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HIGHLIGHTS

o A new class of Ru@N doped C positive electrode was prepared from pillared Ru-MOF.

o Ru@N-doped C exhibited a higher specific capacitance (211.1 F g~1) than reported RuO,.
o All pseudocapacitive device was assembled using Ti3C, film and Ru@N doped C.

o ASC device demonstrates high power (1294 W kg™!) and energy density (60.7 Wh kg™1).
e Ti3Co//Ru@N doped C device achieved high capacitive retention.

ARTICLE INFO ABSTRACT
Keywords: Herein, we report for the first time the transformation of non-conductive ruthenium (Ru)-based metal-organic
Metallic Ru frameworks (Ru-MOFs) into MOF-derived metallic Ru encapsulated by a nitrogen-doped graphitic carbon ma-

N-doped carbon

MXene

Free-standing flexible film
Pseudocapacitive electrodes

trix (Ru@N-doped C), forming a nano-heterostructured interface. This unique feature offered by Ru@N-doped C
facilitates the generation of abundant redox-active sites (Ru) while promoting efficient ion transport through
well-defined diffusion channels (N-doped C) in sulfuric acid (H5SO4, 1 M). The resultant Ru@N-doped C elec-
trode exhibits a faradaic (non-diffusion-limited) charge storage mechanism, and the calculated specific capaci-
tance (211.1 F g’1 at 1 A g’l) outperforms other pristine ruthenium dioxide (RuO2)-based electrodes. The
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synergistic integration of highly conductive N-doped carbon with metallic Ru enhances both redox activity and
ion diffusion kinetics, while maintaining excellent rate capability. When Ru@N-doped C (positive electrode) is
integrated with pseudocapacitive TisC, MXene free-standing film (negative electrode), it exhibits all pseudo-
capacitive asymmetric device configurations and delivers superior specific capacitance (194.3F g lat 1 Ag™)),
accompanied by faradaic efficiency (90 %) and capacitive retention (109 %). The asymmetric (ASC) device
demonstrates high energy density (60.7 Wh kg™1) and power density of 1294 W kg™!, which outperforms other

reported RuO,-based devices.

1. Introduction

In today’s energy-driven world, the demand for compact, high-
performance energy storage devices is rapidly increasing [1-6]. Pseu-
docapacitors have emerged as promising candidates due to their high
energy density and rapid charge-discharge capability, making them
ideal for flexible and wearable electronics [7-11]. Transition metal
oxides [Co304, V20s, NiO, and MnO,] are widely studied electrodes to
enhance specific capacitance through redox reactions and ion interca-
lation [12-15]. However, Ruthenium dioxide (RuO2, which belongs to
the platinum group) is unique when compared to other transition metal
oxides due to its multivalent state enables a surface redox transfer
process [16]. RuO, was considered as the first electrode material, which
undergoes a reversible redox reaction at the near electrode surface
called pseudocapacitance, was reported in early 1971 [17]. Further
studies revealed that hydrous RuO2 (RuO2. xH50) is reported with high
capacity and rate capability, which are greatly dependent on the elec-
trolyte and surface chemistry of the material, resulting in excellent
theoretical capacitance (>2000 F g~!). Although both hydrous and
anhydrous RuO; exhibited pseudocapacitive behavior, they are limited
by severe aggregation and are difficult for penetration of electrolyte ions
to activate electroactive sites, and thus, this diminishes the faradaic
(non-diffusion) reaction, resulting in low capacitance. Additionally,
RuO; electrodes suffer from poor rate capability at high charge/di-
scharge rates due to limited electrical conductivity and lesser cyclic
stability [18]. Moreover, the fabrication of various reported hybrid
asymmetric devices is configured mainly by combining RuO, (positive
electrode) and carbon (negative electrode), whereas the practical ap-
plications are limited by high cost and low active surface area of RuO,.
Recent efforts focus on all-pseudocapacitive systems, where both elec-
trodes contribute to redox storage, offering a promising path toward
next-generation high-energy devices [19].

Generally, the selection of pseudocapacitive materials and current
collectors is critical, as it directly influences charge-discharge effi-
ciency, which can influence the device performance with long-term
stability [20]. MOFs represent a suitable class of electrode materials
for energy storage applications, owing to their excellent electrochemical
stability [21]. This is primarily attributed to the formation of strong
coordination bonds between metal nodes and organic linkers, which not
only offer abundant pseudocapacitive sites but also contribute to a high
surface area. Many studies have demonstrated that pre-synthesized
MOFs can be transformed into porous carbon materials through
controlled thermal treatment at specific temperatures. The resulting
MOF-derived carbon features high porosity, large surface area, and
improved electrical conductivity, which together facilitate ion accessi-
bility towards the active sites and promote electron transfer [22].
Among the diverse MOF structures, Ru-MOFs have distinguished
themselves from other MOF analogs and derivatives due to their supe-
rior pseudocapacitive charge storage capacity and remarkable electro-
chemical stability, particularly in acidic media. Although the use of bulk
RuO3 in combination with carbon-based negative electrodes to fabricate
ASCs has been widely reported in the literature, emerging research on
MOF-derived materials are expected to deliver promising avenues for
energy storage performance [23,24].

Carbon-based materials are widely regarded as ideal negative ma-
terials for ASCs due to their excellent electronic conductivity, high

surface area, mechanical stability, cost-effectiveness, abundance, and
environmentally friendly nature [25,26]. Widely used carbonaceous
materials, including carbon nanotubes (CNTs), activated carbon (AC),
and graphene, have been extensively studied. However, these materials
often exhibit relatively low specific capacitance (Cs), which has driven
the exploration of alternative materials. To overcome these limitations,
researchers have investigated non-noble transition metal oxides, ni-
trides, and carbides. Among these, MXenes (Titanium carbide, Ti3Cy), a
group of 2D materials composed of metal carbides and nitrides, have
emerged as promising candidates in energy storage devices [27,28].
Their strong pseudocapacitive properties, highly reversible redox
behavior in acidic media, and excellent metallic conductivity make them
particularly attractive for advanced asymmetric devices [29]. In
particular, the inherent high metallic conductivity offered by free-
standing MXene films has demonstrated exceptionally high specific
capacitance and excellent cyclic stability. These features enable efficient
charge transfer between the electrode and electrolyte, underscoring the
potential of Ti3CyTyx as a highly promising negative electrode for
next-generation supercapacitors [30].

