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Abstract: A novel composite material consisting of cerium dioxide (CeO,), silica (SiO,), and
mesoporous carbon (CMK-3) was developed for supercapacitor electrodes. The composite’s
synthesis involved a high-surface-area porous carbon combined with CeO, and SiO;. The
resulting material was characterized by a high specific capacitance due to its mesoporous
structure and enhanced dispersion CeO, and SiO,. The effects of different types of CeO,
and SiO; are also discussed. Both CeO; and SiO, components offer advantages such
as abundance, low costs, and excellent catalytic properties. The composite’s structure
improves CeO, nanofiber (CeO, NF) dispersion and reduces impedance through rapid
redox reactions. The influence of the CeO,/SiO, /CMK-3 ratio on specific capacitance was
investigated. The optimized composite electrode demonstrated a significantly improved
specific capacitance, 2.6 times higher than that of the pristine mesoporous carbon elec-
trode. This work highlights the potential of CeO,/SiO,/CMK-3 composites for energy
storage applications and underscores the importance of optimizing component ratios and
morphology for improved supercapacitor performance.
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1. Introduction

With the continuous rise in global energy demand, the development of clean and
sustainable energy technologies is critical to reducing the environmental impact of con-
ventional fossil fuels and meeting the growing need for efficient energy storage systems.
Supercapacitors, energy storage devices bridging the gap between batteries and conven-
tional capacitors [1,2], are poised to replace these technologies in certain applications. Their
high power density, long cycle life, and rapid charge-discharge characteristics make them
highly attractive. Further enhancing their energy density will unlock broader applica-
tions in areas such as electric vehicles, portable electronics, and renewable energy systems.
Achieving this requires a focus on enhancing the energy density of supercapacitors while
maintaining their essential advantages. A key strategy in approaching this challenge
is the development of composite electrode materials with high specific capacitance and
stability [3].

Carbon-based materials are widely used in electric double-layer capacitors (EDLCs)
due to their high surface area, conductivity, and thermal/chemical stability. These materials,
derived from abundant and sustainable sources, offer low costs and are industrially relevant.
In EDLCs, energy is stored by electrostatic charge accumulation at the electrode—electrolyte
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interface rather than by Faradaic processes. Some examples include activated carbon
(AC) [4,5], carbon nanofibers [6,7], carbon nanotubes (CNTs) [8-11], graphene [6,11,12],
carbide-derived carbon [13], and mesoporous carbon [14], which have attracted significant
attention. Mesoporous carbon is of particular interest due to its high and stable surface
area for charge storage. This high surface area not only enhances double-layer capacitance
but also makes mesoporous carbon a suitable host for electroactive nanoparticles, thereby
enabling a synergistic effect through additional Faradaic contributions [14,15].

In contrast to traditional capacitors, pseudocapacitors offer a battery-like energy
storage mechanism [16], relying on fast, reversible Faradaic redox reactions between the
electrode and electrolyte (e.g., OH™, H") during charge—discharge [1]. These reactions
can either be surface-controlled (pseudocapacitance) or diffusion-controlled (battery-type
behavior), contributing to higher energy densities than EDLCs [17]. However, Faradaic
electrode materials also exhibit faster electrode degradation, lower stability and cycle life
due to their use of active materials, and lower charge-discharge efficiency, resulting in
longer charging times. Faradaic electrode materials fall into three main categories: con-
ductive polymers, transition metal oxides, and other materials (metal hydroxides, sulfides,
nitrides, etc.) [1,5,15]. Conductive polymers include polyaniline (PANI), polypyrrole (PPy),
and poly(3,4-ethylenedioxythiophene) (PEDOT), which are widely studied for their good
electrical conductivity and flexibility [15,18,19]. Transition metal oxide research, initially
focused on RuO, with its high theoretical capacitance (>700 F/g) [20], has shifted towards
lower-cost materials due to the high cost and scarcity of ruthenium [21]. These mate-
rials include manganese oxides (MnO,, Mn30;) [22,23], cobalt oxides [24], iron oxides
(FepO3) [21,25], tin oxides (SnO,) [26], and spinel oxide [27]. Other promising materi-
als include nickel hydroxide (Ni(OH),) [28], cobalt sulfide (CoS) [29], titanium nitride
(TiN) [30], and tungsten nitride (W>N) [31]. Beyond symmetric EDLCs and Faradaic-type
capacitors, hybrid supercapacitors have emerged in recent years, combining the advantages
of both [8,10,11,15,32]. These devices utilize both double-layer capacitance and Faradaic
reactions during charge-discharge processes, resulting in a high power density and in-
creased operating voltage, leading to enhanced energy density [18,32]. This has attracted
significant research interest.

