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Three-dimensional multi-layer
carbon tube electrodes
for AC line-filtering capacitors

Gan Chen,1,2 Fangming Han,1,2,* Dou Lin,1,2 Shiping Zhang,1,2 Qijun Pan,1,2 Cheng Shao,1

Zhaoming Wang,1 Xiaoguang Zhu,1 Guowen Meng,1,2,4,* and Bingqing Wei3,*
CONTEXT & SCALE

Alternating current line-filtering

capacitors are critical for digital

circuits and electronics. Aluminum

electrolytic capacitors (AECs) are

the most used filter capacitors,

but their bulky size has hindered

their application in

miniaturization. Electric double-

layer capacitors (EDLCs), whose

capacitance is much higher than

AECs, are expected to be

miniaturized filter capacitors.

However, achieving EDLCs with

high-frequency and high-

capacitance performances is

challenging. Designing high-

oriented and high-density carbon-
SUMMARY

Electric double-layer capacitors (EDLCs) have the potential to
replace aluminum electrolytic capacitors for alternating current
line-filtering, aligning with the trend of device miniaturization. How-
ever, it is challenging for EDLCs to simultaneously achieve rapid ion
migration, electrical response, and high areal and volumetric capac-
itances. Here, we demonstrate that three-dimensional, structurally
integrated multi-layer carbon tube (3D-MLCT) frameworks are
used as electrodes for high-performance filtering EDLCs. By simply
increasing the number of tube layers, a high specific areal capaci-
tance of 3.08 mF cm�2 at 120 Hz is achieved with a phase angle
of �80.1�, exhibiting excellent capacitance and fast frequency
response. The outstanding performance of the 3D-MLCT is attrib-
uted to the high density, high orientation, and high integrality of
carbon tube arrays that facilitate and accelerate ion distribution
onto the electrode surface. The findings of this work provide a solu-
tion for developing next-generation miniaturized filter capacitors
with high capacitance and fast frequency response.
based electrodes would minimize

the performance trade-off

between frequency response and

capacitance.

We report three-dimensional

multi-layer carbon tube

electrodes for miniaturized filter

capacitors, and the structure of

the electrodes can be precisely

controlled. These capacitors

exhibit desirable capacitance for

carbon nanotube-based EDLCs

and excellent filtering

characteristics for line-filtering

applications and could be

integrated into miniaturized

devices.
INTRODUCTION

Converting alternating current (AC) into direct current (DC) is essential for powering

electronics.1–3 In the process, filter capacitors play a crucial role in smoothing the rip-

ples in the rectified DC signal.4–7 Aluminum electrolytic capacitors (AECs) dominate

this field but occupy the most significant volume in circuits.8–10 Electric double-layer

capacitors (EDLCs), storing energy physically through reversible ion adsorption at

the electrode-electrolyte interface, have been anticipated for fast frequency

response applications.11–15 EDLCs are considered promising alternative devices

for AC line-filtering to meet the demands of miniaturized electronic devices owing

to their several-orders-of-magnitude-higher specific capacitance than commercial

AECs.16–23 However, conventional EDLCs behave more like resistors than capacitors

and possess poor frequency response performance at an indicator frequency of

120 Hz because of their tortuous and complicated pore structure as well as the

high resistances of the electrodes.24–27

The first filtering EDLC was reported byMiller et al.,1 with discrete vertically oriented

graphene (VOG) nanosheets grown on nickel substrates as electrodes, demon-

strating an outstanding AC line-filtering performance. Subsequently, various car-

bon-nanomaterial-based electrodes with high orientation, thin thickness, and

macro-porous structures have been explored for filtering EDLCs.28–35 However,
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the specific areal (CA) and volumetric capacitances (CV) are still at a low level—the

bottleneck of miniaturized filter devices.36–39

Recently, we have demonstrated three-dimensional carbon tube (3D-CT) grid-based

electrodes with integrated structures for line-filtering applications.2 The 3D-CT

grids, employed as the electrodes of EDLCs, showed exceptional line-filtering capa-

bilities owing to their 3D-ordered design, functional CT units, chemical bond con-

nections, high conductivity, stable open-pore structures, and interconnected lateral

and vertical carbon tubes that facilitate smooth ion distribution channels. The pre-

liminary results reported of filling CTs with smaller-diameter carbon nanotubes

(CNTs) (3D-CNT@CT) have blazed a trail in enhancing CA effectively. However,

due to the relatively sparse distribution and unoriented alignment of smaller CNTs

inside the CTs, the increase in CA is limited, and the rapid migration of ions inside

