In Chapter 7, the process of circuit model discovery was tackled,
proposing to use only resistances and capacitances for a circuit simulating the EIS
data from a supercapacitor. A circuit made out of commercial resistors and
capacitors was assembled in an already known configuration and subjected to EIS
measurements, as a supercapacitor would be. A parameter discovery algorithm,
where the resistances and capacitances present would be discovered
automatically from measured data was programmed in the programming
language Julia. After the parameters were determined, they would be input in a
second stage of the program where an optimization protocol would use a
theoretical model developed using information from the parameter discovery
algorithm and would modify the parameters present in said model, resistances
and capacitances, in order for the theoretical model to be as close as possible to
the measured data. As a result, the program would output the circuit
configuration, the corresponding elements and their values, resistances and
capacitances. This program was developed from a need to better differentiate
between the potential circuit model variants obtained from fitting existing data
with a theoretical model, differentiation which is absent from currently available

software.
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Chapter 8 presents three different patents developed for solving various
problems encountered in the measurement process of a supercapacitor. The first
patent consists of an encapsulation module meant to preserve the gel electrolyte
used and prevent it from drying up/evaporating during prolonged measurements.
The second patent is a connector which is meant to be able to ensure a contact
made on the back of each constituent electrode of the measured supercapacitor to
accommodate a previous encapsulation module, as well as facilitate electro-
deposition on the entire surface of a supercapacitor electrode during the
electrodeposition process. The third patent is on a crocodile connector with a fine-
tuning mechanism. This connector is meant to be used when the current gripping
action of the connector is not adequate for the particular application and surface

it is supposed to grip.
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