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Fig. 1. Schematic diagram of transmission line model for the
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Fig. 2. Time-frequency response results of the single pore with default parameters under a complex sine excitation. Time-domain
responses (A) ¢(z,t) and iy (z,t) (B); Frequency-domain responses (C) Nyquist plot Z'-Z" and (D) Bode plot C'-f & C"-f.
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Fig. 4. Under a complex sinusoidal current excitation with different frequencies, the evolution trend plots of ¢(z,t) and iy(zt).(A) P(z,t)
at /=0.1 kHz; (B) iy(zt) at /0.1 kHz; (C) ¢(z,t) at f=1.0 kHz; (D) iy(zt) at ~1.0 kHz; (E) ¢(z,t) at /=10.0 kHz; (F) iy(zt) at ~10.0 kHz; (G)
9| — = and (H) [Tz at 0.1 kHz,1.0 kHz, and 10 kHz.
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3 3. HALINBURHIE R AT /e FL AP SR g AR o A a3

Table 3. Time-frequency characteristics and charge penetration rate for the single pore with respect to d

dld, 3 1 1/3 1/9
R/Q 2.73%x10° 2.46%10° 2.21x10" 1.99x 10"
Cui/F 2.04x10™" 6.79x 107 226x10™ 7.54x 107"
fo/Hz 2424 808 269.3 89.8

Tols 413x10™ 1.23x10° 3.71x107 1.11x 10

I,/m 4.15x107 2.39%107 1.38x107 7.98x 107

o 0.69 0.40 0.23 0.13
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Table 4. Time-frequency characteristics and charge penetration rate for the single pore with respect to ¢

ala, 3 1 1/3 1/9
R/Q 8.19x 10° 2.46x10° 7.37x10° 2.21%x10"
Cu/F 6.79x 107 6.79x 107 6.79x 107 6.79x 107
fo/Hz 2424 808 269.3 89.8

To/s 413%x10™* 1.24%x107° 3.71x107 1.11x10°

I,/m 4.15x107 2.39%107 1.38x107 7.98x10°

@ 0.69 0.40 0.23 0.13
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Fig. 8. Under a complex sinusoidal current excitation at f=1.0 kHz, the time-domain responses of ¢(z,t) and iy(z,t) with respect to o and
z. (A) ¢(z,t)at 6=30; (B) in(z,t) at 6=30,; (C) P(z,t)at o=0,; (D) ix(z t) at 0=0y; (E) ¢(z,t) at 0=0,/3; (F) in(z t)at 0=0,/3; (G) P(z,t) at 6=0,/9; (H)
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Table 5. Time-frequency characteristics and charge penetration rate for the single pore with respect to Cy

Cal/Cy 1/4 1 4 16
R/Q 2.46%10° 2.46x10° 2.46x10° 2.46%10°
Cyi/F 1.70x10™ 6.79x 107 2.71x107" 1.03x 107
fo/Hz 3232 808 202 50.5
To/s 3.09x10™* 1.23x107 4.95x107° 1.98x10
l,/m 4.79%107 2.40%x107 1.20x107 5.98x 107
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10. 7£ 1.0 kHz ZIEZHIRIMBI T, ¢(zt) Rl ig(zt) B Co Rl z BN, (A) Cy=Co/d I ¢(z,t); (B) Cy=Cyo/4 I ig(z,t); (C)
Ca=Cy I} @(z,t); (D) Cy=Cy M ig(zt); (E) Co=4C, I ¢(z,t); (F) Cy=4C, W ig(z,t); (G) Cy=16C, B ¢p(z,t); (H) C4=16C, It}
in(zt); Cy=Cul4, Co, 4C,H116Cy W (1) \q&\ —z M) |Iy|-z .