CTs is hindered. To further improve CA to meet the expectations of miniaturized fil-

ter capacitors, the CTs could be uniformly filled with concentric tubes that replicate

their original morphology to provide rich ion-accessible surface areas while main-

taining the high orientation of the interconnected structure. This kind of ‘‘tube

nested inside tube’’ functional unit, similar to Russian matryoshka dolls, could be

combined in an orderly manner to obtain a unique 3D-CT-based framework with a

controllable number of CT layers and inter-layer spacing. Therefore, filling multi-

layered CTs (vertical and lateral) within the initially integrated 3D-CTs would be an

attractive and rational design to significantly increase the CA without degrading

the frequency response performance.

Herein, we report structurally integrated 3D multi-layer CT (denoted as 3D-MLCT)

frameworks that are used as electrodes for high-performance line-filtering EDLCs,

showing high CA and fast frequency response capability. The 3D-MLCT framework

was fabricated via a combinational process with a 3D porous anodic aluminum ox-

ide (3D-AAO) as a template, including chemical vapor deposition (CVD) of CTs in

the 3D pores of 3D-AAO, atomic layer deposition (ALD) of an alumina layer as the

sacrificial material, CVD of inner CTs, and then chemically etching the alumina

layer and the 3D-AAO template. 3D single-layer, double-layer, and triple-layer

CT frameworks (denoted as 3D-SLCT, 3D-DLCT, and 3D-TLCT) have been con-

structed by controlling the number of layers. The 3D-TLCT-based EDLC exhibits

a desirable CA value of about 3.08 mF cm�2 at 120 Hz with a phase angle below

�80�, over 70% higher than the value of 3D-CNT@CT (1.81 mF cm�2).2 To verify

practicability, ten EDLCs based on the 3D-MLCTs assembled in series to filter a

rectified 120-Hz pulse DC signal and a pulse voltage signal generated from a tribo-

electric nanogenerator (TENG) have shown gratifying line-filtering performances.

The excellent performances of the 3D-MLCT-based EDLCs are attributed to the

high density, orientation, and integrality of the 3D-ordered structure composed

of functional MLCT units that facilitate and accelerate ion distribution onto the

electrode surface. The findings of this work provide a unique solution for devel-

oping next-generation miniaturized line-filter capacitors with high capacitance

and fast frequency response.
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RESULTS AND DISCUSSION

The fabricating process of 3D-MLCT is schematically illustrated in Figure 1. A 3D-

AAO template with interconnected vertical and lateral channels was synthesized

by anodizing impure aluminum foil in phosphoric acid electrolyte at 0�C under a

voltage of 195 V (Figure S1).40,41 The template was placed into a horizontal tube

furnace and heated to 1,000�C at 10�C/min under an Ar atmosphere. The first CT
2 Joule 8, 1–12, April 17, 2024
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Figure 1. Schematic illustration of the synthesis process of the 3D-SLCT, 3D-DLCT, and 3D-TLCT
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layer was deposited on the pore walls of the 3D-AAO template with a flow of acet-

ylene gas under vacuum conditions for 50 min. Subsequently, an AlOx layer was

deposited via an ALD process at 250�C on the inner wall of the first CT layer using

trimethyl aluminum (TMA) and ozone (O3) as the precursors.42 The second CT layer

was deposited on the AlOx surface via a second-time CVD process. Similarly,

repeating the ALD and subsequent CVD processes can prepare a third CT layer.

Finally, the 3D-MLCT was obtained after removing the AlOx layer(s) and 3D-AAO

template in hydrofluoric acid solution, and the spacing of adjacent CT layers can

be precisely controlled by the thickness of the AlOx layers. Furthermore, the size

of the 3D-CT films can be adjusted by varying the area of the 3D-AAO as needed,

and we prepared a 3D-CT film with an area of approximately 24 cm2 (see Figure S2).

The representative scanning electron microscopy (SEM) image (Figure 2A) reveals

that the 3D-MLCT with a unique coaxial tube-in-tube structure was successfully pre-

pared without agglomeration of the CTs, and the uniformity of the structure is

notably high. The lateral CT connections make the 3D-MLCT framework form an in-

tegrated and freestanding film with a uniform thickness (Figures 2B–2F), which is the

same as the 3D-AAO template and can be adjusted by the anodizing time (Fig-

ure S3). The lateral and the vertical tubes are well connected, and the inner CT layers

possess the same 3D interconnected structure as the outer layer (Figures 2D–2F).

