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Resume: Throughout this project, we utilized the Quantum Rate Spectroscopy
(QRS) technique to examine the electronic structure of graphene-derived nanofilms in
a 2D configuration at room temperature. This method allowed us to avoid the com-
plexity of vacuum conditions, making it both efficient and cost-effective. Our research
centered on the supercapacitance phenomena in reduced graphene oxide structures from
a quantum mechanical rate theory perspective. While traditional views primarily link
supercapacitance in carbon materials to electrostatic capacitance, which depends on sur-
face area, our findings reveal that quantum rate theory introduces an overlap between
electrostatic and chemical (quantum) capacitance states. This discovery provides a more
detailed understanding of the energy dynamics within these materials.

In exploring these quantum capacitance states, we uncovered an energy overlap between
the electrostatic and quantum capacitive energy levels in reduced graphene oxide. Our
results show that the charge dynamics in these structures adhere to a quantum resis-
tance limit, consistent with quantum electrodynamics principles. This research sheds
light on a new aspect of electron behavior in nanoscale carbon structures, offering signi-
ficant insights into the unique properties of graphene-based materials and their potential
applications in energy storage.

Building on the foundational understanding gained from our studies of 2D nanos-
tructures, we advanced to the development of 3D symmetric supercapacitors. This
was achieved by incorporating functional groups and redox-active molecules, such as
p-phenylenediamine (PPD), to modify graphene derivatives, enhancing their suitability
as symmetric electrodes in supercapacitor devices.

The achievements of this project are substantial, highlighted by the submission of
a paper titled The Quantum Mechanical Origin of the Supercapacitance Phenomenon
in Reduced Graphene Oxide Structures to the Carbon journal. Additionally, five other
papers are nearing completion, further emphasizing the importance of this work.



1 Developed activities and productivity

During this period, we employed the Quantum Rate Spectroscopy (QRS) technique to
investigate the electronic structure of graphene-derived nanofilms (2D configuration) at
ambient temperature, thereby eliminating the need for vacuum conditions, which turns
this spectroscopic method into a simple and low-cost methodology. We investigated super-
capacitance phenomena observed in reduced graphene oxide structures from a quantum
mechanical rate viewpoint. The supercapacitance phenomenon in carbonaceous materi-
als has been majorly attributed to electrostatic capacitance contributions, in which the
magnitude of this capacitance is correlated with the amount of surface area available to
be charged under the presence of electric potential perturbations. Nonetheless, the quan-
tum rate theory predicts a superposition between electrostatic C, and chemical C, (also
called quantum) capacitance energetic levels. The superposition of these capacitive states
implies that the electric potential perturbation not only drives the separation of charges
in space (thus correlating with the geometry of the capacitor and consequently with the
surface area) but also governs the occupancy of the electric-field screened electronic struc-
ture of reduced graphene oxide embedded in the electrolyte environment. This leads to
an energy degeneracy between electrostatic ¢?/C, and quantum e?/C, capacitive energy
states, as confirmed in this work for reduced graphene oxide carbonaceous structures.
Accordingly, the analysis proves that the charge dynamics associated with the resistance
for charging the pseudo-capacitive F = e¢2/C,, states of reduced graphene oxide structure
follows a quantum resistance limit R = h/e* ~ 25.8 k2 within a charging frequency
of v = 1/RgC, = E/h = ¢*/hC, that obeys quantum electrodynamics principles, in
agreement with the premises of the quantum rate theory. Two energy levels associated
with the occupancy of the electronic states upon the reduction of graphene oxide were
identified. These results illuminate a new phenomenology of electron dynamics in nanos-
cale carbonaceous structures. This research contributes to an enhanced understanding
of the distinctive properties of nanoscale graphene-based materials, holding potential
implications for the advancement of energy storage technologies. Following the initial
characterization of 2D nanostructures, we have successfully developed exceptional 3D
symmetric supercapacitors. This achievement was realized through the incorporation of
functional groups and redox molecules, such as p-phenylenediamine (PPD), to modify
graphene derivatives for use as symmetric electrodes in supercapacitor devices. Derived
from the progress made during the postdoctoral project, we already submitted a paper
entitled The Quantum Mechanical Origin of the Supercapacitance Phenomenon in Redu-
ced Graphene Oxide Structures to carbon journal from Elsevier publisher. At the same
time, all experimental data was gathered and processed, and the other five papers are
now in the final stages of writing and revision.

1 1-Understanding the rGO electronic density using a easy and low cost spectroscopic
tool



Brief: In this study we are proposing the scrutiny of the DOS rGO based materials
in order to understand the relation between the DOS and the supercapacitance behavior
of GQDs.

2-Enhancing the Electronic Characterization of Graphene Quantum Dots by Quantum
Rate Spectroscopy

Brief: In this study, we are discussing and exploring the energy storage mechanism
for this graphene derivated to better understand the relation between the DOS and the
supercapacitance behavior of GQDs.
3-FElectroactive FElectrolytes: A Breakthrough in Supercapacitor Development for Sustai-
nable Energy Storage

Brief: In this study, we are investigating the effects of electroactive electrolytes in the
supercapacitor’s energy storage mechanism in the electrochemical double-layer capacitors.
4-FElectrochemical and Electronic Characterization of Perovskite-Like Composites from
Quantum Rate Spectroscopy

Brief: For this publication, we are analyzing the density of states (DOS) for perovskite-
like composites in different compositions to gain a deeper understanding of the energy
impact of the metals effects in the composite’s DOS.

5- Design and Characterization of a Cobalt-Based anode electrode for Enhanced Perfor-
mance 1 Asymmetric Supercapacitors

Brief: We aim to present in the literature the outstanding results (approximately
350 Fg~!) achieved through the optimization of the ratio between hexacyanocobalt fer-
rate complexes and reduced graphene oxide for highly efficient anodes in supercapacitor
devices.

1.1 INTRODUCTION

Ongoing efforts to design energy storage devices with high energy densities and rapid char-
ging capabilities have intensified the search for chemical structures and electrochemical
interfaces that demonstrate supercapacitive properties [1, 2|. From a fundamental pers-
pective, the supercapacitance phenomenon has been attributed to electrostatic effects,
such as in the case of electrical double-layer based supercapacitors, or to pseudocapaci-
tive effects, as observed in nanostructured transition metal oxide [3, 4, 5, 6, 7, 8, 9, 10].

Carbonaceous materials, notably reduced graphene oxide (rGO), have emerged as
promising candidates for supercapacitor applications, owing to their exceptional electri-
cal conductivity, superior mechanical strength, and scalability for industrial production.
Nevertheless, although the supercapacitive feature of rGO structures has been extensi-
vely characterized by electrical approaches, such as cyclic voltammetry (CV) [11, 12],
in-depth studies exploring the origin and physical nature of this phenomenon are scarce
and inconclusive. This scenario highlights a gap in our understanding of this electrical
phenomenon that requires additional research to reveal the origins of the supercapaci-
tance of rGO structures, which will be conducted here by using time-dependent electrical
methods. For instance, these methods have proven to be effective in providing quantum



mechanical insights into various nanoscale structures comprising semiconductors [13, 14]
and graphene [15, 16].