Fig. 10. Under a complex sinusoidal current excitation at f=1.0 kHz, the time-domain responses of ¢(z,t) and iy (z,t) with respect to and z.
(A) ¢(z,t) at Cy=Cq/4; (B) in(z,t) at C4=Cy/4; (C) P(z,t) at Cy=Cy; (D) iqy(zt) at Cy=Cy; (E) P(z,t) at Cy=4C, ; (F) in(zt) at Cy=4C,; (G) P(z,t) at
Cy=16C,; (H) ig(z,t) at Cy=16Cy; At Cy=C,/4, C,, 4 C,, and 16 Cj; (I) ‘(/ﬂ‘ —z and (J) ‘jdl‘*z .
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Fig. 11. Frequency-domain responses of the single pore with respect to Cy. Nyquist plot (A) Z'-Z"; Bode plots (B) C'-fand (C) C"-f.
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Fig. 12. Under a complex sinusoidal current excitation at f=1.0kHz, the pore time-domain responses of ((z,t) and iy (z,t) with respect to
L and z. (A) ¢(z,t) at L=L/6.25; (B) ia(z,t) at L=L/6.25; (C) ¢(z,t) at L=Ly/2.50; (D) iy(z,t) at L=L/2.50; (E) ¢(z,t) at L=L,; (F) ix(zt) at L=L,; (G)
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plots (C) C'-fand (D) C"-f.
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Table 6. Time-frequency characteristics and charge penetration rate for the single pore with respect to L

L/L, 1/6.25 1/2.50 1.0 2.50
R/Q 3.93%x10° 9.82%x10° 2.46%10° 6.14x10°
Cui/F 1.09x10™ 2.71x10™ 6.79x107" 1.70x 107"
fo/Hz 3.16 10" 5.05x 10 8.08x 10 1.29% 107

To/s 3.17x107 1.98x10* 1.23x107° 7.73x10°
l,/m 2.39%x107 2.39%x107 2.39%107 2.39%x107

! 2.49 1 0.40 0.16
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Abstract

In recent years, joint time-frequency analysis has once again become a research hotspot. Supercapacitors have
high power density and long service life, however, in order to balance between power density and energy density, two
key factors need to be considered: (i) the specific surface area of the porous matrix; (ii) the electrolyte accessibility to the
intra-pore space of porous carbon matrix. Electrochemical impedance spectra are extensively used to investigate charge
penetration ratio and charge storage mechanism in the porous electrode for capacitance energy storage. Furthermore,
similar results could be obtained by different methods such as stable-state analysis in the frequency domain and transient
analysis in the time domain. In this work, a joint time-frequency analysis method is proposed to study the charge
penetration depth and current spatial distribution in the pore. In detail, the following work has been carried out: (i)
Excited by a complex sinusoidal current, the analytical solutions in the time domain and the frequency domain for the
single pore are resolved, and the time-frequency characteristics describing the charge diffusion behavior are defined. (ii)
Using the joint time-frequency method, the influences of the internal and external parameters on the charge penetration
ratio in the single pore are quantitatively analyzed, and the evolution trend between the finite and semi-infinite diffusion
of the charge inside the single pore is revealed. (iii) Based on the critical value of the penetration rate, the critical value
of the internal parameters of the single pore is defined as well, and the semi-infinite diffusion and finite diffusion of
the charge inside the pore are judged. Based on the above analyses, it can be seen that the frequency domain analysis
regards the single pore as a whole and examines the charge transfer characteristics at different frequencies; however,
the time domain analysis regards the single pore as a distributed parameter system, examining the evolution of charges
at different spatial locations over time. Joint time-frequency analysis successfully completes information fusion and
ultimately achieves the same goal. Furthermore, the joint time-frequency method can improve the reliability of diagnosis
for the complicated porous electrode in electrochemical systems. In a word, the joint time-frequency analysis method
proposed in this paper can achieve the information fusion for complex physio-chemical processes, which not only
achieves the similar insights with different efforts, but also improves the diagnosis reliability for the complicated porous
electrode in the electrochemical energy systems.

Keywords: Joint time-frequency analysis; Single pore; Charge penetration depth; Current spatial distribution; Semi-
infinite diffusion; Finite length diffusion



