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· Material characterization
The morphologies and structures of the 3D-CT nanoarrays were investigated by field-emission scanning electron microscopy (SEM, FEI, Hitachi SU8000) and transmission electron microscope (TEM, JEOLJEM-2010). X-ray photoelectron spectroscopy (XPS) measurements were performed on a VG ESCALAB 250 spectrometer with monochromatic Al Kα (1486.71 eV) X-ray radiation (15 kV and 10 mA) and a hemispherical electron energy analyzer. Raman spectra were measured on a confocal laser micro-Raman spectrometer (Thermo Fisher DXR, USA) equipped with a He-Ne laser with an excitation of 532 nm.
· Electrochemical measurements
Two similar 3D-CT nanoarray electrodes were assembled with a sandwich configuration, using a non-woven separator, two platinum sheets as current collectors, and soaked in aqueous (1 M H2SO4) or organic electrolyte [1 M tetraethylammonium tetrafluoroborate (TEA-BF4, Sigma-Aldrich) in dry acetonitrile (Sigma-Aldrich)]. 
The cyclic voltammetry (CV) curves of the 3D-CT-based EDLCs were measured on a CHI 760E electrochemical station (CHI Instruments, Inc., Shanghai). The galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS) in the frequency range of 100 mHz-100 kHz at an amplitude of 5 mV were evaluated using an electrochemical workstation (Zahzer, Zennium). 
· Calculations
1) The frequency-dependent areal and volumetric specific capacitance of C' (f) ((CA, (F cm-2) and CV (F cm-3)), C" (f) and resistor-capacitor time constant (τRC), were calculated using equations (S1), (S2) and (S3), respectively.

       (S1)

        (S2)

            (S3)
where C' (f) is the real part of the areal or volumetric specific capacitance; M is the area (A) or volume (V) of the electrode; C" (f) is the imaginary part of the areal or volumetric specific capacitance; Z' (f) or Z" (f) is the real or imaginary part of the impedance; |Z(f)| is the absolute value of the impedance.
2) The relaxation time constant τ0, the minimum time needed to discharge over 50% of all energy from the supercapacitor, used to evaluate the charge/discharge capability, was calculated by the following equation (S4).

                   (S4)
where the f0 is the frequency when the C" (f) reaches its maximum value.
3) The dissipation factor (DF) with the frequency used to demonstrate high-frequency response behavior was calculated using equation (S5).

              (S5)
where the |𝑃| and |Q| are real and reactive power components, respectively.
4) The energy density E (mWh cm-3) and power density P (W cm-3) based on the devices were calculated from the following equations (S6) and (S7).

          (S6)

                (S7)
where the CS is the specific areal capacitance, the ΔV is the operating voltage, the h is the thickness of two electrodes, and the Δt is the discharge time.
5) The capacitive reactance (XC) was calculated by the equation (S8): 

            (S8)
where f is the frequency, and C is the capacitance of EDLC.
6) The volumetric capacitance at rated voltage (CV vol) of the 3D-CACT-based SCs and the commercial AECs were calculated by the equation (S9):