In the present work, we proposed a novel strategy to fabricate an ASC
device based on all pseudocapacitive electrode materials, which com-
bines a freestanding TisC, film (as negative electrode) with a metallic
Ru@N-doped C (as positive electrode) on graphite foil, a configuration
that has not been reported to date. The Ru-MOF was synthesized using
1,2,4,5-benzene tetracarboxylic acid as the linker and a pre-synthesized
organic ligand namely 2,6-di(1H-imidazole-2-yl)pyridine [2,6-DIPy]
under hydrothermal conditions, followed by thermal annealing in
presence of melamine to form Ru@N-doped C. During the annealing
process, melamine facilitated the formation of a hierarchically inter-
connected N-doped graphitic carbon layer, which effectively preserved
the metallic nature of Ru against oxidation. The freestanding Ti3Cy film
was prepared via etching, delamination, and exfoliation of the Ti3AlC,
(MAX) phase using a LiF/HCl mixture, commonly referred to as the
MILD method. When an asymmetric device is fabricated, the operating
potential of the assembled freestanding Ti3Cy film//Ru@N-doped C-
based ASC device was successfully extended up to 1.5 V by utilizing a
faradaic non-diffusion process without any oxygen evolution. This
expanded operating voltage significantly enhanced the energy density of
all asymmetric pseudocapacitive electrodes without compromising their
power density.

2. Experimental section
2.1. Synthesis of pillared Ru-MOF

Pillared Ru-MOF was synthesized through a one-pot hydrothermal
reaction, which involves 2,6-di(1H-imidazole-yl)pyridine [2,6-DIPy] as
organic ligand, 1,2,4,5-benzene tetracarboxylic acid (organic linker),
and RuClj as a metal precursor. In a typical synthesis, 0.25 mmol of
1,2,4,5-benzene tetracarboxylic acid and 0.25 mmol of 2,6-DIPy were
dissolved in DMF to form solution A. 0.2 mmol RuCls-xH,0 was added to
15 mL of water to form solution B. For the formation of MOF, solution B
was added dropwise into solution A and stirred continuously at 25 °C for
30 min. The resultant homogeneous mixture was transferred into a
Teflon-lined stainless-steel autoclave, heated at 120 °C for 72 h, and
allowed to reach ambient temperature (25 °C). The obtained products
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were filtered, washed with ethanol and water, dried under vacuum at
60 °C, and named as pillared Ru-MOF.

2.2. Synthesis of Ru-MOF derived N-doped carbon (Ru@N-doped C)

About 100 mg of pre-synthesized Ru-MOF was subjected to grinding
with a hand pestle in the presence of 0.9 g) melamine (N-doped C
source) for 30 min to obtain a homogenous mixture. The fine powders
were transferred into an alumina boat and kept in a tubular furnace,
subjected to annealing (500 °C) for 1 h and then ramped to 900 °C and
maintained at the same temperature for 2h, with a continuous flow of
Ar/Hj (90:10) atmosphere. After the annealing process, the samples
were cooled to ambient temperature and named as Ru@N doped C.

2.3. Preparation of freestanding TisC, film

The preparation of single-layered Ti3Cy nanosheets involves the
etching of the MAX (Ti3AlCy) phase and followed by delamination of
multi-layered TigCyTy (m-TizCyTy) via the MILD method as previously
reported [31]. Typically, Ti3AlC, (1 g) powder was added to the etchant
solution containing LiF and HCI and stirred at 0 °C for 1 h. The reaction
temperature increased to 35 °C by transferring into an oil bath, and the
mixture was stirred continuously for 48 h. The reaction mixture was
transferred into a centrifuge tube (50 mL) and centrifuged at 3500 rpm
for 5 min until the pH of the supernatant became 6. The supernatant
became dark green at pH > 6.5 to obtain m-Ti3CaTx.

To delaminate m-Ti3CyTy, a freshly prepared LiCl solution was added
and allowed to intercalate between the multi-layered TizCy nanosheets
and subjected to stirring at 400 rpm for 6 h. After completion, the ho-
mogenous mixture was separated by centrifuge at 3500 rpm for 5 min,
and the collected sediment was then redispersed in 20 mL of DI water,
and this process was repeated until the observation of dark supernatant.
The greenish-black supernatant was collected in an Ar-sealed bottle, and
the delamination process was continued by redispersing the swollen
sediment with 10 mL of water to obtain a TizCs solution of about 100
mL. To obtain a freestanding Ti3Cy film, the dark suspension was
transferred into vacuum-assisted filtration by placing a PVDF membrane
filter between the setups. After slow filtration of about 3 h, the Ti3Cy
supported on the PVDF membrane filter was placed at 60 °C under
vacuum, and the freestanding Ti3Co film was peeled off from the
membrane filter.

Journal of Power Sources 662 (2026) 238813

3. Results and discussion
3.1. Characterization of Ru-MOF and Ru@N-doped carbon

In this work, a two-step synthesis process was employed, as illus-
trated in Fig. 1. In the first step (stage 1), a pillared Ru-MOF was syn-
thesized via a one-pot hydrothermal reaction, which involved 2,6-DIPy
as the organic ligand (serving as the pillaring agent), 1,2,4,5-benzene
tetracarboxylic acid as the linker, and RuCls as the metal precursor.
The reaction was carried out at 120 °C for 3 days. In the second step
(stage 2), the as-synthesized pillared Ru-MOF was mixed with mel-
amine, serving as the nitrogen-doped carbon source, and subsequently
annealed at 900 °C for 2 h under Ar/H; atmosphere to obtain Ru@N-
doped C. During the annealing process, the intrinsically insulating Ru-
MOF was transformed into a metallic Ru surrounded by N-doped car-
bon layer at the heterointerface, which can protect Ru from oxidation,
and thus, conductivity can be retained. The structural and morpholog-
ical changes at the heterointerface before (Ru-MOF) and after the mel-
amine treatment (Ru@N-doped C) were further investigated through the
following detailed characterizations. To elucidate the formation of the
carbon layer, the as-prepared Ru-MOF (without annealing) and the re-
sults were systematically compared with those of Ru@N-doped C [Fig. 2
(a)]. The synthesis of Ru-MOF involves the incorporation of organic li-
gands and linkers, leading to the formation of broad diffraction peaks in
the absence of post-synthetic thermal treatment. The powder XRD pat-
terns of both Ru-MOF (without annealing) are visualized in the form of
broad humps without any sharp peaks, which are mainly relevant to the
diffuse scattering behavior and the resultant Ru-MOF without annealing,
and therefore, it existed in the form of amorphous nature. Upon
annealing, a noticeable broadening of diffraction peaks is observed at
Ru@N-doped C, suggesting the resulting material is obtained as a
nanocrystalline form. Distinct, sharp diffraction peaks appearing at
38.44°, 43.99°, 58.52°, 69.38°, and 78.50° correspond to the (100),
(101), (102), (110), and (103) planes, respectively, of the hexagonal
close-packed (hcp) crystalline structure of metallic Ru, consistent with
the standard ICDD reference (No. 002-1258) [32,33]. These peak po-
sitions align well with previously reported values for hcp Ru, further
confirming the successful formation of metallic Ru. In addition to these
features, the XRD pattern of Ru@N-doped C displays new broad and
intense peaks centered around 27.36° is attributed to the (002) lattice
plane of amorphous carbon [34]. This observation indicates the pres-
ence of a carbonaceous layer with an amorphous skeletal structure
formed during high-temperature annealing. Moreover, a slight shift in
diffraction peaks toward lower angles suggests interlayer distortion,
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Fig. 1. Schematic representation of stage-wise preparation of Ru-MOF-derived N-doped porous carbon (Ru@N-doped C).
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Fig. 2. (a) XRD spectra of Ru-MOF and Ru@N-doped C. (b) XPS spectrum survey spectrum of Ru@N-doped C (c) Ru 3p, (d) C 1s + Ru 3d, and (e) N 1s.

likely arising from tensile strain within the Ru lattice induced by the
thermal treatment. The average crystallite size, calculated using the
Scherrer equation for the dominant (101) peak of Ru, was found to be
approximately 3.44 nm.