Transition metal oxides have become a focal point in supercapacitor electrode research
due to their Faradaic reaction characteristics [33]. Cerium oxide (CeOy), a typical rare earth
oxide, has garnered attention for its unique redox properties [34]. Composites of CeO,
with other metal oxides or carbon materials can enhance electrochemical activity. The rapid
redox reactions between Ce(Ill) and Ce(IV) during electrode charge—-discharge increase
conductivity while maintaining the original fluorite structure [35,36]. CeO's fast, reversible
redox reactions and oxygen vacancies enhance its conductivity and electrochemical activ-
ity [34]. However, CeO, also has limitations, such as low conductivity and a tendency
to agglomerate, restricting its application in supercapacitor electrodes. To address these
limitations, researchers often combine CeO, with highly conductive materials like carbon
or conductive polymers to improve conductivity and dispersion [37], thereby enhancing
overall supercapacitor performance.

In this study, ordered mesoporous carbon CMK-3 was selected as the substrate mate-
rial, and its high specific surface area and regular pore structure were adopted to disperse
and support CeO, NFs. The influence of the CeO,/SiO, /CMK-3 ratio on specific capac-
itance was investigated. The optimized composite electrode demonstrated an easy and
cost-efficient strategy as a reference for the future design of supercapacitor electrodes.
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2. Materials and Methods
2.1. SBA-15 and CMK-3 Preparation

Mesoporous carbon CMK-3 was synthesized using a nanocasting technique, employ-
ing mesoporous silica (SBA-15) as a rigid template [14,38]. The SBA-15 template was
initially created following a well-established protocol. This involved dissolving the triblock
copolymer P123 (EOy9-PO7-EO5; Pluronic P123; Sigma-Aldrich, St. Louis, MI, USA) and
tetraethyl orthosilicate (TEOS; Sigma-Aldrich, USA) in a hydrochloric acid solution (1.3 M)
under continuous stirring at 40 °C. The resulting white SBA-15 material was then obtained
through a process of aging in an oven (373 K for 48 h), followed by filtration and washing
using a Biichner funnel, oven drying, and calcination in a furnace at 843 K for 6 h.

Subsequently, a solution of sucrose (C12H2011, Showa Chemical Co., Ltd., Tokyo,
Japan) and sulfuric acid (HSO4, Showa Chemical Co., Ltd., Japan) in water was introduced
dropwise to the SBA-15 template. The weight ratio of SBA-15 to sucrose to H;SO4 to water
was maintained at 1/1.25/0.14/5. The mixture then underwent a heat-treatment process,
involving 6 h at 60 °C followed by 6 h at 120 °C, to facilitate dehydration. This sucrose
impregnation and heat-treatment cycle was repeated once to ensure the thorough filling of
the SBA-15 channels.

Following this, the material was subjected to high-temperature carbonization at 900 °C
under an inert atmosphere. Finally, the silica template was selectively removed by treatment
with a 1.0 M hydrofluoric acid (HCL; Showa Chemical Co., Ltd., Japan) solution. The
resulting mesoporous CMK-3 was then collected by filtration, washed extensively on a
Biichner funnel, and dried in an oven.

2.2. CeO, Microparticle and CeO, Nanofiber Preparation

The preparation of CeO, microparticles (CeO, MPs) was based on and modified
from the method described by Prasanna et al. [39]. Cerium (III) nitrate hexahydrate
(Ce(NO3)3-6H,0; Alfa Aesar, Ward Hill, MA, USA) and glycine (C;H5NO,; Alfa Aesar,
USA) were used as starting materials, with a ratio of cerium nitrate/glycine/water =
5 mmol:25 mmol:30 mL. The mixture was combusted in a reactor at 300 °C for 5 min. After
naturally cooling to room temperature, the sample was repeatedly filtered and washed
with deionized water and absolute ethanol. The precipitate was dried at 80 °C and then
calcined at 600 °C for 4 h to obtain CeO, MPs.

