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Supercapacitors have emerged as a critical energy storage technology due to their high-power density, rapid
charge-discharge capabilities, and long cycle life. However, their energy density remains a limiting factor for
widespread application. To address this, researchers have explored advanced electrode materials, particularly
carbon-based structures such as graphene, carbon nanotubes, and activated carbon (AC). To enhance
capacitance and stability, these carbon structures have been modified with metal oxides. Titanium dioxide
(TiO,) has gained attention due to its pseudocapacitive behavior and chemical stability. Atomic layer deposition
(ALD) offers a precise and conformal method for depositing TiO, on porous carbon substrates, enabling
controlled modification of electrochemical properties. This thesis focuses on the synthesis of TiO,-coated AC
via ALD on industrially available YP-80F carbon (Kuraray) for application as a negative electrode in
supercapacitors. The study aims to investigate the influence of ALD parameters (such as deposition
temperature and number of cycles) on the electrochemical performance of TiO,-coated AC electrodes. The
resulting TiO,-AC electrodes are then evaluated against unmodified YP-80F using cyclic voltammetry, gal-
vanostatic charge-discharge, and capacitance retention tests. Subsequently, different material
characterization techniques (FESEM, EDX, XRD, Raman spectroscopy, and ellipsometry) are employed to
investigate the structure and morphology of the fabricated electrodes and ALD

Based on the work conducted, the electrochemical improvement provided by ALD TiO, coating was
minimal. In device configuration, the best-performing sample (140°C—-40 Cycles) showed only a 4.5% increase
in specific capacitance (27.9 F/g) compared to bare YP-80F (26.7 F/g), while three-electrode CV revealed an
18.3% improvement for the 100°C-10 Cycles sample (89.9 F/g versus 76.0 F/g for bare AC). Capacitance
retention improved marginally from 95.7% for bare AC to 101.3% for 100°C-10 Cycles and 97.8% for 120°C-
40 Cycles after 10,000 cycles. EDX weight percentage results showed a successful ALD operation, but without
confirming coating conformality or morphology. Raman and XRD analyses indicated the deposited TiO, was
amorphous. Thus, this work tentatively suggests that TiO, ALD provides only minimal performance
enhancement. However, this cannot be considered an established conclusion due to insufficient sample
replication, inconsistent electrochemical testing conditions, and limited advanced structural characterization.
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1. INTRODUCTION

The global transition toward renewable energy sources and the proliferation of porta-
ble electronics, electric vehicles, and grid-scale storage systems have intensified the
demand for advanced energy storage technologies that deliver both high power and high
energy density [1], [2], [3]. Among electrochemical energy storage systems, supercapac-
itors have emerged as a critical bridging technology, offering exceptional power densities
(1-10 kW/kg) [4], ultrafast charge—discharge capabilities, and long cyclability (>10°) [5].
For industrial applications demanding long-term reliability, including self-powered WSNSs,
energy-autonomous loT devices, and flexible wearable electronics, supercapacitors
(SCs) have emerged as the preferred energy storage solution [6], [7], [8].

The electrochemical performance of supercapacitors is fundamentally governed by
electrode architecture and the nature of charge storage mechanisms. Electric double-
layer capacitors (EDLCs), the most common supercapacitor type, rely on the electro-
static separation of charges at the electrode—electrolyte interface. This physical adsorp-
tion process, while enabling rapid energy delivery and exceptional reversibility, is inher-
ently limited by the available surface area and the interfacial capacitance. [9]

Activated carbons (AC) have become the most common electrode material of choice
for EDLCs due to its large specific surface area, hierarchical pore structure, good elec-
trical conductivity, chemical resistivity to various electrolytes and cost-effectiveness [10].
YP-80F is a commercial, coconut-shell derived AC and the industry standard for high-
performance EDLCs, designed for higher power capabilities while exhibiting excellent
performance, reliability, and stable quality in aqueous symmetric supercapacitors [11],
[12]. Nevertheless, the purely electrostatic nature of charge storage in AC-based EDLCs
imposes a limitation on energy density that cannot be overcome through structural opti-
mization alone [13]. The functional groups on AC can also promote detrimental side re-
actions with the electrolyte, resulting in capacity loss, increased leakage current, and a
limited voltage window [14].

To overcome this limitation in AC-based supercapacitors, approaches center around
introducing Faradaic reactions to increase energy storage. This involves integrating
pseudocapacitive materials like metal oxides, into the carbon framework, along with func-

tionalization for improved wettability [15]. Pseudocapacitance, unlike EDLC, arises from



fast and reversible Faradaic redox reactions at or near the electrode surface. Pseudo-
capacitors can exhibit a capacitance 10-100 times greater than that of EDLCs. The com-
bination of Faradaic processes with EDL charging significantly boosts an electrode's
specific capacitance. [16]

Transition metal oxides (TMOs) represent a particularly promising class of pseudo-
capacitive materials, offering multiple oxidation states that enable efficient electron trans-
fer and proton-coupled charge storage mechanisms [17]. Among TMOs, titanium dioxide
(TiO;) has garnered significant attention for supercapacitor applications due to its natural
abundance, low toxicity, exceptional chemical stability [18], and versatile pseudocapac-
itive behavior rooted in the Ti**/Ti** redox couple [19], [20]. The ability to fabricate TiO,
in various nanostructural forms 0D nanoparticles [21], 1D nanotubes [22], 2D nanosheets
[23], and 3D composites [24] further enhances its adaptability to diverse electrode de-
signs.

However, the practical application of TMOs is severely limited by intrinsic issues, pri-
marily their low electrical conductivity. This creates hurdles for charge carrier exchange
between the electrode and electrolyte restricts electron transfer rates, and results in low
power density. Furthermore, TMOs suffer from poor cyclability caused by structural in-
stability, particle swelling, agglomeration, and morphological degradation during charge-
discharge cycles. [25] [26]

To overcome these limitations, a common strategy is to integrate TMOs with conduc-
tive carbon substrates [27]. Research has concentrated on utilizing high-porosity, three-
dimensional (3D) carbon nanostructures like AC. By depositing TMOs onto these frame-
works, the electrode-electrolyte interfacial area is enlarged and ion diffusion paths are
shortened, enabling rapid charge diffusion and transportation [28]. However, conven-
tional TMO deposition methods often lead to non-uniform dispersions, poor interfacial
contact, and excessive material loading, while thick oxide layers can block ion pathways
within the porous carbon network, counterproductively reducing the accessible surface
area [29] [30]. These issues highlight the need for precise control over oxide deposition,
both in terms of thickness and conformality, to achieve the optimum effect where the
carbon scaffold provides rapid electron transport and the ultrathin oxide contributes
pseudocapacitance without impeding ion diffusion or blocking pores.

Atomic layer deposition (ALD) has emerged as an exceptional thin-film deposition
technology due to its Angstrom-scale thickness control and perfectly uniform, conformal
coatings on complex 3D structures [31]. For supercapacitor electrodes, this means the

deep pores of a high-surface-area carbon substrate can be uniformly coated with an



ultra-thin, continuous oxide layer. This precision could enable exact tuning of the pseu-
docapacitive material, optimizing the balance between added charge storage and the
preservation of the carbon's intrinsic double-layer capacity.

While ALD has proven highly successful in enhancing energy storage materials by
widening voltage windows with dielectric coatings and boosting capacitance with pseu-
docapacitive oxides [32], the systematic exploration of ALD-TiO, on industrially relevant,
commercial ACs remains limited. Further investigation is needed to understand how ALD
parameters affect coating properties and electrochemical performance within these com-
plex porous structures. Initial work by Vitto et al. reported on the development of an ALD
process for TiO, on porous AC and investigated the influence of precursor pulse duration
and film thickness on deposition behavior within the AC structure [33]. However, their
study evaluated the performance of TiO, in positive voltage window with symmetric su-
percapacitor configurations.

Building upon this foundation, this research aims to extend the investigation by exam-
ining the performance of the TiO,-AC composite as a negative electrode. To systemati-
cally explore this application, the study examines key ALD parameters, i.e. deposition
temperature and number of cycles, and comprehensively evaluates the resulting mor-
phological, structural, and electrochemical properties. Critically, the composite is tested
in asymmetric supercapacitor devices, contrasting with the symmetric configurations pre-
viously used. This research is motivated by the hypothesis that ultrathin, conformal TiO,
coatings can enhance the electrochemical performance of commercial activated carbon
electrodes by adding pseudocapacitance. The findings aim to contribute to the develop-

ment of high-performance, cost-effective, printed, and flexible supercapacitors.

1.1 Aim and scope of the thesis

This thesis is conducted as a part of the ARMS project (Atomic layer-coated gRaphene
electrode-based Micro-flexible and Structural supercapacitors), which aims to develop
eco-friendly supercapacitors with energy densities exceeding 50 Wh/kg by integrating
graphene-rich bio-based carbon materials with ultrathin ALD technology. Accordingly,
this thesis focuses on ALD-TiO, coatings on the commercial AC YP-80F for use as a
negative electrode in asymmetric SCs. To guide this investigation, the following research

questions are addressed:

o Does the ALD-deposited TiO, coating contribute pseudocapacitance to the AC

electrode?



How does the electrochemical performance of the ALD-modified TiO,-AC elec-
trodes compare to that of pristine AC, and what are the optimal ALD parameters

for performance enhancement?

What are the structural and morphological changes induced by varying the num-
ber of ALD cycles and the deposition temperature on the YP-80F, and how do
these changes affect the electrochemical performance of the resulting TiO,-AC

composite?

To answer these questions, this work is structured around four interconnected aims:

1.

Synthesis and Fabrication: Systematically vary key ALD parameters, i.e. tem-
perature and number of cycles, to produce a series of coated samples for com-

prehensive analysis.

Electrochemical Characterization: Test the electrodes in three-electrode and
two-electrode asymmetric configurations to measure key performance metrics,
including specific capacitance, charge storage behaviour, cyclic stability, and im-

pedances.

Material Characterization: Analyse the synthesized composites Raman spec-
troscopy, X-Ray Diffraction (XRD), ellipsometry (TiO, thickness), Field Emission
Scanning Electron Microscopy (FESEM), and Energy-Dispersive X-Ray spec-
troscopy (EDX) to quantify the impact of ALD on the carbon substrate and coating

properties.

Data Analysis and Interpretation: Integrate and analyse all experimental data
to determine optimal deposition conditions and to establish a coherent explana-
tion linking ALD process parameters, material properties, and electrochemical

performance.

Guided by these aims, this thesis works to answer the proposed research questions and

understand the structure-performance relationship for ALD-deposited TiO,-AC elec-

trodes, with the expectation that TiO, will contribute pseudocapacitance to enhance

overall charge storage while preserving the conductive carbon framework. By addressing

these questions, this study aims to provide critical insights into the ALD engineering of

metal oxide coatings on activated carbons; an underexplored topic, and to motivate fur-

ther research into ALD-enhanced carbon composites for next-generation energy stor-

age.



1.2 Structure of the thesis

This thesis begins with the introduction provided above. Chapter 2 outlines the relevant
theoretical background, aiming to equip the reader with the necessary foundation to bet-
ter understand the subsequent literature review and experimental analysis. The chapter
first explains the working principles and charge storage mechanisms of supercapacitors.
It then details the theory and operation of the characterization techniques used in this
work. Chapter 3 constitutes the literature review, which systematically builds the re-
search rationale. It progresses from a broad overview of carbon materials to a specific
focus on ACs. The review then examines TMOs, narrowing down to TiO,, before estab-
lishing the rationale for employing ALD. The chapter concludes with a survey of prior
studies on using ALD to modify ACs for supercapacitor applications. Chapter 4 details
the experimental methodology, including electrode ink formulation, pouch cell fabrica-
tion, and the characterization procedures and the characterization procedures. Chapter
5 presents the experimental results and discusses their interpretation. Chapter 6 pro-
vides the conclusions drawn from the research, critically reviews the limitations of the
study and discusses potential improvements can be made, suggesting directions for fu-

ture research.



2. FUNDAMENTALS AND CHARACTERIZATION
THEORY

To meet the growing global demand for efficient and sustainable energy, advanced en-
ergy storage systems are increasingly critical. Among these, supercapacitors (or ultra-
capacitors) have gained prominence by bridging the gap between traditional capacitors
and batteries, combining high power density, rapid charge-discharge capability, substan-
tial energy storage, and exceptional cycle life [34]. Supercapacitors are mainly classified
based on their charge-storage mechanisms, namely EDLC, pseudocapacitors, and then
hybrid supercapacitors which are a combination of both mechanisms, as shown in Figure

1, along with the materials associated with each charge-storage mechanism.