The formation of N-doped carbon during annealing leads to the
coexistence of graphitic and amorphous carbon phases. This structural
heterogeneity, combined with heteroatom (N) doping, is expected to
improve the electrical conductivity of the composite material. To
investigate the elemental composition and oxidation state of metallic Ru
encapsulated within the N-doped carbon matrix, XPS analysis was car-
ried out. As shown in the survey spectrum [Fig. 2(b)], the Ru@N-doped
C composite consists exclusively of Ru, C, N, and O elements, indicating
the obtained material is free from impurities. Detailed analysis of the Ru
3p core level region [Fig. 2(c)], deconvoluted using a Shirley back-
ground between 495 and 455 eV, reveals a pair of well-defined peaks
located at 461.7 eV and 484.2 eV [35,36]. These peaks are assigned to
Ru 3ps,2 and Ru 3py 2 of metallic Ru (Ru®), respectively. Absence of
peaks associated with oxidized Ru species, along with the observed
spin-orbit splitting of 22.5 eV, further confirms the presence of metallic
Ru within the Ru@N-doped C matrix. In the HR-XPS narrow scanning
region between 275 and 295 eV, the overlapping signals of C 1s and Ru
3d were simultaneously deconvoluted [Fig. 2(d)]. The C 1s spectrum
shows two distinct peaks at 286.1 eV and 288.3 eV, which correspond to
-C = N and -C=N bonds, respectively, indicative of nitrogen incorpo-
ration into the carbon framework. This region overlaps with the Ru 3d
signals, collectively designated as the Ru 3d + C 1s region. The decon-
voluted Ru 3d spectra exhibit two spin-orbit peaks at 280.2 eV (3ds,2)
and 284.4 eV (3ds3,2), which are consistent with metallic Ru (spin—orbit
splitting of 4.2 eV), confirming its preserved oxidation state during the
post-annealing process [37]. According to Fig. 2(e)-N 1s high-resolution
XPS spectra were deconvoluted, and a closer observation of the N 1s
peak is splitting into two binding energy positions located at 400. 7 and
402.1 eV, which corresponds to the existence of pyrrolic (N-5) and
graphitic-N (N-Q), respectively. These features strongly revealed the

formation of an N-doped graphitic C layer protecting the metallic Ru and
together to form Ru@N-doped C. The O 1s spectrum [Fig. S1] exhibits
broad features, which can be attributed to the presence of multiple ox-
ygen species. A prominent peak centered at 532.8 eV is primarily
ascribed to chemisorbed water molecules, whereas a shoulder at a lower
binding energy (530.5 eV) corresponds to surface oxide species, such as
RuO», or potentially metallic Ru with surface-bound oxygen. However,
the formation of oxygen cannot be neglected, and it can be formed when
transferring samples into the vacuum chamber. The morphology of the
synthesized samples, namely Ru-MOF (without annealing) and
Ru@N-doped C, was investigated using SEM and TEM analyses. As seen
in the SEM image, the Ru-MOF exhibits an agglomeration of particles
that are fused to form an elongated pillar-like morphology [Fig. 3(a)].
This might be due to the reaction conditions carried out for 3 days,
which favor the slow agglomeration of nanoparticles into the pillared
structure. However, after annealing the Ru-MOF in the presence of
melamine at 900 °C, the morphology of the Ru@N-doped C undergoes a
substantial transformation, with no observable particles. This trans-
formation is visualized as a skeleton structure with a porous network on
its surface, formed during the carbonization process [Fig. 3(c)] [38].
Furthermore, analysis of Ru-MOF and Ru@N-doped C at the atomic level
using elemental mapping reveals that the corresponding elemental dis-
tributions of Ru, C, and N atoms are uniformly distributed in the pre-
pared samples [Fig. 3(b) and (d)]. During the annealing process,
melamine and the organic ligands in Ru-MOF first condense to form a
carbon skeleton and a layered graphitic carbon nitride structure at
500 °C. The morphology of the wrinkled skeleton structure originates
from the morphology of graphitic carbon nitride. Subsequently, the
N-doped C is produced from the carbonization of graphitic C3N4 at
900 °C.

Furthermore, the formation of a heterojunction of the N-graphitic
carbon layer in Ru@N-doped C was confirmed by TEM analysis. All the
Ru particles were uniformly distributed on the surface of Ru@N-doped C
and had an average size of 3-4 nm [Fig. 4(a) and (b)]. A closer
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Ru

Fig. 3. SEM image of (a) Ru-MOF and (c) Ru@N-doped C. Elemental mapping of (b) Ru-MOF and (d) Ru@N doped C.

osm

Fig. 4. (a and b) TEM image of Ru@N-doped C (c) High-resolution TEM image of Ru@N-doped C. (d) The corresponding SAED pattern.

observation of the TEM image revealed that individual dark spots are
observed bounded by the carbon layer, indicating the formation of Ru
particles without any aggregation was observed for Ru@N-doped C. A
magnified view of the HRTEM image [Fig. 4(c)] reveals Ru NPs with
well-defined lattice fringes and a calculated d-spacing of 0.0234 nm,
corresponding to the (111) Ru crystalline plane. Three to four layers of

carbon shells with a calculated lattice spacing of 0.34 nm encapsulate
the metallic Ru, revealing the formation of a graphitic carbon skeleton
structure. In addition, the selected area electron diffraction (SAED)
pattern exemplifies the polycrystalline nature of the Ru@N-doped C,
showing well-defined diffraction rings corresponding to the respective
crystalline facets, as mentioned in Fig. 4(d). To further verify the
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formation of metallic Ru and the formation of N-doped C layer after
annealing of Ru-MOF in the presence of melamine was evaluated using
thermogravimetric (TGA) and FT-IR analyses. TGA analyses of Ru-MOF
and Ru@N-doped C [Fig. S2] were conducted from room temperature to
900 °C under a nitrogen atmosphere. The TGA curve of Ru-MOF (orange
line) shows an initial weight loss of ~7 % below 100 °C, attributed to the
evaporation of water molecules. A major weight loss of ~50 % occurs
between 200 and 550 °C due to the decomposition of coordination water
and the breakdown of organic ligands (1,2,4,5-benzene tetracarboxylic
acid and 2,6-DIPy) into carbonaceous materials, with complete degra-
dation around 550 °C. Beyond this temperature, a gradual weight loss is
observed, leaving 29.7 % of the initial mass (1.674 mg from 2.38 mg),
indicating the presence of Ru as the residue. In the case of Ru@N-doped
C, an initial ~10 % weight loss below 50 °C corresponds to the removal
of adsorbed moisture, followed by a second loss near 250 °C, assigned to
the decomposition of surface functional groups. From 250 to 900 °C,
only slight weight changes are observed, resulting in 68.7 % residue at
900 °C, attributed to metallic Ru. These results confirm the successful
incorporation of Ru in both Ru-MOF and Ru@N-doped C. Fig. S3 com-
pares the FT-IR spectra of Ru-MOF and Ru@N-doped C, recorded in ATR
mode within the wavenumber range of 4000-500 cm ™. For Ru-MOF,
strong absorption bands between ~1700 and 800 cm ™' indicate the
presence of the organic linker 1,2,4,5-benzene tetracarboxylic acid and
the organic ligand 2,6-DIPy. The characteristic peaks at 1608 and 1503