Over the past few years, progress has been made in understanding diffusionless elec-
trochemical reactions within redox self-assembled modified interfaces, primarily through
time-dependent electrochemical impedance measurements [17]. Alarcon et al. [18], for
instance, introduced a straightforward methodology aimed at calculating the electron
transfer (ET) rate constant of diffusionless electrochemical reactions that relied on de-
termining the quantum capacitance C, response of the interface either derived from CV
curves or impedance-derived capacitance spectroscopic methods.

Impedance-derived capacitance spectroscopy allows the measurement of the quan-
tum conductance G associated with the ET reaction, permitting to demonstrate of the
correlation [19] existing between G = 1/R, and the quantum capacitance C,, in such
a way that the frequency v associated with the ET rate constant, demonstrated to be
v =1/R,C, [18, 20|, where measured R, = 1/G( was in close agreement to the theoretical
value of resistance quantum h/gse? ~ 12.9 k2, where e is the elementary charge of the
electron, h is the Planck constant and g, = 2 is the spin degeneracy of the electron. The
demonstration that the charge transfer resistance of diffusionless electrochemical reacti-
ons is R, = h/gse? enhanced our understanding of chemical reactions driven by electrons,
not only by revealing the quantum nature of the electrochemical reactions but also by
permitting us to quantify and measure the quantum electrodynamics of these reactions.

The above-introduced quantum mechanical analysis of ET permitted us to conclude
that the ET rate dynamics of diffusionless electrochemical reactions obey quantum elec-
trodynamics that follows Planck-Einsteifn’s E = hv relationship [21, 17|, where E =
e?/C, is the energy associated with the reaction, in which the ET rate constant is ac-
counted as v o €?/hC,, being solely a function of C,, which is experimentally accessible
by CV or impedance-derived capacitance spectroscopic methods. As the rate v o< €?/hC,
is solely a function of the quantum mechanical experimentally measured C, parameter,
this rate is referred to as quantum rate and the fundamental theory associated with it is
referred to as quantum-rate theory [22, 17].

Following F = hr quantum electrodynamics phenomenology, it has been [14, 23]
demonstrated the viability of employing time-dependent perturbations of modified elec-
trodes containing accessible quantum states to measure the electronic structure of the
electrode’s interface. The assessment of the electronic structure is possible owing to the
measurable C,, being proportional to the density-of-states (DOS), corresponding to the
number of states dn per interval of energy dF, such as the DOS is (dn/dFE), in which
associated energy state E = ¢%/C, levels can be quantified. This spectroscopic method
has been referred to as quantum-rate spectroscopy (QRS) and was useful in measuring
the electronic structure of cadmium telluride (CdTe) quantum dots (QDs) [14], in which
the measured spectrum was in good agreement with that obtained by scanning tunneling
spectroscopy (STS). The advantage of QRS over STS is that QRS allows to measure
the electronic structure of CdTe QDs at room temperature and electrolyte environment,
whereas STS requires ultra-high vacuum and low-temperature conditions.

Equivalent and additionally to CdTe QDs, QRS was applied to measure the elec-



tronic structure of graphene [23] in good agreement with angle-resolved photoemission
spectroscopy (ARPES), in which it was demonstrated that the electronic structure of
graphene is possible to be measured at room-temperature and electrolyte environment
by employing an inexpensive hand-held electrochemical piece of equipment instead of the
expensive infrastructure required in the case of using ARPES. Finally, QRS was also
successfully employed to characterize the electronic structure and the density-of-states
(DOS) of Cuy0/CuO mixed valence nanoscale films [13].

1.1.1 Quantum Rate Spectroscopic Principles

The possibility of using the quantum electrodynamics principles within the QR theory as
a spectroscopic tool at room temperature and electrolyte environment is quite suitable
for investigating the electronic structure of low-dimensional materials (such as zero [14],
one- 18] and two-dimensional [16] structures [14, 13, 23]) using time-dependent electro-
chemical methods such as QRS.

The methodology within the QRS approach is quite simple. It consists of applying
a time-dependent potential perturbation V(¢ ) V + V in the electrode’s interface and
measuring the electric current response i(t) =7 + i, where the bar represents the steady-
state bias potential V or DC electric current i at steady-state and the tilde is a time-
dependent potential modulation V over a steady- steady potential V with an electric
current response of 7. The potential perturbation V within an electric current response
i over the steady-state potential V of the electrode can be mathematically expressed as
exp(jwt) = cos(wt) + jsin(wt), where j = y/—1. The amplitude of the potential signal
is denoted as |Vy| whereas the amplitude of the electric current response is |Iy|. The
ratio between the time-potential perturbation V() and time-dependent current response
i(t) is a type of electric transfer function that permits a spectroscopic analysis for which
the complex admittance of the signal is G*(w) = i/V = jwC*(w) with its inverse being
known as impedance, denoted as Z*(w) = V/I = 1/[jwC*(w)], constituting a particular
complex electric transfer-function of the interface. From the aforementioned admittance
or impedance functions, a particular complex C*(w) capacitance spectrum [24], corres-
ponding to the response of a single resistance-capacitance (RC) relaxation process, can
be obtained as

Cq,O

C* = —
() 14 jwr

1o (1= jur) +O(P), (1.1
where C, ¢ is the low-frequency response of the spectrum (obtained for w — 0), constitu-
ting the quantum capacitance of the electrode’s interface modified with low-dimensional
structures. Note that 7 = R,C, corresponds to the characteristic time constant asso-
ciated with the quantum rate v = 1/7 « €?/hC, |16, 23| electrodynamics within the
interface.

The main purpose of the present work is to demonstrate that the quantum mechanical
meaning of the pseudocapacitance of rGO upon the reduction of the GO, which will be
conducted using the QR spectroscopic approach, follows the QR electrodynamics prin-
ciples. The resulting capacitance spectra upon the electrochemical reduction of GO to



rGO are thus interpreted according to Eq. 1.2 using both equivalent circuit analysis and
QRS principles combined. The analysis will be carried out separately on GO and rGO
assembled over a cysteamine modified-gold electrode in which a self-assembled monolayer
(SAM) of cysteamine is used as a molecular bridge for the anchoring of GO/rGO over
the electrode permitting to access the reduced DOS of GO component of the film by me-
asuring the C, states of the interface separately from the classical polarization (dielectric
relaxation).
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Figura 1.1: Graphic representation of a quantum point contact junction, where a quantum
point or nanoscale entity is electronically coupled to a conducting electrode through a
quantum bridge. A time-dependent electrical perturbation is applied over this junction
enabling the electron communication between the electrode states and the quantum point
states, which from the perspective of QRT can be modeled by quantum resistance (R)-
capacitance (C) dynamics. Within this dynamics, the electrical field screening process,
performed by the ions of the electrolyte medium, is key for access to the quantum insights
of the junction. This screening leads to the formation of a quantum electrochemical
dipole, which in turn ensures the overlapping of the capacitive states of the interface

(Ce = Cq)-
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2 Experimental Section

2.1 2D ELECTRODES CARACTERIZATION

2.1.1 Au-Cys, Au-Cys-GO, and Au-Cys-rGO Film Assemblies

Following literature procedures [25], polycrystalline gold surfaces (2 mm diameter gold
electrodes from METROHM) were coated with cys-SAM after the mechanical polishment
of the surface with alumina suspensions of different sizes (1, 0.3, and 0.05 pm). After
the mechanical polishment, the electrodes were electrochemically cleaned using cyclic
voltammetry (CV) under basic conditions (0.5 mol L~! NaOH, in which the potential
window used was from 1.7 to 0.5 V) and acidic conditions (0.5 mol L= HySOy, in which
the potential windows used was from 0.2 to 1.5 V) at a scanning rate of 100 mV s~! for
200 and 50 cycles, respectively.