Supercapacitors
I _l% |

EDLC

Pseudo Hybrid

Electrostatically charge Electrochemical Both Electrostatic and
storage Charge Storage Electrochemical
(Helmholtz Layer) (Faradaic Reaction) Charge Storage

\ I \
[ |
Carbon Structure Metal and Transition i Asymmetric Battery-type
; Conducting Polymers A
Based metal oxides (EDLC + Pseudo) (Intercalation)

Figure 1. Classification of supercapacitors [35]

This chapter proceeds by describing these charge storage mechanisms. It then dis-
cusses the electrochemical evaluation techniques for supercapacitors, and finally de-
scribes the necessary material characterization techniques used to analyze their struc-

tural and morphological properties.

21 EDLC

Before discussing EDL phenomenon, it is important to understand the basic plate capac-
itor model, because all subsequent models for describing EDLC behavior are derived
from this principle [36]. The simplest capacitor consists of two parallel conducting plates
separated by a dielectric insulator. Applying a voltage accumulates opposite charges on
the plates, creating a static electric field. Its capacitance (C), defined as the ratio of stored

charge (Q) to applied voltage (V), is given by:
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€=y =¢é&7 €y,

where g, is the vacuum permittivity, € is the dielectric's relative permittivity, A is the plate
area, and d is their separation. This linear relationship between voltage and stored
charge is a key characteristic for capacitive storage, as it does not hold valid for batteries
and other energy storage systems [37]. This parallel-plate model also assumes A >> d

and negligible fringing fields. The stored energy is:

E= 1CV2 (2)
2

Similarly, EDLCs store energy electrostatically at the electrode/electrolyte interface.
Electrolyte ions with a charge opposite to the electrode are attracted to its surface, while
those with the same charge are repelled, forming two distinct, parallel charge layers sep-
arated by a nanometer-thick solvent-based dielectric [38], [39], [40], [41]. Unlike tradi-
tional capacitors however, EDLCs achieve significantly higher energy storage due to two
factors: the extremely small separation between these charge layers and the use of po-
rous, high-surface-area electrode materials that provide a greater number of charge stor-

age sites [42].

The first and simplest model describing the EDL was proposed by Hermann von Helm-
holtz (Figure 2a) in 1853 to originally explain the distribution of charges at colloid inter-
faces [36]. It was later adapted for electrode interfaces [36]. It precisely postulates that
the charges on the electrode side are balanced by a dense layer of counter-ions on the
electrolyte side. Thus, compact layer of electrolyte ions forms adjacent to the electrode
surface. It also proposes a linear decay of electric potential across this electrode-elec-
trolyte interface, and that its areal capacitance (also called the Stern layer capacitance)
is determined solely by the electrolyte's dielectric constant and the effective charge sep-

aration distance [36]. The equation for Stern layer capacitance is given below:

m|£’
M
=

(3)

where H is the radius of the solvated ions.

The Helmholtz model was later understood to have neglected the influence of thermal
motion, as described by Boltzmann statistics, and this lead to an incorrect assumption
that the ions in the electrolyte are static. Gouy [37] addressed this by incorporating a
thermal fluctuation factor into the double-layer theory. In this refined model (Figure 2b),
ions were treated as point charges forming a three-dimensional, diffuse cloud in the elec-
trolyte. This diffuse region holds a net charge equal and opposite to the excess electronic

charge on the electrode surface. However, the Gouy model itself overestimated the total



capacitance due to an inaccurate representation of the potential profile in the immediate

vicinity of the electrode/electrolyte interface.

Stern resolved this overestimation issue in 1924 by unifying the earlier Helmholtz and
Gouy-Chapman theories [37]. He proposed that the electrode—electrolyte interface con-
sists of two distinct regions: an inner layer in which finite-sized ions adsorb according to
Langmuir’s isotherm, forming a compact layer similar to Helmholtz’s model, and an outer
region where ions form a diffuse cloud described by the Gouy-Chapman theory [36], [37].
This integration, known as the Gouy-Chapman-Stern (GCS) model (Figure 2c), is the
basis of the modern understanding of the electrical double layer [43]. In the GCS model,
the total interfacial capacitance is the series combination of the compact Stern layer ca-
pacitance and the diffuse layer capacitance. The thickness of the diffuse layer is deter-
mined by the Debye length, a critical parameter that decreases with higher electrolyte
concentration. The total capacitance in the double-layer is therefore a combination of

two capacitances in series, as given by the following equation:

=t @

where Co is the total capacitance, Cstem is the Helmholtz compact layer capacitance
diffusive capacitance Cb. Figure 2 illustrates the three conventional EDL models, namely

Helmholtz, Gouy-Chapman, and the GCS models.
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Figure 2. Models of the electrical double layer at a negatively-charged surface:
(a) Helm-holtz model with the atomic distance d representing the double-layer, (b)
Gouy-Chapman model and (c) Gouy-Chapman-Stern model combining both mod-
els. Y0 is the total surface potential. [36]

The separation between the compact Helmholtz layer and the diffuse layer can be de-
scribed by the closest distance that ions in the electrolyte can approach the electrode
surface [43]. Grahame further distinguished two planes within the interfacial region (Fig-

ure 3), the inner Helmholtz plane (IHP) and the outer Helmholtz plane (OHP), which



correspond to the different minimum approach distances of cations and anions [44]. An-
ions have smaller distances of approach as compared to hydrated cations, resulting in-
ner-layer capacitances at positively charged electrodes being twice those at negatively
charged electrodes. Grahame also showed that some ions can partially lose their solva-
tion shells and penetrate beyond the Stern layer to adsorb specifically at the IHP. These
specifically adsorbed ions can participate in faradaic charge-transfer reactions, giving
rise to pseudocapacitance, discussed in the next section. In Grahame’s model, similar
to the GCS model, the electric potential drops linearly across the Stern region (OHP) and

decays exponentially through the diffuse layer beyond it.
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Figure 3. Grahame's model of the electrical double layer, depicting the inner
compact layer and the outer Gouy-Chapman diffuse layer in an electrolyte. [36]

2.2 Pseudocapacitors

Pseudocapacitors are energy storage systems that operate through two complementary
mechanisms. The first involves fast and reversible redox reactions occurring at or near
the electrode—electrolyte interface, enabling efficient charge transfer. The second mech-
anism is based on ionic separation within the electrolyte and their accumulation on the
electrode surface. Because pseudocapacitors combine faradaic redox activity with elec-

trostatic ion separation, they generally achieve much higher capacitance than EDLCs.
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Overall charge storage in pseudocapacitors primarily occurs through three processes:

underpotential deposition, redox reactions, and ion intercalation. [35]

Underpotential deposition (UPD) refers to the formation of a monolayer of metal atoms
on a substrate at a potential higher than the Nernst Potential of that substrate [45]. UPD
has several applications, including measurement of the metal surface area [46], [47],

[48], analysis of metal traces via stripping voltammetry and biosensor development [35].

Redox reactions involve electron transfer between species and are central to pseudo-
capacitive charge storage. These processes typically involve the electrochemical ad-
sorption of cations onto oxidized electrode surfaces, accompanied by faradaic charge
transfer. The capacitance associated with redox mechanisms can be analyzed by con-

sidering the variable oxidation states of transition-metal oxides. [49]

Intercalation involves the insertion of ions from the electrolyte into the pores or layered
structure of an active material. While the underlying chemistry is similar to redox reac-
tions, intercalation is distinguished by its rapid ion diffusion kinetics. Although commonly
associated with battery-type charge storage, intercalation can also contribute to pseudo-
capacitive behavior. lon insertion may follow either intrinsic or extrinsic pathways. At re-
duced dimensions, the shortened pathways for ion and electron transport enable behav-

ior that transitions from battery-like to pseudocapacitive. [49] [50]

Together, these three mechanisms, visually illustrated in Figure 4, enable pseudocapac-
itors to achieve enhanced charge storage performance compared with purely electro-
static EDLCs.

d  Underpotential b Redox c Intercalation
Deposition Pseudocapacitance Pseudocapacitance
Noble Metal Redox-A’c/tive Material Tisgrtion Host Material
~ = 3

~ Adsorbed v/
/ Li+ lon
Atoms _ Specifically A RE S-S 1
Adsorbed o - P e
Cations o 4 4

Figure 4. The three primary pseudocapacitive charge storage mechanisms: (a)
underpotential deposition, (b) redox pseudocapacitance, and (c) intercalation
pseudocapacitance. [51]
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2.3 Hybrid supercapacitors

Hybrid supercapacitors were developed to overcome the inherent limitations of pure
EDLCs and pseudocapacitors by integrating their two distinct charge storage mecha-
nisms into a single system. They can be categorized into two categories: asymmetric

supercapacitors and battery-type hybrid supercapacitors. [35]

Asymmetric supercapacitors integrate one EDLC-type electrode with one pseudocapac-
itive electrode, creating a synergistic system that enhances both energy and power den-

sity while extending cycle life. [35]

Battery-type hybrid supercapacitors consist of two electrodes with distinct charge stor-
age mechanisms; faradaic intercalation in one battery-type electrode and surface ion
adsorption on the other capacitive electrode. This dual-mechanism design not only
boosts energy density but also improves cycle stability and mitigates current fluctuation
effects. [35]

2.4 Materials used for supercapacitor

The choice of materials for supercapacitor manufacturing depends on the device's func-
tional requirements and application objectives. Supercapacitors consist of several es-

sential components: electrodes, electrolytes, separators, current collectors, and support-

ing substrates (Figure 5). [52]

Electrode
Separator/
Electrolyte

Adhesive

Current Collector

Figure 5. Schematic of a pouch cell supercapacitor, showing its components.

[331
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2.4.1 Electrodes

The electrochemical performance of supercapacitor electrodes is governed by their ma-
terial composition, which directly determines their specific capacitance [54]. When volt-
age is applied, interfacial charge-storage phenomena (detailed in Sections 2.1 and 2.2)
become active at the electrode surface [55]. To optimize performance, electrodes require
engineered attributes for example a mesoporous pore structure, high accessible surface

area, wide stability windows, electrolyte compatibility, and good conductivity. [56] [57]

Nanostructured electrode materials have emerged as particularly promising candidates
due to their exceptional conductivity and enhanced ion adsorption capabilities stemming
from their dramatically increased surface-to-volume ratios [58]. The precise control of
pore architecture in these nanomaterials represents a crucial design paremater. They
must remain sufficiently large to accommodate electrolyte ion transport without causing
excessive material densification. Overly constricted pores may compromise ion accessi-
bility and increase resistive losses, while excessively large pores reduce active site den-
sity. [59]

For EDLCs, carbon-based materials are preferred due to their stability and non-reactivity,
which preserve electrostatic charge storage. Optimal pore sizes are ~0.7 nm in aqueous
and ~0.8 nm in organic electrolytes [60]. A balanced hierarchical porous structure, typi-
cally containing 20—50% mesopores for rapid ion transport, abundant micropores for high
charge storage, and sufficient macropores as ion highways, enables high energy and

power densities [61].

Among carbon materials, activated carbon is the most widely used due to its exception-
ally high specific surface area, which arises from its hierarchical porous structure con-
taining micropores (< 20 A), mesopores (20-500 A), and macropores (>500 A) [62], [63],
[64]. Other notable carbon nanostructures include onion-like carbons (OLCs), carbon
nanotubes (CNTs), and graphene oxide (GO). The selection of ACs over other carbon

materials will be further discussed in Section 3.1.

2.4.2 Electrolyte

Electrolytes are pivotal in determining the performance of supercapacitors, primarily by
defining their energy density, operating voltage window (V), and equivalent series re-
sistance (ESR). Key selection criteria for an optimal electrolyte include high ionic con-

ductivity, a wide potential window, low viscosity, chemical stability, cost-effectiveness,



13

and environmental safety. Furthermore, the ionic size must be compatible with the elec-
trode's pore structure to maximize capacitance, as smaller ions improve pore accessibil-

ity and charge storage. [65]

Effective dissociation of the electrolyte in its solvent is also essential to minimize internal
resistance and optimize overall device performance. Among the various classes, aque-
ous electrolytes are often prioritized to their low viscosity and rapid ionic mobility, leading
to superior energy storage characteristics. They are categorized into acidic, alkaline, and

neutral electrolytes. [66]

Acidic electrolytes (e.g., H,SO,) and alkaline electrolytes (e.g., KOH) are widely em-
ployed in supercapacitors. They offer high specific capacitance and ionic conductivity.
However, they are corrosive, which limits their cyclic stability. Their corrosive nature also

prevents their use in high-voltage applications. [66]

Neutral electrolytes contain lower concentrations of H* and OH™ ions. This leads to a
larger overpotential for hydrogen and oxygen evolution reactions. Consequently, neutral
electrolytes possess a wider electrochemical stable potential window (ESPW). Na,SO,

is the most studied neutral electrolyte. [66]

Dawoud et al. showed that despite CNT/MnO, electrode achieving a higher specific ca-
pacitance (2523 F/g at 5 mV/s) in H,SO,, it had inferior cyclic stability performance when
compared to the neutral Na,SO, electrolyte. Using Na,SO, electrolyte resulted in a
higher capacitance retention (80% after 3000 cycles) than H,SO,, making Na,SO, the
more favorable choice for long-term, stable device. It was, however, noted that using
H,SO, provided with redox peaks, implying pseudocapacitance, unlike Na,SO,, which

showed no redox peaks, implying an EDLC mechanism [67].