                (S9)
where CV vol is the capacitance per volume at voltage rating, Cd is the capacitance of a device of the 3D-CACT-based SC or a commercial AEC, and vd is the volume of the device with all components (the packages calculated ignore the parts beyond the device area).
The CV vol for the 3D-CACT-based EDLC was evaluated based on the volume of the device, including all the components, such as electrodes (thickness of each electrode: ≈12 µm), a separator (thickness: 30 µm), current collectors (thickness of each Pt foils: 20 µm) and the packing PET films (total thickness: 40 µm). 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4]For example, the areal capacitance of 3D-CACT-based SC with aqueous electrolyte is about 3.23 mF cm-2 (the thickness of 3D-CACT is 12 µm), and then the capacitance of the device is 0.00323A F, the volume of the device is about 0.0134A cm3 (the thickness of the device is 0.0134 cm, A is the area). To achieve a higher voltage, the SCs need to be connected in series. In this case, the number of the series devices, x is Vr (Vr/VEDLC, Vr is the rating voltage, and VEDLC is 1 volt). Therefore, CV vol is about 0.24/V2 (F cm-3). 
For the organic electrolyte (tetraethylammonium tetrafluoroborate in acetonitrile), the areal capacitance of 3D-CACT-based SC is about 2.06 mF cm-2 (the thickness of the 3D-CACT is 12 µm), and then the capacitance of the device is 0.00206A F, the volume of the device is about 0.0134A cm3 (the thickness of the device is 0.0134 cm, A is the area). For a rating voltage (Vr), the number of the series devices x is Vr /2.5 (VEDLC is 2.5 volts). Therefore, CV vol is about 0.96/V2 (F cm-3). 
· [bookmark: _Hlk155462191]Finite element simulations
[bookmark: OLE_LINK5]To investigate the stability of the 3D-CT under clamping pressure during the electrochemical performance tests, we performed a series of finite element simulations for the uniaxial compression of the CT arrays with and without lateral CTs. The simulated models of the 3D-CT were first constructed based on experimental observations and characterizations. The dimensions of the vertical and lateral CTs and the spacing between the vertical CTs were selected to correspond with the measurements obtained from the experiments closely. The vertical CTs had an outer diameter of 250 nm and an inner diameter of 230 nm. The spacing between the vertical CTs was set at 450 nm. The lateral CTs had an outer diameter of 100 nm and an inner diameter of 80 nm. The overall height of the 3D-CT was 1180 nm. For comparison, we also constructed models with no lateral CTs equipped with one layer or two layers of lateral CTs. During simulations, the models were only subjected to axial loading. The symmetric array structure of the models was considered, so the models were simplified by applying symmetric boundary conditions on the cross-sections. A linear elastic constitutive relationship and quasi-static loading conditions were utilized. The elastic modulus and Poisson's ratio of the CTs were set as 500 GPa and 0.275, respectively [S1]. Compressive loads were set along the vertical axis of the CTs for all models by controlling the displacement of the top and bottom surfaces. After simulations, the load-displacement curves were plotted. 
Supplementary Figures
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[bookmark: _Hlk159847924]Fig. S1 Morphological characterization of the AAO templates anodized in sulphuric acid. a The cross-sectional and b magnified SEM images of the AAO anodized in 0.3 M sulphuric acid at 25 V. c Top-view and d cross-section SEM images of the AAO anodized in 0.3 M sulphuric acid at 30 V
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Fig. S2 Cross-sectional SEM images of the AAO templates anodized in 0.3 M oxalic acid at a 40, b 45, and c 50 V
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Fig. S3 Morphological and structural characteristics of the 3D-AAO templates with different vertical DP and Dint. Top view SEM images of a P-195 V-AAO, b M-155 V-AAO, c M-105 V-AAO, d M-65 V-AAO, and e O-50 V-AAO. Cross-sectional SEM images of f P-195 V-AAO, g M-155 V-AAO, h M-105 V-AAO, i M-65 V-AAO, and j O-50 V-AAO
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[bookmark: _Hlk108646090]Fig. S4 Morphological and structural characteristics of the 3D-AAO templates with different vertical DP and Dint. Top view SEM images of a M-140 V-AAO, b M-125 V-AAO, c M-85 V-AAO, and d M-55 V-AAO. Typical cross-sectional SEM images of e M-140 V-AAO, f M-125 V-AAO, g M-85 V-AAO, and h M-55 V-AAO. The vertical i DP and j Dint distribution diagrams
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Fig. S5 Morphological and structural characteristics of the 3D-CT nanoarrays with different vertical CT diameters and spacing. Typical cross-sectional SEM images of a 3D-CT-P-195 V, b 3D-CT-M-155 V, c 3D-CT-M-105 V, and d 3D-CT-O-50 V. TEM images of e 3D-CT-P-195 V, f 3D-CT-M-155 V, g 3D-CT-M-105 V, and h 3D-CT-O-50 V
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Fig. S6 Morphological and structural characteristics of the 3D-CT nanoarrays with different vertical CT diameters and spacing. Top-view SEM images of a 3D-CT-M-140 V, b 3D-CT-M-125 V, c 3D-CT-M-85 V, and d 3D-CT-M-55 V. Cross-sectional SEM images of e 3D-CT-M-140 V, f 3D-CT-M-125 V, g 3D-CT-M-85 V, and h 3D-CT-M-55 V
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Fig. S7 Materials characterizations of the 3D-CACT samples. a Raman and b XPS spectrum of 3D-CACT film
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Fig. S8 a Nitrogen adsorption-desorption isotherms. b Pore size distributions of the 3D-CT-P-195 V and 3D-CT-M-65 V
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Fig. S9 SEM images of a 3D-CT-O-50 V, b 3D-CT-M-65 V, c 3D-CT-M-105 V, d 3D-CT-M-155 V, and e 3D-CT-P-195 V films with a similar thickness of ~12 μm