The preparation of CeO, NFs was based on and modified from the method described
by Xu et al. [39]. Firstly, 5.88 g of sodium citrate (NazCgHsOy; Showa Chemical Co., Ltd.,
Tokyo, Japan) was dissolved in 80 mL of deionized water and stirred uniformly for 10 min.
Then, 2.4 g of urea (CO(NH;),; Showa Chemical Co., Ltd., Japan) was added and stirred
until combined. Subsequently, a prepared cerium nitrate solution (1.63 g of cerium nitrate
dissolved in 20 mL of deionized water) was added dropwise and stirred uniformly for
30 min until the liquid turned pale yellow. The mixture was then placed in a Teflon-lined
autoclave and subjected to hydrothermal reaction at 120 °C for 39 h. After naturally cooling
to room temperature, the precipitate was collected by filtration, washed several times with
deionized water and an ethanol-water solution, and then calcined at 500 °C in air for 4 h to
obtain broom-like aggregates of CeO, NFs.

2.3. Electrode Preparation

The prepared materials (5iO,, SBA-15, CeO,) and Super-P were dissolved separately
in Methylpyrrolidone (NMP; Echo Chemical Co., Ltd., Tainan, Taiwan). After pre-treatment
with stirring and sonication, 0.04 g of CMK-3, 0.1 g of 5% Polyvinylidene difluoride (PVDF;
Sigma-Aldrich, St. Louis, MA, USA), and an appropriate amount of NMP were added
to the sample bottle. The mixture was repeatedly stirred and sonicated twice at room
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temperature. The resulting black viscous liquid was used as the slurry for the electrode
film. Next, a titanium sheet was used as the substrate (Area 2 x 1 cm?), and the slurry was
uniformly coated onto it. The coated substrate was placed in a vacuum oven and dried at
100 °C for 30 min. After removing the substrate, excess slurry was wiped off with acetone
to obtain the electrode, with the loading mass varying for each electrode.

2.4. Analysis Methods

The synthesized CeO; and CeO,/CMK-3 composite electrode materials were char-
acterized using Scanning Electron Microscopy (SEM; JEOL JSM-7610F, JEOL Ltd., Tokyo,
Japan), Transmission Electron Microscopy (TEM; JEOL JEM-2100, JEOL Ltd., Japan), X-ray
Diffraction (XRD; PANalytical X'Pert PRO, Malvern Panalytical, Almelo, The Netherlands),
and Brunauer—-Emmett-Teller (BET; Micromeritics ASAP 2020, Micromeritics Instrument
Corp., Norcross, GA, USA) methods. These techniques were used to analyze the mate-
rials” microstructure, including morphology, crystal structure, specific surface area, and
pore size distribution. In addition, contact angle measurements were performed to as-
sess the hydrophilicity of the materials. Electrochemical testing was performed using a
three-electrode setup, consisting of platinum wire counter electrodes, Ag/AgCl reference
electrodes, and a 1 M sulfuric acid electrolyte (H,SO;,). Galvanostatic Charge-Discharge
(GCD) and electrochemical impedance spectroscopy (EIS) measurements (potentiostat
CHI 6273E; manufactured by CH Instruments, Bee Cave, TX, USA) were used to evaluate
the capacitive performance, cycle stability, and charge transfer resistance of the electrode
materials. The GCD tests were conducted at different current densities (1-50 A/g) within a
potential range of 0.0 to 1.0 V (vs. Ag/AgCl), and the specific capacitance, energy density,
and power density were calculated using the following equations:

. dt

Cq _]/W )
1 2

E = 5CsAV @)
E x 3600

P=—x ®)

where Cq is the gravimetric electrode capacitance (F/g), j is the applied current density,
dt is the discharge time, U(t) is the potential as a function of time, E is the specific energy
(Wh kg’l), AV is the potential window (V), P is the specific power (W kg’l), and At is the
discharge time (s).