According to Peng et al. the Na,SO, electrolyte offers a higher energy density than other
aqueous electrolytes like H,SO, and KOH due to its wider electrochemical potential win-
dow [68]. Table 1 lists additional research articles that similarly employ a 1 M Na,SO,

electrolyte for supercapacitor studies.
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Table 1. Performance summary of supercapacitor electrodes from selected lit-
erature using 1 M Na,SO, electrolyte.

Electrode Spe_cmc €3 | Measurement E_nergy Den- P_ower Den- Ref
pacitance sity sity
(Fig) Conditions (Whikg) (Wikg)
V205@3DGra- 612.5 - 54.9 898 [69]
phene
Mn20as/peach-like 158.8 1.0 A/g Current | - - [70]
carbon density
Carbon package | 100 1.0 A/g Current | 17.8 503 [71]
from recycled from density
spent Zn-Mn batter-
ies
Activated mi- | 103 1.0 A/g Current | - - [72]
croporous polyacry- density
lonitrile-based car-
bon nanofibers

2.4.3 Separator

Separators are a vital component in supercapacitors, preventing short circuits while
maintaining effective interfacial contact [73] [74] [75]. An ideal separator requires strong
mechanical properties, thermal stability, uniform thickness, high porosity, excellent wet-
tability, sufficient electrolyte storage, and minimal ionic resistance [76] [73]. A porous
architecture is critical: macropores aid infiltration, while meso- and micropores shorten
ion diffusion paths and reduce collisions, thereby improving performance [78]. Econom-
ically, the separator is the second most significant component after the electrolyte, ac-

counting for ~26% of total device cost [79].

Cellulose is an ideal candidate due to its status as the most abundant renewable poly-
mer, offering exceptional biocompatibility, high thermal stability, and inherent hydrophilic-
ity [80]. Its flexibility, absorbency, and biodegradability enhance performance, sustaina-
bility, and cost-effectiveness, making it particularly suitable for flexible and wearable SCs
[81]. Cellulose-based separators outperform conventional polymer separators, exhibit-

ing porosity up to 75% and electrolyte uptake capacity as high as 300% [82] [83]. Figure
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6 illustrates the molecular structure of cellulose, and key properties of cellulose separa-

tors.
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Figure 6. Properties of a cellulose-based supercapacitor separator. [81]

The commercial cellulose-based separators e.g. NKK-TF4030 [84], TF4040 [82], and

Dynacap GT 0.45/40 [87] have already been used in supercapacitors as separators.

2.4.4 Current collector

The current collector serves as the crucial electrical interface between the electrode and
external circuit, collecting electrons for efficient transfer [87]. Conventional supercapaci-
tors use metallic current collectors, such as aluminum, nickel, copper, and stainless steel
[88]. Their stability and conductivity directly influence cell performance [87]. An ideal col-
lector must exhibit high electrical conductivity, excellent electrochemical and chemical
stability in the electrolyte, favorable cost, low density, and ease of processing, with spe-

cific material requirements differing between aqueous and organic electrolytes [89].

Standard metal collectors have drawbacks, including corrosion susceptibility, high inter-
facial resistance, limited gravimetric energy density, and poor suitability for flexible de-
vices [90] [91]. Carbon-based collectors offer a promising alternative, facilitating flexible
device fabrication and reducing interfacial resistance with the active electrode material.
[92] [93] [94]. However, their significantly higher electrical resistance compared to metals
increases the ESR of the device, which remains a key challenge for their widespread
adoption.

2.5 Printed supercapacitors

Printed electronics (PE) is an emerging field recognized for its effectiveness in fabricating

microscale and nanoscale devices, offering distinct advantages over traditional methods



16

including simplicity, cost-effectiveness, material efficiency, versatility, eco-friendliness,
and scalability for large-area, high-volume production [95]. This technology facilitates the
fabrication of diverse supercapacitor architectures, such as micro, asymmetric, and flex-
ible designs, on various flexible substrates. Scalable solution-based processes like coat-
ing and printing enable economical, large-area manufacturing of electronic components
[96]. Printing is distinguished from coating by its ability to produce patterned, two-dimen-
sional images [95], and techniques are broadly categorized as contact or non-contact
(Figure 7), each with unique properties like line width and speed. The choice of method
for SCs depends heavily on the required film thickness, as SCs typically need active
layers on the order of tens of micrometers; commercial AC electrodes, for example, are
often around 100 pm thick [97]. Among available techniques, screen printing is particu-
larly suitable for producing the necessary thick (10-100 um), patterned SC electrodes
[98], making it a prominent and widely researched method in the field. [99] [100]

Printing Techniques

Contact printing Non-contact printing

Inkjet printing I

Gravure printing ‘ —| Aerosol-Jet printing |

Organic Vapor-Jet ‘

Flexographic printing ‘

printing (OVIP)

_I
_|
_|

Screen-printing

Offset printing ‘

Figure 7. Classification of Printing Electronics [102]

2.5.1 Doctor blading

Blade coating, also known as doctor blade or knife coating, is a method used to deposit

a uniform layer of material from a solution, typically achieving thicknesses around 100
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pm [102] [103]. In this process, a sharp blade is set at a fixed height above a substrate,
which can be either flexible or rigid. The coating solution is placed in front of the blade,
which is then moved across the surface, as shown in Figure 8. This action then spreads
the solution into a wet film. The final thickness of the film depends on several factors: the
gap between the blade and the substrate, the speed at which the blade moves, and the

flow properties (viscosity and elasticity) of the solution. [104]

For creating patterns, stencils can be used to guide the ink or paste onto specific areas
of the surface [105]. Ideally, the process should waste very little solution (around 5%),
but in practice, it can take time to adjust the conditions to reach this level of efficiency.
To work well, the inks or pastes used must be quite thick, with viscosities often between
1000 and 10,000 mPa-s. This thickness is usually achieved by adding binders and thick-

eners, such as glycerol, ethylene glycol, or ethyl cellulose. [103] [106]

One of the biggest advantages of blade coating is its simplicity and low cost. The equip-
ment is affordable and easy to operate, and small, lab-scale coaters are readily available
for experiments. This makes it very useful for quickly preparing test electrodes by hand.
However, the process is not without challenges. Because it is an open system, solvents
can evaporate during coating, which may change the ink's consistency. Also, the flow of
material under the blade is complex, and if the substrate is not perfectly even, it can be

difficult to achieve a completely uniform film.

Blade -

Ink

Substrate

Figure 8. Doctor blading technique for fabricating printed electronics. The di-
rection of motion of doctor blade is shown by the red arrow. [108]

2.6 Characterization techniques

Comprehensive supercapacitor evaluation requires both electrochemical and materials
characterization to quantify energy storage behavior and correlate it with structural and

compositional features. Understanding these characterization theories is essential for
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accurate data interpretation and establishing reliable structure—property relationships in

ALD-modified electrodes.

2.6.1CV

CV is a fundamental electrochemical technique widely used to investigate the charge
storage behavior and performance of supercapacitors. In CV, the potential applied to an
electrochemical cell is swept linearly between two set voltage limits at a controlled rate,
known as the scan rate, and then swept back to the initial potential, forming a cycle. The
voltage limit is called voltage window. During this process, the resulting current is meas-
ured as a function of the applied voltage, producing a voltammogram that serves as a
fingerprint of the electrochemical processes occurring at the electrode—electrolyte inter-
face. [108]

The experimental setup for CV typically involves either a two-electrode or a three-elec-
trode configuration. Key components of the three-electrode setup include the working
electrode, an inert counter electrode, a stable reference electrode, and an electrolyte
(Figure 9). The choice of cell configuration and materials directly influences the quality
and interpretability of the CV data. [109]

Three Electrode System

Figure 9. Standard three-electrode electrochemical cell configuration [110]

From the CV curve, several critical electrochemical properties can be extracted. The
shape of the voltammogram reveals the dominant charge storage mechanism. A rectan-
gular or box-like shape (Figure 10a) indicates ideal capacitive (non-Faradaic) behavior
typical of EDLCs. A quasi-rectangular or leaf-like shape with broad humps (Figure 10b)
suggests pseudocapacitive contributions from surface redox reactions, and well-defined
oxidation and reduction peaks (Figure 10c) signify battery-like (Faradaic) processes.
[109]
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Figure 10. Cyclic Voltammograms for (a) EDLC, (b) pseudocapacitors
and (c) battery-like supercapacitors [110]
Additionally, parameters such as specific capacitance or specific capacity can be calcu-
lated by integrating the area under the CV curve, while the dependence of peak current
on scan rate provides insight into whether the charge storage is governed by surface
adsorption or diffusion-controlled processes. Specific capacitance can be calculated us-
ing CV curves, using the formula below.
2

Cs = % (5)

where Cs is the specific capacitance, the whole numerator is area enclosed by the CV

curve, m is the mass of active material, 3 9is the voltage window and v is the scan rate.
[110]

2.6.2 GCD

GCD is an electrochemical technique used to evaluate the performance of supercapac-
itors by applying a constant current to charge the device and then discharging it under
the same or a symmetric current condition [106]. During GCD, the voltage response of
the electrode or full cell is recorded over time, yielding characteristic charge—discharge
profiles that reveal critical information about capacitance, internal resistance, coulombic
efficiency, and energy—power characteristics. In ideal EDLCs, the GCD curves exhibit
symmetrical, linear triangular shapes (Figure 11A), reflecting rapid, non-Faradaic ion ad-
sorption/desorption at the electrode—electrolyte interface. In contrast, pseudocapacitive
or battery-type electrodes display non-linear (Figure 11B) or plateau-like regions in the

discharge curves, indicative of Faradaic redox reactions [112].
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Figure 11. Typical GCD curves of (A) EDLC materials and (B) pseudocapacitive
materials. [114]

The symmetry between charge and discharge times reflects the reversibility and effi-
ciency of the electrochemical processes, while deviations can signal side reactions, po-
larization effects, or poor kinetics. Key parameters such as specific capacitance, specific
capacity and power density are derived directly from the discharge time, applied current,

and operational voltage window using the equations given below [115] [116].

¢ =1 ©)
m(AaVv)
C(AV)?

P = ot @)

where | is the constant discharge current, Cs is the specific capacitance, P is the power
density, tis the discharge time, AV is the operational voltage window, and m is the mass
of active material.

GCD is particularly valuable for assessing real-world applicability because it mimics ac-
tual charge—discharge cycles, provides insight into cycling stability over thousands of
repetitions, and helps identify undesirable effects like voltage drops (IR drop), which re-
flect internal resistance and kinetic limitations. It enables clear differentiation between
storage contributions, validates reversibility, and guides electrode balancing in asymmet-
ric or full-cell configurations, and complements cyclic voltammetry in the comprehensive

electrochemical characterization of supercapacitors.

2.6.3 FESEM

The Field Emission Scanning Electron Microscope (FESEM) generates high-resolution
surface images by scanning a focused electron beam over a sample. Its key component
is a cold field emission (FE) gun, which uses a strong electrical field on a sharp tip to
produce a brighter, smaller, and more coherent electron beam than the thermal filaments

of conventional SEMs. The beam, focused by electromagnetic lenses to a diameter as
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fine as 10 A and steered in a raster pattern, interacts with the sample surface in a vacuum
chamber. [117]

This interaction produces secondary electrons (SE) for high-resolution topographic im-
aging and backscattered electrons (BSE) (Figure 12) for atomic number-based compo-
sitional contrast. These signals are detected and converted into a pixel-based image,
with magnification determined by the ratio of the display size to the scanned area.

