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Supplementary Figure 1. Morphology of the cellulose surface before and after 

treatment. (A) Untreated cellulose; (B) Enzyme-treated cellulose. 

 

 

Supplementary Figure 2. Zeta potential of various samples: (A) Zeta potential 

distribution curve of Sample 1; (B) Zeta potential distribution curve of Sample 2; (C) 

Zeta potential distribution curve of Sample 4. 

 

Supplementary Figure 3. DTG curves of samples. 



 

Supplementary Figure 4. XPS survey spectra and elemental contents. (A) XPS 

survey spectra of CFs, m-CFs, PANI/CFs and PANI/m-CFs; (B) corresponding 

elemental content histogram. 

 

Supplementary Figure 5. GCD curves of the electrode recorded at bending angles of 

0°, 40°, 80°, and 120°. 

 

 

 

 

 

 



 

Determination of cellulose yield and mass loss 

The cellulose yield and mass loss after bio-etching were calculated based on the oven-

dry masses of cellulose fibers before and after enzymatic treatment according to the 

following equations: 

Y(%)=
MB

MA

×100 (S1) 

ML=
MA-MB

MA

×100% (S2) 

where MA and MB represent the oven-dry masses of cellulose fibers before and after 

enzymatic treatment, respectively. Three independently prepared samples were 

measured for each bio-etching condition, and the results are expressed as mean ± SD 

(n = 3). 

 

Supplementary Table 1. Cellulose yield and mass loss after different bio-etching 

treatments 

Sample 
Bio-etching time 

(min) 

Cellulose yield 

(%) 
Mass loss (%) 

Sample 1 0 100 0 

Sample 2 5 99.7 ± 0.3 0.3 ± 0.3 

Sample 3 10 99.2 ± 0.4 0.8 ± 0.4 

Sample 4 20 98.6 ± 0.3 1.4 ± 0.3 

 

 



Supplementary Table 2. Gravimetric quantification of the PANI–SSA active phase and physical parameters of the paper-based 

electrodes 

Sample Rep. 
M₀ 

(g) 

M₁ 

(g) 

ΔMactive 

(g) 

LA 

(mg/cm2) 

wactive 

(wt%) 

Electrode mass 

(g) 

Thickness 

(mm) 

Grammag

e 

(mg/cm2) 

mactive 

(mg/cm2) 

Mean ± SD 

(mg/cm2) 

Sample 1 

 

1 0.0818 0.0986 0.0168 1.337 17.04 0.01124 0.14 7.49 1.28 

1.08 ± 0.18 

 

2 0.0818 0.0945 0.0127 1.011 13.44 0.01158 0.13 7.72 1.04 

3 0.0818 0.0921 0.0103 0.820 11.18 0.01092 0.13 7.28 0.81 

4 0.0818 0.0953 0.0135 1.074 14.17 0.01128 0.14 7.52 1.07 

5 0.0818 0.0973 0.0155 1.233 15.93 0.01118 0.14 7.45 1.19 

Sample 2 

 

1 0.0818 0.1021 0.0203 1.615 19.88 0.01187 0.15 7.91 1.57 

1.77 ± 0.15 

 

2 0.0818 0.1035 0.0217 1.727 20.97 0.01222 0.15 8.15 1.71 

3 0.0818 0.1031 0.0213 1.695 20.66 0.01237 0.15 8.25 1.70 

4 0.0818 0.1077 0.0259 2.061 24.05 0.01208 0.16 8.05 1.94 

5 0.0818 0.1076 0.0258 2.053 23.98 0.01196 0.16 7.97 1.91 

Sample 3 1 0.0818 0.1203 0.0385 3.064 32.00 0.01442 0.19 9.61 3.08 2.93 ± 0.16 



 2 0.0818 0.1187 0.0369 2.936 31.09 0.01389 0.18 9.26 2.88  

3 0.0818 0.1214 0.0396 3.151 32.62 0.01421 0.19 9.47 3.09 

4 0.0818 0.1182 0.0364 2.897 30.80 0.01428 0.17 9.52 2.93 

5 0.0818 0.1145 0.0327 2.602 28.56 0.01415 0.17 9.43 2.69 

Sample 4 

 

1 0.0818 0.1082 0.0264 2.101 24.40 0.01321 0.17 8.81 2.15 

2.04 ± 0.19 

 

2 0.0818 0.1078 0.0260 2.069 24.12 0.01289 0.18 8.59 2.07 

3 0.0818 0.1087 0.0269 2.141 24.75 0.01237 0.18 8.25 2.04 

4 0.0818 0.1098 0.0280 2.228 25.50 0.01304 0.18 8.69 2.22 

5 0.0818 0.1021 0.0203 1.615 19.88 0.01298 0.16 8.65 1.72 

Notes: The 0.5 g sample refers to the cellulose pulp with a moisture content of 83.64%, corresponding to an oven-dry cellulose mass of 0.0818 g. 