3. Results and Discussion
3.1. Material Characterization

Figure 1la—d show the SEM images of the SBA-15, CMK-3, CeO, MPs, CeO, NFs,
and SiO; nanospheres (100 and 200 nm) synthesized in this study. Figure la,b show
that we successfully fabricated CMK-3 with a similar microscopic morphology to SBA-15.
Figure 1c,d show that we successfully synthesized CeO, MPs and CeO; NFs. The CeO,
NFs exhibit a large number of nanoscale structures and are self-assembled from small
nanorods into larger aggregates, which is expected to effectively increase their active
surface area. The morphology and dispersion of the SiO, nanospheres (100 nm and
200 nm) are presented in (Figure S1). The SEM images reveal that the SiO, nanospheres
exhibit a uniform spherical shape with a distinct size distribution. The presence of these
nanospheres is expected to provide a well-defined surface area that may enhance the
electrode—electrolyte interaction. According to the literature, this complex nanostructure
will also help to improve its electrochemical activity. Figure 2a—c show the 77 K nitrogen
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adsorption—desorption isotherms of the SBA-15, CMK-3, CeO; MPs, and CeO; nanofiber
precursors synthesized in this study. Based on these isotherms, we obtained their specific
surface areas, which were 796, 1254, 22, and 56 m2/ g, respectively. SBA-15 and CMK-3 have
high specific surface areas, similar to those reported in the literature. The CeO, NFs have a
significantly higher specific surface area than the CeO, MPs, which is closely related to their
unique morphology. Figure 3a shows the typical ordered mesoporous structure of SBA-15
and CMK-3, while Figure 3b shows that both types of CeO, have a cubic fluorite structure.
The full width at half maximum (FWHM) of the XRD characteristic peak of the CeO, NFs
is much wider than that of the CeO, MPs. This peak broadening can be attributed to the
nanoscale nature of the particles. According to Scherrer’s equation, the calculated crystallite
sizes are 4.6 nm for CeO, NFs and 5.2 nm for CeO, MPs, confirming their distinct structural
characteristics. In the CeO, NFs/SiO, /CMK-3 composite (Figure S2), the addition of SiO,
nanospheres further affects the structural properties, resulting in slightly broader peaks
compared to CeO, MPs. This broadening suggests a decrease in crystallite size and the
presence of additional lattice defects, which can enhance electrochemical performance. The
combination of nanoscale CeO,, well-dispersed SiO;, and the conductive CMK-3 matrix

provides a synergistic effect, leading to better electrochemical properties.

Figure 1. SEM images of (a) SBA-15, (b) CMK-3, (c) CeO, MPs, and (d) CeO, NFs synthesized in
this study.
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Figure 2. BET nitrogen adsorption—desorption isotherms recorded at 77 K for synthesized porous
materials: (a) SBA-15, (b) CMK-3, (c) CeO, MPs and CeO, NFs.
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Figure 3. (a) Low-angle XRD indicating ordering mesoporous structure of SBA-15 and CMK-3;

(b) XRD patterns showing cubic fluorite structure of both CeO, MPs and CeO, NFs.

3.2. Selection of Silica Materials

In the past, we found that adding hydrophilic silica nanospheres effectively increased
the specific capacitance of electrode materials. Because SiO; is an insulator, we attributed
the increase in capacitance to its hydrophilicity, which improves the interfacial affinity
between the electrolyte and the composite electrode. Here, we replaced the added material
with mesoporous silica material SBA-15, which has a better water absorption capacity, to
investigate the effect of different addition ratios on the capacitance value.

Figure 53 shows the charge—discharge curves for SBA-15 addition ratios of 1%, 2%, 4%,
6%, 8%, 10%, and 15% at 1 A/g. The obvious IR drop and the resulting highly asymmetric
charge-discharge curves indicate that the performance of the composite electrode is not
ideal. For ease of comparison, Figure 4a shows the trend of the SBA-15 ratio versus specific
capacitance from Figure S3. The measured capacitance values are all lower than that of
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the original CMK-3. In addition, the specific capacitances of the composite electrodes with
1%, 2%, 4%, 6%, 8%, 10%, and 15% SBA-15 are 121.37 F/g, 66.9F/g,91.18 F/g,71.3F/g,
49.1 F/g, 105.47 F/g, and 58.3 F/g, respectively (Figure 4a). The lack of a clear trend in
the capacitance change suggests that it may be difficult to achieve uniform and stable
dispersion and quality in SBA-15/CMK-3 composite electrodes. This indirectly explains
why the capacitance value does not increase but decreases. Because there is no obvious
correlation between the amount of SBA-15 added and the specific capacitance, this is
consistent with our past observations of 50 nm and 400 nm SiO, microspheres, suggesting
poor dispersion in the electrode material. Due to the large size of SBA-15 (approximately
500 nm wide) and its long, lotus-root-like structure, it tends to aggregate severely. Analysis
of Figure 4b,c shows that SBA-15 is severely agglomerated in the composite electrode.
Therefore, the SBA-15/CMK-3 electrode material not only fails to effectively improve the
electrochemical performance but also exhibits the excessive agglomeration of 50 nm silica
spheres and structural collapse caused by 400 nm silica spheres.