The detailed designs are confirmed by the transmission electron microscopy

(TEM) images (Figures 2G–2I).
Joule 8, 1–12, April 17, 2024 3



Figure 2. Morphological and structural characteristics of the 3D-SLCT, 3D-DLCT, and 3D-TLCT

(A) Top-view SEM image of 3D-DLCT.

(B) Typical cross-section SEM image of 3D-DLCT.

(C) Optical image of a freestanding 3D-CT film.

(D–F) Enlarged cross-section SEM images of (D) 3D-SLCT, (E) 3D-DLCT, and (F) 3D-TLCT.

(G–I) TEM images of (G) 3D-SLCT, (H) 3D-DLCT, and (I) 3D-TLCT.
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The inter-layer spacings of the 3D-MLCT frameworks could be finely regulated by

controlling the thicknesses of the AlOx sacrificial layers, and the inter-layer spacing

of approximately 12 and 36 nm corresponds to 100 and 300 ALD cycles, respectively

(Figures 3A and 3B). The N2 adsorption-desorption analysis was utilized to evaluate

the specific surface area (SSA) and pore structure of as-prepared 3D-SLCT, -DLCT,

and -TLCT films (Figures 3C and S4, and supplemental information). All the samples

exhibit typical type IV isotherms with no obvious inflection point at low pressure and

an H3-type hysteresis loop at higher relative pressure, illustrating the hierarchical

porous structure and the existence of abundant meso/macropores. The 3D-SLCT,

-DLCT, and -TLCT films show a Braunauer-Emmett-Teller (BET) volumetric SSA of

16.4, 33.8, and 45.0 m2/cm3, respectively. The volumetric SSA increases almost lin-

early with the number of layers, confirming the unique multi-layer structure’s crucial

role in effectively improving the distribution density of CTs per unit volume and

enhancing the mass loading. In addition, the electrochemical surface area measure-

ments of the 3D-MLCT films were conducted to estimate the SSA per footprint area
4 Joule 8, 1–12, April 17, 2024



Figure 3. Structural and compositional characterizations of the 3D-SLCT, 3D-DLCT, and 3D-TLCT

(A and B) TEM images of 3D-DLCT with different inter-layer spacings of (A) 12 and (B) 36 nm, respectively.

(C) Nitrogen adsorption-desorption isotherms of the 3D-SLCT, 3D-DLCT, and 3D-TLCT.

(D) C 1s XPS spectra of the 3D-SLCT, 3D-DLCT, and 3D-TLCT films.

(E) Raman spectrum of the 3D-SLCT, 3D-DLCT, and 3D-TLCT films.

(F) Contact angle tests of the 3D-SLCT, 3D-DLCT, and 3D-TLCT films.
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(cm2 per cm2) bymeasuring the double-layer capacitance and factoring in the rough-

ness (Figure S5). The roughness factors for 3D-SLCT, DLCT, and TLCT were deter-

mined to be 204.2, 333.3, and 508.3 cm2 cm�2, respectively, consistent with the

trend observed in the BET testing results. The surface elemental configurations of

3D-MLCT films were investigated by X-ray photoelectron spectroscopy (XPS) char-

acterizations. Characteristic peaks at binding energies of 284.8, 286.3, 289.3, and

291.5 eV are shown in the high-resolution C1s spectrum (Figure 3D), which corre-

sponded to C–C/C=C, C–O, C=O, and O–C=O bonds, respectively.43 The relatively

low O/C element ratios indicate fewer oxygen-containing functional groups on the

surface of the prepared electrode films. Raman spectra were carried out to verify

the degree of defect of the above carbon films. Figure 3E shows the typical charac-

teristic D band (�1,350 cm�1) and G band (�1,580 cm�1) in Raman spectros-

copy.44,45 The comparable intensity ratios of the D/G band (ID/IG) indicate that the

number of layers did not significantly affect the graphitization degree. Moreover,

the surface defects will improve the wettability of these carbon electrodes in

aqueous electrolytes, as shown in small contact angles (Figure 3F), which will be

beneficial to facilitating ion accessibility and reducing the interfacial impedance.11

Symmetrical cells with a two-electrode configuration were constructed using the 3D-

CT films as electrodes, platinum sheets as the current collectors, and a 1M H2SO4

aqueous solution as the electrolyte (Figure S6). The electrochemical energy storage,
Joule 8, 1–12, April 17, 2024 5



Figure 4. The electrochemical performances of the 3D-SLCT-, 3D-DLCT-, and 3D-TLCT-based EDLCs

(A–C) (A) Bode plots, (B) Nyquist plots, and (C) specific areal capacitance (CA) of the 3D-SLCT-, 3D-DLCT-, and 3D-TLCT-based EDLCs. The inset shows

the expanded view at high frequencies.