The acid condition was maintained until reproducible CVs were associated with oxi-
dation and reduction of the gold surface. After the thorough washing of the surface
of the gold electrode with deionized water was performed aiming at removing any phy-
sisorbant.Subsequently, the electroactive area of the gold electrode was determined by
integrating the cathodic peak obtained for the gold electropolishing CV-based process,
using a conversion factor of 410 uC ecm™! |26, 27, 28]. The electroactive area was used to
normalize the values of electric current (to obtain the current density) and capacitance
(capacitance values were normalized in this work per unit of electroactive area of the gold
electrode).

To fabricate Au-cys-SAMs interfaces, the polished and cleaned gold electrode surfaces
were immersed in a 20 mmol L™ aqueous solution containing cystamine-2HCI for 16 h and
then washed thoroughly with Milli-Q ultrapure water to remove any physisorbant. The
gold-modified electrode with cys-SAM was immersed in a GO suspension (2 mg mL™!,
pH 3.0) for 4 h, during which the positively charged cys-SAM permits the formation of
GO layer over it with a predicted thickness between 1.2 to 2 nm [25].

After washing the electrode (Au-cys-SAM-GO) with Milli-Q ultrapure water, electro-
chemical measurements were performed. [25] experimentally observed that the thickness
of the rGO film remained unchanged (between 1.2 to 2 nm) after the electrochemical
reduction of GO. Specifically, to carry out the reduction of Au-cys-SAM-GO to Au-cys-
SAM-rGO, CV analysis was performed at a scan rate of 10 mV s~ in 0.1 mol L= KNO;
aqueous solution within a potential window in between 0.0 to -1.2 V (versus Ag/AgCl, 3
mol L™1) for 2 cycles.



2.1.2 Electrochemical Measurements

CV and impedance measurements of the interface were carried out using a portable
potentiostat (PalmSens4) equipped with a frequency response analyzer (FRA) in a three-
electrode configuration and controlled by PSTrace 5.9 software. Ag|AgCl (3 M KClI)
and platinum mesh served as reference and counter electrodes, respectively. The time-
dependent impedance spectroscopic method was conducted for frequencies ranging from
1 MHz down to 10 mHz with an amplitude of 10 mV (peak to peak) acquired at the OCP
(open-circuit potential) of the electrode. The complex capacitance function C*(w) =
C’ + jC" (w is the angular frequency) is of particular importance within the quantum
rate theory, as discussed in the context of Eq. 1.2. The complex capacitance function
is obtained from impedance measurements of the interface, permitting to obtain the
complex capacitance C*(w) = C' + jC” from the complex impedance Z*(w) = Z' + 72"
function from where C*(w) = 1/jwZ*(w) is obtained and in which j = /1. The real
C" = pZ" and imaginary C” = pZ’ components of C*(w) are hence directly calculated
from the measurable Z*(w) = Z' + jZ", where ¢ = 1/w|Z|? and |Z| is the modulus of
the impedance.

2.1.3 Raman Spectroscopic Analysis

Raman spectroscopy was employed as a structural spectroscopic method to validate the
configuration of the assemblies and characterize the formation of rGO from GO. Raman
spectra of the films were obtained using a Micro Raman spectrometer (LabRAM HR, Ho-
riba Jobin Yvon) equipped with an optical microscope to perform Raman measurements
with a spatial resolution of 1 ym 2 (objective lens of 50x). The spectral range that was
analyzed ranged from 1200 to 3000 cm ™!, meanwhile, a 29 mW HE-Ne laser (632.8 nm,
1.96 eV) was utilized.

2.2 3D GRAPHENE-BASED NANOCOMPOSITES ELECTRO-
DES PREPARATION

In the initial stage, a nanocomposite ink comprising rGO-PPD and activated carbon
was meticulously formulated by blending the composite in precise mass proportions: 15
wt% rGO-PPD, 80 wt% activated carbon, and 5 wt% polyvinylidene fluoride (PVDF).
This resulting composite was then homogeneously dispersed in a suitable quantity of
N-methyl-2-pyrrolidone (NMP) as the solvent. The formulated ink was subsequently
applied to 316 stainless steel current collectors (0.5 mm thickness, 15.8 mm diameter)
and allowed to undergo a controlled drying process overnight at 70°C. Following the
drying phase, the electrodes were meticulously assembled into coin-cell CR2032-type
cells, in a symmetric configuration utilizing an appropriate separator for both aqueous
and acetonitrile mediums. The electrolyte was then introduced into the assembled cells.
The finalized symmetric assembly was hermetically sealed using a manual hydraulic press.



2.2.1 3D electrodes electrochemical characterization

The fabricated coin-cell symmetric supercapacitor was tested in an operated potential
of 2 V. The energy density and power density of the symmetric supercapacitor were
determined from the charge-discharge experiments and calculated. Where, the Ecell) is
energy density of the cell in Wh kg™, C(cell) is specific capacitance in F g=') and P cell)
is power density W kg



3 Results and Discussion

The amine groups of the formed Au-cys-SAM interface were protonated at a pH of 2.5
and pKa of 7.6 following procedures reported in the literature 29| for positively char-
ging the amine groups in the cys-SAM structure. These positively charged centers are
susceptible to electrostatic interaction with negatively charged GO platelets, conducting
the attachment of graphene oxide platelets on the cys-SAM surface with suitable control
of the thickness as noted in reference [30]. As a result, this electrostatic self-assembly
procedure allowed us to prepare GO films by modifying Au-cys-SAM structures, permit-
ting the subsequent electrochemical reduction of the GO component of Au-cys-SAM-GO
films.

The purpose of reducing the GO electrochemically is to have better control of the
electronic defects formed on the GO attached to the electrode via the cys-SAM bridge. As
previously noted, the supercapacitance of rGO is fundamentally dependent on the degree
of reduction of GO [31, 32, 33|, which cannot be exclusively associated with the surface
area owing to the superposition of geometric/electrostatic C, and chemical/quantum C,,
capacitance, as predicted by the QR theory. To confirm this prediction of the theory, the
controllable electrochemical reduction of the GO in the interface is desirable to track the
modification of the electronic structure upon the measurement of the capacitance of the
interface using Eq. 1.2, where the interfaces were analyzed using the quantum RC circuit
viewpoint within Eq. 1.2.