(a) 140,

-
[
o

j

Specific Capacitance (F/g)
N ® o
D
/\.
e
\\\\\

(2]
o

0 2 4 6 8 10 12 14 16
SBA-15 (Wt.%)

SiKal

Figure 4. (a) Effect of different SBA-15 ratios on capacitance values; (b,c) SEM images and silicon
elemental mapping of SBA-15/CMK-3 composite electrode.

The water contact angle test (Figure S4) confirms the superior hydrophilicity. On the
other hand, it also allows further speculation about uneven SBA-15 distribution. Because the
material itself has very good water absorption properties, the droplets on some samples are
quickly absorbed after contacting the surface, making it impossible to effectively measure
the contact angle. However, in the 4%, 8%, and 15% electrode sheets, it was found that the
droplets were not directly absorbed, so it was judged that the absorption should depend
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on the proportion of SBA-15 at that point. Therefore, the lack of trend in the capacitance
value in Figure 4a is also attributed to the uneven distribution of the material.

3.3. Selection of CeO, Material
3.3.1. CeOy MPs/CMK-3 Composite Electrode

To investigate the effect of the addition amount on the capacitance value, different
ratios (30%, 40%, 60%, 70%) of CeO, MPs were added to CMK-3 to form composite electrode
materials. After three cycles of testing at a current density of 1 A/g, the charge—discharge
curves are shown in Figure S5. Figure 5a shows the capacitance values obtained from
Figure S5, which are 151.86 F/g, 159.66 F/g, 216.85 F/g, 163.56 F/g, and 153.16 F/g,
respectively. It can be seen that the capacitance value changes with the amount of CeO,
added. When the addition amount increases from 30% to 50%, the capacitance value shows
the expected gradual upward trend, reaching a maximum value at 50% addition. However,
if the addition amount is further increased, the capacitance value decreases.

(a) 20| 216,85
-

S 20t ‘/-"J \
200 |- \
190 |-
180 |

/
170 - {:

180 |

150 |

Specific Capacitance (F/t

s L
30 40 50 60 70

Figure 5. (a) Effect of CeO, MP loading on capacitance values; (b) SEM secondary electron
image of composite electrode (inset: magnified view); (c) SEM backscattered electron image of
composite electrode.

Figure 5b shows the SEM secondary electron microscopic image of the composite
electrode. However, secondary electron images are not conducive to distinguishing the
elemental distribution of carbon and Ce. Therefore, the backscattered electron imaging
technique, shown in Figure 5¢c, was used to clearly distinguish the distribution of cerium
oxide in the material. The EDX analysis (Figure Sé6a) further confirms the presence and
distribution of Ce, C, and O. Additionally, the EDX spectrum reveals the presence of residual
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precursors or synthesis reagents, as well as Pt signals originating from the sputtering
for SEM. It can be observed that the particles tend to aggregate. Therefore, under the
condition of excessive content, the electrochemical properties of the electrode material
cannot be improved.

3.3.2. CeOy NFs/CMK-3 Composite Electrode

Under the same addition conditions (30%, 40%, 50%, 60%, 70%), the cerium oxide
was replaced with CeO, NFs possessing a nanostructure in order to compare the effect
of morphology on the capacitance value. Figure 57 and Figure 6a show the measured
capacitance values at 1 A/g, which are 207.75 F/g, 248.64 F/g, 298.38 F/g, 219.25 F /g, and
208.65 F/g, respectively.

—
Q

St

8

5

289.38

2
8
T

]
3
T

24864 m

219.25

"
B
o
T

L
20865
" 20775 .
.