Journal of Power Sources 662 (2026) 238813

cm ! are assigned to C=C and C=N stretching vibrations of pyridine,
confirming the presence of 22,6-DIPy. A broad band at 1281 and 1114
em ! corresponds to C-H in-plane bending, while the strong peak at
1074 cm™! is attributed to C-C stretching of 1,2,4,5-benzene tetra-
carboxylic acid. In addition, the weak band at 1390 cm™ !, associated
with C-O stretching, suggests strong coordination between Ru and the
organic linker. In contrast, the FT-IR spectrum of Ru@N-doped C shows
the disappearance of the C-C, C-O, and C=N peaks, indicating the
dissociation of both the ligand and the linker upon thermal annealing.
Furthermore, the Ru-related vibration observed at ~540 cm ™! in Ru-
MOF shifts to 551 em ™! in Ru@N-doped C, confirming the presence of
Ru in the carbonized framework.

3.2. Electrochemical performance of Ru@N-doped C as positive electrode

Since the electrochemical performance of each modified electrode
plays a crucial role in determining the efficiency of ASCs, it highlights
the importance of assessing and optimizing the pseudocapacitive
behavior of both positive as well as negative electrodes [31]. Moreover,
each electrochemical test was conducted in a standard three-electrode
setup in the presence of a 1 M H,SO4 aqueous solution to evaluate the
pseudocapacitive ability. The choice of HoSOj4 solution as the electrolyte
is crucial, as its outstanding ion conductivity and the presence of the
smallest cation facilitate high electrochemical performance. Initially,
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the electrochemical behavior of Ru@N-doped C as the positive electrode
was investigated in a three-electrode configuration using cyclic vol-
tammetry (CV), electrochemical impedance spectroscopy (EIS), and
galvanostatic charge-discharge (GCD), respectively. A half-cell was
fabricated with the Ru@N-doped C and Super P along with PVDF as a
binder in the ratio of (8:1:1) with a few drops of NMP as a solvent. The
prepared slurry was carefully coated using the doctor-blade method
onto a well-cleaned activated graphite foil, which acted as a current
collector. More details of electrode preparation are explained in the
experimental section. Electrochemical behavior of Ru@N-doped C was
studied from the CV profile in 1 M H,SO4 aqueous solution at 10 mV s+
within the potential window from 0 to 1.0 V [Fig. 5(a)]. The CV response
shows a slightly distorted rectangular CV pattern contributed by the
N-doped carbon layer, whereas the observation of a redox peak located
at Epa = +0.40 V and Epc = +0.35 V signifies the electronic transition
process of Ru®*/Ru?", demonstrating their pseudocapacitive behavior
[39-41]. The observation of a distorted CV curve is mainly due to the
presence of N-doped porous carbon. Under thermal annealing in the
presence of melamine, it induces the formation of N doping on edge sites
of the carbon matrix, and leads to various N-configurations, namely
pyrrole N (N-5) and quaternary N (N-Q), respectively [42].

As aresult, the presence of heteroatom dopant (N) in Ru@N-doped C
enables pseudocapacitive reaction with electrolyte ions, and the
manipulated local electronic structures allow for enhanced binding with
ions. The significant difference in the electronegativity of N (Pauling
scale: 3.04) and C (Pauling scale: 2.55) causes the polarization between
nitrogen dopants and their adjacent carbon atoms, and the changed
charge distribution enhances the number of hydrophilic polar sites,
which gives rise to the enhanced wettability in aqueous electrolyte
medium [43]. Moreover, nitrogen dopants could induce high electron
density of the local carbon atoms in the graphitic structure, which
contributes to surface pseudocapacitance by reversible chemical
adsorption/desorption of ions in electrolyte solution. Those electro-
chemically active N dopant sites are involved in the faradaic charge
transfer and contribute to pseudocapacitance. In addition, the
Ru@N-doped C demonstrated capacitive behavior, as shown by its large
area enclosed in the CV profile. Additionally, there is a small potential
difference between the anodic and cathodic peaks, which is ascribed to
the fast electron transfer kinetics, ensuring the high-capacity charac-
teristics of the Ru@N-doped C electrode. Further, the charge transfer
mechanism, rate capability, and detailed capacitive properties of
Ru@N-doped C were explored by increasing scan rates from 10 to 100
mv s~} [Fig. 5(b)]. Despite the increase in scan rates, the CV profile
retained both cathodic and anodic peaks even at a higher scan rate at
100 mV s, indicating the Ru@N-doped C electrode exhibited excellent
rate capability. In addition, while increasing the scan rate from 10 to
100 mV s}, it is observed that the oxidation and reduction peak cur-
rents slightly shift towards higher/lower potentials, which is caused by
electrode polarization. Moreover, the CV profile maintains its shape
even at higher scan rates, indicating the excellent reversibility of the
Ru@N-doped C-modified electrode. The specific capacitance (Cs) of
Ru@N-doped C has been calculated from the respective integral areas of
each CV profile at varying scan rates using Equation S(1). As can be seen
in Fig. 5(c), the Cs value is slightly reduced upon increasing the potential
scan rate from 10 mV s~ to 100 mV s *. An observation of lower Cs at a
higher scan rate is due to the insufficient time for electrolyte ions to
reach the active sites of the electrode materials. However, more than 75
% of the initial Cs (280 F g_l @5mV s 1) has been retained at the higher
scan rate of 100 mV s~ (200 F g~1). This excellent rate capability is
achieved through structural stability through doping of a heteroatom,
resulting in the coexistence of graphitic and amorphous carbons, which
retains the conductivity of Ru, and thus, specific capacitance has been
retained even at higher scan rates [44]. Moreover, to study the type of
energy storage mechanism involved in Ru@N-doped C-based electrode
was analyzed through the peak current (ip) and scan rate (v), using the
following power-law relation: i, = av® (with a and b as adjustable
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parameters). Based on the theoretical predictions, if the slope (b-value)
is 1, it indicates a surface capacitive-controlled process, and 0.5 means a
diffusion-controlled process [45]. A linear relationship was obtained by
adopting double logarithmic plot between peak current (ip) and scan
rate (v) at a fixed potential and the resultant slope (b-value) is calculated
to be 0.93 (anodic current) and 0.88 (cathodic current), indicates that
electrochemical process involved at Ru@N-doped C is dominated by
capacitive controlled process [Fig. 5(d)]. As can be seen from the CV
curve, the Ru@N-doped C electrode is involved with pseudocapacitive
(due to the presence of Ru) and EDLC process (due to the presence of
N-doped graphitic C), without any observation of water oxidation within
the applied potential region. As a wider potential range (up to 1.0 V) was
involved at Ru@N-doped C electrodes, the electrochemical mechanism
at each potential value was also studied by adopting a power law rela-
tion. As illustrated in Fig. 5(e) and (f), the b-values of both the anodic
and cathodic regions of Ru@N-doped C electrode are in the range be-
tween 0.9 and 1.0, indicating a capacitive-controlled process is domi-
nated within the potential range from 0.2 to 0.8 V. This process has been
validated using Randle’s Sevick equation and a linear plot was observed
between redox peak responses vs various scan rates [Fig. 5(g)]; R? =
0.997 (cathodic) and R? = 0.998 (anodic)), confirming that the
Ru@N-doped C electrode facilitates the pseudocapacitive behavior. To
further quantify the capacitive contribution of Ru@N-doped C electrode
by adopting the Duun model as explained in the following expression, i
(V) = ki + kav'/2 By plotting a calibration plot between v'/2 and i
Y 2, the values of kv and kzul/ 2 are calculated from the slope and
intercept of the linear regression [46-50]. By adopting the Dunn model
at 10 mV s, the CV response for Ru@N-doped C electrode is dominated
by capacitive contribution (74.1 %) along with diffusion contribution of
about 25.9 %, respectively, as represented in Fig. 5(h). Further to extend
the capacitive contribution for the Ru@N-doped C electrode was
calculated at various scan rates. It can be observed that the ratio of
capacitive-controlled contribution gradually increased from 74.1 % to
90.1 % with increasing scan rates (10 mV s to 100 mV s‘l), high-
lighting that the pseudocapacitive process is dominated at Ru@N-doped
C electrode [Fig. 5(i)]. The higher capacitive contribution at lower scan
rates might be due to the rapid redox process involved at Ru>*/Ru?* in
1 M HySO4 facilitates shorter diffusion pathways through the large
surface area offered by metallic Ru and N-doped C formed at the
heterointerface.

