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Fig. 2 (a) Free-standing graphene nanomesh filmsl*3); (a) Carbon nanotube films with different orientations and thicknesses>®l; (b)

Single-walled carbon nanotubes/multi-walled carbon nanotubes film7}
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Table 1 Comparison of key performance parameters for typical two-dimensional planar electrodes

Electrode materials Phase angle at 120 Hz/(°) fas/Hz Ca at 120 Hz/(mF-cm™?) E @120 Hz/(mF-V?>-cm™?)  Reference
Free-standing graphene nanomesh films -82.3 0.31 0.10 [53]
Ultrathin carbon nanotube films —82.2 0.28 0.88 [56]
Single-walled carbon nanotubes/multi- -81.0 0.60 0.25 [57]

walled carbon nanotubes film
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Fig. 3 (a) 3D interpenetrating electrochemical reduction of graphene oxide[; (b) Edge-oriented graphene nanosheets
perpendicularly grown around carbonized cellulose microfiber sheets!®); (c, d) ZIF-67-derived edge-oriented graphene
clusters coupled with carbon nanotubes!®’]
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Table 2 Comparison of key performance parameters for typical random three-dimensional macroporous electrodes

Electrode materials Phase angle at 120 Hz/(°) fus/Hz Ca at 120 Hz/(mF-cm™2) EA@120 Hz/(mF-V?-cm2?) Reference
3D interpenetrating electrochemical reduction of —84.0 4200 0.40 0.13 [59]
graphene oxide
Edge-oriented graphene nanosheets perpendicularly —80.5 13800 1.07 0.34 [63]
grown around carbonized cellulose microfiber
sheets
ZIF-67-derived edge-oriented graphene clusters —80.0 1700 1.02 0.41 [65]

coupled with carbon nanotubes
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Fig. 4 (a) Vertically oriented graphene nanosheet electrodel®”); (b) Vertical graphene grown on the fiber substrate ["%); (¢) Graphitic
ordered mesoporous carbons and carbon nanotubes(®; (d) Nitrogen-doped vertically aligned carbon nanostructurest®!
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Table 3 Comparison of key performance parameters for typical vertically oriented electrodes

Phase angle at

Electrode materials 120 Ha() fas/Hz ~ Ca at 120 Hz/(mF-cm™2)  Ex@120 Hz/(mF-V?-cm2)  Reference
Z

Vertically oriented graphene nanosheet electrode —82.0 0.09 0.01 [67]

Graphite / carbon nanotube hybrid material —84.8 1.38 0.44 [79]

Vertically aligned carbon nanostructures (100 Hz) —80.0 1.15 0.57 [5]

Carbon-black-coated, vertically-oriented graphene —80.0 2.30 [81]
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Fig. 6 Structural construction and electrochemical performance of the 3D-CT®3], (a) Schematic illustration of the fabrication process
of the 3D-CT; (b) Scanning electron microscopy (SEM) image of the three-dimensional interconnected porous anodic
aluminum oxide template; (c) SEM image of the 3D-CT; (d, e) Bode plots (d) and areal capacitance as a function of
frequency (e) of the pristine 3D-CT and its structural variants, including 3D-CNT@CT and 3D-RCT architectures; (f)
Nyquist plots of a single device and six devices connected in series; (g) AC line-filtering performance of six devices

connected in series
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Morphology and electrochemical performance of three-dimensional interconnected carbon tube grids under different
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angle as a function of carbon tube diameter (e); (f-h)!®] SEM images of the 3D-YCT (f, g) and the areal capacitance and

phase angle at 120 Hz (h)
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Extended Abstract

With the rapid advancement of electronics toward lighter and more miniaturized designs, conventional aluminum electrolytic
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capacitors, constrained by intrinsically low areal/volumetric capacitance and mechanically rigid architectures, struggle to meet the
demands for high-performance filtering in modern electronic circuits. Supercapacitors are regarded as promising alternatives to
aluminum electrolytic capacitors due to their high specific capacitance, rapid charge-discharge capability, and excellent cycling
stability. However, the intrinsically disordered porous architecture of conventional electrodes gives rise to severe mass-transport
limitations. The highly tortuous ion migration pathways severely restrict transport kinetics, leading to a fundamental trade-off at 120
Hz, where fast frequency response and high energy density cannot be simultaneously achieved, thereby significantly impeding their
practical application. In recent years, the rational design of electrode microstructures, particularly the precise ordering control of the
spatial orientation and interconnection of nanoscale functional building units, emerges as an effective strategy to address this
contradiction. This review represents carbon-based filtering electrodes based on structural dimensionality and spatial organization,
encompassing two-dimensional planar architectures characterized by high packing density, three-dimensional macroporous structures
dominated by random diffusion, and highly vertically aligned configurations featuring directional transport. The critical role of
structural ordering in regulating charge-transport kinetics is thereby elucidated. On this basis, a special emphasis is placed on
three-dimensional ordered electrode systems constructed from carbon tubes as functional units, i.e., three-dimensional interconnected
carbon tube grids. Their structural advantages in constructing low-resistance, continuous electronic conduction networks and
low-tortuosity, directional ion transport channels are analyzed. For the intrinsic logic of “structural ordering—ion
transport-high-frequency filtering performance”, this review discusses the effects of various structural evolution strategies (i.e.,
self-supporting scaffold construction, hierarchical regulation within building units, surface/interface engineering, concentric nesting,
lateral densification, and Y-branch design) on the ion transport behavior and filtering performance at 120 Hz. In addition, the
existing research progress and future development trends are also summarized to provide theoretical insights and structural design
guidelines for high-performance, miniaturized electrochemical filtering devices.