5]
8

Specific Capacitance (F/g)

1
70

1 1
30 40 50

60
CeO, NFs (wt.%)

Figure 6. (a) The effect of the loading of CeO, NFs on capacitance values for the CeO, NFs/CMK-3
composite electrode; (b) the SEM image of the CeO, NFs/CMK-3 composite electrode; (c) the SEM
backscattered electron image of the CeO, NFs/CMK-3 composite electrode.

Compared with the CeO, MPs (Figure 5a), Figure 6a shows a similar trend. When the
addition amount is excessive, the aggregation phenomenon hinders electron transport and
reduces its electrochemical performance. Figure 6b,c show the SEM secondary electron and
backscattered electron microscopic images of the composite electrode, respectively. It can
be clearly seen that the cerium oxide at this point maintains good dispersion. Further, the
EDX analysis (Figure S6b) confirms the elemental percentage. The ultrasonic vibration and
stirring pre-treatment in the process is an important step to make the aggregated nanorods
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disperse evenly. This also makes the overall capacitance performance of the CeO, NFs
better than that of the CeO, MPs.

In summary, if the cerium oxide is controlled within a certain ratio, the effect it brings
is significant. Compared with pure carbon materials, the contribution to the capacitance
value is greater than 150 F/g when 50% is added.

3.4. Electrochemical Properties of CeOy NFs/SiO,/CMK-3 Ternary Composite Electrode

To further improve performance, and building upon our previous research [14], we
used the optimal conditions for capacitance performance (50% CeO, NFs/CMK-3) and
added different ratios of 100 nm and 200 nm silica spheres to investigate the specific
capacitance at 1 A/g of the ternary composite material. The morphology and dispersion
of the CeO, NFs/5i0,-100 nm/CMK-3 and CeO; NFs/SiO,-200nm/CMK-3 composites
were examined. The SEM images (Figure S8) reveal that both the 100 nm and 200 nm SiO,
spheres exhibit uniform spherical shapes and are well distributed within the composite
matrix. However, the 100 nm SiO, spheres demonstrate a more homogeneous dispersion
compared to the 200 nm spheres, resulting in a more interconnected structure that could
facilitate ion transport and enhance electrochemical performance. Further, EDX analysis
confirms the presence of Si, Ce, and C, verifying the successful incorporation of both silica
and cerium oxide within the CMK-3 matrix. Figure S9 shows the charge—discharge curves
with varying amounts of 100 nm and 200 nm silica spheres when the CeO, NFs/CMK-3
ratio is 1:1. The trend of capacitance change is summarized in Figure 7. Both the 100 nm
and 200 nm silica spheres achieve the best specific capacitance at a content of 4%, and
the effect of the 100 nm silica spheres is better than that of the 200 nm silica spheres.
This is consistent with the trend of our previous research on 5iO,/CMK-3 composite
electrodes [14]. When the silica particle size is 200 nm, the capacitance value of the ternary
composite electrode is significantly improved compared to the binary composite, reaching
324 F/g. When the silica particle size is reduced to 100 nm, the electrode capacitance value
of the ternary composite material is greatly improved, and the measured capacitance value
is 403 F/g. This capacitance contribution is attributed to the synergistic effect produced
by the simultaneous addition of cerium oxide and silica. It not only helps ion transport
through the hydrophilicity of silica but also improves electron conductivity through the
redox properties of cerium oxide [34].

(@) 400f " 50% CeO,NFs (b) 400 50% CeO,NFs

e / ) 5 .

- L ; L 350r

= 350 100 nm SiO, 5 . 200 nm SiO,

(8]

S 300} / & 300t —

S / E

Q 250} & 2501

S \ S .

200+ / . 200+ -—
0 4 8 0 4 8
Si0, 400(%) Si0, 500(%)

Figure 7. Effect of (a) 100 nm and (b) 200 nm silica sphere additives on specific capacitance of CeO,
NFs/CMK-3 composite.