(D) Comparison of CA and areal specific energy density (EA) of the 3D-TLCT-based EDLC at 120 Hz, with other reported aqueous electrochemical

capacitors with a symmetric sandwich-type device configuration used in the AC filter circuits.

(E) Plots of the imaginary part of the specific capacitance (C00) versus frequency based on the series-RC circuit model.

(F) The variation of C0/C and dissipation factor versus frequency.
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cycling performance, and Coulombic efficiency of the 3D-DLCT-based EDLCs were

investigated (Figures S7–S9), demonstrating an ideal capacitive behavior and

remarkable cycle/rate stability. The performances of 3D-DLCT with different inter-

layer spacings (denoted as 3D-DLCT-12, -24, and -36, the last numbers represent

the inter-layer spacing [in nanometers]) have been studied, proving thatCA increases

with the decrease of the inter-layer spacing (Figure S10). Properties of 3D-DLCT-24

with different thicknesses of 7.5, 12, and 14 mm were tested to investigate the effect

of electrode thickness on the electrochemical and AC line-filtering performance (Fig-

ure S11). The 3D-DLCT-24-based EDLC with an electrode thickness of 12 mm can

achieve both a low phase angle (<�80�) and a high CA (>2 mF cm�2), demonstrating

an outstanding application potential for AC line-filtering, so this thickness is selected

in the subsequent tests.

For comparison, the 12-mm-thick 3D-SLCT, 3D-DLCT, and 3D-TLCT films were

assembled into symmetrical EDLC devices, respectively. The phase angles of these

EDLCs at low frequencies are close to�90�, reflecting the characteristics of ideal ca-

pacitors (Figure 4A). f�45, the frequency at which the phase angle is �45�, is the cut-

off value to distinguish a capacitor’s capacitive and resistive behaviors.46 f�45 is

commonly used to evaluate the frequency performance of line-filtering capacitors.1

A capacitor with a higher f�45 indicates a faster response at high frequencies for line-

filtering capacitors.17 The f�45 of the 3D-SLCT-, 3D-DLCT-, and 3D-TLCT-based

EDLCs are 2,595, 1,068, and 951 Hz, respectively, much higher than that of tradi-

tional EDLCs.26,47 The phase angle at 120 Hz is deemed a factor of merit for the

AC line-filtering capacitors.48 As shown in the Bode plot in Figure 4A, the phase
6 Joule 8, 1–12, April 17, 2024
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angles at 120 Hz of the above devices are �83.3�, �81.0�, and �80.1�, respectively.
The results reveal that these EDLCs exhibit excellent frequency response perfor-

mances, comparable to those of AEC (�83.5�, Panasonic Japan, 330 mF, 6.3V, Fig-

ure S12), indicating that the EDLCs have low electron and ion resistances in the

3D-CT frameworks. Moreover, the ion transport channels are more complex when

the layer number increases, showing higher phase angles. The Nyquist plots

of the above EDLCs are shown in Figure 4B. The curves are nearly perpendicular

to the real axis, revealing their pure double-layer capacitive behaviors,49 and no

apparent porous effect was observed.50 All the 3D-CT-based EDLCs show a small

equivalent series resistance (ESR), which can be attributed to the excellent electrical

conductivity of the 3D-MLCT and the good contact with the current collectors. These

results indicate that the double-layer and triple-layer CT frameworks allow fast ion

distribution and electron conduction dynamics, provided by the ordered smooth

pore channels and high conductivity of the 3D-CT frameworks.