The primary advantage of FESEM is its superior resolution, which enables magnifica-
tions up to 500,000% and a best secondary electron (SE) resolution of approximately 1.5
nm. A second major advantage is its capability to perform high-resolution imaging at very
low accelerating voltages, typically as low as ~1 keV. This low-voltage capability is critical
for examining non-conductive, volatile, or vacuum-sensitive materials, such as polymers

and nanomaterials, without the need for a conductive coating [118]
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Figure 12. Slgnal generatlon in electron microscopy: (a) types of signals pro-
duced by electron beam interaction and their uses; (b, c) mechanisms of inelastic
scattering (SE generation) and elastic scattering (BSE generation and atomic num-
ber contrast). [119]

Energy-dispersive X-ray spectroscopy (EDX) is conventionally integrated with field-emis-
sion scanning electron microscopy (FESEM) to provide morphological and elemental
analysis. EDX results comprise characteristic X-ray spectra (Figure 12a) that reveal the
elemental composition of sampled volumes, with peaks at specific energies correspond-
ing to each detected element [120]. These data yield quantitative information on ele-
mental presence, relative weight percentages, and spatial distribution through elemental
mapping, thereby enabling assessment of material purity, stoichiometric ratios, and iden-
tification of contaminants or secondary phases. The detection limit and spatial resolution
are influenced by factors including beam energy, sample thickness, and matrix effects,
with results typically presented as both spectral plots quantified in weight and atomic

percentages, and as color-coded maps showing elemental localization. [117]
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2.6.4 Raman spectroscopy

Raman scattering is a phenomenon based on the inelastic scattering of monochromatic
light, usually from a laser source, by molecules in a sample. When light interacts with
molecular vibrations, rotations, or other low-frequency modes, most photons are elas-
tically scattered (Rayleigh scattering) with no change in energy. However, a small frac-
tion of photons exchange energy with the molecules, leading to a shift in the scattered
light's frequency. If the photon loses energy to the molecule, it produces a Stokes line
(lower energy), whereas if it gains energy from an already excited molecule, it results in
an anti-Stokes line (higher energy). Figure 13 illustrates this Raman scattering phenom-

enon.

A Raman spectrum, which plots Raman Shift (cm™) against Intensity (a.u.), serves as a
molecular fingerprint of the sample. The position of the peaks on the x-axis (Raman Shift)
identifies specific molecular vibrations and functional groups, while the shape of these
peaks reveals the structural order. Sharp peaks indicate a uniform, crystalline environ-
ment, and broad peaks signify disorder. In the context of carbon samples, this structural
information is linked to defects within the two-dimensional carbon lattice, classified as
zero-dimensional (0D, e.g., vacancies, dopants) or one-dimensional (1D, e.g., grain bor-
ders), which drive the transition from ordered carbon structures (e.g. pristine graphene)

to disordered forms. [121]

The intensity ratio between the disorder-induced D band (~1350 cm™) and the crystalline
G band (~1580 cm™), known as the ID/IG ratio, is a critical metric that quantifies this
structural disorder. However, as in [122] we use the integrated intensity (peak area) ratio
rather than the intensity ratio. This approach is preferred because the integrated area of
a peak corresponds to the probability of the Raman scattering process occurring. Con-
sequently, comparing these areas, rather than just peak heights, yields a better of de-
fects, allowing for a clearer distinction between point-like and line-like defects. This ratio
provides better insights into the density of defects, the size of crystalline domains, and
the presence of functional groups that break the symmetry of the perfect sp? carbon
lattice. Thus, by analyzing peak positions, shapes, and the ID/IG ratio, Raman spectros-
copy provides a picture of a carbon material's chemical structure, defect density, and

crystallinity. [122]



23

Alaser

VAVAVAVAVAVAV Aus

Anti-Stokes
Raman Scattering
A <A

scatter laser

Stokes Raman

hscatter > Alaser Scattering
A =A

scatter — ‘Maser

Figure 13. Schematic illustrating the principle of Raman scattering, namely
Stokes scattering (lower energy, longer wavelength), anti-Stokes scattering
(higher energy, shorter wavelength), and Rayleigh scattering (elastic, same wave-
length). [123]

2.6.5 Ellipsometry

Ellipsometry is a powerful and non-destructive optical technique used primarily to deter-
mine the thickness and optical properties of thin films. Ellipsometry works by analyzing
the change in the polarization state of light as it reflects off a sample's surface [124]. The
process begins with a known, polarized light source, labeled as the input light, Ei,(t) in
Figure 14. This incident light beam is typically linearly polarized and strikes the sample
at an angle away from the normal. Upon reflection, the light's polarization state is altered
to become elliptically polarized, resulting in the output light, Eou(t) (Figure 14). This
change occurs because the electrical field components of the light parallel (p) and per-
pendicular (s) to the plane of incidence interact differently with the thin film structure; the
p-component (E;p) and s-component (E;s) experience different amounts of attenuation
and phase shift. [125]

The fundamental measurements of ellipsometry are the angles Psi (W) and Delta (A),
which are defined by the ratio of the reflection coefficients for the p- and s-polarizations
(rp and rs). This relationship is given by the equation [124]:

Tp .
p=_=tan(y)e'd (8)

N
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Figure 14. Ellipsometry principle and measurement. [125]

Here, tan(W) represents the amplitude ratio, describing how the attenuation of the p- and
s-components differ, and A represents the phase shift difference between the two com-
ponents. The ellipsometer measures these W and A values. To determine the thickness
of the TiO, film, these measured values are then fitted to a theoretical optical model. This
model describes the sample structure using parameters like the film thickness and its
refractive index. A regression analysis is performed where the model's parameters are
varied until the calculated W and A values from the model match the experimentally
measured ones. The thickness corresponding to this best fit is then reported as the
measured thickness of the TiO, thin film. Therefore, ellipsometry is an indirect but highly
sensitive technique that uses the perturbation of light's polarization by a thin film to ex-

tract precise information about its thickness and optical properties.[125]

2.6.6 XRD

X-ray diffraction (XRD) is a non-destructive analytical technique that characterizes crys-
talline materials by measuring how X-rays scatter at specific angles when interacting with
ordered atomic planes [126]. The resulting diffractogram displays diffraction intensity ver-
sus the scattering angle (208), where each peak represents constructive interference from
a set of crystal planes satisfying Bragg's law (nA = 2dsin@) [127]. To interpret the pattern,
the position of peaks (26 values) reveals the interplanar spacing (d) and crystal structure.
The intensity indicates the relative abundance of each phase; and the peak width is in-
versely related to crystallite size. Narrower peaks suggest larger crystals, while broad-
ening can signify nanoscale crystallites or structural defects [128]. Phase identification
is achieved by comparing the experimental pattern against reference databases or liter-

ature standards, matching both peak positions and relative intensities [128].
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3. LITERATURE REVIEW

Building upon the theoretical foundation established earlier, this chapter presents a liter-
ature review to develop the rationale for using an ALD TiO,—AC composite in superca-
pacitors. It narrows the focus to the materials selected for this work, followed by a de-

tailed description of the ALD process.

3.1 Carbon materials for supercapacitor electrodes

Carbon materials are the common choice for supercapacitor electrodes, primarily due to
their high specific surface area for efficient charge accumulation, excellent electrical con-
ductivity for rapid charge-discharge cycles, and remarkable chemical stability for long-
term performance. While a high surface area is crucial for capacitance, it is not the sole
determinant; the pore size distribution, pore shape, and overall conductivity are equally
critical in maximizing specific capacitance. Furthermore, the versatility of carbon, from
ACs to graphene and CNTs, allows for property tailoring, where porous structures en-
hance charge storage and nanostructures facilitate electron transport. Their abundance,
affordability, and tunable surface chemistry make them exceptionally attractive for scal-

able, commercial energy storage devices. [129]

OLCs are spherical nanoparticles (4—25 nm) with concentric sp? carbon shells, providing
high electrical conductivity for use as conductive agents and microelectrodes. In super-
capacitors, OLCs enhance specific capacitance by 28.4% compared to Super-P carbon
black by improving charge transfer and energy storage [130] [131]. Their exohedral, non-
porous structure offers easy electrolyte access to the surface [132], and in situ studies
show ions accumulate at the OLC surface without altering bulk concentration, enabling

high-rate performance even in ionic liquids or at low temperatures [133] [134].

A primary limitation is their moderate specific surface area (~500 m?/g), which restricts
energy density to <10 Wh/kg. KOH activation can increase capacitance fivefold [135],
but this method suffers from significant mass loss and low yield. Due to their high con-
ductivity and spherical structure, OLCs are promising as composite components with
metal oxides or conductive polymers. Additionally, their use as anodes paired with metal
oxide cathodes in asymmetric configurations effectively balances energy and power den-
sity [136].

CNTs possess exceptional properties, including a thermal conductivity over five times

that of copper and a tensile strength exceeding 100 GPa [137]. Their high surface area,
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low resistance, low density, and chemical stability make them valuable for energy and
electronics applications. They are commonly synthesized via CVD, which offers control-

lable conditions and high yield but often produces CNTs with low crystallinity.

For supercapacitors, the positive curvature of CNTs supports superior high-power per-
formance. Reducing CNT diameter can increase capacitance [138], while elevated tem-
perature and pressure enhance ion access at the cost of reduced cycle life [139] [140].
Aligned CNT structures benefit from high packing density, yielding lower ESR and im-
proved power performance [141] [142] [143].

A key limitation of CNTs is their reliance on physical ion adsorption, which restricts ca-
pacitance compared to faradaic materials. To overcome this, composites with metal ox-
ides combine the conductivity and structure of CNTs with the high pseudocapacitance of

oxides for enhanced electrochemical performance. [144] [145]

Graphene is an ideal supercapacitor electrode due to its ultra-high theoretical specific
surface area of 2675 m?/g and exceptional electrical conductivity, which could enable a
theoretical electric double-layer capacitance of 550 F/g [146]. Its flexibility supports use
in wearable electronics, such as graphene paper for all-solid-state supercapacitors [147],
and graphene fibers for linear supercapacitors [148] [149]. Its optical transparency also

enables transparent conductive films [150].

However, a major challenge is the restacking of graphene sheets during the reduction of
GO, caused by strong TT—T interactions. This agglomeration significantly reduces achiev-
able capacitance below the theoretical value. A key mitigation strategy is forming gra-
phene-metal oxide composites, where the TMO prevents graphene aggregation while

graphene enhances the oxide's poor conductivity and surface area. [151] [152] [153]

AC is the most commonly used electrode material for EDLCs, favored for its outstanding
physico-chemical properties including high electrical conductivity, chemical inertness,
and a tunable, high surface area [154]. Its structural characteristics underpin its electro-
chemical performance. AC possesses an exceptionally high specific surface area, typi-
cally ranging from 500 to 3000 m? g™' [155], which provides an extensive interface for
electrostatic charge storage, directly enhancing capacitance Secondly, its well-devel-
oped and adjustable pore structure facilitates rapid ion diffusion, enabling the high power
density and swift charge/discharge rates essential for applications demanding rapid en-
ergy bursts. These attributes yield high gravimetric capacitances of 200-550 F g™ in
aqueous electrolytes and 130-230 F g™" in non-aqueous systems, allowing supercapac-

itors to complement or compete with batteries in specific roles. [156]
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The material is also produced cost-effectively at scale through the high-temperature car-
bonization of precursors under inert conditions. Sources range from synthetic polymers
and natural materials (e.g., coconut shells) to abundant waste biomass and fruit resi-

dues, with activation processes further refining the porous structure [157] [158].
A comparison of commercially available ACs is given below in Table 2.

Table 2. Electrochemical performances of various commercial activated car-
bons.

Commer- | BET Sur- | Specific Voltage win- | Electro- Cycling Ref.
cial Car- | face Area | Capaci- dow lyte Stability
bon (m3g tance (%)
(F/g)
Kuraray 2220 118 0--1.0vV 1.5 wtra- | - [159]
YP-80F tio
H,O:NaCl
Kuraray 2079 77 0--1.5Vv 0.5 M | 99 [160]
YP-50F CH5CO-
ONa

Kansai 2266 122 0--0.7V  (vs. | 1M CaCl, | - [161]
MSP20X Ag/AgCl)
CEP21 2305 120 0--0.7V  (vs. | 1M CaCl, | - [161]

Ag/AgCl)
gg(l)'aray 1765 74 0-0.7V  (vs. | 1M CaCl, | - [161]

Ag/AgCl)
Norit SX | 1096 63 0--0.7V  (vs. | 1M CaCl, | - [161]
Plus Ag/AgCl)
Norit 660 44 0--0.7V  (vs. | 1M CaCl, | - [161]
S51HF Ag/AgCl)

SEM micrographs of some commercially available activated carbons are also given in

Figure 15.
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Figure 15. SEM micrographs at 500% magnification of (a) YP80F, (b) YP50F and
(c) Norit. [162]

3.2 TMO-Carbon composites for supercapacitors

While the specific capacitance of carbon materials can be enhanced by increasing sur-
face area, optimizing pore structure, and improving electrolyte wettability, these improve-
ments are inherently limited. To achieve a substantial increase in capacitance, carbon
materials must be combined with pseudocapacitive materials. Preparing TMO-carbon
composites is a highly effective strategy for this purpose. In these composites, the carbon
component provides efficient charge transfer channels and enhances rate capability due

to its high specific surface area and electrical conductivity. [163]

TMOs like ruthenium oxide, nickel oxide, cobalt oxide, and vanadium oxide involve a
combination of EDLC and dominant pseudocapacitance. This grants TMOs a higher the-
oretical capacitance and energy density than carbon-based materials or conducting pol-
ymers. Their overall performance, including power density, cycle life, and rate capability,
is further determined by their structure, surface area, and metal oxidation states. Char-
acterized by exceptional pseudocapacitive behavior, high ionic conductivity, and large
charge storage capacity, TMOs are thus appealing candidates for high-performance su-

percapacitors. [164]

The incorporation of carbon nanotubes (CNTs) into NiO was shown to significantly en-
hance its supercapacitive performance. Compared to bare NiO, the NiO/CNTs nanocom-
posite exhibited a more ideal, rectangular-shaped cyclic voltammetry (CV) curve and
reduced IR loss (voltage drop). These improvements are attributed to the CNT network,
which boosts electrical conductivity and increases the specific surface area to provide
more active sites for redox reactions. Consequently, the specific capacitance increased
from 122 F g to 160 F g™ at a scan rate of 2 mV s™" with a 10% CNT addition. [165]

Veeresh et al. [166] synthesized a GO/Co;0, nanocomposite via a hydrothermal
method. Using a PVA/KOH gel electrolyte, the electrode exhibited a high specific surface
area and uniform morphology, achieving a specific capacitance of 1012 F g™ at2 Ag™.