The electrochemical behavior of the fabricated Ru@N-doped C
electrode was further evaluated using GCD measurements at 1-10 A g ..
As illustrated in Fig. 6(a), the GCD profiles exhibit a nearly symmetric
response with non-linear (pseudo) behavior with minimal or negligible
voltage drop (iR) at the onset of the discharge curve. Notably, the GCD
profile shape is well-maintained even at higher current densities, indi-
cating the electrode’s ability to facilitate rapid charge-discharge pro-
cesses accompanied by reversible redox reactions. Furthermore, the
GCD results closely align with Fig. 5(a), reinforcing the performance of
Ru@N-doped C electrode in 1 M HySO4. The specific capacitance (Cs) of
the Ru@N-doped C electrode was found to be inversely proportional to
both the scan rate and the applied GCD current density. The Cs values
calculated from the equation [Eq. S(2)] at different current densities are
calculated to be 211.1, 176.7, 152.3, 144.5, and 136.8 for 1, 3, 5, 7, and
10A g_l, respectively [Fig. 6(b)], demonstrating a capacitance retention
of 64.8 %, highlighting the electrode’s good rate capability. Moreover,
long-term cyclic stability and durability of Ru@N-doped C-modified
electrode were assessed at constant current density (10 A g_l), as shown
in Fig. 6(c). The electrode retained approximately 93.8 % of its initial
capacitance value after 5000 continuous GCD cycles at 10 A g~%, indi-
cating excellent cycling durability. In addition, the coulombic efficiency
remained as high as ~98 % under the same conditions, demonstrating
superior reversibility and electrochemical feasibility. To evaluate the
changes of the positive electrode before and after cycles, Electro-
chemical impedance spectroscopy (EIS) was employed [Fig. S4(b)].
Interestingly, the EIS performance for Ru@N-doped C after being



E. Sivasurya et al.

Q
~—"

1.0 lAg-i =

——3Ag
[ )
0.8 = 5Ag| g
— 1 ~—=TAg'| §
=0 0Ag) g
= o
80.44 3]
£ =
0.2 g
w2

0.0 +~—33—% T ——

0 100 200 300
C) Time (s)

Journal of Power Sources 662 (2026) 238813

(e}
N

- 140

- 120
S
L1003

0)

ty

1

5 o
o o O
Rate capabil

)
S

0 2 4 6 8 10
Current density (A g")

— After 5000 cycles

— Before cycles

0 15 30 45 60

0
Time/s

Capacitive retention (%)

15 30 45 60

0 1000 2000

3000 4000 5000

Number of cycles

Fig. 6. (a) GCD plots of Ru@N-doped C at different current densities. (b) The specific capacitance of Ru@N doped C from the GCD plots at different current densities.
() The columbic efficiency and capacitive retention of Ru@N-doped C at a current density of 10 A g~! (Inset) GCD curves before and after 5000 cycles.

subjected to cyclic stability for 5000 cycles experiences a decrease in Rt
value (~1 Q) when compared with EIS data before cycles, which sug-
gests enhanced charge transfer characteristics and confirms the struc-
tural robustness of the Ru@N-doped C electrode. The analytical
parameters, such as potential window (V), specific capacitance obtained
from scan rate and current densities for Ru@N-doped C are found to be
good and compared with other previously reported RuOs-based elec-
trodes that existed in the literature (Table S1).

Interestingly, the obtained retention value was found to be higher
than other previously reported electrodes, which might be due to the
formation of a nano-heterointerface layer (N-doped C) around metallic
Ru, facilitating good conductivity through a fast redox-active electro-
chemical process. When compared with RuO,, Ru@N-doped C in the
presence of electrolyte utilizes predominant Ru electroactive sites that
exist in porous carbon matrix and does not favor agglomeration (as
evident from Fig. 4(a)). The porous nanostructure of Ru@N-doped C
offers a facile ion transport pathway for a fast charge transfer process
and thus results in high capacitance retention (93.8 %) with high effi-
ciency (98 %) even after 5000 cycles. In addition, the presence of N
dopant exhibited excellent electrical conductivity, which favors
reversible charging/discharging, and signifies the involvement of a
faradaic reaction leading to enhanced pseudocapacitance. The electro-
chemical stability of the Ru@N-doped C electrode was comparatively
high because of minimal degradation of material over continuous
charge/discharge cycles in accordance with Fig. 6(c) Inset.

