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ARTICLE INFO ABSTRACT

Keywords: Two-dimensional materials draw considerable interest for energy storage. Semimetallic phases of transition
Titanium disulfide metal dichalcogenides (TMDs), notably titanium disulfide (TiSy), are extensively studied for their distinctive
Supercapacitors

electronic, chemical, and optical traits. TiSs, initially proposed for Li-ion batteries, holds promise for super-
capacitors, although its utilization faces stability challenges in aqueous environments. Herein, electrically con-
ducting and surface-passivated 2D 1T-TiS; flakes were fabricated and tailored for application as electrodes in
supercapacitors with enhanced durability. For this purpose, self-standing and flexible 1T-TiS, films were fabri-
cated using vacuum filtration and treated with dopamine (DA) to obtain electrochemically stable supercapacitor
electrodes in aqueous environments. During DA treatment, in-situ generation of hydrogen peroxide (H202) leads
to the formation of a thin titanium dioxide (TiO2) overlayer on TiSy, enhancing oxidation stability. At a scan rate
of 10 mV s7}, a single electrode demonstrated a gravimetric specific capacitance of 128 F g™, a volumetric
specific capacitance of 122 F cm™, and an areal specific capacitance of 244 mF cm™2. The symmetric super-
capacitor device demonstrated an impressive capacity retention of 96.1 % after 10000 cycles and 85.5 % after
18000 cycles. These results pave the way for utilizing 2D 1T-TiS, in aqueous environments, expanding its
possible applications and holding promise for significant advancements in the field.

Dopamine functionalization
Transition metal dichalcogenides

1. Introduction characteristics, supercapacitors are ideally suited for large-scale appli-

cations that need high power and short response times, such as forklifts

Supercapacitors, also known as electric double-layer capacitors or
ultracapacitors, are energy storage devices with high power and low
internal resistance. Compared to batteries, they can store and deliver
energy at relatively high rates because their energy storage mechanism
only requires a simple charge separation at the electrode and electrolyte
interface by adsorption of ions [1,2]. Supercapacitors provide benefits
such as long life, high power, flexible packaging, wide range of opera-
tion temperatures, low maintenance, and low weight compared to other
energy storage technologies [3,4]. Due to their advantageous

[5], load cranes [5], grid stabilization systems [5], uninterruptible
power supplies [5], hybrid electrical vehicles [5], high-speed trans-
portation [5], regenerative braking [6], and small-scale applications
such as wearable electronics [7,8], sensors [9,10], and consumer elec-
tronics [11,12].

Layer-structured graphene is one of the most famous two-
dimensional (2D) electrode materials for supercapacitors due to its
high electrical conductivity, chemical durability, and large specific
surface area [3,13]. Expanded layers in self-standing 2D materials
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facilitate ion transport, improving ion diffusion pathways and
enhancing overall electrochemical performance. This structural modi-
fication, along with the use of techniques like vacuum filtration to
fabricate self-standing electrodes without binders, enhances charge
storage efficiency by improving ion accessibility to active sites. Transi-
tion metal dichalcogenides (TMDs) constitute another class of
layer-structured materials that belong to a category of materials denoted
by the formula MXs, where M represents elements such as molybdenum
(Mo), vanadium (V), tungsten (W), or titanium (Ti), while X represents
chalcogen elements like sulfur (S), selenium (Se), or tellurium (Te) [14].
The M-X interactions in TMDs are characterized by strong covalent
bonding, forming X-M-X layers. Meanwhile, weak van der Waals in-
teractions occur between adjacent MX, layers along the c-axis, and
repeating X-M-X layers form bulk materials [15]. Those weak van der
Waals bonds can be broken to obtain single or few-layered 2D TMDs.
Depending on the arrangements of their atoms, 1T and 2H phases are
commonly observed in 2D TMDs. In the 2H phase, metal atoms are
attached to chalcogen atoms, and there is stacking in the form of ABA
(X-M-X), while there is stacking in the form of ABC (X-M-X) in the 1T
phase. These phases can show semiconductor or semimetallic properties
[16]. While TMDs with fully occupied d-orbitals show semiconductor
properties, TMDs without filled d-orbitals show semimetallic properties.
The arrangement of atoms within the single layer is intricately influ-
enced by the occupancy state of d-orbitals, which is pivotal in deter-
mining the phase of TMDs [17]. In the field of materials science, 2D
TMDs have garnered significant research attention and have been
extensively investigated in recent years [18-21]. Among TMDs, mo-
lybdenum disulfide (MoS;) attracted the most attention due to its
durability. Following MoS;, molybdenum diselenide (MoSey), tungsten
disulfide (WSy) and tungsten diselenide (WSep) are the most investi-
gated materials especially for energy storage and conversion [22,23],
electronics [24,25], optoelectronics [24,26], sensing [27,28] and ther-
moelectric devices [29,30].

Titanium disulfide (TiS) is the lightest member of the TMDs [31].
Similar to other TMDs, 2H-TiS, exhibits semiconductor behavior, while
its stable phase, 1T-TiS,, demonstrates semimetallic behavior [32-34].
The use of TiS; has been demonstrated in nitrogen dioxide (NO-),
hydrogen sulfide (H5S), oxygen (O3), deoxyribonucleic acid (DNA), and
catechol sensors [35-38], perovskite and dye-sensitized solar cells [39,
40], wearable electronics [41], thermoelectric [42] and nonlinear op-
tical limiting applications [43]. Besides serving as the cathode material
in the first practical Li-ion battery [44], TiS; has found extensive ap-
plications as a cathode or additive material in various energy storage
devices, including lithium-sulfur [31,45-47], sodium-ion [48-50],
lithium-ion [51], potassium-ion [52], and magnesium-ion [53] batte-
ries. Nevertheless, 2D TiS, is susceptible to oxidation in water and air,
with moisture being the primary catalyst for this process [48,54]. Con-
version to titanium dioxide (TiO,) occurs in such cases, and toxic and
corrosive HjS gas is released as a by-product [55,56].