The device demonstrated an energy density of 18.9 Wh kg™, a power density of 1364.8
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W kg™, 96.9% coulombic efficiency, and retained 70.3% capacitance after 4000 cycles.
Separately, Dong et al. [167] developed Co;0, nanowires on reduced graphene oxide
(rGO), which showed enhanced morphology and a capacitance of 1100 F g™ at 10 A
g~". The use of a 3D porous graphene foam mitigated issues like aggregation and inter-
layer resistance. Micrometers-long Co;0, nanowires (200—300 nm thick) were uniformly

deposited on the graphene scaffold.

Numerous studies have demonstrated the enhanced electrochemical performance of su-
percapacitor electrodes based on composites of transition metal oxides (TMOs) and ac-
tivated carbon (AC). Huang et al. [168] fabricated a bamboo-derived AC-MnO, nano-
composite, where MnO, nanoparticles were deposited onto the carbon core via a redox
reaction. This composite achieved a high specific capacitance of 221.45F g at1 A g™
and maintained 89.29% capacitance after 1,000 cycles. Similarly, a composite of copper
oxide and bamboo leaf-derived AC exhibited a specific capacitance of 147 F g™' with

exceptional cycling stability, retaining 93% of its capacity after 10,000 cycles [169].

Jiang et al. [170] synthesized a hybrid of Fe,O; and hemp straw-based AC (HAC). The
AC component effectively minimized ion diffusion distances and prevented particle ag-
glomeration, leading to improved electrochemical activity. The Fe,O3;/HAC composite
delivered a specific capacitance of 256 F g™ at 1 A g™, outperforming its individual com-

ponents and exhibiting good cyclability.

3.3 Titanium Dioxide

TiO, is a prominent electrode material for supercapacitors, valued for its low cost, natural
abundance, non-toxicity, high photochemical stability, and pseudocapacitive behavior
[171]. It exists in three primary polymorphs, brookite, anatase, and rutile, each having its

own distinct crystal structure (Figure 16).

e Brookite has an orthorhombic structure with lattice parameters a = 9.174 A, b =
5.439 A, c=5.163 A.

e Anatase is tetragonal with lattice parameters a=b =3.784 A, c = 9.515 A.

e Rutile is also tetragonal with lattice parameters a=b =4.593 A, ¢ = 2.958 A.
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Anatase Rutile Brookite

Figure 16. Crystal structures of different TiO, polymorph phases. [172]

All three phases consist of TiOg octahedra, but their connectivity differs: in rutile, octa-
hedra form linear chains by sharing two opposite edges, which are then connected at
corners. Anatase features no corner-sharing but has four shared edges per octahedron.
Brookite displays a combination of corner-sharing and edge-sharing, with chains aligned

parallel to the c-axis. [172]

The suitability of TiO, for supercapacitor electrodes is further enhanced by the ease of
fabricating diverse nanostructures, such as 3D nanocomposites, 2D nanosheets, 1D
nanotubes/nanorods, and 0D nanoparticles. Its pseudocapacitive charge storage mech-

anism involves reversible electron transfer via the Ti**/Ti** redox couple. [173] [174]

A highly promising strategy to improve performance is the hybridization of TiO, with po-
rous carbon materials (e.g., activated carbon, graphene, carbon nanotubes). This com-
posite approach synergistically combines the pseudocapacitive contribution of TiO, with
the high surface area and excellent electrical conductivity of carbon-based Electric Dou-
ble-Layer Capacitor (EDLC) materials, leading to enhanced specific capacity and elec-

tron transfer for advanced energy storage devices. [172]

Saliu et al. [175] demonstrated that a starch template dramatically enhances TiO, per-
formance, with an A-TiO, composite (72% anatase, 28% rutile) achieving 388 F/g, 194
Wh/kg, and 4473 W/kg while maintaining 99% capacitance retention after 20,000 cycles,
far outperforming unactivated U-TiO, (83 F/g) and template-free TiO, (74 F/g). Kumar et
al. [176] reported that an anatase TiO,/sucrose-derived carbon composite (ICS-TiO,)
reached 227 F/g in a symmetric cell (max 277.72 F/g) with 9.64 Wh/kg and 867.90 W/kg,
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retaining 6.91 Wh/kg even at 200 mV/s despite higher series resistance (11.3 Q vs. 7.5
Q for bare TiO,). Bortamuly et al. [177] reported a TiO,/bio-activated carbon nanocom-
posite with 214 F/g and 92% retention after 5000 cycles, though the dominant charge

storage mechanism remained unresolved.

3.4 Atomic Layer Deposition

Atomic Layer Deposition (ALD) is a vapor-phase technique for depositing high-quality,
uniform, and highly conformal thin films, distinguished from CVD by its sequential, alter-
nate introduction of gaseous precursors [179]. Developed in the mid-1970s by Suntola
et al. as "atomic layer epitaxy" for depositing ZnS on flat-panel displays [178], ALD has

evolved into a mature technique for scientific and industrial applications [28].

ALD growth is governed by surface-limited chemisorption, enabling atomic-level preci-
sion that overcomes conventional deposition challenges: CVD's high processing temper-
atures (>300 °C) create internal stresses from thermal expansion mismatch, while PVD's
line-of-sight limitation yields inadequate step coverage for complex nanostructures. This
multi-step method has demonstrated significant potential across numerous fields includ-
ing microelectronics, photovoltaics, optoelectronics, fuel cells, nanogenerators, photoe-

lectrochemical solar cells, lithium-ion batteries, and supercapacitors. [28]

A comparison of ALD with CVD and PVD is given in Table 3.
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Table 3. Comparison of ALD with conventional deposition techniques, namely

CVD and PVD. [196]

Film Deposi- | Deposi- | Uni- Confor- | Expansi- | Degree Film
Deposi- | tion tion Pat- | formity mality bility of Vac- | Thick-
tion Principle | tern cum enss
Tech-
niques
PVD Physical | Nuclea- High Low and | Medium High re- | Nanome-
vapour tion number only for quire- ter level
deposi- growth of pin- | flat sub- ment
tion holes strate
and parti-
cles exist
CvD Gas- Nuclea- Low Medium Low Medium Nanome-
phase tion number ter level
chemical | growth of  pin-
reaction holes
and parti-
cles exist
ALD Surface Layer-by- | Low High High Low Ang-
saturated | layer number strom le-
reaction | growth of  pin- vel
holes
and no
particles

3.4.1 Mechanism

Self-Limiting Reactions

Atomic Layer Deposition (ALD) is fundamentally based on sequential, self-terminating

gas-solid reactions, which distinguish it from other deposition techniques. The process

employs two gaseous precursors, labeled A and B in Figure 17, which are introduced

into the reactor in a strictly separated, alternating sequence (ABAB...). Each precursor

pulse constitutes a "half-reaction" where the molecules chemisorb onto the active sites

of the substrate surface. A key feature of this mechanism is its self-terminating nature;

the reaction will naturally cease once all available reactive surface sites have been oc-

cupied, preventing the deposition of more than a monolayer (or a fraction of one) per
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pulse. This self-limitation occurs irrespective of the amount of excess precursor supplied
or the duration of the pulse beyond what is required for surface saturation. Between each
precursor pulse, the reactor is purged with an inert gas to thoroughly remove any unre-
acted precursor and reaction by-products, which is critical to prevent gas-phase reac-

tions and maintain the self-limiting characteristic. [179]

H H | H H
A add dd a  goad o o o b o
\|/ \ / |/ \/ | \/
H H O H Ti Ti—0 T Ti—O0—Ti— 0 —Ti
| | | | | I | | |
— 0—Ti Q Ti— 00— —0—Ti— 0O T—0— —0—T1i— 00— Ti—O0—
\. W ™
+ TiCls +Io
+ Purge * Purge
< “'] a a a
B Ti N 0—Ti—0 0 —Ti—
|/ | I |
-0—Ti—0— Ti— 0— —0—Ti—O0— Ti—0— —0—Ti—O0—Ti—0
., "«‘;-_ ) !
+ TiCk +H0
+ Purge + Purge

Figure 17. TiO, ALD process sequence showing (A) TiCl, precursor pulse,
which chemisorbs onto surface hydroxyl groups, and (B) H,O co-reactant pulse,
which hydrolyzes Ti-Cl bonds to form Ti-O bridges while regenerating hydroxyl
sites for subsequent cycles. [179]

Saturation

Saturation is the practical manifestation and essential outcome of a successful self-lim-
iting reaction. It describes the state where the substrate surface has absorbed the max-
imum possible amount of precursor molecules during a single pulse. When saturation is
achieved, the Growth Per Cycle (GPC), i.e. the amount of material deposited in one
complete AB cycle, becomes constant. This constant GPC is the hallmark of a well-be-
haved ALD process, enabling precise and predictable thickness control simply by count-
ing the number of cycles. Saturation is primarily caused by two factors. The first is steric
hindrance, where the large ligands of the already-chemisorbed precursor molecules
physically shield adjacent reactive sites, acting like umbrellas that block further adsorp-
tion. The second factor is the finite number of reactive surface sites, such as hydroxyl (-
OH) groups; once all these specific sites have reacted, the process has no choice but to
stop, thereby ensuring a self-limited and saturated layer. [179]

For example, Vitto et al. [33] tested different pulse times for both the precursors of TiO,
deposition. TiCl, and H,O pulse times were varied (Figure 18), and the optimum pulse
time for both precursors was 450 ms the time where no further GPC increase (or de-
crease) was observed. However, it is important to note that this self-limiting region was

estimated using a separate, flat silicon wafer. It does not guarantee identical saturation
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behavior within the confined nanopores of a carbon substrate, where transport limitations

and distinct surface chemistry can alter the deposition process.
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Figure 18. GPC in terms of (a) TiCL4 pulse time and (b) number of ALD cycles.
The plateau region confirms that precursor exposure beyond the saturation does
not increase growth, indicating the self-limiting region. [33]

Temperature Window

The ALD temperature window defines the specific range of deposition temperatures
within which the self-limiting reactions and saturation operate optimally, leading to a con-
stant GPC. Operating within this window is critical for achieving high-quality, conformal
films. If the temperature is too low, below the window (L1 and L2 in Figure 19), the pro-
cess is hampered by precursor condensation or physisorption on the surface, and the
thermal energy may be insufficient for the precursors to overcome the activation energy
required for complete chemisorption. Both low-temperature issues can lead to non-ideal
growth and a deviation from the ALD mode to a parasitic CVD mode. Conversely, if the
temperature is too high above the window (H1 and H2 in Figure 19), the thermal stability
of the precursors is compromised, leading to precursor decomposition or desorption,
which destroys the self-limiting mechanism. Therefore, the ideal ALD window is a tem-
perature range where precursors are sufficiently volatile and reactive to achieve full sur-
face saturation without condensing, yet thermally stable enough to avoid decomposition
or desorption. [33] [179]
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Figure 19. TiO, ALD temperature window showing stable GPC plateau between
L1-H1. Below L1, incomplete chemisorption occurs; above H2, precursor decom-
position leads to uncontrolled growth, compromising self-limiting deposition.
[180]

The surface reactions involved TiO2 ALD films are [33]:
1. TiOH (s) + TiCl, (g) — TiO—TiCl; (s) + HCI (g)
2. TiCl(s) + H,O (g) — Ti—OH (s) + HCI (g)
The cycle begins on a hydroxyl (OH)-terminated surface, where TiCl, reacts to form a
titanium chloride intermediate, releasing HCI gas (Reaction 1). This is followed by a water
pulse, which hydrolyzes this intermediate to regenerate the hydroxyl-terminated surface,
again releasing HCI (Reaction 2).
A single TiO, ALD cycle consists of four distinct stages as shown in Figure 20:
i.  Exposure of the surface to the TiCl, precursor.
ii.  Aninert nitrogen purge to remove any unreacted TiCl, and the HCI by-product.
iii.  Exposure of the surface to the H,O precursor.