Before presenting details of this quantum mechanical RC circuit analysis of the inter-
face, the structural and electrochemical characterization of the Au-cys-SAM-rGO films
using Raman spectroscopy and CV will be presented.

3.1 RAMAN SPECTROSCOPY AND CYcCLIC VOLTAMME-
TRY

The modification of cys-SAM with GO established through electrostatic interactions was
confirmed via Raman spectroscopy by comparing cys-SAM and cys-SAM-GO Raman
spectra, as indicated in green and orange in Figure 3.1a, respectively. From Figure 3.1aq,
it can be noticed that cys-SAM-GO film displayed a typical spectrum (using a 632.8
nm excitation laser [34]), which is characterized by two predominant bands, D and G,
located at approximately 1350 cm™! and 1614 cm ™1, respectively. Typically, the G band
is associated with the stretching of C-C bonds in sp? carbon pairs [35], and its intensity,
denoted as I¢, provides information about the sp? domains in the carbon lattice, whereas
the D band is associated with the presence of structural defects [36], corresponding to
sp? hybridization domains that occur owing to the higher concentration of oxygenated
groups. Accordingly, the intensity Ip of the D band is commonly used to estimate the
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Figura 3.1: (a) Normalized Raman spectrum of cys-SAM, cys-SAM-GO (denoted simply
as GO), and cys-SAM-rGO (denoted simply as rGO) structures compositions showing the
D and G bands. Samples were excited by using a 638 nm laser. (b) Typical CV response
of cys-SAM, cys-SAM-GO, and cys-SAM-rGO interfaces obtained at a scan rate of 0.1
V s7! in a potential interval ranging from -0.1 to 0.4 V wversus Ag|AgCl 3 mol L1 in
phosphate buffer used as as the electrolyte environment.

degree of structural disorder [37].

The electrochemical reduction of GO attached on Au-cys-SAM-GO interfaces is pri-
marily identified as small shifts in the maxims of the D and G bands, specifically, from
1350 ecm™! to 1324 cm ™! and from 1614 cm™! to 1588 cm™!, respectively. These shifts
are commonly observed in rGO obtained by the electrochemical reduction [36] of GO and
were detected in the Raman spectrum.

Important for the characterization of rGO are the changes in the Ip /I intensity
ratio [38]. The electrochemical reduction of GO to form rGO permits the elimination
of oxygenated groups from the surface and edges of the structure, generating dangling
bonds and atomic vacancies within the carbon lattice, leading to a disruption in the high
symmetry of the hexagonal atomic lattice. Presently, the Ip /I was measured as 2.18 +
0.08 for Au-cys-SAM-GO and 4.21 + 0.18 for the Au-cys-SAM-rGO films, which confirms
the increasing in the disorder level within the carbon lattice, consistent with literature’s
observations for the formation of rGO.

Hence, Raman spectroscopy permits characterizing the reduction of the Au-cys-SAM-
GO surface to Au-cys-SAM-rGO with the possibility of quantifying the number of defects
introduced by the reduction of GO through the analysis of the I /I ratio. Nonetheless,
the quantification of Ip/Ig ratio in correlation with the origin of the rGO supercapa-
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citance is not established since the origin of rGO supercapacitance is attributed to the
increasing in the surface area. Owing to this, the role of the defects on the supercapaci-
tance properties of rGO is not known and frequently disregarded. There are few works
addressing that the origin of the supercapacitance of rGO cannot be exclusively attribu-
ted to a large surface area and that the charging of the DOS must have an important
contribution. Furthermore, it has been demonstrated that the increasing of the electro-
active surface area upon the reduction of GO to rGO cannot per se quantitatively justify
the increase observed in the capacitance [31].

The differences in the electrochemical responses of Au-cys-SAM-GO and Au-cys-SAM-
rGO film structures can be evaluated by CV, as shown in Figure 3.1b, from which it can
be observed pronounced differences in the electric current responses versus the potential
of the electrode, from which averaged capacitance values per unit of electroactive area of
these film’s structures can be obtained as 39.1 & 4.2 uF cm™2 and 95.5 & 9.8 uF cm™2
for the Au-cys-SAM-GO and Au-cys-SAM-rGO films, respectively. Note that there are
no significant differences between Au-cys-SAM and Au-cys-SAM-GO films in terms of
the capacitance of these interfaces with the capacitance of Au-cys-SAM measured as 34.9
+ 3.4, slightly differing from 39.1 £+ 4.2 uF cm~2 measured for the Au-cys-SAM-GO.
The percentage difference is not higher than 12%, demonstrating an insignificant capaci-
tance contribution of the assembling of GO to Au-cys-SAM interface. On the other hand,
the reduction of the GO assembled to Au-cys-SAM film exhibited an averaged capaci-
tance value of 95.54 9.8 uF cm~2 that corresponded to a percentage difference of 173%
and is this capacitance contribution that turns the rGO structure into a supercapacitive
compound [31].

Although researchers are explaining this increase in the capacitance of rGO regarding
GO, considering a proportional increase in the electroactive area, up to now quantita-
tive analyses have not been conducted. Furthermore, this increase in capacitance cannot
be solely based on geometric arguments and is not sustainable, owing to being deta-
ched from an electronic structural change observed in the Raman spectroscopic analysis.
Additionally, the QR theory predicts the superposition of electrostatic e?/C,, and chemi-
cal/quantum e?/C, states, owing to the electric-field screening of the electronic charges
by the electrolyte.

This superimposed energy phenomenon is measurable as e?/C, ~ g.e?/C,, where
ge = 2 is the energy degeneracy associated with the superposition of the classical and
quantum states. Therefore, in agreement with the predictions of the QR theory, the
geometric and electronic states are intertwined, allowing the capacitance phenomenon
to be studied quantitatively by measuring the C; oc DOS within the interface. In other
words, the observed pseudocapacitive phenomena are owing to the occupancy of the DOS.

The occupancy of DOS states of rGO is the phenomenon that permits the supercapa-
citance of rGO compounds and has been previously suggested [31, 39, 40|, but detached
from a QR theoretical viewpoint. Nonetheless, the meaning of C, associated with a sig-
nificant pseudocapacitance contribution in the interface owing to the occupancy of e?/C,
states of electroactive chemical compounds assembled over electrodes has been demons-
trated. For instance, observe the case of redox-active monolayers [41, 18, 24, 21| and

12



Prussian blue compounds [42] that have been studied previously.