[image: ]
Fig. S10 Results from finite element simulations. a Compressed configurations of the CT arrays without lateral CTs, CT arrays with 1 layer of lateral CTs, 2 layers of lateral CTs, and the 3D-CT. The color represents the displacement magnitude of CT. b Load-displacement curves of the above four models
Discussions: Finite element simulations were conducted to investigate the stability of the CT arrays with and without lateral CTs subjected to uniaxial compression. The details of simulations are supplied in the Supplementary Text. The load acting along the axial direction and the symmetry of the CT arrays ensure the simplification of the structure into a single vertical CT model (Fig. S10a). The load-displacement curves (Fig. S10b) revealed that the model without lateral CTs exhibits a critical buckling load of approximately 7.7 μN. With the addition of lateral CTs, the buckling load of the 3D-CT array increased to >100 μN. The presence of lateral CTs significantly reduced the slenderness ratio of the vertical CTs (effective slenderness ratio less than 1), preventing buckling and maintaining the structure's stability under higher loads. The slightly lower stiffness of the 3D-CT may be attributed to the holes in vertical CTs caused by the lateral CTs. These results from finite element simulations indicated the better stability of the 3D-CT structure, primarily due to the supportive effect of the lateral CTs.
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[bookmark: _Hlk118320905][bookmark: _Hlk138109110]Fig. S11 Electrochemical performances and disassembled photo of an AEC (rated capacitance of 330 μF with a working voltage of 6.3 V, Panasonic Japan). a Bode phase diagram, b Nyquist plot, and c Frequency-dependent CA. d Photograph of the cathode and anode
Discussions: Figure S11a, b shows that the AEC has a phase angle of ~-84.3° at 120 Hz and an ESR of 0.27 Ω. Figure S11d shows that the electrode of the AEC has a width of ~0.2 cm and a length of ~17.5 cm. Its CA is calculated to be 0.08 mF cm-2 (Fig. S11c).
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Fig. S12 Plots of the imaginary part of the specific capacitance (C") versus frequency based on the series-RC circuit model
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Fig. S13 Electrochemical performances of the 3D-CT-O-50 V-, 3D-CT-M-65 V-, 3D-CT-M-105 V-, 3D-CT-M-155 V-, and 3D-CT-P-195 V-based EDLCs. a CV curves measured at a scan rate of 100 V s-1. b GCD curves measured at a current density of 10 mA cm-2
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[bookmark: _Hlk118320928][bookmark: _Hlk108643960]Fig. S14 Electrochemical performances of the 3D-CT-O-50 V-, 3D-CT-M-65 V-, 3D-CT-M-105 V-, 3D-CT-M-155 V-, and 3D-CT-P-195 V-based EDLCs. a Frequency-dependent CV plots. b The variation of C’/C and c dissipation factor versus frequency
Discussions: The CV at 120 Hz of the 3D-CT-O-50 V-, 3D-CT-M-65 V-, 3D-CT-M-105 V-, 3D-CT-M-155 V-, and 3D-CT-P-195 V-based EDLCs can achieve 1.71, 1.35, 0.84, 0.72, and 0.49 F cm-3, respectively.
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Fig. S15 Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) characterizations of the 3D-CT-M-65 V-based EDLC. a, b CV curves of the 3D-CT-M-65 V-based EDLC at the scan rates from 0.1 to 1000 V s-1. c Plot of discharge current density versus scan rate. d, e GCD curves measured at different current densities from 1 to 25 mA cm-2. f CA of 3D-CT-M-65 V-based EDLC versus discharge current density
[image: ]
Fig. S16 Cyclic performance characterization of the 3D-CT-M-65 V-based EDLC. a Electrochemical stability measurements, including retention of areal-specific capacitance and Coulombic efficiency versus charging/discharging cycles at a current density of 10 mA cm−2. b Bode plot before and after the cycling process
[image: 男子的脸部特写与配字黑白照