To determine the relationship between the current density and operating power of
the ternary composite material, we further conducted charge—discharge cycle tests on the
electrode at different current densities (1 A,2 A, 3 A, 4 A,5A,10A,20 A, 30 A, 40 A,
50 A), as shown in Figure 510, and based on these results, a corresponding Ragone plot was
constructed to illustrate the variation in energy and power density, as presented in Figure 8.
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As can be clearly seen from the plot, the energy density of the pure CMK-3 electrode drops
significantly under high-current conditions, indicating that the material quickly loses its
ability to store energy when given a large current. The CeO, NFs/CMK-3 electrode shows
good stability, and even when the power density reaches 2500 W/kg, it still maintains
a very good energy density (26.39 Wh/kg). The cycle stability of the SiO,/CeO,/CMK-
3 electrode was evaluated at a current density of 5 A/g, and the results are shown in
Figure S11. During the initial cycles, the capacitance % increases due to the improved
electrolyte wetting, activation of sites, and enhanced ion transport within the electrode.
After 3000 charge—discharge cycles, the electrode exhibited a capacitance retention of
91.98%, demonstrating good long-term stability and durability. Furthermore, EIS analysis
of the CeOy NFs/5i0;-199/CMK-3 composite electrode, as shown in Figure S12, provides
valuable insights into the electrode’s charge transfer resistance. Before cycling, the charge
transfer resistance (Ret) is approximately 19 (), which slightly increases to 21 () after cycling,
suggesting negligible structural degradation or material agglomeration during cycling.
The SiO, /CeO, /CMK-3 ternary composite material further improves its electrochemical
performance, and the results are better than CeO,/CMK-3 and SiO, /CMK-3, which again
illustrates the synergistic effect of SiO, and CeO,.
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Figure 8. Ragone plot of CMK-3, CeO,/CMK-3, and CeO,/SiO, /CMK-3 electrodes.

4. Conclusions

This research explored the development of high-performance supercapacitor elec-
trodes based on CeO,/SiO,/CMK-3 composites. Through a systematic investigation of
different CeO, morphologies (microparticles and nanofibers), loading ratios, and the incor-
poration of silica, the electrochemical performance was optimized. The CeO, NFs/CMK-3
composite exhibited superior capacitance (403 F/g at 1 A/g) compared to its microparticle
counterpart, attributed to its higher surface area and improved dispersion. The addi-
tion of SiO; nanospheres further enhanced the electrochemical performance, with the
510, /CeO, /CMK-3 electrode achieving a capacitance retention of 91.98% after 3000 cycles
at5 A/g. Additionally, the composite maintained a high energy density of 26.39 Wh/kg at a
power density of 2500 W /kg, demonstrating excellent stability under high-current cycling.
Furthermore, the addition of silica demonstrated a synergistic effect, further enhancing the
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overall performance. These findings provide valuable insights for future research on the
design of advanced supercapacitor electrodes.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/pr13061766/s1,  Figure SI: SEM image of
(a) SiOz-199 and (b) SiOy-q0; Figure S2: XRD patterns of image of CeO, NFs/SiO,_190/CMK-3;
Figure S3: Charge-discharge curves of SBA-15/CMK-3 composite electrodes with different SBA-
15 ratios; Figure S4: Water contact angle measurements of SBA-15/CMK-3 composite electrodes
with different SBA-15 ratios: (a) 1%, (b) 2%, (c) 4%, (d) 6%, (e) 8%, (f) 10%, (g) 15%; Figure S5:
Charge—discharge curves of CeO, MPs/CMK-3 composite electrodes; Figure S6: Elemental mapping
percentage of CeO, MPs/CMK-3 and CeO, NFs /CMK-3 composite electrodes; Figure S7: Charge-
discharge curves of CeO, NFs/CMK-3 composite electrodes; Figure S8: SEM images of (a) CeO,
NFs/S5i0,-100/cmk-3 and (b) CeO, NFs/SiO,-200/CMK-3; Figure S9: Charge—discharge curves
of ternary composite electrodes: (a) CeO, NFs/SiO,-100/CMK-3; (b) CeO, NFs/SiO,-200/CMK-3;
Figure S10. Charge-discharge curves of ternary composite electrode at different current density
(1-50 A/g); Figure S11: Cyclic stability of CeO, NFs/SiO,_199/CMK-3 composite electrodes at5 A/g
for 3000 cycles; Figure S12: EIS analysis of CeO, NFs/SiO,_199/CMK-3 composite electrodes.
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