The application of TiS: as a supercapacitor electrode for aqueous
environments has been investigated in a limited number of recent
studies. Takayanagi et al. [57] developed TiS: and graphene oxide het-
erostructures using a colloidal association method, achieving a specific
capacitance of 113 F g ! and a 41 % performance improvement. In this
study, reduced graphene oxide (rGO) serves as the primary capacitive
material, while TiSz enhances its performance by preventing restacking,
increasing surface area, and facilitating charge carrier transport. Rah-
man et al. [58] fabricated symmetric supercapacitors by electrochemi-
cally depositing TiSz, reporting an energy density of 34.35 mWh cm ™2
and cycling stability with only a 4 % capacitance loss after 5000 cycles.
The electrode developed in this study requires a titanium foil substrate,
as the TiS: thin film is electrochemically synthesized directly on its
surface. These studies demonstrate innovative approaches to enhancing
the performance of TiS- through diverse fabrication methods. However,
most rely on binder/conductive additive use and evaluate electro-
chemical performance in three-electrode systems rather than full device
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configurations. While Rahman et al. [58] conducted device-level mea-
surements, none of the works explored self-standing 2D TiS: electrodes
or stability testing beyond 5000 cycles. This highlights a research gap,
emphasizing the need for further studies on self-standing 2D TiS: elec-
trodes and extended stability assessments to fully realize their potential
in practical energy storage applications.

Here, a tailored process was developed to guarantee the long-term
stability of 2D TiS; in an aqueous environment. These findings are
further exemplified through their application as electrode-active mate-
rials in symmetric supercapacitors. Subsequent to the bulk TiSy pro-
duction from elemental powders, this work produced self-standing,
binder-free, electrically conductive 2D 1T-TiS; flakes through organo-
lithium exfoliation. Achieving 2D enables expanded interlayers for
easier intercalation on top of excellent electrical conductivity. More-
over, it allows the preparation of self-standing films without the need for
a binder. Addressing the stability concerns in aqueous environments,
electrodes with enhanced oxidation resistance and electrochemical
stability were obtained through dopamine (DA, 2-(3,4-dihydrox-
yphenyl)ethylamine, (HO),C¢H3CH,CHoNH,) treatment, which was
found to form a thin layer of TiOy by in-situ generated hydrogen
peroxide (H203). This work pioneers the electrochemical stability of
TiOy passivated 1T-TiS; electrodes for symmetric supercapacitors,
overcoming stability challenges in aqueous environments and thus of-
fering promising prospects for various other advanced energy storage
systems.

2. Results and discussion

The schematic fabrication process of self-standing 1T-TiS, film is
provided in Fig. S1, Supporting Information. Initially, titanium and
sulfur powders are annealed in a vacuum quartz tube, producing bulk
TiS, powder. The bulk powders are then exfoliated via organolithium
exfoliation. Organolithium exfoliation is one of the standard methods for
fabricating 2D TMDs [59]. Intercalated Li* ions react with water mol-
ecules through sonication, producing hydrogen (H,) gas and lithium
hydroxide (LiOH) [60]. As a result of lithium intercalation and the
release of Hy bubbles, the distance between layers increases, leading to a
weakening of van der Waals forces [60]. Obtained semimetallic 2D
1T-TiSy suspension is vacuum filtered to collect self-standing and
binder-free films. Single walled carbon nanotubes (SWCNTs) are added
to increase the mechanical stability of the filtered, self-standing TiS,
films. When DA-treated films are necessary, the treatment is adminis-
tered prior to the addition of the SWCNTs. Circular electrodes are pre-
pared by punching self-standing films. Detailed information can be
found in the experimental section.

Scanning electron microscopy (SEM) images of fabricated bulk and
exfoliated TiS; are provided in Fig. S2, Supporting Information. As ex-
pected, bulk TiS, powders collected after annealing in quartz tubes show
hexagonal crystal structures (Figs. S2a-b). Following the organolithium
exfoliation, we achieved large 2D sheets with lateral dimensions
exceeding 30 pm, indicating a successful exfoliation process
(Figs. S2c—d). EDAX spectra of bulk and 2D-TiS; are given in Figs. S3
(a-b), Supporting Information. An analysis of the atomic percentages of
titanium and sulfur atoms confirmed the successful synthesis of bulk
TiS2, and it is evident that exfoliation led to the formation of sulfur va-
cancies. The presence of defects in the structure leads to a rise in the
number of active sites, indicating the potential to modify their surface
chemistry and functionality [61]. Through vacuum filtration,
binder-free, electrically conducting, self-standing 1T-TiS; films are ob-
tained (Fig. 1a). The conductivity of films is measured as 107 +7 S cm!
using 4-point probe technique. Compared to SWCNT-free film (Fig. S4,
Supporting Information), addition of a small amount of SWCNTs facili-
tated the formation of self-standing films, showcasing remarkable me-
chanical flexibility that allowed them to bend without experiencing any
structural failure (Fig. 1b). Additionally, it is observed that the addition
of SWCNTs increased the conductivity of self-standing 1T-TiS; films by
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Fig. 1. a) Conductive, self-standing, and b) flexible TiS; film. ¢) HC-TEM images of TiS; flakes. Inset shows the HR-TEM image obtained from a single 1T-TiS, flake.
d) SEM images of DA-free and e) DA-treated TiS; films. f) A photo showing the colour difference between as-prepared 2D 1T-TiS; and DA-treated TiS, dispersions
after 5 days. g) XRD patterns of bulk TiS; powders, 1T-TiS, and DA-treated 1T-TiS, (DA-TiS) films. h) Raman spectra of bulk TiS, and 2D 1T-TiSs. i) XPS analysis of

1T-TiS, and DA-treated TiS, films.

66 %, from 107 S cm’l, reaching to 177 S em~ . With the addition of
SWCNTs, a simple bending test is conducted to provide the self-standing
films’ ability to withstand flexing. The photographs of the setup and the
resulting change of resistivity with respect to bending cycles are pro-
vided in Fig. S5. Self-standing 1T-TiS2/SWCNT films are punched to
obtain 4.5 cm long strips with circular ends and attached to a custom
bending device. The end points are fixed with adhesive tapes onto
aluminum foils, which allowed the measurement of the resistance
throughout the bending cycles (Fig. S5a). From the initial resistance of
20 Q, the change in resistance after 2000 bending cycles is found to be
only 0.15, indicating the durability of the self-standing films to mild
flexing conditions (Fig. S5b). High-resolution (HR-TEM) and
high-contrast transmission electron microscopy (HC-TEM) images are
provided in Fig. 1c. The calculated lattice spacing of 2.94 A for the (100)
plane aligns well with the literature, providing substantial evidence for
the formation of 2D 1T-TiS; (P3ml space group) [62,63]. From the
HC-TEM image in Fig. 1c, the 2D structure of the TiS; is also verified,
with the appearance of few-layered nanosheets. Few-layered 1T-TiSy

structures are then vacuum-filtered to obtain electrically conducting,
self-standing films. Cross-sectional SEM images of DA-free and
DA-treated films are provided in Fig. 1d-e. The layered structure of
1T-TiS; is clearly seen in Fig. 1d. The application of DA resulted in a film
with increased volume and a flaky appearance (Fig. 1e).