Before start analyzing the phenomenon from a QR viewpoint, note that although
CV methodology can characterize the observed increase in the capacitance, it is limi-
ted in providing physical insights on the mechanisms governing rGQO’s supercapacitance.
Owing to the nature of the quantum electrodynamics that follows F = hv = €?/C,
phenomenology, a time-dependent analysis is required to quantify the magnitude of the
capacitance and the charging electrodynamics, which requires measuring a particular re-
sistance quantum directly associated with the quantum capacitance of the interface. For
this, time-dependent electric spectroscopic methodology is the suitable approach because
it permits the evaluation of the complex capacitance of the interface, in agreement with
Eq. 1.2

Accordingly, the comparative time-dependent spectroscopic analysis of GO and rGO
structures will permit us to confirm the premises of the QR theory for the supercapaci-
tance phenomenon within rGO compounds, enlightening and demonstrating the quantum
mechanical origin of the supercapacitance phenomenon observed in rGO compounds.

3.2 THE PSEUDOCAPACITANCE OF RGO STRUCTURES

The pseudocapacitance nature of rGO is investigated in the following sections using
time-dependent spectroscopic analysis in which it is confirmed that the complex capa-
citive response of the Au-cys-SAM-rGO interface exhibited predicted semicircle-shaped
features that quantitatively follow a series RC circuit dynamics. The measurements were
conducted at the open circuit potential (OCP) of the interfaces, as shown in Figure 3.2a.

Following series RC circuit dynamics, the capacitance values are measured at the lower
frequency regime (w — 0) of each RC process, corresponding to the real component C’
of C*(w) measured in the lowest value of the semicircle, where the imaginary component
C” tends to null [16]. These values can be roughly estimated graphically (and more
precisely by an equivalent circuit analysis) by measuring the diameter of the semicircle.
Considering measurements conducted at three independent interfaces, an average capa-
citance value of approximately 17.8 & 0.41 uF cm™2 was measured for Au-cys-SAM films
compared to Au-cys-SAM-GO films , where the average capacitance value was 18.1 4+ 0.6
puF cm~2. These measurements demonstrate the negligible contribution of GO in incre-
asing the capacitance of the Au-cys-SAM interface, in agreement with the CV analysis
discussed previously. This negligible contribution of GO to the capacitance of the inter-
face was also observed by others [43] and has been attributed to the insulating dielectric
characteristics of the GO compounds owing to the presence of a higher concentration of
oxygenated groups.

The electrochemical reduction of the GO component at the Au-cys-SAM-GO interface,
resulting in a significant increase in capacitance, is confirmed by the Nyquist capacitance
spectrum shown in Figure 3.2a. This spectrum exhibits additional semicircle-shaped
contributions, indicating the presence of an additional series RC circuit component and
associated relaxation dynamics. The first RC relaxation dynamics has additional ca-
pacitance contributions compared to cys-SAM-GO interface within a total capacitance
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Figura 3.2: (a) Nyquist capacitive diagram obtained as described in the experimental
section, in agreement with Eq. 1.2, from where the quantum capacitance and quantum
RC dynamics of rGO compounds can be obtained and studied in detail. Note that the
capacitance spectra of the Au-cys-SAM interface are indicated as Cys whereas the Au-
cys-SAM-GO and Au-cys-SAM-rGO are denoted, respectively, as GO and rGO. Note
that the addition of GO to the Au-cys-SAM interface to form the Au-cys-SAM-GO film
has a negligible contribution to the total capacitance. On the other hand, upon the
reduction of GO to rGO there are additional capacitive contributions. (b) Corresponds
to the equivalent circuit of the interface, where the circuit within the green box indicates
the electrostatic charging contribution of Au-cys-SAM and Au-cys-SAM-GO interfaces,
whereas the series RC relaxations within red and purple boxes are additional contributions
owing to the reduction of GO to rGO in the interface.

of ~ 39.9 £ 0.75 uF cm~? whereas the second RC relaxation comprises a capacitance
(noted by the diameter of the second semicircle) of 40.4 + 3.1 uF cm™2. The total ca-
pacitance of about 80 uF cm™2 (as noted in the Nyquist plot) contribution corresponds
to a percentage increase of about 370% concerning capacitance (of about 17 uF cm™2)
of Au-cys-SAM/Au-cys-SAM-GO interface. It is difficult to interpret this increase by so-
lely considering an increase of the electroactive surface area owing to the electrochemical
reduction of the GO component of the interface [2, 44].

These experimental results and the observed trends are in agreement with impedance
spectroscopy analyses conducted by other authors [45, 46] where the capacitance obtained
at higher frequencies, here associated with the increasing of the total capacitance of
the first semicircle, with a capacitance of ~ 39.9 uF cm™2, was attributed, by others
authors, to the charging of oxidized sp? states, whereas the increment in the capacitance
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at lower frequencies, here represented by the contribution of the second semicircle, with a
capacitance of ~ 40.4 uF cm™2, was attributed to the formation of point and linear defects
within the basal plane and edges of the rGO structure, associated with the removal of
oxygenated groups upon the reduction of GO.

Note that each capacitive semicircle shown in Figure 3.2a can be associated with a
characteristic RC time constant 7. = RC' corresponding to a characteristic frequency of
w, = 271/7,, as illustrated in the capacitive Bode diagram of the Au-cys-SAM-GO and
Au-cys-SAM-GO films shown in Figure S1 of the SI document.

In the next section, each characteristic RC timescale (depicted in Figure 3.2a) will
be evaluated using a quantum RC circuit analysis combined with the QRS approach,
permitting us to remove the dielectric background signal contribution of the Au-cys-
SAM-GO interface from the Au-cys-SAM-rGO response. This allows us to access the
quantum RC dynamics separated from existing dielectric background parasitic signals.

3.3 TRADITIONAL EQUIVALENT CIRCUIT ANALYSIS OF
RGO SUPERCAPACITIVE FILMS

A traditional equivalent circuit analysis of the electric response of the interface is perfor-
med in this section. The analysis considers different RC electric relaxations of the inter-
face, i.e. those associated with the Au-cys-SAM-GO and Au-cys-SAM-rGO. Accordingly,
the equivalent circuit analysis incorporates circuit relaxation processes that account for
the background dielectric relaxation associated with the non-faradaic response of the Au-
cys-SAM-GO interface separated from the Au-cys-SAM-rGO pseudocapacitive (quantum
RC) relaxation responses.

The different series RC relaxations are noted in different colors in Figure 3.2, which
depicts the equivalent circuit of the interface considering the series R, component compri-
sing the solution/electrolyte and Au-cys contact resistances. The high-frequency static
capacitance of the film (dominated by the dipolar relaxation response of the Au-cys-SAM)
is represented by C),,, which is quite small compared with C}; and other capacitances of the
circuit. C,, is settled in paralell to a series R;C} circuit that represents the low-frequency
dipolar relaxation of Au-cys-SAM film [47, 48|. Parallel to R,C;, there is an additional
series of resistive-capacitive relaxation termed R;C; that accounts for the high-frequency
(first semicircle relaxation) quantum contribution associated with the charging of the
pseudocapacitive states of the rGO component of Au-cys-SAM-rGO interface after the
reduction of GO. Finally, the low-frequency charging contribution of pseudocapacitance
of the Au-cys-SAM-rGO is represented, in Figure 3.2b, as R, C,, which is also arranged
in parallel to R;C; and R;C} time constants.