To better understand the structural and morphological analysis of
the Ru@N-doped C electrode before and after cycling was conducted.
Initially, ex-situ XRD analysis was carried out to investigate the struc-
tural changes. Fig. S4(a) compares the XRD pattern for Ru@N-doped C
electrode before and after 5000 cycles recorded in the presence of 1 M
H5SO4 at a current density of 10 A/g. It can be seen from Fig. S4(a) that
the observation of strong diffraction peaks corresponds to graphitic
carbon, indicating the presence of graphite foil as a current collector.
The enlarged view shows the observation of diffraction peaks located at
37.98, 44.11, 59.40, 69.60, and 77.64, which are well-matched with the
metallic Ru in accordance with ICDD card No. 002-1258. Interestingly,
after being subjected to cycling in the presence of 1 M HySO4, the
diffraction peaks are still maintained with a small decrease in the peak
intensity, without any notable shift in the peak value strongly reveals
that Ru@N-doped C is not subjected to any structural changes even after
5000 continuous cycles. In addition, the absence of RuO, diffraction
peaks strongly reveals that N-doped carbon strongly protects the
metallic Ru and does not undergo degradation or any phase trans-
formation. This phenomenon is due to its intrinsic pseudocapacitive
behavior undergoes surface redox reaction (as revealed from the CV
figure), enabling it to store charge either at the electrode/electrolyte
interface (N-doped carbon) or within the inner surface.

Additionally, to evaluate the morphological changes of Ru@N-doped
C before [Fig. S4(c) and S4(d)] and after cyclic stability [Fig. S4(e) and
S4(f)] was evaluated using FESEM analysis. The morphology of the
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electrode was preserved and retains the layered structure of Ru@N-
doped C, along with the presence of conducting carbon as particles
(super P) are tightly packed into an interconnected network. However,
the electrode obtained after continuous 5000 cycles is free from cracks
or any material degradation. The following factors are due to: (i) the
presence of metallic Ru provides high conductivity and facilitates rapid
charge transfer at the electrode/electrolyte interface, and (ii) the for-
mation of N-doped carbon layers offers rapid accessibility to H30"/
S042~ ions through diffusion of ions through porous channels. These
results collectively reveal that synergetic metallic Ru encapsulated by an
N-doped C layer protects the material without any structural degrada-
tion or morphological changes even after 5000 cycles.

3.3. Characterization of freestanding Ti3Cs film

To match the outstanding performance of the Ru@N-doped C posi-
tive electrode, a suitable negative electrode is necessary for the design of
a high-performance energy storage device. However, the majority of
reported negative electrodes are based on carbon materials, which are
lacking in specific capacitance due to the absence of a faradaic process in
an acidic medium. To overcome the drawbacks of carbon-based negative
electrodes, the present work aims to develop a freestanding Ti3Cy film
that provides well-defined redox peaks in the aforementioned

Q
~—
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electrolyte, demonstrating the advantages of the Ti3Cy film [51,52]. A
freestanding TisCy film was prepared by previously reported methods,
which involve Al etching from Ti3AlC, (MAX) precursor, delamination
of multi-layers, and exfoliation of single-layered nanosheets using the
LiF/HCI system (MILD method), which can be used as a negative elec-
trode to enhance the specific capacitance [53]. Furthermore, the
detailed preparation method for the formation of freestanding Ti3C; film
is presented in the experimental part, and the schematic illustration is
shown in Fig. S5(a). The prepared freestanding TizC; film was charac-
terized by XRD and TEM analysis. The powder XRD patterns in Fig. S5(b)
confirm the successful conversion of the TizAlC; MAX phase into a
freestanding TisCs film through selective etching of Al layers and fol-
lowed by delamination. The diffraction peak corresponding to the (002)
plane notably shifted to a smaller angle (20 from 9.62° to 6.68°), clearly
revealing that the Al layer was removed successfully and leading to the
formation of freestanding Ti3Cs film [54]. In addition, the prominent
diffraction peak at 38.92° (104) in the Ti3AlC, phase significantly
diminished in the freestanding Ti3Cy film, further indicating the trans-
formation of MAX phase into the MXene structure [55,56]. Moreover,
the TEM image of the prepared freestanding Ti3Cy film confirms a
single-layered two-dimensional structure [Fig. S5(c)]. The formation of
the single-layered wrinkled structure is greatly facilitated by Li* ion
intercalation during the delamination process, promoting extensive
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exfoliation, and the resultant material was collected in a storage bottle.
The photograph of the freestanding Ti3Cy film obtained via vacuum
filtration is displayed in Fig. S5(d).

3.4. Electrochemical characterization of freestanding TisCz film as
negative electrode

To exhibit pseudocapacitive behavior as a negative electrode, the
processing of MXene solution into a freestanding Ti3C, film facilitates
the intercalation of HyO molecules between the stacked layers, thereby
activating the redox capability of Ti-O bonds [57,58]. This results in a
pseudocapacitive charge storage mechanism in an acidic medium. The
electrochemical energy storage performance of the freestanding Ti3Cy
film was evaluated in 1 M HySO4 using a three-electrode electrochemical
cell configuration. As shown in Fig. 7(a), the freestanding TizCy film
displays well-resolved redox peaks located at Ep; = —0.18 V and Ep, =
—0.39 V versus Ag/AgCl within the potential range of 0.2 to —0.6 V ata
scan rate of 5 mV s~ 1, representing a highly reversible pseudocapacitive
charge storage process. The observation of redox behavior in the Ti3Cy
film is consistent with previously reported MXene film-based electrodes,
further confirming the successful formation of a freestanding TisC, film,
which can act as a current collector [29]. To investigate charge storage
kinetics and assess the retention of redox peaks at varying scan rates, CV
measurements were performed over a scan rate range of 2-20 mV s7!
[Fig. 7(b)]. The well-defined anodic and cathodic peaks were consis-
tently observed in both anodic and cathodic scans, with an increasing
scan rate of 20 mV s . Furthermore, the anodic and cathodic peak
potentials shifted positively and negatively, respectively, indicating
rapid and reversible surface redox reactions involving intercalated
protons and terminal oxygen-containing functional groups (—OH and =
0O) on the Ti3Cy surface. By applying the power law relationship, the
b-value derived from the slope provides important insight into the na-
ture of the charge storage mechanism. For the Ti3C, film as a negative
electrode, the b-value was calculated to be 0.83 and 0.82 (approximately
~1) for both anodic and cathodic processes, suggesting the electro-
chemical process is involved with a capacitive charge storage mecha-
nism [Fig. 7(d)] [59]. The Cs of the freestanding TizCy film were
calculated using Equation S(1), based on the integral area of CV profiles
across different scan rates. In addition, Fig. S6 shows a strong linear
relationship between redox peak currents and the scan rates (Rand-
les-Sevcik plots), with R? = 0.997 (cathodic) and R = 0.998 (anodic),
further confirming the pseudocapacitive behavior of the freestanding
Ti3Cy film. As depicted in Fig. 7(c), the Cs value gradually decreased
with an increasing scan rate from 2 to 20 mV s}, yet retained 72.13 % of
its original capacitance of 315.6 F g1 @ 20 mV s~ ! compared to 437.5 F
g’1 @ 2mV s~ L. The capacitive contribution of the Ti3C, film was also
evaluated using Dunn’s equation, and the capacitive contribution at a
scan rate of 10 mV s~ ! was calculated to be 79.8 %, [Fig. 7(e)], indi-
cating a surface-controlled charge storage process at the TizCy film
electrode.