To show how DA increased the resistance to oxidation in an aqueous
environment, as-prepared 2D 1T-TiS, and DA-treated 1T-TiS, structures
are left in distilled water, and the solution color is monitored for 5 days.
A photo of the suspensions’ initial colors is provided in Fig. S6, Sup-
porting Information. As seen in Fig. 1f, the as-prepared 2D 1T-TiSz
suspension turned white — indicating the formation of TiOx. The color of
the DA-treated 1T-TiSy suspension was still black after 5 days. From
here, it was apparent that DA molecules are attached to the TiS; flakes,
preventing the degradation of their electrochemical functionalities in
the aqueous environment. Detrimental extreme oxidation of the as-
prepared 1T-TiS,, which has not been treated with DA, is proven by
UV-Vis spectroscopy (Fig. S7, Supporting Information). The absorption
spectrum of as-prepared 2D 1T-TiSy revealed two primary peaks at
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wavelengths of 284 and 632 nm and a smaller peak at 362 nm. After
immersion in water for 5 days, the color of the as-prepared 2D 1T-TiS;
suspension underwent a noticeable change and turned white. Conse-
quently, the absorption spectrum is re-examined. Alongside a reduction
in the overall intensity, the peak at a wavelength of 632 nm disappeared.
Sherrell et al. [62] elucidated that the reduction in intensity and the
disappearance of the peak can be attributed to the agglomeration and
formation of TiOy.

X-ray diffraction (XRD) patterns of as-synthesized bulk TiS; powders,
as-prepared 1T-TiS; film, and DA-treated 1T-TiS; film are provided in
Fig. 1g. DA-treated 1T-TiS; is denoted as DA-TiS,. The XRD pattern of
bulk TiS; corresponded to the typical hexagonal pattern of bulk TiS,
(JCPDS card no. 88-1967). Following organolithium exfoliation, a
strong characteristic peak at 15.72° (001) broadened. In contrast, other
peaks disappeared due to disrupted crystal structure and increased
interplanar distance, providing further evidence for the 2D structure of
1T-TiS; and reiterating its few-layered structure. According to Ko et al.
[64] the adsorption of ligands onto the surface of 2D nanosheets led to
further broadening and formation of a shoulder in XRD pattern. This
characteristic shoulder peak is observed due to the adsorption of ligands
at (001), which resulted from the DA treatment.

The Raman spectrum of as-exfoliated 2D 1T-TiS; nanosheets on sil-
icon wafers revealed three primary peaks located at 225, 331, and 371
(shoulder peak, Sh) em™! (Fig. 1h). Peaks at 225 and 331 em ™! are
identified as two Raman active modes of TiS,, Eg (in-plane), and A;g
(out-of-plane), respectively [62]. It was suggested by Sherrell et al. that
the shoulder peak should be more apparent for multi-layered TiS; as it
was for bulk TiSy in Fig. 1h. That shoulder peak was also reported as an
indicator of the defective structure of TiS; [65,66]. The ratio of peak
intensities A14/Sh is found to be 2, indicating a structure of 2—4 layers
[62]. Raman spectroscopy is performed on both the SWCNT-free//TiS,
film and the SWCNT//TiS, film. The analysis revealed no significant or
meaningful differences between the two films, indicating that the
addition of carbon nanotubes did not result in noticeable changes in the
Raman-active vibrational modes of the TiSy structure (Fig. S8, Sup-
porting Information). Therefore, Raman characterization further proved
the 2D structure of 1T-TiS, which is also shown by HC-TEM images in
Fig. 1c and XRD analysis in Fig. 1g. In addition, the Raman spectrum of
1T-TiSy and DA-TiS; vacuum-filtered films obtained following vacuum
filtration revealed that DA treatment led to an increase in the anatase
phase of TiO; on the surface [67] (Fig. S9, Supporting Information).
Differences between Raman spectrums of as exfoliated 2D 1T-TiSs
(Fig. 1h) and vacuum-filtered 1T-TiSy and DA-TiS; films (Fig. S9, Sup-
porting Information) may be attributed to mechanical restacking of TiSy
layers during vacuum filtration.

Thorough X-ray photoelectron spectroscopy (XPS) analysis is con-
ducted to comprehend the impact of dopamine (DA) treatment on the
TiS, structure and establish correlations with the observed enhancement
in electrochemical stability, which is discussed later. The results of the
XPS analysis are provided in Fig. 1i and Figs. S10-S12, Supporting In-
formation. XPS data of the N1s region of 1T-TiSy and DA-TiS; films in
Fig. 1i revealed the presence of primary (C-NHjy) and secondary amine
(C-NH-C) functionalities on DA-TiS; at 401.8 and 399.8 eV, respectively,
suggesting incomplete polymerization of DA on the surface [68]. Varol
et al. [69] suggested that polydopamine facilitates the control of ion
transport by regulating the pH-dependent accessibility of nanopores.
The molecular origins of surface chemical and electronic structural
changes induced by DA-treatment in 1T-TiS; are explored through Ti2p
XPS data (Fig. S10, Supporting Information). The Ti2p XPS data
revealed major features at 456.3 and 458.8 eV, corresponding to TiSy
and TiO, in 1T-TiS, film [70,71]. In DA-TiS,, an abundance of TiO,
surface domains indicates a transformation of TiS; to TiO-.
Molecular-level changes upon DA treatment is explained by
auto-oxidation and polymerization of DA. HyOy generation during the
DA auto-redox reaction is crucial for structural alterations, converting
TiS, to TiOSE. The thin TiO, overlayer passivated the surface, improving
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structural stability without affecting electrochemical functionality. In
addition, the lack of XRD signals of thick and ordered titania domains for
DA-TiS; in Fig. 1g served as evidence that the thin TiO, overlayer is
exceptionally thin [72]. S2p XPS data (Fig. S11, Supporting Informa-
tion) revealed three S2p states in surfaces of 1T-TiS; and DA-TiS; films,
showing an increase in sulfur species with higher oxidation states after
DA treatment, correlating with the expected oxidizing action of in-situ
generated HoO, [70,73]. Ols XPS data (Fig. S12, Supporting Informa-
tion) indicated an intensified high binding energy shoulder at 532.5 eV
after DA treatment, consistent with increased Ols states from oxygen
atoms in DA and the formation of a TiO; overlayer on TiS,. The ATR-IR
spectra of 1T-TiS; and DA-TiS; films (Figs. S13(a-b), Supporting Infor-
mation) revealed weak but detectable signals, indicating the presence of
small amounts of DA and its derivatives on the TiS, surface. The
incomplete polymerization of DA and the observed hydrophobicity of
the TiO, surface contributed to the enhanced stability of the DA-TiS,
under electrochemical conditions. A detailed explanation of these find-
ings is shared in Supporting Information. In short, it is argued that DA
treatment forms a disordered thin TiO; overlayer due to auto redox
reaction caused by HyOs. This thin TiO, overlayer suppressed the
degradation of the 1T-TiSy structure in an aqueous environment, which
is practically observed in Fig. 1f and evaluated in detail through elec-
trochemical characterizations.