M0, oven-dry cellulose mass before polymerization; M1, dry composite mass after polymerization, washing, and drying to constant mass; 

ΔMactive = M1 − M0; LA, PANI:SSA active-phase areal loading; wactive, PANI:SSA active-phase mass fraction. The precursor disk diameter was 

4.0 cm (A = 12.566 cm2). Electrode specimens had a total area of 1.00 cm2. The active-phase mass within this area is reported as mean ± SD (n = 

5). 



Determination of titratable carboxyl groups 

The titratable carboxyl group content of cellulose fibers before and after bio-etching 

was determined by conductometric titration. Briefly, 0.1 g of dried cellulose fibers 

was dispersed in 15 mL of 0.01 M HCl solution and stirred magnetically for 20 min to 

convert ionized carboxyl groups into their protonated form. Subsequently, 35 mL of 

deionized water was added to dilute the suspension, and the initial conductivity was 

recorded. The suspension was then titrated with 0.01 M NaOH solution. During 

titration, 0.1 mL of NaOH solution was added at each interval, and the conductivity 

was recorded after each addition until the neutralization process was completed. The 

titratable carboxyl group content was calculated based on the amount of NaOH 

consumed during the neutralization region. Three independent measurements were 

performed for each sample, and the results are expressed as mean ± SD (n = 3). 

CCOOH=
CNaOH×VNaOH×1000

m
(S3) 

Where CCOOH is the titratable carboxyl group content (mmol/g), CNaOH is the NaOH 

concentration (mol/L), VNaOH is the consumed NaOH volume (L), and m is the oven-

dry mass of cellulose fibers (g). 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 3. Quantification of accessible titratable carboxyl groups 

on cellulose fibers before and after enzymatic bio-etching 

Sample Bio-etching time (min) 
Titratable carboxyl 

group content (mmol/g) 

Sample 1 0 0.0446 ± 0.0067 

Sample 3 10 0.0563 ± 0.0019 

 

The crystallinity index (CI) was calculated using the Segal method according to the 

following equation: 

 CI(%)=
I002-Iam

I002
×100 (S4) 

Where I002 represents the maximum intensity of the (002) diffraction peak of cellulose 

I, and Iam represents the diffraction intensity of the amorphous region. 

Supplementary Table 4. Crystallinity index of cellulose fibers before and after 

bio-etching calculated using the Segal method 

Sample 2θ002 (°) I002 2θam (°) Iam 
Crystallinity 

index (%) 

CFs 22.35 6792.22 17.99 1350.29 80.12 

m-CFs 22.52 4723.2 18.00 910.93 80.71 

Note: The crystallinity index was calculated using the Segal equation. The results 

indicate that bio-etching treatment maintained the cellulose I crystalline structure. 

 

 

 

 

 

 

 

 



Supplementary Table 5. Equivalent-circuit fitting parameters and fitting quality 

for EIS spectra of the untreated and bio-etched electrodes 

Parameter Sample 1 Error (%) Sample 3 Error (%) 

Rs (Ω) 2.39 0.73 2.39 0.52 

Rct (Ω) 2.73 1.51 1.56 1.68 

W-R (Ω) 3.18 7.19 1.23 9.10 

W-T 0.94 12.33 0.63 15.61 

W-P 0.35 2.23 0.34 1.90 

CPE-T (×10-3) 0.83 9.85 1.59 10.90 

CPE-P 0.64 1.66 0.63 1.92 

χ2 (×10-4) 8.72 — 6.57 — 

Sum of squares 

(×10-2) 
10.03 — 7.55 — 

Notes: All parameters listed above were obtained from the fully free ZView fits, so 

that parameter uncertainties could be evaluated. Error (%) values are the relative 

fitting errors reported by ZView. EIS measurements were conducted at the open-

circuit potential from 105 to 0.1 Hz using a 5 mV sinusoidal perturbation. 

Interpretation: Rs is the series resistance, Rct is the charge-transfer resistance, CPE 

represents the non-ideal interfacial capacitive response, and W describes the 

diffusion-related impedance. 

 



Supplementary Table 6. Comparison of electrochemical testing conditions and areal capacitance of PANI-based electrodes reported in 

Refs. 1-5 and the present work 

Electrode material Electrolyte Test configuration Method 
Test 

condition 

Areal 

capacitance 

(mF cm⁻2) 

PANI 

loading/content 
Ref. 

CNTF/PANi — Three-electrode GCD 1 mA cm⁻2 2035.6 3.63 mg cm⁻2 [1] 

TOCN-SCNT-PANI  1 M H2SO4 
Not explicitly 

specified 
GCD 1 mA cm⁻2 1786 — [2] 

Cellulose/GO/PANI  1 M H2SO4 Three-electrode  GCD 1.0 mA cm⁻2 1218 ~15 wt% [3] 

PANI/Ti 1 M H2SO4 Three-electrode  GCD 2 mA cm⁻2 1174 — [4] 

PANI/NF 3 M KOH Three-electrode CV 10 mV s⁻¹ 1445 — [5] 

PANI/m-CFs 1 M H2SO4 Three-electrode  GCD 1 mA cm⁻2 2098 2.93 mg cm⁻2 
This 

work 
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