Summary and Prospects As a highly promising filtering component for next-generation lightweight and miniaturized electronic
circuits, supercapacitors have pursued performance breakthroughs centered on the synergistic optimization of ultrafast frequency
response and high areal capacitance. Reviewing the evolution of electrode design for filtering supercapacitors reveals a paradigm shift
from mere compositional engineering toward an ordering-driven paradigm guided by rational microstructural design. In this review,
carbon-based filtering electrodes are systematically categorized according to structural dimensionality and spatial organization,
including two-dimensional planar architectures, three-dimensional randomly macroporous frameworks, and highly vertically aligned
configurations, thereby elucidating a pivotal role of structural ordering in governing charge-transport kinetics. In particular,
three-dimensional ordered grid electrodes constructed from carbon tubes as functional building units are identified as an effective
strategy to resolve the intrinsic trade-off between capacitance density and frequency response.

From the construction of an integrated electron/ion transport networks, the systematic structural evolution clearly demonstrates
that the continuous improvement of filtering supercapacitor performance does not arise merely from the unbounded enlargement of
specific surface area, but rather from achieving an optimal balance between ion transport accessibility (i.e., low-tortuosity pathways)
and interfacial charge-storage density (i.e., highly active surfaces). Such carbon-tube-based, ordered interconnected networks extend
the performance limits in terms of capacitance and frequency response, and provide a robust and reproducible structural framework
for ultrafast charge transport, thereby effectively propelling the transition of supercapacitors from conventional energy-storage
devices toward high-frequency filtering applications.

Despite the remarkable potential of functional unit ordering strategies, some substantial challenges remain in translating this
concept toward deeper theoretical understanding and practical implementation. From a theoretical perspective, there is an urgent need
to establish a universal, quantitative descriptor system for assessing the “degree of ordering” in electrode architectures. Specifically,
key geometric descriptors should include tortuosity (i.e., quantifying deviation of ion transport pathways from ideal straight channels),
connectivity parameters (i.e., lateral junction density), orientation distributions (i.e., reflecting alignment along the current collector
normal), and spatial uniformity metrics. The quantitative relationships can be established between structural parameters and kinetic
metrics such as phase angle, cutoff frequency, and characteristic time constants via integrating these descriptors with electrochemical
impedance spectroscopy and multiphysics simulations. Such a framework linking geometric descriptors to dynamic electrochemical
responses will enable a transition from empirical optimization toward digitally guided electrode design.

In terms of transport mechanism analysis, it is particularly important to develop methods capable of decoupling the respective
contributions of electronic conduction and ionic diffusion. For instance, an experimental strategy involving “fixed structure-variable
conductivity” can be employed, whereby the crystallinity of the material is selectively tuned, while maintaining identical
three-dimensional architectures and mass loading, thereby isolating the influence of electronic transport on the frequency response. In
parallel, finite element simulations based on realistic structural models with independent variation of electronic conductivity (o) and
ionic diffusivity (Dion) can be used to perform sensitivity analyses and establish causal relationships among structure, transport
parameters, and electrochemical performance. These methods provide a critical theoretical guidance for the targeted optimization of
ordered electrode architectures.

At the structural design level, future efforts should focus on maintaining kinetic advantages under thick-electrode and
high-mass-loading conditions. To mitigate the transport limitations caused via increased loading, strategies such as constructing
multidimensionally interconnected networks and optimizing hierarchical pore size distributions are required to ensure ultralow
transport resistance for both electrons and ions, even in the deep regions of electrodes. This is essential for achieving simultaneous
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enhancement of areal capacitance and frequency response.

From an engineering perspective, the scalable fabrication of large-area, highly uniform ordered electrodes remains a key
bottleneck in practical applications. Future developments should aim at synthesis strategies with improved generality and process
tolerance to enable a smooth transition from centimeter-scale laboratory samples to industrial-scale electrode systems. In addition,
some challenges relating to device packaging and circuit integration must be addressed, including minimizing the resistance at
electrode/current collector interface, suppressing parasitic effects under high-frequency operation, and optimizing impedance
characteristics at target frequencies (e.g., 120 Hz and above). Furthermore, the structural stability of three-dimensional porous
architectures under long-term cycling, electro-thermal coupling, and mechanical deformation, as well as the reliability of multi-device
integration, will critically determine their feasibility in applications.

Overall, building-unit ordering represents not merely a structural optimization strategy, but a unifying paradigm that bridges
materials design, device performance, and application scenarios. With continued advancement of multiscale structural regulation
capabilities, in-situ characterization techniques, and theoretical modeling tools, a research on filtering supercapacitor electrodes is
expected to evolve from empirically driven exploration toward mechanism-informed and quantitatively guided design, ultimately
enabling a broad application in highly integrated and miniaturized electronic systems.

Keywords functional units; carbon tubes; ordered structures; filtering supercapacitors; electrode architecture design; electron—ion
synergistic transport