iv. A second nitrogen purge to remove excess H,O and HCI.
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Figure 20. Schematic illustration of one complete ALD cycle of TiO.. This cycle
is repeated to achieve the required film thickness. [33]

3.4.2 ALD on ACs for supercapacitors

In a study [181], Al,O; was deposited on YP-50F activated carbon using atomic layer
deposition (ALD) at 150 °C with trimethylaluminum and water. Coatings were applied for
2, 5,10, 20, 50 and 100 ALD cycles. While the Al,O; layer was barely detectable after 2
cycles, transmission electron microscopy revealed a visible thin film after 20 cycles,
growing at a rate of approximately 1 A per cycle, though the coating was noted to be
inhomogeneous. The electrochemical performance was significantly enhanced by a 20-
cycle ALD coating. The electrolyte used for testing was 1 M TEABF4/acetonitrile organic
electrolyte. The coated electrode retained 84% of its capacitance after 1000 cycles at 4
V, a substantial improvement over the 48% retention of uncoated carbon. The ALD coat-
ing enabled stable operation at 4 V. It is mentioned that activated carbon electrodes
typically operate below 3 V, so roughly a 1 V higher operating window was achieved.
Furthermore, charge retention after 12 hours more than doubled, from less than 25% for
bare cells to 53% for the coated ones. Analysis linked this improved charge-retention to
a slower self-discharge dominated by ion diffusion mechanism. These improvements
were attributed to the ALD coating's dual role. The Al,O; layer not only improved perfor-

mance at a high voltage of 4 V by acting as a thickened Stern layer but also suppressed
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the surface oxygen functional groups of the activated carbon, improving the cyclic reten-
tion. However, an overly thick coating was found to block the AC nanopores and conse-
quently degrade the cycling performance. Pore blocking became significant at a coating
thickness of 10 nm (100 ALD cycles), where micropore volume decreased noticeably

and capacitance dropped, though cycling retention remained stable.

Before this, Hong et al. [182] deposited a 2nm Al,O3; coating on activated carbon at
180°C. 1.0 M tetraethylammonium tetrafluoroborate (Et,NBF,)/acetonitrile organic elec-
trolyte was used. XPS and Boehm titration confirmed the coating substituted more than
half of the oxygen functional groups that cause faradaic degradation, while BET, BJH,
and HK analyses revealed this ultrathin layer did not block mesopores or micropores.
The coating delivers measurable improvements, extending stable operation to 3V (a 39%
energy density boost over typical 2.5-2.7V) and achieving 74% voltage retention after
50h versus 56% for bare AC. After 5,000 cycles, capacitance retention is superior (88%
vs 75%), and resistance remains stable (1.05 vs 1.84 Q cm?), but specific capacitance is
slightly reduced (37 vs 38 F/g) and initial resistance is higher (0.92 vs 0.53 Q cm?). While
3V is high, it falls short of the 3.5—4.4V achieved in other studies cited by the authors
themselves. The coating's key advantage is suppressing swelling phenomenally (4% vs
644%) and stabilizing long-term performance by replacing oxygen functional groups, but
this comes at the cost of modest initial performance penalties and a voltage ceiling that,

while improved, does not push absolute limits.

Daubert et al. [183] investigated using ALD of vanadium oxide (V,Os), to enhance the
performance of supercapacitors made from two types of activated carbon: mesoporous
Darco G60 and highly microporous DLC Supra 50. The V,05 ALD process was optimized
at 150°C to add pseudocapacitive charge storage to the carbon electrodes. The meso-
porous G60 carbon showed significant improvement, with a 46% increase in specific
capacitance after 75 ALD cycles while maintaining excellent long-term stability (89% ca-
pacitance retention over 10,000 cycles). In contrast, the microporous Supra carbon
showed only minimal capacitance gains from the ALD coating. This difference in perfor-
mance is attributed to how the ALD process interacts with different pore sizes. The pre-
cursors readily coated the larger mesopores of G60, adding pseudocapacitance without
sacrificing the carbon's double-layer capacitance. However, the tiny micropores of the
Supra carbon (mean micropore size is ~11 A) physically restricted precursor entry (long-
est dimension VTIP molecule is 9.6 A)). Instead of coating the interior, the V,O5 primarily
deposited at the pore openings, blocking them and reducing the accessible surface area,

which negated the benefits of added pseudocapacitance. It was therefore demonstrated
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that activated carbon’s pore structure is critical if one wants to achieve the desired ca-

pacitive performance via ALD.

Wu et al. [184] examined the effect of precursor pulse times of ALD deposition of crys-
talline zinc oxide (ZnO) on YP-50F AC between 70-150 °C. While a 100 ms pulse failed
to produce crystalline structure, a 400 ms pulse readily formed a distinct crystalline ZnO
phase even at 70°C. Also, material characterization confirmed that >20 cycles coatings
preserved the AC's microporous structure and high surface area. Electrochemical anal-
ysis revealed that a 6-cycle ZnO coating delivered the best performance, showing the
largest CV loop area, ideal charge-discharge characteristics, superior charge retention
maintaining 2_V after 10,000 seconds, and lower impedance (3-10 Q) compared to pris-
tine AC (9.1 Q). Although a 20-cycle coating showed longer GCD times at 3.2 V, its was
less favourable in terms of CV loop area. Coatings applied at 150°C yielded higher ca-
pacitance due to more optimal crystalline formation enhancing ion migration. Thus, it was
concluded that ZnO-coated AC electrodes enabled improved cyclic capacitance reten-

tion (50%) at extended operating voltage.

Vitto et al. [33] explored the effect of ALD-deposited TiO, on YP-80F porous activated
carbon supercapacitors. The specific capacitance increased from 113 F/g of bare AC to
182 F/g and 187 F/g for 60 and 80 TiO, ALD cycles, respectively. This shows that beyond
60-cycles deposited AC, there was not much improvement in specific capacitance. How-
ever, it was also observed that the contribution to specific capacitance by TiO, conformal
layer increased as the upper limit potential increased from 1.2V to 1.4 V. An increase in
ESR was observed with greater TiO, thickness (80-100 ALD cycles). It was deduced that
the ALD process increased the number of oxygen-containing functional groups. These
functional groups facilitated electrolyte decomposition and undesirable parasitic faradaic
side-reactions, which was identified as a cause for the elevated ESR. These functional
groups also decreased the conductivity of electrodes. BET analysis showed a decrease
in surface area and pore volume of 100-cycles deposited TiO,, due to pore blocking. CV
analysis showed electrolyte degradation and parasitic faradaic reactions when upper
limit potential was increased. This could also be attributed to small working potential of

NaCl electrolyte.

In light of the existing literature, Table 4 compiles the optimal ALD coating thicknesses

reported across different studies for various metal oxides on activated carbon.
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Table 4. Literature-reported optimal ALD coating thicknesses for metal oxides
on activated carbon. Values represent the thickness (in nm) that yielded the best
electrochemical performance in each study.

Metal Oxide Deposited thickness (nm) Reference
Al,0; 2 [181][14] [182]
V205 0.5-0.75

1.5-2.25 [183]
ZnO 1-3 [184]
TiO, =2.3 [33]
Al,O3, ZnO-Al, O3, TiO, 1-3 [185]




40

4. EXPERIMENTAL AND METHODS

This chapter outlines the experimental procedures employed in this study, beginning with
electrode fabrication methods. It subsequently details the specific conditions and param-
eters for electrochemical and materials characterization techniques. Figure 21 presents

a flow chart of our experimental plan to facilitate reader understanding.

Ink Formulation

Doctor Blading and
Electrode Assembly

FESEM and EDX TiO2 ALD Ellipsometry

h 4

Three-Electrode
Cyclic Voltammetry
(Zahner Zennium)

l

XRD Sample Selection Raman

l

Device Fabrication

Maccor
Characterization

Figure 21. Sequential workflow diagram of the research methodology for the
fabrication and characterization of supercapacitor devices.

4.1 Ink formulation and electrode assembly

The AC electrode ink was formulated using YP-80F as the primary active material, con-
stituting 90% of the solid weight, with the remaining 10% consisting of a styrene-butadi-

ene rubber and carboxymethyl cellulose (SBR/CMC) binder system.

The preparation began by creating a pre-diluted aqueous binder solution containing 2
wt% CMC and 40 wt% SBR. To synthesize the final ink, 28 grams of this CMC solution
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and 0.12 grams of Triton X-100 surfactant were gradually incorporated into 14 grams of
YP-80F powder. The mixture was then diluted with approximately 30 grams of deionized
(DI) water and homogenized using an Ultra-Turrax T 10 basic homogenizer. Following
this, 3.2 grams of the SBR solution was added while stirring continued. The ink's viscosity
was carefully adjusted to the target value by the slow addition of further DI water. The

finalized ink was stored in a syringe within a desiccator to await use.

The fabrication process of a single electrode, shown schematically in Figure 22, began
with the creation of a 50 ym thick Kapton stencil, into which the electrode patterns were
precision-cut using a Silhouette Cameo 3 machine. This stencil was then aligned over
the clean Polyethylene terephthalate (PET) film substrate (125 um thick, Melinex ST506,
DuPont Teijin Films). Graphite paste (LOCTITE EDAG PF 407C) was applied generously
over the stencil, and a 220 mm doctor blade was used to force the ink through the cutouts
in the Kapton stencil to print the current collector patterns. These printed collectors were
subsequently cured in an oven at 95°C for one hour. Following this, the prepared YP-
80F activated carbon-based ink was printed directly onto the dried graphite current col-
lector layer. This printed electrode layer was then left to dry overnight at ambient tem-

perature. [33]

Printing of graphite Printing of AC
current collector JHaIte SN eleﬂl?;le

stencil

substrate

Printed AC
supercapacitor
electrode

Figure 22. Schematic illustration of a single electrode fabrication [33]

4.2 TiO, ALD process

A Beneq TFS 200 ALD system was used to deposit TiO, nanofilms. The deposition was
performed directly onto the prefabricated supercapacitor electrodes. For the purpose of
monitoring film thickness using ellipsometry, 50 mm silicon wafers were coated simulta-
neously as reference samples. The process utilized TiCl, and DI water as the precursors

in a sequential, self-limiting reaction cycle to achieve atomic-level control over the film



42

growth. Three different temperatures and nine different number of cycles for each tem-
perature were used to deposit TiO, on prefabricated electrodes, with the mass of YP-
80F remaining in 3.6 = 0.3 mg range for each electrode. The masses of each electrode

are also given below in Table 5.

Table 5. Mass of each prefabricated electrode used for ALD in milligrams (mg)

Temperature | Number of Cycles
(°C)

5 10 15 20 40 60 80 100 120
100 3.6 |37 3.5 3.5 3.6 3.7 3.6 3.6 3.4
120 3.7 |33 3.7 3.5 3.6 3.6 3.6 3.5 3.8
140 35 |36 3.6 3.5 3.6 3.5 3.5 3.5 3.6

4.3 Three-electrode CV

The first electrochemical test was CV, carried out in a three-electrode configuration, us-
ing a Zahner Zennium electrochemical workstation. The setup consisted of a silver/silver-
chloride (Ag/AgCl, Redoxme AB) reference electrode and a platinum coil (Redoxme AB)
counter electrode. 1 M Na,SO, aqueous solution served as the electrolyte. The meas-
urements were conducted within a potential window of -1.0 V to 0.0 V (vs. Ag/AgCl) to

characterize the samples as negative electrode materials, using a scan rate of 10 mV/s.

The two electrodes which showed the highest specific capacitance from each tempera-
ture class, were then chosen for device fabrication and characterization, and materials
characterization like XRD and Raman. However, to broaden the structural and morpho-
logical analysis, a refinement criterion was applied. If the two highest-performing sam-
ples within a temperature class differed by <10 ALD cycles, the second-best performer
was replaced with a moderately performing sample exhibiting a larger cycle-count differ-
ence (>10 cycles). Additionally, to enable meaningful cross-temperature comparisons,
preference was given, where possible, to selecting at least one sample per temperature
class with the same ALD cycle count. In this context, cyclic voltammetry served not only
as a performance analysis but also as a crucial step guiding sample selection for further

electrochemical and structural analysis.
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4.4 Device fabrication

After the three electrode CV, the samples were selected according to the criterion men-
tioned in Section 4.2, and seven asymmetric device were fabricated. Each ALD-coated
sample served as the negative electrode against a bare YP-80F positive electrode of
similar mass. A symmetric device with two bare YP-80F electrodes was also fabricated

as a control for performance comparison.