Note, as shown in Figure 3.2a, that the fit of the Nyquist capacitive spectrum to
this equivalent circuit yielded a well-adjusted result with a confidence level of 99%. The
averaged values of each circuit element, from the analysis of three different Au-cys-SAM-
rGO films, are shown in Table 3.1. The fitting strategy consisted of initially fitting the
cys-SAM spectrum separately (see ESI document for more details) aiming to estimate the
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values of the circuit elements indicated in the green box of Figure 3.2b, which corresponds
to a circuit relaxation process that models the dipolar relaxation response of a dielectric
component of the cys-SAM. This procedure was better discussed in previous works [48,
47].

As the values of Au-cys-SAM-GO were not significantly different from that of Au-cys-
SAM!, the values of C,,, R, and C, were estimated from the fitting of Au-cys-SAM and
considered as initial parameter values for the fitting of the entire equivalent circuit of the
Au-cys-SAM-rGO interface, from which quantum RC characteristic time constants R;C)
and R,C, were 'separately’ evaluated. The R,C, corresponded, in agreement with the
QR theory, to the measurement of the quantum rate (or to the quantum characteristic RC
time constant) and consequently permitted the quantification of the quantum electrody-
namics associated with charging electronic defects within the rGO chemical structure
owing to the reduction of GO.

Tabela 3.1: Circuit Parameters fitted using the equivalent circuit presented in Fig.4b. T
refers to the mean average value and oz refers to the standard error of the mean of the
three independent junctions that comprises a rGO-nanofilm attached over a cysteamine
monolayer

Parameter T oz

Rs (k) 0.109 0.004
Cr (uF cm™2) 0.02 0.003
Ry (k) 0.002 0.0001
Cy (uFem™2) 17.38 0.94
R; (k) 0.063 0.013
Cy (uF cm™2) 22.47 2.62
Ry (kQ) 3.957 0.265
Cy (uF em™2) 43.68 2.87

In other words, the capacitance spectrum recorded for Au-cys-SAM-rGO was fitted
considering the contribution of Au-cys-SAM-GO separately with additional contributions
comprising R;C; and R, C, branches added a posteriori, as noted, respectively, in the red
and purple boxes of Figure 3.2b.

It is now important to comment on the meaning of the series resistance to the analysis
of the relaxation processes in the traditional circuit analysis. The resistance quantum
R, x h/e*, as demonstrated in previous works, is given by the limit of the total series
resistance of the interface, i.e. R, = R; + R,,, where R, corresponds to the quantum
resistance (R; or R,) of each RC circuit branch considered in series to the R,. Therefore,
by computing the total series resistance R, of each RC circuit branch, in which w7 is the
governing dynamics, the resonance process implies that wr = 1 and f = 1/27x7 (owing
to w = 2nf), from which a characteristic 7 = 2rR,C,, can be obtained associated with
each RC time constant, as indicated in Figure 3.2b, permitting to evaluate separately
each relaxation process of the interface.

IThe capacitive contribution of GO added to Au-cys-SAM is negligible, as demonstrated in the SI
document.
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Accordingly, for each RC time constant, considering the effect of the series resistance
R, the R, = Rs+ R, can be evaluated. By calculating the R, associated with the branch
enclosed in the red box, corresponding to 7, an average value of R, = 2n(Rs+R;) = 0.172
+ 0.024 k€2 is obtained, which is different of the quantum limits of ~ 12.9 k() (regarding
electron spin dynamics, as as proposed by Landauer [49]) or ~ 25.8 k) (disregarding
electron spin dynamics, thus a value referred to Rx and known as the von Klitzing
constant [50]).

On the other hand, by analyzing the electric relaxation comprising the RC time cons-
tant depicted in the purple box of Figure 3.2b, associated with the lower frequency res-
ponse of the Nyquist capacitive spectrum of Figure 3.2a, a R, = 2w(Rs + Ry,) ~ 25.57
k() is obtained, corresponding to the von Klitzing constant Ry within 1% of error, which
is in agreement with the QR theory.

In summary, the traditional equivalent circuit analysis conducted in this section de-
monstrates that the charging process of rGO compounds follows quantum RC dynamics
at the lower frequency limit of the complex capacitance spectrum, confirming that the
capacitance nature associated with the reduction process of GO is a pseudocapacitance
with a quantum mechanical characteristics that correlates with the DOS within a charging
dynamics controlled by Cj.

In the following section, it will be investigated the RC relaxations present in the rGO
separately from the RC relaxation of Au-cys-SAM-GO interface. This will be conducted
by employing a spectroscopic subtraction of RC relaxation of Au-cys-SAM-GO interface
from that of Au-cys-SAM-rGO, in which theoretically only rGO relaxations would re-
main. By employing this procedure, astonishingly, it will be demonstrated that both
remaining relaxations of rGO incorporate only quantum mechanical relaxation contri-
butions, demonstrating that reduction of GO to rGO permits the creation of quantum
mechanical states that upon time-dependent perturbations follow quantum RC dynamics
predicted by the QR theory.

3.4 QUANTUM RATE SPECTROSCOPIC ANALYSIS OF THE
RGO

To confirm that the electrodynamics required for charging rGO supercapacitive states
follows the QR model within quantum electrodynamics that is responsible for the observed
increase of the capacitance upon the reduction of the GO component of the interface, the
capacitance spectrum of the Au-cys-SAM-rGO interface was analyzed in this section
analyzed using QR spectroscopic principles. This corresponds to the use of the response
of the Au-cys-SAM-GO interface as a background signal that can be subtracted from the
total Au-cys-SAM-rGO spectral response of the interface.

The subtracted Nyquist and Bode spectra are shown comparatively to the entire res-
ponse in Figure 3.3. As can be seen, the resulting subtracted response that corresponded
to the sole response of the rGO compound can be fitted to the Eq. 1.2 (see more details
in the SI document), clearly demonstrating that the electrodynamics for charging the
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supercapacitive states follows the QR theory. Although this was confirmed in the last
section, where it was demonstrated that the pseudocapacitive nature of the capacitance
associated with the lower-frequency quantum RC relaxation process is related with char-
ging the DOS owing to the nature of C, that is directly proportional to the DOS, the RC
analysis of the higher-frequency process was not resolved as having a quantum mechanical
nature.

The spectroscopic analysis depicted in Figure 3.3a enabled us to obtain solely the
quantum mechanical energy state contributions of the Au-cys-SAM-rGO interface sepa-
rated from the dielectric parasitic contribution of the Au-cys-SAM-GO interface, with the
latter being employed as a background signal that was spectroscopically removed. After
the spectroscopic subtraction, it is evidenced that the classical dielectric RC response
of Au-cys-SAM-GO was interfering with and preventing the nature of the quantum RC
relaxation at the higher-frequency region of the capacitive spectrum to be detailed and
analyzed. The successful spectroscopic subtraction of this parasitic signal from the total
RC response of the Au-cys-SAM-rGO interface crystal-clearly revealed that the reduction
of GO is associated with measurable and chargeable quantum mechanical energy states,
as will be demonstrated as follows, demonstrating the limitations of using a traditional
equivalent circuit analysis (as conducted in the previous section) to study quantum RC
contributions at higher frequencies owing to the reduction of GO to rGO.