The electrochemical behavior of 2D 1T-TiS; electrodes is assessed by
drop-casting 300 pg of a TiS, suspension onto indium tin oxide (ITO)
thin film (sheet resistance of 10 Q sq’l) coated glass substrates (elec-
trodes). Cyclic voltammetry measurements in three-electrode configu-
ration are conducted with different electrolytes to determine the best
one with highest compatibility. 1 M concentrations of sulfuric acid
(H2S04), potassium hydroxide (KOH), lithium sulfate (Li»SO4), sodium
sulfate (NaSO4), and sodium chloride (NaCl) electrolytes are used for
this purpose. The resulting cyclic voltammograms are provided in
Fig. 2a. 2D 1T-TiSy was not stable in the acidic environment of HySO4,
while similar results are obtained for both basic and neutral electrolytes
(KOH, LiySO4, NapS04), and NaCl. Best performing electrolytes are
assessed as NaCl and Li»SO4. It is known that electrolytes consisting of
chloride ions could cause pitting on the surface of the stainless-steel
current collectors, affecting the devices’ long-term stability. Therefore,
1M Li»SOy4 is chosen as the electrolyte [74]. At a scan rate of 200 mV s’l,
through the use of 1M Li>SO4 electrolyte within a potential window of
—0.8to —0.2V, a specific capacitance of 80 F g’1 is obtained (Fig. 2a). In
the rest of the study Li»SOy4 is used as the main electrolyte, and further
optimization is done based on this selection.

Symmetric supercapacitor devices are fabricated with the chosen 1
M LipSOg4. Detailed analysis of the behavior and stability of the devices
are provided in Figs. S14-S16, Supporting Information. An activation
step is performed over 400 CV cycles, and the resulting voltammogram
is given in Fig. S14, Supporting Information. Upon activation, capaci-
tance is enhanced. This was due to the reaction couple which appeared
during the activation. The appearance of the reaction couple is corre-
lated with the interlayer expansion of TiS due to Li T insertion and the
partial oxidation of TiS, layers. The effect of the reaction couple was also
visible in the charge-discharge curves of galvanostatic charge-discharge
(GCD) measurements (Fig. S15, Supporting Information). Cycling of the
symmetric cells after the activation step is done to observe the cells’
stability. Without the DA functionalization and electrolyte optimization,
symmetric 1T-TiS; cell could not retain its initial capacitance (Fig. S16,
Supporting Information). Detailed information on activation and sta-
bility is given in Supporting Information.

These results indicated the need for stability improvement. As
mentioned before, TiS; had low oxidation resistance in the presence of
water and oxygen. Ursi et al. [75] reported that introducing amine
groups could enhance the oxidation stability of TiS; through substituting
the amine groups with sulfur (S) vacancies. TiS; with enhanced stability
is then used as an n-type thermoelectric material. Moreover, Ko et al.
[64] demonstrated surface functionalization with ligands to improve the



A.D. Ucar et al.

Materials Today Energy 48 (2025) 101810

a) b) <)
16 -0.9
ol —0.3 A?'
——1AgQ
—2Ag"
. - — —3Ag"
- - > !
o 15 o 8 1 shg
< g ) ’
> z ;!
e or e of -
] o g
a o =
£ £ -
3 3 r I
-30 |
. A . . -6 . . . N
vy - oy ) b Y Yy 0.2 0 100 200 300 400 500 600
d) Potential vs AQ/AgCI (V) e) Potential vs AQ/AQCI (V) f Time (s)
140 10 PEIS Dat L -
N e o Anadic Cumrent
- Low Frequency Region —itsng 2 CathodoCurent /
_ A - { -l: 1 g | —Linear Fit of Anodic Current -
PU“ ol ® ’:Hz = - | . = Linear Fit of Cathodic Cumll/‘/ R) =0.997
w o il
Py ™ < 4 <l
<) S ‘/1/
groor - ™ HighF Regi 2
% . gh Frequency Region @ ol
g - J od = L 2
] B TR =
S eof N E E 4
& » . E R?=0.997
5 175Hz 3 -8t
2 e0f 2 150° s
& He 28 kHz N
© m " -12 F
.
40 L . L R R , - . " - s . -
0 20 40 &0 0 190 0 10 20 2 40 5 60 70 80 90 100

Scan Rate (mV s™)

Scan Rate'? (mVv s7)"?

Z' (Ohm)

Fig. 2. Three-electrode measurements of 1T-TiS, electrodes. a) CV measurements of 1T-TiS, in different electrolytes. b) CV plot of DA-treated 1T-TiS, in three-
electrode configuration at various scan rates. ¢) GCD profile of the electrode. d) Specific capacitances of the electrode at various scan rates. e) EIS results of the
electrode. f) Coefficient of determination (R?) values for anodic and cathodic current.

oxidation stability of titanium carbide (Ti3Cy -MXene), another 2D and
layered material. In addition, Ko et al. suggested that adsorbed func-
tional groups could act to passivate the surface, preventing water mol-
ecules from reaching it and thereby enhancing the capacitive efficiency
of MXene. Inspired by these studies, we have treated 2D 1T-TiS; elec-
trodes with DA (DA-treated 1T-TiS; electrodes: DA-TiS5). For this pur-
pose, the amount of 1T-TiS; is kept constant (40 mg) in Tris-HCI
solution, where different amounts of DA hydrochloride are added to
these suspensions. Detailed instructions and electrode optimization
processes are provided in the Experimental Section and Supporting
Information. It is observed that the introduction of DA inhibited the
detrimental interaction between TiS, and water, leading to a notable
enhancement in electrochemical cyclic stability of the currently pre-
pared devices (Figs. S17(a—c), Supporting Information). Moreover, no
significant changes in Nyquist plots are observed (Fig. S18(a-c), Sup-
porting Information), indicating the enhanced stability of TiSy elec-
trodes. These results readily align with the XPS results and the earlier
explanation of TiS; passivation through thin TiO, coverage with the DA
functionalization. Excess DA introduction seemed to further decrease
the specific capacitance of the supercapacitor devices. Thanks to its
outstanding initial performance, electrodes fabricated using 8 mg of DA
hydrochloride are used for the subsequent device optimization efforts.