The method of device fabrication followed here is reported by H. Pourkheirollah et al.
[159]. The device fabrication began with an aluminum/polyethylene terephthalate
(AI/PET) flexible laminate substrate, featuring a 9 ym aluminum layer and a 50 ym PET
layer (Fig. 23a). This substrate was first pre-heated at 95 °C for 15 minutes (Fig. 23b). A
graphite ink current collector was then doctor-bladed onto the PET side, using the alu-
minum layer as a backing (Fig. 23c), and was dried at 95 °C for one hour to form a 25—
35 um thick layer (Fig. 23d).

Subsequently, an AC ink electrode layer was applied atop the current collector using the
same blade-coating method (Fig. 23e) and was dried overnight at room temperature,
resulting in a 30—40 um thick film. A layer of adhesive was then applied over the PET
and a portion of the current collector (Fig. 23f). Following this, an aqueous electrolyte
was dispensed onto the electrode surface (Fig. 23g). A commercial cellulose separator
(Dynacap GT 0.45/40, Glatfelter) was placed onto the electrolyte-soaked electrode, en-

suring both components are fully impregnated (Fig. 23h).

The final assembly involved sealing two identical electrodes face-to-face with the adhe-
sive, with one electrode pair including the separator between (Fig. 23i). The completed
supercapacitor, including its packaging, had final dimensions of 50 mm in length, 50 mm

in width, and a thickness ranging from 0.35 to 0.45 mm.
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Figure 23. The supercapacitor fabrication process follows these sequential
steps: (a) Starting with an AI/PET substrate; (b) Pre-heating the substrate; (c)
Depositing a graphite ink current collector on the PET side; (d) Drying the
graphite layer; (e) Depositing an AC ink to form the electrode layer; (f) Applying
an adhesive; (g) Adding an aqueous electrolyte onto the electrode; (h) Placing
a cellulose paper separator; and finally, (i) Assembling and sealing two elec-
trodes face-to-face. [159]

The active mass of the fabricated devices is given below.

Table 6. Masses of fabricated two-electrode SC devices
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Device Active mass (mg)
Bare YP-80F 5.6
100°C - 10 Cycles 6.0
100°C - 40 Cycles 6.5
120°C - 15 Cycles 6.4
120°C - 40 Cycles 6.4
140°C - 40 Cycles 5.8
140°C - 60 Cycles 6.9
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4.5 Device performance characterization

The electrochemical characterizations carried out are CV and GCD, the theories of whom
were mentioned Chapter 2. The assembled supercapacitor devices were electrochemi-
cally characterized using a Maccor 4300 workstation (Maccor Inc., USA) in a two-elec-
trode configuration according to IEC 62391-1 [186]. The measurement sequence com-
prised galvanostatic charge-discharge (GCD) cycles at 1, 3, and 10 mA within a voltage
window of 0 to +1.2 V. At each current level, the fourth cycle included a 30-minute hold
at the upper voltage limit (+1.2 V) prior to discharge. Specific capacitance was calculated
from the 1 mA discharge curve between 80% and 40% of maximum voltage. ESR was
determined from the initial IR drop measured at 10 mA after the voltage hold, as the
standard recommends higher current for ESR measurement. Leakage current was rec-
orded during the final one-hour hold period. Following the GCD protocol, cyclic voltam-
mograms were acquired at scan rates of 100, 50, 10, and 5 mV/s (four cycles each). [33]
[187]

To ensure fair comparison of intrinsic material properties and remove the effects of var-
iation in active mass of the devices, a voltage-specific capacity graph derived from the

discharge curve of absolute raw GCD of the devices was also given (Figure 28b) [188].

Cyclic stability was measured over 10,000 GCD cycles (capacitance measured every
100 cycles), with the plotted curve displaying every 500th cycle and adjacent averaging

filter applied for noise reduction (Figure 29).

4.6 Materials characterization

Reinshaw inVia Qontor spectrometer (equipped with a 50x objective confocal micro-
scope) was used for Raman Analysis. A green, 532 nm diode-pumped solid-state laser,
operating at 1.429 mW, was used as excitation source. Spectra were collected from 100-
3700 cm™ (stitched from two grating positions) and a more focused range from 50-1853

cm™ (without stitching).

XRD analysis was conducted using an X-Ray diffractometer MiniFlex 600 (RIGAKU) with
parameters set to a step size of 0.020°, a scan speed of 3°/min, a current of 15 mA, a
voltage of 40kV, and a 26 range of 20°-65° (with a supplementary short scan from 20°—

30° at a step size of 0.01° and a scan speed of 1°/min).

For FESEM and energy-dispersive X-ray spectroscopy (EDS), the samples were cut into
~7 x 7 mm pieces and mounted on aluminum stubs (Agar, AGG301F) using conductive
carbon adhesive discs (Agar, AGG3347N). To ensure proper electrical grounding and

reduce charging during imaging, conductive carbon glue (Agar, AG16050) was applied
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between the sample edge and the stub. A thin carbon coating (~10 nm) was then depos-
ited on the sample surface using a high-vacuum sputter coater (Leica EM ACE600) with
carbon thread pulses. Surface morphology of both AC and TAC samples was imaged
with a Zeiss Ultra Plus FESEM operated at 10 kV and a working distance of 8.3 mm.
Elemental mapping was performed using the integrated Oxford Instruments X-MaxN
EDS detector. The samples selected for FESEM were 100°C-20 cycles, 100°C-100 cy-
cles, 140°C-20 cycles and 140°C-100 cycles, both before and after cyclic voltammetry,
to observe any change in morphology caused by electrode-electrolyte interaction due to
cycling. The samples chosen for EDX were 100°C-20 cycles, 100°C-80 cycles, 140°C-
20 cycles and 140°C-80 cycles.
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5. RESULTS AND DISCUSSION

The following chapter presents the results of various electrochemical and material char-

acterization studies and provides a detailed discussion and interpretation of the findings.

51 CV

Figure 24 shows the voltammograms from three-electrode CV.
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Figure 24. Voltammograms from three-electrode CV, grouped by ALD tempera-
ture.

All cyclic voltammetry curves exhibit a quasi-rectangular shape, confirming that the
charge storage is dominated by EDLC from the carbonaceous substrates [189]. A key
finding is that an optimal number of ALD cycles, which may vary with deposition temper-
ature, enhances electrode performance. This is evidenced by a larger CV curve area,
indicating a higher specific capacitance compared to the bare activated carbon. Crucially,
this improvement occurs without the characteristic faradaic peaks of TiO, pseudocapac-
itance, indicating that the higher capacitance stems not from redox activity, but from the
TiO, layer enhancing the electrochemical activity of the carbon surface. However, ex-
ceeding this optimal cycle count leads to a progressive decline in performance. The CV

area shrinks, shown by a reduced current response, signaling a loss of specific capaci-
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tance. Concurrently, the curves distort further from an ideal rectangular shape to an el-
liptical one, suggesting a rise in internal resistance as the thicker TiO, layer likely begins
to clog the carbon's pore structure.

The specific capacitance for each sample was determined by integrating the area en-
closed by CV curves and then applying the equation (5) from section 2.6.1. For a clearer
comparative picture, the specific capacitance values for each sample are presented in
Table 7 and graphically plotted against the number of ALD cycles in Figure 25.

Table 7. Specific capacitance values (F/g) from three-electrode CV

Number of Cycles Temperature (°C)

100 120 140
0 76.0 76.0 76.0
5 86.2 75.8 70.4
10 86.7 76.4 69.8
15 76.8 78.6 73.9
20 82.3 71.5 67.7
40 89.9 741 75.3
60 84.5 62.2 76.6
80 80.1 70.1 49.3
100 82.4 54.2 54.4
120 81.0 41.6 50.0

Specific Capacitance
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Figure 25. Graphical representation of specific capacitance versus ALD cycle
number for electrodes processed at different ALD temperatures.
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The specific capacitance exhibits a non-linear dependence on TiO, ALD cycles across
all temperature regimes. The sample with 40 ALD cycles at 100°C demonstrates the
most significant enhancement of around 18% increase over the bare electrode. In con-
trast, the sample with 40 cycles at 140°C shows only a minimal improvement of around
0.7%, while the 15-cycle sample at 120°C shows around 3.5% increase. No clear linear
or proportional relationship exists between cycle number and capacitance, suggesting
competing mechanisms (e.g. surface modification, pore clogging) that affect the CV
curve area.

Based on the three electrode CV results, two samples from each temperature class were
selected for further electrochemical and material characterizations. The selection crite-
rion mentioned in Section 4.3 was followed. The final selection for further analyses in-
cludeed the 100 °C-10 cycles, 100 °C-40 cycles, 120 °C-15 cycles, 120 °C-40 cycles,
140 °C-40 cycles, and 140 °C-60 cycles samples.

Supercapacitor devices of six selected samples were made as mentioned in Section 4.4
and their electrochemical performance was evaluated as mentioned in 4.5.

The specific capacitance results from the procedure are shown below in Table 8.

Table 8. Specific Capacitances (F/g) of the fabricated SC devices.

SC Device Specific Capacitance
100°C - 10 Cycles 24.2
100°C - 40 Cycles 26.7
120°C - 15 Cycles 18.6
120°C - 40 Cycles 24.3
140°C - 40 Cycles 27.9
140°C - 60 Cycles 27.6
Bare YP-80F 26.7
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Figure 26. CV curves of SC devices at (a) 100 mV/s, (b) 50 mV/s, (c) 10 mV/s and
(d) 5mV/s

The highest CV curve areas are for 140°C-40 Cycles and 140°C-60 Cycles. The lowest
CV curve areas are for 120°C-15 Cycles and 100°C-10 Cycles. However, a peculiar thing
to note is the humps found for 140°C-60 Cycles sample at 100 and 50 mv/s scan rates.
This is due to the potentiostat limitations. The Maccor 4300 system is optimized for bat-
tery testing and may not fully capture rapid electrochemical phenomena. The quick
charging and discharging of supercapacitors, characterized by a small time constant
(RC), can result in current transients that are recorded as anomalous peaks in the CV

curves. This is the reason that these peaks disappear at slower scan rates.

5.2 Ellipsometry

The thickness measured on Si dummy wafers is depicted in Figure 27a below. The re-
sults in Figure 27b show that GPC stabilized around 0.4 A/cycle, consistent with values

reported by Ritala et al. for the same precursors [190].
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Figure 27. Thickness in (a) nanometers and (b) GPC, measured from Si dummy
wafers.

The thickness values in Table 9 correspond to the two best-performing samples from
each temperature, selected based on their capacitance in cyclic voltammetry (Section
4.5.1).

Table 9. Numerical values of ALD layer on the two selected samples from each
temperature class.

Sample Average thickness (nm)
100 °C-10 Cycles

100°C-40 Cycles ~2.6

120°C-15 Cycles

120°C-40 Cycles =2.1

140°C-40 Cycles =1.7

140°C-60 Cycles ~2.4

These values can also be compared to Table 3, which lists thicknesses reported in the
literature for other supercapacitors that have also used ALD-coated metal oxides on ac-
tivated carbon. The film thicknesses for the 5, 10, and 15-cycle samples could not be

measured due to an unexpected malfunction of the ellipsometer.
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5.3 GCD

The GCD curves of the supercapacitor devices are shown below.
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Figure 28. GCD curves from the fabricated SC devices, with (a) showing the
GCD. After normalizing the discharge time by the active electrode mass, the volt-
age-specific capacity graph (b) is obtained.

Figure 28a. shows symmetrical triangles, representing EDLC behaviour (refer to Fig-
ure 11A). According to Figure 28b, electrodes coated at 120 °C show the worst overall
performance. The 120°C — 15 cycles sample has the lowest specific capacity of all tested
samples, and the 120°C — 40 cycles sample has a specific capacity nearly equal to that
of the bare YP-80F. The 100 °C series shows moderate but varying performance, with
the 100°C — 10 cycles sample possessing lower specific capacity and the 100°C — 40
cycles sample exceeding the bare material. The 140 °C series shows the best perfor-
mance, with both the tested samples delivering the highest specific capacitances among
all ALD-coated electrodes.

Overall, this variability indicates that the ALD process parameters have a non-linear ef-
fect on the resulting electrochemical performance, with no simple correlation emerging
from the GCD results.
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5.4 Cyclic stability

The numerical values of capacitance retention of each sample after 10000 cycles are
given below in Table 10.

Table 10. Cyclic stability of the selected SC devices.

Sample Capacitance retention (%)
Bare YP-80F 95.7

100°C-10 Cycles 101.3

100°C-40 Cycles 96.9

120°C-15 Cycles 95.1

120°C-40 Cycles 97.8

140°C-40 Cycles 96.9

140°C-60 Cycles 97.7
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Figure 29. Cyclic stability graph of fabricated SC devices.

The bare YP-80F retains 95.7% of its initial capacitance after 10,000 cycles. Most ALD-
coated samples perform slightly better, except 120°C-15 cycles sample. This indicates

that ALD TiO, does not provide a significant enhancement in capacitance retention.