The frequency-dependent capacitive behavior is further analyzed using the com-

plex capacitance concept. The real part of the capacitance (C0) represents the

actual accessible energy at the corresponding frequency, while the imaginary

part (C00) is caused by energy dissipation due to resistive diffusion and leakage cur-

rents (calculations in supplemental information).51,52 At 120 Hz, the CA (i.e., the

areal C0) of the 3D-SLCT-, 3D-DLCT-, and 3D-TLCT-based EDLCs can achieve

1.18, 2.05, and 3.08 mF cm�2, respectively (Figure 4C). The influence of parasitic

capacitance is excluded by measuring capacitance without the 3D-MLCT elec-

trodes (Figure S13). The areal specific energy density (EA) at 120 Hz of 3D-TLCT-

based EDLC is calculated to be about 1.54 mF V2 cm�2, greater than most

aqueous filtering capacitors with sandwich-type configurations reported to date

(Figure 4D; Table S1). The high CA and EA indicate that the 3D-TLCT-based

EDLC has a capacitance advantage compared with other reported filter capacitors

(with a phase angle < �80� at 120 Hz), proving that the hollow multi-layer structure

plays a key role in enhancing the capacitance without affecting the frequency

response.53,54 The CA of the 3D-MLCT-based EDLCs is substantially 2 orders of

magnitude higher than those of commercial AECs (around 0.08 mF cm�2) and in-

creases with the increase of the layer number. Additionally, the CA exhibits little

loss with increasing frequency in the low-frequency region, revealing the fast fre-

quency response and excellent capacitance retention capability. The CV at

120 Hz can achieve 1.28 F cm�3 for the 3D-TLCT electrodes (Figure S14). The

resistor-capacitor (RC) time constant (tRC) is a characteristic parameter of EDLCs

and reflects how fast the capacitor can be charged/discharged.50,55,56 The tRC of

the 3D-SLCT-, 3D-DLCT-, and 3D-TLCT-based EDLCs at 120 Hz is 0.17, 0.24,

and 0.25 ms, respectively, comparable to that of AEC (0.17 ms). The characteristic

frequency (f0) can be gained at the maximum point of C00,52 corresponding to the

relaxation time constant t0, the minimum time required for the capacitors to

discharge with an energy efficiency of over 50%,45 which is 0.38, 0.94, and

1.05 ms, respectively for the 3D-SLCT-, 3D-DLCT-, and 3D-TLCT-based EDLCs

(Figure 4E). The relatively low t0 values mean that the 3D-MLCT electrodes hold

the fast frequency response ability.1 The frequency-dependent C0/C value, repre-

senting the ratio of the actual storage capacity to the total capacity, is close to 1 at

120 Hz (Figure 4F), indicating that the capacitors would not cause excessive energy

loss during the working process and that the actual energy storage efficiency is

high. This is consistent with the dissipation factor (DF) result, whose value is min-

imal at a low-frequency region (Figure 4F), suggesting the slight loss characteristic

and ideal capacitive behavior of the 3D-MLCT-based EDLCs.57,58
Joule 8, 1–12, April 17, 2024 7



Figure 5. The electrochemical performances of single EDLC, ten EDLCs in series, and the AC line-filtering performance demonstration

(A) Bode plots.

(B) Nyquist plots.

(C) Schematic of the rectifier and filter circuit powered by AC voltage and TENG pulse voltage.

(D) AC line-filtering results of ten EDLCs in series and commercial AEC (10 V/100 mF, Nippon, Japan) with RL of 100 kU.

(E–G) The filtering performances of the 3D-DLCT-24-based EDLCs for 60 Hz AC input signals with (E) square, (F) triangular, and (G) arbitrary waveforms.

(H and I) Electrical signals powered by TENG at (H) initial AC state, rectified state, and (I) filtered DC state.
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To create a more realistic comparison, ten identical 3D-DLCT-24-based capacitors

(with an electrode area of �1 cm2 and thickness of 10 mm) were connected in series

to expand the operating voltage to 10 V compared with the standard 10-V AECs. The

individual devices can be arranged separately or stacked in series (Figure S15). The

EDLCs in the series show a close-to-ideal capacitive behavior (Figures S16A and

S16B). The four-electrode test was adopted to evaluate the EIS of the EDLCs in se-

ries. The phase angles at 120 Hz of ten devices in series achieve�80.7�, comparable

to that of the single device (�81.5�) and slightly inferior to the AEC (�84.8�) (Fig-
ure 5A). The ESR increases nearly proportionally with the number of units in series

(Figure 5B), which were accompanied by a related augmentation in capacitive reac-

tance (Xc) (Table S2), thus affecting the frequency response performance negli-

gibly.2 The tRC of the capacitor bank (0.24 ms) is comparable to that of the single de-

vice (0.23 ms) and the AEC (0.13 ms). The capacitance of a single device is about ten
8 Joule 8, 1–12, April 17, 2024
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times that of the devices in series, which conforms to the law of capacitors in series