The electrolyte of the supercapacitors, fabricated with DA-TiSy
electrodes, is also modified to further enhance the cyclic stability of the
supercapacitors. Thiourea is chosen as an additive due to its amine
group, which, as previously mentioned, contributes to the stabilizing
effect of the materials with the amine group [75]. 2 M Li»SO4 electrolyte
was modified through the addition of 0.1 M thiourea to improve the
cyclic stability of the devices. Cyclic voltammetry measurements of
DA-TiS; using a modified electrolyte were conducted at a scan rate of
100 mV s~!. It was apparent that adding thiourea to the electrolyte
further increased the stability of 1T-TiS, electrodes. A superior cyclic
stability of 93.3 % was obtained for DA-TiS,. Therefore, 1T-TiS;

electrodes treated with 8 mg DA (DA-TiSy) in combination with 2 M
Li;SO4 electrolyte with 0.1 M thiourea are used in subsequent studies,
including three-electrode and symmetric device measurements.

Following the optimization of the electrodes and the electrolyte,
electrochemical storage characteristics of the treated electrodes are
investigated in the three-electrode system using 2 M of aqueous Li;SO4
electrolyte with a thiourea additive of 0.1 M (Fig. 2b—f). The rectangular
CV shape of the electrode within a potential range of —0.2 to —0.8 V (vs.
Ag/AgCl) at various scan rates (Fig. 2b) indicated the capacitive
behavior of the electrode [76]. Specific capacitance and Coulombic ef-
ficiency (CE) calculations are made using Equation (1) and 2, respec-
tively [77].

[Ldv

= 1
P 2umV M
CE :tti (2

For Equation (1), Cy, corresponds to specific capacitance (F g_l),
while I and V represent instantaneous current (mA) and potential range
(V), respectively. v is the scan rate (mV s’l), and m is the mass of active
material. For Equation (2), t; and t. correspond to discharging and
charging time (sec), respectively. A maximum specific capacitance of
128 F g~ is obtained at a scan rate of 10 mV s~!. Moreover, a maximum
volumetric capacitance of 122 F cm ™3, and an areal specific capacitance
of 244 mF cm 2 are obtained. GCD measurements are conducted at
different current densities to figure out the charge storage performance
of DA-TiS; electrodes. GCD measurements resulted in triangular-shaped
profiles at all current densities, proving high Coulombic efficiency.
Maximum Coulombic efficiency of (CE) 96 % is obtained at a current
density of 2 A g~ (Fig. 2¢) [78]. Additionally, a specific capacitance of
133.6 F g1 is achieved at a current density of 0.3 A g™ ™.

The high reversibility of the fabricated supercapacitors is demon-
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strated through their remarkable Coulombic efficiency. The rate capa-
bility of the electrode is shown in Fig. 2d. The consistent inverse cor-
relation between scan rate and specific capacitance aligned with the
underlying charge storage mechanism of supercapacitors, which
enabled better ion adsorption and higher specific capacitance at slower
scan rates, which can be correlated with the pseudocapacitive behavior.
An almost linear relation between the scan rate and specific capacitance
further complements its ideal pseudocapacitive behavior. Potentiostatic
electrochemical impedance spectroscopy (PEIS) analysis is conducted to
further understand the working mechanism of the supercapacitors uti-
lizing DA-TiSy. The resulting Nyquist plot is given in Fig. 2e, and rele-
vant fitting is made using the EC-Lab software. The inset shows two
different fittings of constant phase element (CPE - Q) with parallel
resistances. Detailed results of the fittings are provided in Supporting
Information, in Table S1. The rationale behind the two separate fittings
lies in the association of the complex region between 175 Hz-150 mHz
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frequencies with the porous structure of the vacuum-filtered 1T-TiS,
film. Vacuum filtration resulted in a packed layered structure (see
Fig. la-b), effectively limiting ionic migration. The high-frequency re-
gion is attributed to the electrode/electrolyte interface [79]. The low
value of R;, =~ 3.5 Q was the indication of the high electrical conduc-
tivity of self-standing and binder-free 1T-TiS; electrodes, supportive of
4-probe measurement results. The small semicircle with the repressed
shape was the indication of a CPE element Q2, with a minimal capacitive
contribution. For the low-frequency region, the same CPE model is used.
A high a constant value of 0.986 indicated a near-ideal capacitive
behavior of the 1T-TiSy electrodes. The capacitive contribution,
measuring 280 mF, corresponded to a capacitance value of 180 F g~!

closely approximating the value obtained through CV (Fig. 2b). Very
high resistance in the range of 10'® Q is obtained from the CPE model in
the low-frequency region, possibly indicating exceptional leakage
resistance. Current density vs square root of scan rate plots is fitted for
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Fig. 3. Electrochemical characterization of symmetric supercapacitor devices. a) CV plot for DA-TiS, at various scan rates. b) GCD profile for DA-TiS, at various
current densities. ¢) CV plots for 10000 cycles showing the stability. d) Capacity retentions of devices using as-prepared and DA-TiS, electrodes with and without
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anodic and cathodic currents (Fig. 2f). From the Randles-Sevcik plot, an
R2 value of 0.997 is obtained from linear fitting for both anodic and
cathodic current up to 100 mV s', demonstrating high reversibility of
the electrodes [80].

Following the electrochemical characterization of DA-TiS; in three-
electrode configuration, symmetric cells are assembled. Cyclic voltam-
metry (CV) measurements are conducted at various scan rates within a
potential window of 0-0.8 V for symmetric cells, the results of which are
provided in Fig. 3a. The rectangular-like shape of the CV curve indicated
ideal pseudocapacitive behavior [81]. The shape of the CV curve is
distorted with an increased scan rate due to diffusion limitations [82].
Nevertheless, assembled symmetric supercapacitors could work up to a
scan rate of 500 mV s~ without suffering much from internal resistance
(IR) (Fig. S19, Supporting Information). Galvanostatic charge-discharge
(GCD) analysis is conducted using current densities ranging from 0.3 to
5 A g ! to investigate the charge-discharge mechanism of the symmetric
cells (Fig. 3b). A Coulombic efficiency of 99.7 % is obtained at a current
density of 3 A g~!. GCD profiles with triangular shapes indicated sig-
nificant capacitive contribution with outstanding reversibility during
charge and discharge [83,84]. A specific capacitance of 35.2 F g1 is
calculated from the GCD profile at a current density of 0.3 A g~L.