Furthermore, the overall capacitive and diffusion-controlled contri-
butions were evaluated across the full scan rate range. As the scan rate
increased from 2 to 20 mV s, surface capacitance contribution also
increased from 63.8 % to 84.8 %, while the diffusion-controlled
contribution decreased from 36 % to 15 % [Fig. 7(f)]. In conclusion,
the freestanding Ti3Cq film can act as a pseudocapacitive electrode
material. As scan rates increase, the contribution from diffusion-
controlled processes diminishes due to the limited efficiency of elec-
trolyte ion insertion into the MXene crystal lattice, thus enhancing the
surface-controlled capacitive performance [60]. The GCD profiles of the
freestanding Ti3Cy film, evaluated as a negative electrode at various
current densities from 1 to 7 A g1, display symmetric shapes with a
minimal iR drop, indicating pseudocapacitive charge storage behavior
[Fig. 7(g)]. Based on the GCD data, the Cs of the freestanding TisCy film
reach 266 Fg~! @ 1 A g~ ! and retain 147 F g~ ! when the current density
is increased tenfold to 10 A g’1 [Fig. S7(a)], demonstrating good rate
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capability. In addition, cyclic stability and durability were assessed by
subjecting the freestanding TizCy film negative electrode to 2000
continuous GCD cycles at a current density of 5 A g~ *. The results, shown
in Fig. 7(h), reveal that the electrode retained 94.8 % of its initial
capacitance along with a high coulombic efficiency of 99.8 %. Fig. 7(h)
inset further highlights that the GCD profile exhibited similar response
in charging and discharging times even after being subjected to 2000
continuous cycles, which can be attributed to the robust redox activity
and stable capacitive characteristics of the freestanding Ti3C, film. To
further understand the ion transport and charge transfer properties of
the freestanding Ti3Cs film electrode, electrochemical impedance spec-
troscopy (EIS) measurements were conducted. Fig. S7(b) presents a
comparison of Nyquist plots obtained before and after 2000 continuous
GCD cycles. The negligible change in resistance observed indicates
excellent structural and electrochemical stability of the material during
long-term cycling.

3.5. Asymmetric supercapacitor device

Thanks to the excellent pseudocapacitive electrochemical perfor-
mance of the Ru@N-doped C and freestanding Ti3C, film, they were
employed as active electrodes to construct an all-pseudocapacitive ASC
device, denoted as freestanding TisCy film//Ru@N-doped C, which is
separated by glass-microfiber as a separator. The electrochemical
characterization was conducted in a two-electrode configuration (full-
cell) where Ru@N-doped C was coated on graphite foil, as the positive
electrode, while the freestanding Ti3C, film, placed on graphite foil was
functioned as the negative electrode. A Glass microfiber-GF/D separator
was used between the electrodes to assemble a split-cell ASC device.
Fig. 8(a) displays a schematic cell assembly of the fabricated ASC. Fig. 8
(b) presents CV curves of the individual electrodes Ru@N-doped C
(0-1.0 V), freestanding TizCy film (0.2 to —0.6 V), which together
combine to provide an overall cell potential of 1.5 V, all measured at a
scan rate of 10 mV s~'. The asymmetric device exhibits well-defined,
reversible redox peaks within its potential window (1.5 V), which are
in closer agreement with the pseudocapacitive behavior of both positive
and negative components, without any observation of oxygen evolution
reaction. Fig. 8(c) represents CV curves of freestanding Ti3Cy film//
Ru@N-doped C as an ASC device recorded at increasing scan rates
from 10 to 100 mV s~. All the CV curves obtained from various scan
rates display distinct and reversible redox peaks, indicating that both
positive and negative electrodes possess good wettability with facile ion-
diffusion pathways across the separator, which can retain pseudocapa-
citive behavior. To evaluate the operating voltage of the fabricated ASC
device, GCD measurements of the ASC at varying operating voltages
(1.0-1.6 V) as represented in Fig. 8(d). The device maintained stable
performance without significant polarization up to 1.5 V at a current
density of 5 A g71.

Beyond this voltage, a large plateau appeared, indicating the onset of
electrolyte decomposition or side reactions. Therefore, 1.5 V was fixed
as the optimized working potential window for further electrochemical
testing. Fig. 8(e) displays the GCD profiles of the freestanding Ti3Ca//
Ru@N-doped C device at various current densities (1 Ag ' to 30 Ag™1)
and exhibits nearly symmetrical charge-discharge curves without any
observation of iR drop, signifying the operating ability of the device
even at higher current densities. The Cs, calculated from the GCD curves,
are 194.3, 189.8, 182.5, 169.0, 156.2, 138.3, 133.3, and 120.0 F g_1 at
current densities of 1, 2, 3, 5, 7, 10, 20, and 30 A g’l, respectively
[Fig. S8]. These results highlight the excellent rate capability of the ASC,
maintaining substantial capacitance even at a higher current density of
30 A gL, Fig. 8(f) presents a comparative analysis (Ragone plot) be-
tween energy and power density for the fabricated ASC device and other
reported systems. Based on the equation adopted using power and en-
ergy density as provided in (Eq. SI [5and6]), the resultant freestanding
Ti3Cy//Ru@N-doped C ASC device delivers a high energy density of
60.7 Wh kg~! and power density of 1294 W kg~!, underscoring the
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advantages of employing pseudocapacitive materials as both positive
and negative electrodes [Table S2]. The performance of freestanding
TizCa//Ru@N-doped C ASC device (60.7 Wh kg’1 and 1294 W kgfl)
was compared in terms of energy density (Wh kg™!) and power density
(W kg™!) with previously reported electrodes namely Ru/MOC//Ru/-
MOC (6.3 Wh kg! and 250 W kg™1) [611, TizCyTy//RuO, (29 Wh kg?
and 3800 W kg™1) [31], AC//RuO,@CS (23.1 Wh kg~ and 80 W kg™1)
[62], Ru/EG-rGO//Ru/EG-rGO (22.1 Wh kg ™! and 3800 W kg™ 1) [63],
WO3//rGO/RuO, (23 Wh kg™! and 613 W kg™!) [64], and
SPWC//SPWC (3.765 Wh kg~! and 47.5 W kg™!) [24], Based on the
previously reported works, the present work highlights an enhancement
in the energy density and power density when compared with other
previously reported RuOs-based electrodes, which might be due to the
involvement of all pseudocapacitive electrodes in energy storage de-
vices. Alshareef et al. [31] fabricated a pseudocapacitive TizCy//RuO2y
asymmetric supercapacitor to improve energy density and overcome the
limited capacitance of traditional carbon-based materials using a pseu-
docapacitive charge storage mechanism of both positive and negative
electrodes. As fabricated TizCy//RuO2 asymmetric device also shows
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good performance for long-term application, with synergistic contribu-
tion from all pseudocapacitive charge storage mechanisms of RuO; and
Ti3Cy, and reaches a maximum potential window of 1.5 V in aqueous 1M
H3S04. The assembled device shows excellent rate capability even at a
high scan rate of 1000 mV s * due to the high electrical conductivity of
RuO; and Ti3Cy. Although, Ti3Cy//RuO; device has shown better per-
formance than traditional carbon-based asymmetric supercapacitors, it
can’t meet the high energy application due to the low specific energy of
29 Wh/kg. Comparatively, the proposed asymmetric device fabricated
based on TigCy//Ru@N-doped C shows enhanced charge/discharge time
due to the presence of N dopant will provide more redox active sites for
faradaic reaction with improved pseudocapacitive charge storage ki-
netics, and high surface area offered by graphitic porous carbon pro-
vides abundant sites for electrolyte ions to penetrate it, resulting in
improvement of overall performance. Due to the synergistic contribu-
tion of N-doped C (electroactive) with efficient utilization of Ru metal in
the matrix, and thus the fabricated asymmetric device Ti3Cy//Ru@N--
doped C reached a high energy density of 60.7 Wh/kg, which was
comparatively higher than RuOy//Ti3Cy; for long-term energy
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applications.