中度可信度描述已自动生成]
Fig. S17 An SEM image of the 3D-CT-M-65 V film with a thickness of 8.5 μm
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[bookmark: _Hlk118320953]Fig. S18 Optical images of a six and b ten EDLCs (electrode area of ~1 cm2) in series. The EDLCs are held in place by clamps and connected in series by copper wires
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[bookmark: _Hlk118321046][bookmark: _Hlk107396391]Fig. S19 Electrochemical performances of 3D-CT-M-65 V-based EDLC in organic electrolyte. a Bode phase diagram. b Nyquist plot. c Specific areal capacitance. d Plot of C' and C" versus frequency. e CV curves measured at different scan rates of 100-2000 V s-1. f GCD curves measured at different current densities of 5-50 mA cm-2
Discussions: The electrochemical performances of the 12 μm-thick 3D-CT-M-65 V-based EDLC in an organic electrolyte were measured. At 120 Hz, the EDLC in organic electrolyte shows a phase angle of -74.7°. (Fig. S19a). The ESR and CA are exanimated to be 2.1 Ω and 2.06 mF cm-2, respectively (Fig. S19b, c). The reduced capacitance and relatively slower frequency response are mainly due to the larger ionic radius in the organic electrolyte. The 3D-CT-M-65 V-based EDLC in an organic electrolyte shows a f0 of 502 Hz and a τ0 of 1.99 ms (Fig. S19d). Meanwhile, power performance in organic electrolytes is also demonstrated by CV measurements with a potential window of 2.5 V. Figure S19e reveals that the capacitance characteristics of 3D-CT-M-65 V-based EDLC can be maintained well at a scan rate of 1000 V s-1. The IR drop is negligible over the wide potential range shown in the GCD curves (Fig. S19f), resulting from the high conductivity of the 3D-CACT and good interfacial contact between the electrodes and current collectors. Compared to measuring in aqueous electrolytes, the GCD curves show observably lower coulombic efficiency at low current densities.
[image: 图片包含 图表

描述已自动生成]
Fig. S20 Comparison of energy and power densities of 3D-CT-M-65 V-based EDLC with those of reported AC-line filtering electrochemical capacitors in organic electrolyte
Discussions: The energy density (E) and power density (P) of the 3D-CT-M-65 V-based EDLC are assessed to evaluate its overall electrochemical performance. Notably, the Ragone plots confirm that with fast ion transport behavior in the compactly arranged carbon tube nanoarray structure, the 3D-CT-M-65 V-based EDLC with organic electrolyte has a power density of 520 W cm-3 while maintaining a high volumetric energy density of 8.8×10-4 Wh cm-3 (48 times that of AEC (~ 1.8×10-5 Wh cm-3)), showing its potential for compact AC line filter. 
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[bookmark: _Hlk118321116]Fig. S21 A volumetric comparison of 3D-CACT-based EDLCs with commercial AECs (red triangles; Panasonic, Nippon, Rubycon, and Nichicon, Japan).
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Fig. S22 a Output DC signals with four different loads. b Comparison of AC line-filtering performance of the ten EDLCs in series with AEC under different RL values at 60 Hz. Inset compares the coefficient of variance of the ten EDLCs in series with AEC under different RL values at 60 Hz
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[bookmark: _Hlk118321123][bookmark: _Hlk112275597]Fig. S23 Filtering performances of the 3D-CT-M-65 V-based EDLCs for various waveforms. The AC input signals are a square, b triangular, c arbitrary, and d noise waveform 
[bookmark: _Hlk118321143]

Supplementary Tables
Table S1 Comparison of EDLCs based on 3D-CACT film electrodes with AEC (6.3 V/330 µF) and other reported electrochemical capacitors used in the AC filter circuits in terms of materials, capacitance, and frequency response
	Electrodes
	Thickness
(μm)
	Phase angle at 120 Hz (°)
	f-45 
(Hz)
	CA at 120 Hz (mF cm-2)
	Type
	References

	VOGN
	0.6
	-82
	15000
	0.09
	Sandwich
	Miller et al.  [S2]

	ErGO
	20
	-84
	4200
	0.28
	Sandwich
	Sheng et al.  [S3]