High-capacity retention is paramount for the reliability and sus-
tainability of a supercapacitor device. 10000 cycles of cyclic stability
test are performed through CV measurements at a scan rate of 100 mV
g1 (Fig. 3c). A capacitance retention of 93.3 % was obtained after
10000 cycles. Following 10000 cycles of cyclic stability test, a
Coulombic efficiency of 97.6 % is maintained at a current density of 0.3
A g! (Fig. $20, Supporting Information). Demonstration of the
improved capacity retention with the applied modifications is shown
through the CV plot provided in Fig. 3c. Initially, we achieved a
remarkable improvement in capacity retention through the DA treat-
ment. Retention is increased from 22.4 % (as-prepared) to 81.1 %
(without thiourea) following 5000 charge/discharge cycles as a conse-
quence of the DA modification. Subsequently, with the addition of
thiourea to the electrolyte, capacity retention is further improved to
93.3 %. The resulting capacitance retention graphs are given in Fig. 3d,
showcasing the improved retention upon thiourea optimization. The
initial specific capacitance of 1T-TiS, was 31.9 F g1, decreasing to 7.15
F g~ ! after 5000 cycles, while DA-TiS, started at 12.6 F g~* and retained
11.76 F g~! after 10000 cycles. PEIS analysis of DA-TiS; symmetric
supercapacitor with thiourea addition is also conducted both before and
after 10000 cyclic voltammetry cycles (Fig. S21, Supporting Informa-
tion). Electrode resistance is measured as 3.1 Q prior to cycling, which is
found to increase to 3.9 Q after cycling. This increase was almost
negligible for 10000 continuous cycles. Specific capacitance values of
these cells are plotted with respect to the scan rate and provided in
Fig. 3e. A maximum specific capacitance of 33.5 F g~! at a scan rate of
10 mV s~ ! is obtained.

To further explore the behavior of DA-treated 1T-TiS; electrodes, a
3D Bode plot is constructed through PEIS measurements at small applied
potential intervals of 20 mV, up to 0.8 V. Real capacitance (C) with
respect to applied voltage and frequency is plotted for the 3D Bode plot
(Fig. 3f). In a comprehensive analysis conducted by Ko et al. [85],
storage mechanisms for different materials were elaborated using 3D
Bode analysis. Based on the work by Ko et al. [85], and considering the
3D Bode plot, 1T-TiS; is found to behave as a pseudocapacitive material.
This further supported the findings from the Nyquist plot (Fig. 2e) as
well as the shapes of CV (Fig. 3a) plots and GCD (Fig. 3b) profiles.
Furthermore, Fleischmann et al. [86] have demonstrated the existence
of non-diffusion limited lithiation due to expanded TiS, interlayer
spacings, which is in good agreement with the observed mechanism in
this work. Hence, it became evident that with appropriate fabrication
and modifications, 2D structures of 1T-TiS; hold substantial promise for
supercapacitor applications and energy storage. A Ragone plot is also
constructed and provided in Fig. S22, Supporting Information. Specific
energy density (E) and specific power density (P) are calculated
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according to the GCD curves in Fig. 3b using Equations (4) and (5) given
below;

E= %cs,, V2 (Whkg™) @
_E -1
P=— (Wkg") )

where Cg, was calculated from Equation (6);
Csp T (6)

where i is the current density (A g~1) and At is the discharge time. From
here, maximum P and E values are calculated as 2000 W kg~! and 3.1
Wh kg !, respectively. Within the Ragone plot, it’s evident that opti-
mized 1T-TiS, symmetric supercapacitors reside at the high end of the
electrochemical supercapacitor spectrum [87]. This further proved that
1T-TiS; electrodes, when carefully engineered for stability, are capable
of delivering high performance, holding promise for future energy
storage applications.

Stability tests of devices fabricated with DA-treated 1T-TiS, are
conducted using GCD measurements to demonstrate their potential for
real-world applications. Relevant graph, including capacitance reten-
tion and Coulombic efficiency, is provided in Fig. 3g. At the current
density of 2 A g~1, a capacitance retention of 96.1 % is achieved after
10000 charge-discharge cycles, which is extended to a retention of 85.5
% after 18000 cycles. The Coulombic efficiency during the measurement
is almost 100 %, signifying good supercapacitive behavior. After 18000
cycles at 2 A g™}, further GCD measurements ranging from 2 A g™ to
0.1 A g~ ! are conducted per each 50 cycles. Respective graph is given in
Fig. $23, Supporting Information. A specific capacitance of 31.2 F g7 is
achieved at a current density of 0.1 A g™, showing that the super-
capacitor devices with DA-treated 1T-TiSs still retain their capacity after
long-term usage. The results were in good agreement with the stability
measurements conducted with CV and prove that the DA-treated 1T-TiS,
electrodes can be utilized in real-case scenarios.

Self-discharge is one of the most important occurrences that might
significantly reduce the device performance due to a potential decrease
[88]. Self-discharge behavior of the fabricated supercapacitors is
monitored, the result of which is provided in Fig. S24, Supporting In-
formation. A constant potential of 0.8 V is applied for 1 min to ensure the
supercapacitor device is fully charged. Then, the open-circuit voltage
(OCV) of the device is monitored for 1 h. It took 10 min for the super-
capacitor to drop from 0.8 V to ~ 0.6 V. Later, it took 50 min for the
1T-TiS; supercapacitor to drop from 0.6 V to ~ 0.4 V, showing excellent
leakage resistance. This leakage resistance can be correlated with the
high leakage resistance R4 from the fitting provided in Fig. 2d. In the
pseudocapacitive charge storage mechanism, some ions in the electro-
lyte undergo a faradaic reaction, and ions are tightly adsorbed on the
surface of the electrode [89]. Desorption of ions is more difficult for
those tightly adsorbed ions, and such high leakage resistance is related
to the pseudocapacitive behavior of 1T-TiS,.