100°C-10 cycles sample, however, exhibits peculiar behaviour, achieving 101.3% reten-

tion.
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The observation of capacitance retention exceeding 100% during extended cycling is
well-documented in supercapacitor literature and reflects electrode activation. For in-
stance, a graphene oxide-polyaniline (GO@PANI) nanocomposite demonstrated
118.6% capacitance retention after 10,000 cycles at 3 A g™ with coulombic efficiency
approaching 100% [191]. Similarly, a Co-HAB MOF supercapacitor retained 105.1% of
its initial areal capacitance after 10,000 cycles at 0.75 mA cm™ [192]. This phenomenon
is consistently attributed to the activation of the electrode material through uninterrupted
diffusion of electrolyte into open-porous channels, leading to enhanced wetting and an
increasing number of charge storage sites [193].

Electrochemical impedance spectroscopy (EIS) is particularly valuable for studying this
activation process. For example, in the GO@PANI system, EIS recorded after 1,000
cycles showed significantly reduced resistances compared to the pristine state, verifying
that the electrode becomes progressively more activated and chemically stable even
after 10,000 cycles [193]

5.5 Impedances

The impedances, also taken from Maccor 4300 GCD measurements, are given below in
Table 11.

Table 11. Leakage current and ESR of SC devices

Sample ESR Leakage current
Q) (uA)

Bare YP-80F 10.85 417

100 °C — 10 Cycles 11.91 6.69

100 °C - 40 Cycles 8.95 6.21

120 °C - 15 Cycles 12.87 7.21

120 °C - 40 Cycles 8.51 5.47

140 °C - 40 Cycles 9.95 4.97

140 °C - 60 Cycles 5.39 7.61

ESR results suggest that moderate-to-high cycle counts improve charge transport path-
ways at the electrode-electrolyte interface. However, lower-cycle depositions (10-15 cy-

cles) result in elevated ESR values. It is however, important to note that the measured
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ESR also includes impedance from the current collector, and the consistency of the con-

tribution of the collector to ESR across tests has not been established.

All ALD-treated samples demonstrate higher leakage current values than pristine YP-
80F, with the 120°C—-15 cycles configuration showing a very high leakage current. The
140°C—40 cycles sample has the lowest capacitance amongst all the samples, while the
140°C—-60 cycles sample exhibits unsually higher leakage, which can be considered as
a measurement anomaly. The data indicates that no single optimal ALD condition simul-
taneously minimizes both parameters, as improvements in ESR might be offset by com-

promised leakage characteristics.

5.6 FESEM

Figure 30 shows the FESEM micrographs.

Figure 30. FESEM micrographs for electrode samples. Each subfigure corre-
sponds to the specified sample and magnification, as follows: (a) 100°C-20 cycles
before CV, 1.0 um; (b) 100°C-20 cycles after CV, 1.0 um; (c) 100°C—-100 cycles be-
fore CV, 1.0 um; (d) 100°C-10

FESEM micrographs obtained aligned with SEM micrographs of commercial ACs given
in Figure 15. However, FESEM proved inconclusive in detecting any conformal TiO,
deposition. The micrographs did not display any distinct morphology characteristic of
TiO,. The presence of an occasional bubble-like features in Figure 30c, enclosed by red
circles, cannot be definitively attributed to the TiO, coating. Given that ALD typically
yields a uniform and conformal surface layer, the absence of a consistent, observable
texture across the carbon substrate suggested that the coating was either too thin to
resolve or lacked distinct topographic contrast. HR-TEM could prove superior in visual-
izing the ALD-deposited layer, as was done in [33]. Therefore, to determine the success
of the ALD process and confirm the presence of titanium, EDX spectroscopy and ele-

mental mapping were conducted.
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5.7 EDX

Elemental mapping (Table 12) provided definitive evidence for the uniform spatial distri-
bution of titanium (Ti), which confirmed consistent TiO, coverage across the AC sub-
strate. This was further supported by the homogeneous distribution of chlorine (Cl), a
byproduct of the TiCl, and H,O precursor reaction, which validates the completion of the

intended ALD reaction.

Table 12. Elemental mapping showing spatial distribution of C, Ti, O and CI
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Figure 31. Weight percentage of different elements in TiO,-ALDed samples,
obtained from EDX

Furthermore, the weight percentage analysis (Figure 31) also confirmed a successful
ALD TiO, operation. An increase in titanium weight percentage with increasing number
of cycles from 20 to 80 at both deposition temperatures was observed. This increase
was accompanied by a corresponding decrease in carbon content. The concurrent rise
in chlorine content also validated the deposition process. However, while EDX quantita-
tively tracks elemental composition changes, it cannot provide insights into coating mor-
phology or uniformity.

5.8 Raman

The Raman spectra (Figure 32) are dominated by two key components, the broad D
(~1350 cm™) and G (~1580 cm™) bands of the YP-80F substrate. Most samples show
no TiO, crystalline peaks. This means that for most of the samples, the TiO, coating is
not highly crystalline anatase but rather a disordered, amorphous layer, which is common
for low-temperature ALD processes. 120°C-40 cycles (After CV) sample (Figure 32 After
CV) showed the distinct, sharp peak of crystalline anatase TiO, However, this was noted
as an outlier, since further measurements on the same sample (Figure 32) did not detect
any anatase measurements, suggesting this isolated crystallinity is not the representa-
tive of the whole sample.
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Figure 32. Raman spectrographs of the samples before and after CV, and
120 °C-40 Cycles after CV.

Furthermore, comparing the (ID/IG) ratio of samples before (b) and after (a) CV would

also reveal if the amorphous TiO, layer provided any protective effect against carbon

corrosion during the electrochemical cycling. These would be shown in Table 13.

Table 13. ID/IG ratios of samples before and after CV

Sample Io le FWHMe (cm™) Io/le
YP-80F 3.56x10° | 1.56x10° 47.5 2.29
100 °C-10 Cycles-a 9420 3270 46.9 2.88
100 °C-10 Cycles-b 11200 4930 49.8 2.27
100 °C-40 Cycles-a 8640 3390 50.5 2.55
100 °C-40 Cycles-b 6960 2740 52.5 2.54
120 °C-15 Cycles-a 8150 2830 49.2 2.88
120 °C-15 Cycles-b 8660 3370 51.0 2.57
120 °C-40 Cycles-a 7030 2500 51.5 2.81
120 °C-40 Cycles-b 6660 2320 52.6 2.87
140 °C-40 Cycles-a 7090 2400 49.0 2.95
140 °C-40 Cycles-b 6540 2180 49.5 2.99
140 °C-60 Cycles-a 6350 2350 48.4 2.71
140 °C-60 Cycles-b 7010 2610 51.6 2.68
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Some information from the ID/IG ratio can be extracted regarding the effectiveness of
the TiO, layer in protecting the underlying carbon structure from electrochemical degra-
dation during cyclic voltammetry (CV). This ratio is a common indicator of disorder in
carbon materials. For samples with a lower number of TiO, -ALD cycles, e.g. 100°C-10
cycles and 120°C-15 cycles, the ID/IG ratio increased significantly after CV (from 2.27 to
2.88 and from 2.57 to 2.88, respectively). This suggests that the cycling introduces sub-
stantial structural defects or disorder in these less protected activated carbon samples.
For samples with a thicker TiO, layer (higher number of cycles), like 100°C-40 cycles
(from ~2.54 to 2.55) and 140°C-60 Cycles (from 2.68 to 2.71), the ID/IG ratio remains
remarkably stable. In fact, for the 120°C-40 cycles and 140°C-40 cycles samples, the
ratio even slightly decreased after CV, which could suggest a minor annealing effect or
the removal of unstable defect sites. This overall stability demonstrates that a thicker
TiO, layer, achieved with a higher number of deposition cycles, provides effective pro-
tection, maintaining the structural integrity of the carbon during electrochemical cycling.

The interpretation of the TiO, coating itself from Raman data is however, limited.
While most TiO,-coated AC samples exhibit a higher ID/IG ratio than the pristine carbon,
suggesting an increase in surface defects, this signal originates from the underlying ac-
tivated carbon, not the TiO, coating itself, as amorphous TiO, is Raman-inactive [194].
Furthermore, the protective phenomenon provided by the deposited TiO, should further
be verified through other characterizations. XPS could detect chemical changes on the

carbon surface indicative of oxidation [33].

5.9 XRD

The results of XRD, taken from the Si dummy samples, are given in Figure 33. Reference
spectra for graphite (RRUFFID No. R050503) and silicon (RRUFFID No. R050145) are

also added.
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Figure 33. XRD diffractogram for ALD-deposited TiO:2 layers, taken from an S
dummy sample

It must be noted that the results from the Rigaku Miniflex 600 are not reliable for these
thin film samples. Sporadic peak around 33° in some samples may correspond to the Si
(200) peak from the underlying silicon wafer, and it can seem that its signal decreases
at higher number of ALD-cycles. However, no clear peaks corresponding to crystalline
TiO, phases (e.g., anatase or rutile) can be resolved, even in slow-speed measurements.
Instead, the noticeable amorphous hump in the low 20-degree region of the diffracto-
grams provides evidence for the presence of a non-crystalline material. Thus, the only
tentative conclusion from XRD regarding the coating itself is that it consists of an amor-
phous film, with no detectable crystalline TiO, present, and this could alternatively be
attributed to the layer being too thin to produce measurable diffraction peaks For thin film
analysis, GIXRD (Grazing-Incidence X-ray Diffraction) would be more reliable because
of its limited penetration depth, enhanced surface sensitivity, and substrate signal sup-

pression [195].
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6. CONCLUSIONS AND FUTURE RESEARCH

The electrochemical characterizations of ALD-deposited TiO, on commercial YP-80F
activated carbon electrodes demonstrated minimal performance enhancement. Analy-
sis of specific capacitance values, derived from both three-electrode and two-electrode
configurations, revealed no clear, consistent trend correlating ALD parameters (temper-
ature and cycle number) with improved charge storage capability. Similarly, cyclic sta-
bility testing showed no meaningful improvement in capacitance retention for the modi-
fied electrodes compared to pristine YP-80F. Notably, the leakage current increased for
all ALD-treated samples relative to the bare electrode, indicating potential degradation
of interfacial properties. However, within the two-electrode device characterizations, the
140 °C temperature class (specifically the 40 and 60 ALD cycles samples) exhibited
marginal performance among the tested conditions. The unusually high leakage current
observed for the 140 °C—-60 cycles sample may reasonably be attributed to measure-
ment error or device-specific anomalies.

Based on these electrochemical results, it can be tentatively suggested that ALD-
deposited TiO, does not significantly enhance the electrochemical performance of YP-
80F as a negative electrode material under the investigated conditions. However, this
conclusion is substantially limited by the experimental design and scope of this work.
Several critical factors prevent a definitive judgment.

First, the statistical robustness of the data is insufficient. A proper evaluation would
require a minimum of three replicate samples for each specific ALD condition (tempera-
ture and cycle number) to statistically account for measurement variability and random
instrumental errors. This replication was not performed due to time constraints, leaving
the results vulnerable to single-sample anomalies and precluding reliable statistical anal-
ysis.

Second, the electrochemical characterization protocols lacked consistency. The two-
electrode device testing should have been conducted within the same voltage window (-
1.0V to 0 V vs. Ag/AgCl) used for the three-electrode CV screening to enable direct, fair
comparison and proper correlation between screening and device-level performance.
The difference in voltage windows prevents a fair comparison.

Regarding materials characterizations, FESEM imaging failed to reveal any distinct
morphological features attributable to the ALD coating, likely due to the ultrathin, confor-
mal nature of the deposited layers. However, EDX elemental mapping successfully con-

firmed the presence and uniform distribution of titanium, validating that the ALD process
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occurred as intended. Raman spectroscopy indicated increasing defect density on the
activated carbon substrate with higher ALD cycle counts, though no clear, systematic
trend emerged. Both XRD and Raman analyses consistently showed that the deposited
TiO, was amorphous rather than crystalline, which may partially explain the lack of pseu-
docapacitive enhancement.

The materials characterization plan could be significantly strengthened in future work.
XPS would provide critical insight into surface functional groups due to ALD procedure.
HR-TEM could directly visualize the conformality and thickness of the TiO, nanofilms,
while GIXRD would offer far more reliable results for phase identification in thin-film sam-
ples compared to conventional XRD. Additionally, EIS analysis before and after cyclic
stability tests could help in better understanding the electrode-electrolyte interaction phe-
nomena, and thence the device performance.

Thus, based solely on the available results from this study, it cannot be definitively
concluded that ALD-deposited TiO, enhances the performance of YP-80F electrodes.
While the data tentatively suggests that ALD-TiO, is not an effective modification strat-
egy under the tested conditions, the noted experimental limitations preclude a complete
and final determination. Future investigations can be carried out to address these meth-
odological gaps to conclusively establish the viability of ALD-TiO,/AC for negative elec-

trode application in supercapacitors.
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