To evaluate the practical applicability of the device, long-term cyclic
stability and durability were assessed over 10,000 continuous GCD cy-
cles recorded at 10 A g’l, as shown in [Fig. 8(g)]. Impressively, the
device exhibited a gradual increase in capacitance retention, reaching
approximately 112 % after 3750 cycles. Further increase in cyclic sta-
bility, a slight decrease in capacitive retention and followed by a gradual
increase in capacitive retention, and reached 117 % after 6600 cycles.
With extended cycling, the capacitive retention reached 109 % after
10,000 cycles [Fig. 8(g) Inset]. To evaluate the changes in the electrode
material after being subjected to continuous 10,000 cycles, EIS analysis
was carried out [Fig. S9]. Based on the EIS response, there is no signif-
icant change in the Rct value, revealing that the electrode material did
not undergo any changes, indicating the cyclic ability of the fabricated
ASC device. Additionally, all pseudocapacitive ASC devices consistently
demonstrated high coulombic efficiency, maintaining nearly 92 %
throughout the entire cycling test [Fig. 8(g)]. These outstanding energy
storage characteristics highlight the potential of the freestanding
TizCa//Ru@N-doped C device for future commercial energy storage
applications.

3.6. Post-mortem analysis

To evaluate the structural and morphological changes after cyclic
stability of 10,000 continuous cycles, the fabricated TizC; film//Ru@N-
doped C device was dismantled and subjected to XRD and FESEM
analysis. Initially, XRD analysis was carried out for Ru@N-doped C
electrode before and after 10,000 cycles [Fig. S10(a)]. The observation
of stronger diffraction peaks corresponds to the graphitic carbon,
revealing the successful coating of active electrode material on the
current collector surface. When compared with before cycles, the
diffraction peaks correspond to after 10,000 cycles exhibited diffraction
peaks (38.3°, 43.9°, 58.8°), which are found to be similar without any
significant change in the peak value. The resultant diffraction peak
values are in well-accordance with metallic Ru (002-1258- ICDD).
Therefore, this provides clear evidence for the existence of metallic Ru,
which is well protected by an N-doped C layer, and did not allow any
structural changes when subjected to continuous cycles from an asym-
metric device.

In addition, to investigate the morphological changes of the positive
electrode (Ru@N-doped C) from the asymmetric device were investi-
gated using FESEM analysis. The morphological investigation of Ru@N-
doped C before [Fig. S10(b) and S10(c)] and after being subjected to
continuous 10,000 cycles [Fig. S10(d) and S10(e)]. As revealed from the
backscattered FESEM image, the existence of clear and brighter spots
corresponds to the existence of metallic Ru (heavier element) and is
found to be comparable with the darker region of carbon (light element).
The distinguishable region of brighter spots clearly evidences that
metallic Ru did not undergo any morphological changes after 10,000
cycles. To evaluate the presence of electrolyte ions, present in Ru@N-
doped C, EDAX and mapping analysis were carried out. Fig. S10(g-h)
evidence that the resultant Ru@N-doped C electrode is composed of Ru,
C, N, S, and O. This feature strongly reveals that during the charging and
discharging process, the SO5~ electrolyte ions are involved mainly in
ionic diffusion. Due to the wettability of electrolyte from the outer
surface along with activation of electroactive species, a gradual increase
in the capacitive retention was observed from the first cycle and reached
112 % after 3750 cycles (stage 1). This phenomenon signifies the ion
diffusion of SOZ~ from the outer layer and reaching the middle layer
through porous channels exhibited in Ru@N-doped C (as revealed from
Fig. 3(c)). Further increase in cyclic stability, a slight decrease in
capacitive retention and followed by a gradual increase in capacitive
retention, and reached 117 % after 6600 cycles (stage 2). This further
evidence the wettability and activation of electroactive species via ionic
diffusion of SO3~ from the middle layer and reached the central canal of
the electrode. After complete wettability of the electrode, the capacitive
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retention reached 109 % after 10,000 cycles. The primary reasons for
the increase in retention of the electrode might be due to an increase in
electroactive sites that participate in redox reaction, activation of ma-
terial through complete wettability of the electrode after continuous
charge-discharge process, which favors mass diffusion of electrolyte ions
to reach the deep channels or voids within the electrode.

4. Conclusions

In summary, we first reported the transformation of pillared non-
conductive Ru-MOF into Ru@N-doped carbon layer via thermal
annealing process using melamine as nitrogen source. The unique ar-
chitecture of the metallic Ru layer surrounded by N-doped graphitic
carbon at the nano heterointerface layer provides abundant redox-active
sites and efficient transport pathways, resulting in a high specific
capacitance (211.1 F g’l), excellent rate capability (64.8 %), and su-
perior retention (93.8 %) and good faradaic efficiency (98 %) for
continuous 5000 cycling stability. The resultant Ru@N-doped C as a
positive electrode was successfully fabricated with MXene free-standing
Ti3C, film as a negative electrode as the asymmetric device. The fabri-
cated all-pseudocapacitive-based positive and negative electrodes
delivered a superior energy density of 60.7 Wh kg~! than the previously
reported RuOs-based asymmetric device with a power density of 1294
W kg~ . Therefore, the present work highlights the role of fabricating all
pseudocapacitive electrodes as an asymmetric device, which guides a
new pathway for researchers working on designing electrodes in
supercapacitors. Therefore, in conclusion, the fabrication of all pseu-
docapacitive electrodes will be an alternative to conventional devices,
which could hold a strong place in wearable or flexible devices where
high energy density is required.
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