To understand the structural changes in 1T-TiSz: and DA-TiS: elec-
trodes, SEM, XRD and XPS analyses are conducted after 10000 cycles of
cyclic voltammetry. SEM images of the positive and negative electrodes
of 1T-TiSz and DA-TiS: in symmetric devices are analyzed, before and
after cycling. It is observed that the sheet-like structures in the 1T-TiS
electrodes are completely degraded, while they remained intact in the
DA-TiS: electrodes (Fig. S25, Supporting Information). As shown in
Fig. S26, Supporting Information, additional XRD peaks corresponding
to the (004) plane of anatase phase of hydrated TiO, are observed in 1T-
TiS, positive electrode (1T-Positive) [90]. New peaks in the XRD pat-
terns were associated with Ti(OH)4/TiO,, rather than a pure crystalline
TiO3 [91]. XPS results revealed the highest intensity increase in the O 1s
signal for the 1T-Positive electrode, followed by the 1T-Negative elec-
trode (Fig. S27, Supporting Information). Compared to the DA-TiS,
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electrodes, this increased oxygen species suggested that the stability
issues observed in the 1T-TiS; electrodes may be attributed to this hy-
drated form. Surface atomic concentrations of 1T-TiS, DA-TiS,, 1T-Pos-
itive, 1T-Negative, DA-Positive and DA-Negative are given in Fig. S28,
Supporting Information. The surface atomic concentration of oxygen in
the as-prepared 1T-TiS: electrode is measured as 15.2 %, whereas in the
1T-Positive electrode, it increased up to 40.3 %. In the case of
DA-treated electrodes, the controlled oxidation on the surface of
as-prepared DA-TiS, is 28.7 %, which increased to 41.6 %. Much lower
increase in the oxygen concentration of DA-Positive electrodes
compared to 1T-Positive electrodes with respect to their initial states
proved the successful passivation of the TiS; structures. These findings
are consistent with the results from SEM and XRD analyses, further
indicating that the 1T-Positive electrode served as the limiting electrode
in terms of stability. Furthermore, a substantial reduction in the surface
atomic concentration of sulfur has been observed. The absence of
lithium in the as-prepared electrodes suggests that no lithiation occurred
during the exfoliation process, and no residual lithium remained.

24 90
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However, XPS analysis also revealed a small degree of lithium interca-
lation in the DA-Negative electrode. A detailed summary of surface
atomic concentration percentages is provided in Table S2, Supporting
Information. Moreover, the relatively lower oxygen intensity in the
DA-TiS; electrodes indicates that dopamine treatment provides protec-
tion against this aforementioned formation of hydrated Ti(OH)4/TiO>.
In the S2p region of XPS spectra (Fig. $29, Supporting Information), $2-
states attributed to TiS2, polysulfide (S%) ions, and oxidized SOy species
(predominantly S® states from SO42‘, with a smaller contribution from
S* states due to SOs2-) are located at approximately 161.0 eV, 163.0 eV,
and 169.0 eV, respectively [73,92]. The increased signals of polysulfide
and oxidized SOy species in the 1T-Positive electrode highlight the sta-
bility issue of the 1T-Positive electrode, as these species are the primary
contributors to electrode degradation. All in all, dopamine functionali-
zation of the 1T-TiS; proved to be an efficient way to prevent degra-
dation of TiSy, allowing aqueous symmetric supercapacitor devices to be
stable over extended cycling periods.

Coin cells are prepared for use in series, parallel, and both series and
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parallel connections. 2032 cells are used for this purpose. DA-treated 1T-
TiSy electrodes are punched in 10 mm diameter, and 0.1 M thiourea
containing 2 M LiSOy4 is used as the electrolyte. CV plots and GCD pro-
files of series and parallel-connected coin cells are provided in Fig. 4a—f.
Two stacks, each made up of two series-connected cells, are also con-
nected in parallel and named as “2 Stacks in Parallel”. The voltage of the
assembly is proportionally increased through serially connected cells
while it is kept constant at 0.8 V for parallel connections. (Fig. 4a-b). In
series-connected cells, energy density remained the same regardless of
the number of connected cells. Conversely, increasing the number of
parallel-connected cells resulted in a proportional rise in energy density,
aligning with expectations. The consistent outcomes observed in both
series and parallel connection variations highlight the repeatability of
device fabrication and indicate negligible losses during the connections
of coin cells (Fig. 4c). As expected, charge and discharge times remained
the same regardless of the number of series-connected cells (Fig. 4d). In
turn, charge and discharge times increased proportionally for parallel-
connected cells (Fig. 4e). After these measurements, coin cells are con-
nected in series, and a supercapacitor stack is obtained. A supercapacitor
stack formed with 10 symmetric cells is charged with a power supply
and then used to power up a multimeter that generally works with a 9-V
battery. The multimeter is turned on, its internal resistance is measured,
and then it is used to measure the resistance of a self-standing 1T-TiS,
film (Fig. 4g-Supplementary Video 1). Similarly, 3 LEDs are lit thanks to
a directly connected stack of 5 serially connected cells
(Fig. 4h-Supplementary Video 2). Finally, 1T-TiSa-powered RFID (Radio
Frequency Identification) is turned on, which allowed sending signals to
the computer to change the marks on the screen. (Fig. 4i-Supplementary
Video 3). The impressive capabilities of 1T-TiSp-based symmetric
supercapacitors, as demonstrated in their ability to power everyday
devices and enable RFID technology, highlight their significant promise
for practical applications.

There are only limited number of studies on the use of TiS; nano-
sheets in supercapacitor applications in the literature. The scarcity of
existing research underscores the importance of conducting thorough
investigations to unveil the full capabilities of TiS; nanosheets as
supercapacitor electrodes. Zang et al. [93] fabricated symmetric
supercapacitor devices using nanocomposites of vertically aligned car-
bon nanotubes (VACNTs) coated with pseudocapacitive TiS;. The
atomic layer deposition (ALD) method was used for the deposition of
titanium onto VACNTs, followed by sulfurization. A power density of
1250 W kg™! was reported using aqueous 21 M lithium tri-
fluoromethanesulfonate (LiTFSI) electrolyte. Tang et al. [94] utilized
MXene-derived TiS; nanosheets with the assistance of hydrogen sulfide
(H2S) gas. Fabricated non-aqueous sodium-ion capacitors achieved a
power density of 200 W kg ™! and a capacity retention of 92.5 % after
5000 cycles. Chaturverdi et al. [95,96] proposed TiS; as an insertion
host material for non-aqueous lithium-ion and sodium-ion capacitors.
The aforementioned studies relied on bulk TiS, for the fabrication of
electrodes, making use of conductive additives and binders to facilitate
energy storage. None of them utilized semimetallic and self-standing
1T-TiSy nanosheets. In a recent study, aqueous 2 M LiTFSI electrolyte
was employed for TiSy/Lithium iron phosphate (LiFePO4) based Li-ion
battery. Yet, after 500 cycles, only 62 % of the discharge capacity
could be retained, once again highlighting the degradation [97]. Our
study not only shows the promise in 2D 1T-TiS; obtained through
organolithium exfoliation for energy storage devices but also puts forth
a feasible way for stabilizing them in aqueous environments. It is crucial
to utilize and unlock the great potential of 1T-TiS; in energy storage
devices, as this work has highlighted through achieving a power density
of 2000 W kg~ ! and a capacity retention of 93.3 % after 10000 cycles.