Note that the spectroscopic analysis conducted in this section is similar to that per-
formed in redox-active Azurin protein films 41|, where the redox-active quantum capaci-
tance of the interface was subtracted from the non-faradaic response. This analysis and
the meaning of the non-faradaic RC relaxation process were reviewed in reference [51]
and will not be discussed here.

Nonetheless, which is important to be noted is the certainty of the equivalent circuit
that predicted parallel RC series relaxations and it was solely owing to this certainty
that the effective spectroscopic subtraction of the Au-cys-SAM-GO dielectric contribution
from the total Au-cys-SAM-rGO response was successfully conducted. The remaining RC
relaxation processes comprising two quantum RC relaxations (see Figure 3.4), constitute
the response of the quantum mechanical states associated with two electronic defects
within the rGO structure that can now be analyzed spectroscopically in detail. Each of
these quantum RC responses corresponds to two quantum rate states 14 and v, identified
in Figure 3.3a at ~ 380 and 13 Hz, respectively.

It is possible to assign these two quantum RC relaxations processes, corresponding to
two energy states £y = e?/C, 1 and Ey = €*/C, 5 within vy o €?/hC, 1 and vy x €2 /hC, 2,
respectively, accessible rates attributed to two types of electronic defects within the rGO
electronic structure, as theoretically identified in the works reported in the literature [52,
53, 45], corresponding to two electronic induced defects owing to the reduction of the GO
to rGO, in which one of these is a linear-type defect (F;) within the edges of the rGO
sheets and the other (F») is a point-type structural defect within the basal plane.

The assignment of these structural defects associated with the electronic type of de-
fects observed by the QR spectroscopic analysis requires more studies either experimental
or theoretical to confirm to which structural defect they are correlated. However, it is im-
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portant to note that Fy contributes at lower frequencies, producing a higher contribution
to the total capacitance upon the electrochemical reduction of GO.

Following the main purpose of the present work, it is now possible to definitively
prove that both F; and E; energy states have a quantum mechanical nature, which can
be demonstrated by investigating the supercapacitance nature of the rGO associated with
the resistance to charging the identified quantum states. Similarly to pseudocapacitance
measured in redox-active monolayers within a quantum mechanical nature associated
with a measurable C;, [51] the resistance to charge these states must be an integer number
of the resistance quantum h/e*. As shown in Figure 3.3, both Bode (Figure 3.3a) and
Nyquist (Figure 3.3b) diagrams can be suitably fitted to Eq. 1.2, from which a C,, and C,,
are obtained with v; = €?/hC,, = 1/R,C,, and vy = €*/hC,, = 1/R,C,, characteristic
frequencies. The proof of this nature can thus be conducted by fitting the subtracted
capacitance spectrum to Eq. 1.2, considering two relaxation processes with 71 and 75 (see
section S2 in SI document for more details), from where R,, o ¢*/h and R,, x €*/h must
be obeyed within the QR theory.

For instance, to calculate the resistance R, associated with the relaxation process
at lower frequencies from the fitting with Eq.1.2, the values of characteristic time 7 =
0.0105 s and not-normalized capacitance Cyo = 2.55 uF (A, = 0.058 cm?), as presented in
Table S1, were utilized. In this case, the calculation was conducted using the expression
R,, = 2n1,/C,,, which was derived from term w7 = 1 in Eq.1.2, where the w characteristic
angular frequency is given by w = 27v. Hence, the values, obtained from this fitting (see
SI document), are confirmed to be R, = 277/C, = €?/h ~ 25.8 kQ, corresponding to
the von Klitzing constant Ry [50] in both higher and lower frequency RC dynamics
and hence confirming that the charging dynamics of the F; and F, energy states of
rGO obeys quantum electrodynamics phenomenology within the QR theory, following
a quantum RC dynamics. This confirms that the classical premises that explain the
supercapacitance of graphene based solely on the contribution of the electroactive area is
per se not sustainable.

The changes of the capacitance spectrum upon the reduction of GO to rGO are
hence undoubtedly associated with the reduction process of the GO, as also reported by
others [52, 43|, which from a chemical viewpoint can be attributed to the restoration of
sp? carbon domains associated with the removal of oxygenated groups upon the reduction
of GO [52] with the occupancy of electronic states, leading to a mixed-valence within the
carbonaceous structure of the rGO. This recovery of sp? carbon domains from sp? involves
the electronic occupation of certain energy F,, = €*/C,, and E,, = ¢*/C,, states that are
observed here as quantum RC relaxations, in agreement with the QR theory. The QR
theory and this type of quantum RC dynamics do not apply only to rGO but were also
previously observed in redox-active monolayers [17], molecular electronics [54, 55| driven
in electrolyte environment and single-layer graphene [15].

Finally, observe that such as in the case of single-layer graphene [15] and the mole-
cular electronics of organic semiconducting (heterocyclic) molecules [54], the electronic
coupling of rGO pseudocapacitive states to the probe electrode is adiabatic (correspon-
ding to setting >, T,,(1) = 1, i.e. the transmittance of the electron as a wave is not
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attenuated), in contrast with the non-adiabatic coupling of diffusionless electrochemi-
cal reaction [17], which is essentially driven by an electron tunneling term of the type

N Tw(p) = exp(—BL) [17], in which 3 is the term that accounts for the nature of
the potential barrier height of tunneling process and L for the length of the barrier in
diffusionless redox reaction dynamics.

In summary, the analysis conducted in this work demonstrates that the phenomenon
governing the supercapacitance properties of rGO is not exclusively associated with an
increase in the electroactive surface area of rGO, but it is a result of the superposition
of the electrostatic and quantum mechanical states within an electrochemical interface
that is majorly pseudocapacitive in nature owing to be associated with the occupancy of
electronic states of a structurally defective (mixed valence) DOS of the rGO. Because of
the energy degeneracy existing between classical e?/C., (electrostatic) and quantum e*/C,
capacitive states of the interface, the dominant equivalent electrochemical capacitance
state of the interface €?/C, is accessible and quantitatively equivalent to e?/C,, allowing
us to directly measure a quantum electrodynamics phenomenon governing the charging
process of the interface.