(Figure S16C). The capacitance of the 10 devices in series (143 mF) is higher than that

of commercial AEC (100 mF). Also, the same t0 value of 0.96 ms is observed, confirm-

ing that good frequency response performance can be maintained by connecting

EDLCs in series. The C0/C values are close to 1 at 120 Hz, indicating low energy

loss and high practical energy storage efficiency, consistent with the results of the

relatively low DF value (Figure S16D). It should be noted that the DF of the capacitor

bank is still relatively high compared with commercial AECs, but this can be

improved by reducing the thickness of the 3D-DLCT electrodes (Figure S17). These

measurements suggest that the high-frequency response and rate capability perfor-

mance of 3D-DLCT-24-based EDLCs are maintained well when working in the serial

connection.

The volumetric capacitance at rated voltage (CV vol) of 3D-DLCT-based EDLCs was

compared with commercial AECs.59 The calculated CV vol for the 3D-DLCT-based

EDLCs in the aqueous electrolyte is 0.15/V 2, where V is the voltage rating (based

on the device’s volume, supplemental information).28,60 3D-DLCT-based EDLCs

can be connected in series to achieve a higher operating voltage. The volumetric

capacitance is higher at operating voltages of <16 V than commercial AECs. The

operating voltage of a single EDLC can be increased when an organic electrolyte

is used, and the EDLC also shows a high capacitive and filtering performance

(Figures S18 and S19). CV vol will increase to 0.70/V 2, and the 3D-DLCT-based

EDLCs have volumetric advantages over commercial AECs at voltages of <100 V

(Figure S20).

A filter circuit employing ten 3D-DLCT-24-based EDLCs in series (Figure 5C) was

built to verify their AC line-filtering performances. The input 60-Hz AC signal is con-

verted into a 120-Hz sinusoidal signal without negative voltage by the full-bridge

rectifier. The rectified signal is further smoothed into a constant DC signal required

by the electrical appliances. Figure 5D shows that the AC input signals (G10 V of the

peak voltage) with a loading resistance (RL) of 100 kU can be filtered into the DC

output with a trivial ripple voltage, which is comparable to that of AEC

(10 V/100 mF, Nippon, Japan), and demonstrates the potential applicability of the

3D-DLCT-24-based EDLCs used as filter capacitors at relatively high voltages. Under

different high loadings, the capacitor banks in series exhibit comparable output volt-

ages and small variance coefficients compared with AECs (Figure S21). However,

when RL is too small (such as 100 and 470 U), a significant 120-Hz ripple voltage is

displayed (Figure S22). Different types of input signals, including square, triangular,

and arbitrary waveforms (Figures 5E–5G), can also be filtered into smooth DC output

signals without visible ripples. The high specific capacitance, low ESR, and small tRC
of the 3D-DLCT-based EDLCs guarantee promising prospects in fabricating prac-

tical high-frequency devices with prosperous filtering functions.

A TENG61 was designed to generate pulsed voltage signals and simulate the envi-

ronmental pulsed energy to demonstrate the practical application potential of 3D-

DLCT-based EDLCs as a filtering capacitor (Figure 5C). The performance for

capturing intermittent energy, smoothing the pulsed voltage, and driving a light-

emitting diode (LED) of the 3D-DLCT-24-based EDLCs is investigated.50,62 The bi-

directional pulse voltage generated by the TENG is passed through a bridge rectifier

and filtered by the 3D-DLCT-24-based EDLCs in series. The rectified ripple voltage

signal is smoothed (Figures 5H and 5I), and the LED is lit stably and continuously un-

der a consistent power supply rather than frequently flickering without the EDLCs

(relevant displays can be seen in Figure S23; Video S1). In addition, the meager
Joule 8, 1–12, April 17, 2024 9
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charge of the TENG could be quickly absorbed by the capacitors, thus preventing

them from being broken down by the instantaneous high voltage (>70 V).50

In summary, structurally integrated, freestanding 3D-MLCT frameworks with multi-

layered tube-in-tube structures were fabricated by a combinatorial process of alter-

nating CVD and ALD using a 3D-AAO template and subsequent selective etching.

EDLCs based on the 3D-TLCTs exhibit a large areal specific capacitance of 3.08

mF cm�2 and a phase angle of�80.1� at 120 Hz, demonstrating excellent frequency

response performances. High voltage filter capacitors can be achieved by connect-

ing the EDLCs in series. The results provide a solution for developing next-genera-

tionminiaturized filter capacitors with high capacitance and fast frequency response.
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