3. Conclusions

In conclusion, bulk TiS; powders produced by annealing titanium
and sulfur powders were exfoliated wusing n-butyllithium.

Materials Today Energy 48 (2025) 101810

Characterizations confirmed the successful production of 2D 1T-TiS,
nanosheets. The proposed stable pathway for 2D TiS: holds promise for
future commercialization. However, scalability remains a challenge,
with the exfoliation process—rather than the dopamine treatment—-
being the primary limiting factor. Though improvements are required,
they are within reach. Oxidation-resistant, binder-free, self-standing 1T-
TiSy electrodes with high electrical conductivity were fabricated and
used in symmetric supercapacitor devices. The aqueous stability of 2D
1T-TiS; electrodes was significantly improved via DA treatment through
the formation of a thin TiOy overlayer functionalized by DA. The
resulting DA-TiS; electrodes were utilized in symmetric supercapacitor
devices with aqueous electrolytes. A maximum Coulombic efficiency of
99 % from fabricated devices and a capacity retention of 96.1 % were
obtained after 10000 cycles. Furthermore, coin cells were assembled to
power a multimeter, LEDs, and RFID, showcasing the potential of TiS,
supercapacitors for real-world applications. The successful development
of durable and high-performance 1T-TiS; electrodes, with their
outstanding capacity retention and electrochemical versatility, opens up
promising opportunities for advanced energy storage applications. 2D
1T-TiS; is expected to play a significant role in cutting-edge energy
applications, including electronics, batteries, and supercapacitors,
providing a sustainable alternative for the ever-evolving energy needs.

4. Experimental section

Fabrication of 2D TiS, Flakes: Titanium (99.9 %, Nanografi Co. Inc)
and sulfur (99.98 %, Sigma Aldrich) powders were mixed and annealed
at 650 °C for 18 h in a vacuumed quartz tube. Then, 0.5 g of TiS; powder
and 10 ml n-butyllithium (1.6 M in hexane, Sigma Aldrich) were stirred
in a sealed autoclave at 80 °C for 48 h. Lithium-intercalated TiS; pow-
ders were washed through centrifuging three times each with hexane,
ethanol, and deionized water at 11000 rpm for 30 min. Lithium-
intercalated TiS; powders were added to 300 ml of deionized water
and ultrasonicated in an ice bath for 4 h. After washing twice with water,
the concentrated product (1 mg/ml) was stored in ethanol for further
use.

Fabrication of Self-standing SWCNT//TiS, Films: First, 0.25 g of
sodium dodecyl sulfate (SDS, 99.0 %, Sigma-Aldrich) was added to 100
ml of deionized water and sonicated using a tip-sonicator for 5 min to
dissolve SDS. Then, 10 mg of SWCNTs (P3-SWNT, Carbon Solutions Inc.)
was added to the SDS solution and sonicated for 5 min to ensure proper
dispersion. 20 ml of SWCNT solution was added dropwise to 40 ml of 1
mg/ml concentrated TiS, solution and stirred vigorously at room tem-
perature for 1 h. Self-standing and flexible TiS, films were obtained
through vacuum filtration. Hydrophobic PTFE membrane filters (0.45
pm, ISOLAB) were used for filtration. Self-standing films were punched
to obtain 1 cm diameter electrodes for supercapacitors.

Fabrication of DA-treated Self-standing SWCNT//TiS, Films: 40 mg
of TiS;, was dispersed in 10 ml of 8.5 pH and 0.1 M Tris (Tris(thydrox-
ymethyl)aminomethane)-HCI (Extrapure AR) buffer solution. Dopamine
hydrochloride was added to the solution and stirred for 1 h. The product
was washed by centrifuging two times with deionized water. Finally, the
product was dispersed in ethanol. The steps of SWCNT addition, vacuum
filtration, and punching were the same for DA-treated films as above.

Characterizations and Measurements: Conductivity measurements
were conducted using a Signatone Pro4 4-point probe testing station
with a Keithley 24000 sourcemeter. Absorbance analysis was performed
using Shimadzu UV-3600 UV-VIS-NIR Spectrophotometer. SEM anal-
ysis was carried out using FEI Nova Nano FEG-SEM. XRD analysis was
performed using a Rigaku D/Max-2000 diffractometer employing Cu Ka
radiation at an operating voltage of 40 kV, within the range of 10-90°,
and a scanning rate of 2°/min. High-resolution (HR-TEM JEOL JEM-
2100F) and high-contrast (HC-TEM FEI Tecnai G? Spirit BioTwin)
TEM analyses were performed with 200 and 120 kV operating voltages,
respectively. TEM samples were prepared simply by drop-casting the
samples onto holey carbon-coated 400 mesh copper grids. XPS
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experiments were conducted with a SPECS HSA3500 hemispherical
energy analyzer and a PHOIBOS 100 detector with an MCD-5. During
the XPS data acquisition, a monochromatic Al-Ka X-ray excitation
source (14 kV, 350 W, 1486.6 eV, Ag 3ds,» full width at half-maximum
(FWHM) = 0.90 eV, pass energy 20 eV) was employed along with an
electron flood gun for charge compensation. Short acquisition time
(control) spectra were recorded at the beginning and end of each
experiment to ensure that the samples did not suffer from degradation
during the measurements. Binding energy (B.E.) values of the XP spectra
were shifted to the C1s line of the adventitious carbon at 284.5 eV. XPS
data analysis was conducted via the CasaXPS software, and background
subtraction was performed using a Shirley background. XPS peak
deconvolution was performed via a weighted least-squares fitting
method using 70 % Gaussian and 30 % Lorentzian line shapes. The
surface atom % values were quantified using Scofield’s relative sensi-
tivity factors. Raman spectroscopic measurements were performed using
Witec UHTS 600 Via Raman Spectrometer with a 532 nm laser and 4
em™! resolution. ATR-IR spectra were acquired via a Bruker Alpha
spectrometer using 256 scans and 4 cm ™! resolution. Electrochemical
measurements were conducted using a VMP-3 Biologic potentiostat/
galvanostat system. In a three-electrode configuration, Ag/AgCl and
platinum electrodes were used as reference and counter electrodes,
respectively. Symmetric supercapacitor devices were fabricated using
Swagelok cells with a Whatman cellulose-based filter paper separator.
2032 coin cells were assembled for device integrations.
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