3.5 3D SUPERCAPACITORS ELECTRODES CHARACTERI-
ZATION

The principal methodologies utilized for characterizing the performance of supercapaci-
tor devices encompass galvanostatic charge/discharge (GCD), and electrochemical im-
pedance spectroscopy (EIS). Fundamentally, these techniques facilitate the derivation of
essential parameters, including the potential window (operational potential), total equiva-
lent series resistance (ESR), and capacitance. Additional characteristics, such as specific
capacitance, energy density, and power density, can be deduced from these fundamental
parameters. In our configuration systems, the outcomes of GCD experiments are presen-
ted in Table 3.2, where parameters involving a potential range of 1.7 V and a fixed current
density of 1.0 A g~! were applied. Specific capacitance values were achieved, significantly
surpassing literature-reported values of around 70 F/g~! at the same current range for
activated carbon-activated electrodes, same here in our study. When we compare the re-
sults of rGO —PPD//rGO — PPDymmetric and CoHCF —rGO/ /rGO — PP D gssymmetric
both have superior specific capacitance then activated carbon configuration, 120 and 160
g~ !, respectively. Another key aspect was the results was the excellent cycling stability
after 10,000 cycles, with 96 % for rGO — PPD//rGO — PP Dy mmetric While 94 % in
CoHCF —rGO//rGO — PPD ussymmetric- When evaluated the power density, the rGO-
PPD symetric composition demonstrated the highest value, 19.35 Wh / kg~! . Our initial
findings hold significant promise and are expected to contribute substantially by addres-
sing uncertainties and discrepancies in current literature, with the potential for impactful
publications. Notably, our fundamental study has garnered attention from Empresa Bra-
sileira de Aeronautica S/A (EMBRAER), a civil aviation company, expressing interest
in our 3D symmetric supercapacitor devices utilizing modified graphene materials. The
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positive outcomes observed in our results have heightened anticipation for the practical
applications of this research.

Tabela 3.2: Performance results derived from galvanostatic cycling for various supercapa-
citor configurations at Potential range of 1.7 V and 1.0 A/g~! current density. Retention
after 10,000 cycles.

Dispositive device configuration Specific | Energy power Retention
capa- density | den- (%)
citance (Wh sity (W
(Fe(") |ke™) | ke

Activated Carbon (AC)//Activated Carbon | 64.4 6.7 12.20 80

(AC) symmetric

rGO-PPD//rGO-PPDgsymmetric 120 9.4 19.35 96

CoHCF-rGO/ /rGO-PPDgssymmetric 160 9.4 12.35 94
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Figura 3.3: QR spectroscopic analysis of Au-cys-SAM-GO and Au-cys-SAM-rGO interfa-
ces. (a) Imaginary Bode capacitance spectra are shown Au-cys-SAM-GO (denoted simply
as GO) and Au-cys-SAM-rGO (denoted as rGO) interfaces. The capacitance spectra dif-
ference, blue circles, correspond to the subtraction of the Au-cys-SAM-GO spectrum to
the total capacitance spectrum of the Au-cys-SAM-rGO interface. The procedure corres-
ponds to the use of the spectrum response of Au-cys-SAM-GO interface as a background
signal. The fitting indicated in the red curve corresponds to the adjustment of the re-
maining spectrum to two quantum RC circuit relaxations, in agreement with Eq. 1.2.
As can be noted, the subtraction does not affect the characteristic relaxation frequencies
related to the contribution of the electronic structure of rGO owing to the electrochemical
reduction of GO. (b) Comparisons of the Nyquist capacitive plots of Au-cys-SAM-GO,
Au-cys-SAM-rGO with the resulted spectrum (blue curve) obtained from the subtraction
of Au-cys-SAM-GO to the Au-cys-SAM-rGO total response of the interface. Note that
the fitting to two parallel quantum RC circuits, following Eq. 1.2 (see SI document for
more details), leads to an excellent statistical agreement with R? = 0.999 in which, in
both quantum RC circuit relaxation times, there was an associated (measurable) quan-
tum resistance of h/e? ~ 25.8 k.
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Figura 3.4: Parallel quantum RC circuit dynamics describing the two quantum RC rela-
xation processes experimentally observed and associated with the quantum mechanical
states of the rGO electronic/structural defects. Note that this equivalent quantum RC
circuit fits quite well (see SI document for more details) the subtracted complex capaci-
tance spectroscopic response shown as the difference (blue circles) in Figure 3.3b. Each
of these quantum RC dynamics corresponds to a type of electronic defect within of rGO’s
electronic structure that is experimentally accessible by the QRS, as demonstrated here.
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4 Conclusions

In summary, the investigation focused on nanoscale junctions formed by rGO-nanofilms,
electronically coupled to conducting electrodes via molecular bridges. The study em-
ployed Quantum Rate Spectroscopy (QRS) methodology based on impedance measure-
ments in an electrolytic medium. The supercapacitance exhibited by rGO was attributed
to a pseudocapacitive phenomenon resulting from defects induced by the electrochemical
reduction of GO structures. These defects were associated with point and linear defects
in the graphene structure. The capacitance spectrum revealed two relaxation processes,
indicating the modification of the electronic structure by reducing GO.

Additionally, the study uncovered relativistic quantum dynamics in the electron com-
munication between electrode and rGO nanofilm states. The electron DOS function
of 1GO-nanofilms was resolved through C, response, showing agreement with DFT-
calculated DOS profiles. QRS not only probes electrodynamics but also characterizes
electronic structures in mild experimental conditions. The analysis of G-response de-
monstrated the QRS methodology’s ability to access quantum insights, revealing an ad-
ditional quantum degeneracy (g,, = 3) associated with distinct electron transport modes
in rGO nanofilms.

Transitioning to energy storage, the use of 3D supercapacitors-based rGO-PPD com-
posites as potential alternatives to lithium encountered interest. Symmetric and hybrid
supercapacitors with high energy and power densities were developed, emphasizing the
importance of reproducibility and electrode mass compatibility for future advancements.
Despite ongoing analysis, some experimental results are still under discussion, requi-
ring additional time for a thorough examination and theoretical analysis. This research
provides a novel approach to understanding and interpreting quantum phenomena in
graphene-derived structures, offering insights into the design of high-performance energy
storage devices.
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are equipped with a Raman spectrometer and other essential resources.
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September 2022. (see attachment)
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Universidade Estadual de Campinas
A Escola de Extensdo da Universidade Estadual de Campinas declara para os devidos fins que

THAMYRES FERNANDES MESSA MOREIRA

brasileira, natural do Estado do Espirito Santo, nascida a 22 de Julho de 1990, RG: 2310559-ES, concluin o curso de Difusdo

DESVENDANDO TECNOLOGIAS DA ELETRIFICACAO DOS TRANSPORTES
POR GERACAO EMBARCADA

ministrado pela Faculdade de Engenharia Elétrica e Computagio, no periodo de 15/04/2023 a 30/04/2023, com carpa horaria total de 16
horas aula, tendo cumprido a frequéncia minima para aprovagio no curso.

Cidade Universitaria “Feferino Vaz®, 27 de Novembro de 2023,
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Profiessor Doutor Guillerme Jost de Castilho 2

- g Coordenador da Eseola de Extersin

Figura 7.1: DESVENDANDO TECNOLOGIAS DA ELETRIFICACAO DOS TRANS-
PORTES POR GERACAO EMBARCADA. Escola de Extensao da Universidade Esta-
dual de Campinas. 15/04/2023 to 30/04/2023, 16 total hours
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