	POG
	NA
	-82
	4000
	0.36
	Sandwich
	Ren et al. [S4]

	X, Y-BWC
	23.3
	-83.5
	2479
	0.51
	Sandwich
	Zhang et al. [S5] 

	PEDOT: PSS
	NA
	-83.6
	1700
	1.00
	Sandwich
	Zhang et al.  [S6]

	HPD-9
	0.25
	-84
	1776
	1.09
	Sandwich
	Li et al. [S7]

	CPN/p-CNT
	0.2
	-83.3
	2153
	1.15
	Sandwich
	Li et al. [S8]

	G/VACNTs
	20
	-84.8
	1980
	1.38
	Planar
	Li et al. [S9]

	SVGA
	6
	-80.6
	1001
	1.72
	Sandwich
	Xu et al. [S10]

	VOGN
	2.5
	-85
	NA
	2.3
	Sandwich
	Premathilake et al.  [S11]

	EOG
	10.3
	-80.6
	1010
	2.34
	Sandwich
	Li et al. [S12]

	3D-RCT
	12
	-80.5
	1120
	2.81
	Sandwich
	Han et al.  [S13]

	3D-TLCT
	12
	-80.1
	951
	3.08
	Sandwich
	Chen et al. [S14]

	PKHNs
	0.6
	-81.9
	1210
	3.09
	Sandwich
	Zhao et al. [S15]

	VG/PEDOT
	4.6
	-80
	1220
	5.2
	Planar
	Hu et al. [S16]

	AEC
	110/100
	-83.5
	1535
	0.08
	AEC
	Panasonic

	3D-CACT
	12
	-80.2
	957
	3.23
	Sandwich
	This work


[bookmark: _Hlk118321154]VOGN: vertically oriented graphene nanosheets; ErGO: electrochemically reduced graphene oxide; POG: perpendicularly oriented graphene; NA: not available; X, Y-BWC: carbon membrane from mechanically pressed X,Y-balsa wood; PEDOT:PSS: poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate); HPD-9: sulfuric acid treated PEDOT:PSS film (HP) / PEDOT:PSS film with added DMSO (PD) electrodes, 9 (μL), the mixing solution volume of PEDOT:PSS/DMSO; CPN/p-CNT: continuous PEDOT nano mesh / porous carbon nanotube; G/VACNTs: graphite/vertically aligned carbon nanotubes; SVGA: strictly vertical graphene array; EOG: edge-oriented graphene; 3D-RCT: three-dimensional carbon tube with a rough surface; 3D-TLCT: three-dimensional triple-layer carbon tube; PKHNs: PEDOT: PSS/Ketjenblack holey nanosheets; VG/PEDOT: vertical reduced graphene oxide/PEDOT:PSS. f-45, the frequency at a phase of -45°.
[bookmark: _Hlk118321182]Table S2 Comparison of 10 EDLCs based on 3D-CACT electrodes (with area of 1 cm2) with the EDLCs in series in terms of ESR, C', C", XC, and phase angle at 120 Hz
	Samples
	ESR(Ω)
	C’ at 120 Hz (mF cm-2)
	C’’ at 120 Hz (mF cm-2)
	XC at 120 Hz (Ω)
	Phase angle at 120 Hz (°)

	EDLC 1
	0.110
	1.63
	0.27
	0.83
	-80.4

	EDLC 2
	0.100
	1.63
	0.28
	0.83
	-80.3

	EDLC 3
	0.099
	1.47
	0.23
	0.92
	-81.2

	EDLC 4
	0.103
	1.50
	0.25
	0.90
	-80.7

	EDLC 5
	0.118
	1.46
	0.25
	0.92
	-80.4

	EDLC 6
	0.108
	1.60
	0.30
	0.84
	-80.1

	6 Devices
In series
	0.618
	0.27
	0.04
	5.21
	-81.0

	EDLC 7
	0.099
	1.64
	0.27
	0.82
	-80.7

	EDLC 8
	0.103
	1.56
	0.25
	0.87
	-81.0

	EDLC 9
	0.114
	1.51
	0.26
	0.89
	-80.1

	EDLC 10
	0.116
	1.47
	0.27
	0.91
	-81.2

	10 Devices In series
	1.019
	0.16
	0.028
	8.24
	-80.6
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