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Figure S1. Chemical structure of DIAIONTM

Figure S2. The images of (a) CNF, (b) P-CNF-1 h, (c) P-CNF-1.5 h and (d) P-CNF-2 h membrane.

Figure S3. FTIR spectra of P-CNF-2 h membranes before acid treatment (orange line) and after acid treatment (red 

line). 
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Figure S4. FT-IR (KBr method) spectra of CNF and P-CNF-2h residues after TGA measurement at 600°C under 

N₂ atmosphere.

Figure S5. TGA curve measured under an air atmosphere of CNF and each P-CNF.
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Figure S6. Isothermal TGA/ DTA curve measured under a N2 atmosphere of P-CNF-2h.

Figure S7. Titration curve of (a) P-CNF-1 h, (b) P-CNF-1.5 h, and (c) P-CNF-2 h. P1 and P2 are the volume of 

NaOH solution for the neutralization of the strong and weak acid of phosphorous groups, respectively.
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Figure S8. The structure of phosphorylated cellulose predictable from Δ.

Figure S9. Stress-strain curves of the (a) CNF, (b) P-CNF-1 h, (c) P-CNF-1.5 h, and P-CNF-2 h membranes by 3 

times tensile test. 
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Table S1. Summary of average tensile strength and strain at break of the CNF and P-CNF membranes.

membranes Stress at break (MPa) Strain at break (-)

CNF 123.1 (±8.0) 0.0495 (±0.0067)

P-CNF-1 h 91.0 (±1.5) 0.0413 (±0.0054)

P-CNF-1.5 h 64.2 (±3.2) 0.0612 (±0.0070)

P-CNF-2 h 111.1 (±5.2) 0.193 (±0.022)

Oxygen permeability test

Oxygen permeability tests of the Nafion and P-CNF-2 h membrane were measured on GTR-10XASS gas barrier 

testing system (GTR Tec corp., Japan). To measure the gas permeability, the test gas pressure was set at 101.3 kPa. 

The temperature for the measurement was 40 °C without humidity control. The volume of the permeated gas was 

measured via gas chromatography (TCD, G2700, Yanaco, Japan). The gas permeability was measured using the 

following equation, (O2 permeability) (cm3/(m2 24h atm)) = q×k’/(a×t×ΔP), where q is the permeated volume of 

gas, k’ is the correction coefficient , a is the area of the sample (15.2 cm2), t is the measurement time and ΔP is the 

pressure difference (1 atm=101.3 kPa).

Table S2. Oxygen permeability measurement at 40℃ without humidity control under atomospere.

Membranes Oxygen permeability (cm3/(m2・ 24h・ atm))

Nafion 212 3.00 × 103

P-CNF-2 h membrane 2.19

6



Figure S10. Water uptake and swelling ratio of CNF membranes at 80°C under 55% RH and 95% RH.

Figure S11. Images after ultrasonic treatment of the (a)CNF and (b)P-CNF-2h membranes in water.

Figure S12. Cole-Cole plots of (a) P-CNF-1 h, (b) P-CNF-1.5 h, and (c) P-CNF-2 h membranes at 95% RH. 

Figure S13. Cole-Cole plots of (a) P-CNF-1 h, (b) P-CNF-1.5 h, and (c) P-CNF-2 h membranes at 80°C.
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Table S3. Summary of the proton conductivities of Nafion 212, CNF, and each P-CNF membrane at different 

temperatures at 95% RH.

Proton conductivity under 95% RH (S/cm)Sample

80℃ 70℃ 60℃ 50℃ 40℃ 30℃ 20℃

Nafion 212 2.1 × 10-1 1.8 × 10-1 1.6 × 10-1 1.3 × 10-1 1.1 × 10-1 8.6 × 10-2 6.6 × 10-2

CNF 3.9 × 10-5 3.0 × 10-5 2.1 × 10-5 2.0 × 10-5 1.0 × 10-5 5.1 × 10-6 1.9 × 10-6

P-CNF-1 h 2.6 × 10-3 1.4 × 10-3 1.1 × 10-3 8.3 × 10-4 6.8 × 10-4 5.1 × 10-4 3.5 × 10-4

P-CNF-1.5 h 1.4 × 10-2 1.1 × 10-2 1.0 × 10-2 8.7 × 10-3 7.7 × 10-3 6.5 × 10-3 5.1 × 10-3

P-CNF-2 h 1.2 × 10-1 1.2 × 10-1 1.1 × 10-1 1.1 × 10-1 9.7 × 10-2 8.4 × 10-2 7.1 × 10-2

Figure S14. Cole-Cole plots of P-CNF-2 h membrane measured at 60°C under H2O (red circle) or D2O (blue circle) 

(80–85% RH) atmospheres.
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Table S4. Summary of proton conductivities of Nafion 212, CNF, and each P-CNF membrane at different relative 

humidities (RHs) at 80°C.

Proton conductivity at 80℃ (S/cm)Sample

95% RH 85% RH 75% RH 65% RH 55% RH

Nafion 212 2.1 × 10-1 1.4 × 10-1 1.0 × 10-1 7.3 × 10-2 5.1 × 10-2

CNF 3.9 × 10-5 1.2 × 10-5 3.0 × 10-6 7.6 × 10-7 2.1 × 10-7

P-CNF-1 h 2.6 × 10-3 2.8 × 10-4 5.6 × 10-5 2.3 × 10-5 -

P-CNF-1.5 h 1.4 × 10-2 3.6 × 10-3 1.2 × 10-3 4.2 × 10-4 1.4 × 10-4

P-CNF-2 h 1.2 × 10-1 4.6 × 10-2 2.2 × 10-2 1.2 × 10-2 6.0 × 10-3

Figure S15. A summary of the proton conductivity in different cellulose composite PEMs, as reported in the 

literature, depicts the proton conductivity according to the cellulose content in the membranes. The data points 

marked with stars represent the cellulose composite membranes that we have reported, including this paper. Pure 

cellulose was represented by circular data points, polymer blends by square data points, and modified cellulose by 

triangular data points.
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Table S5. Comparison of cellulose based PEMs and their performance. (corresponding to Figure 4.)

Membranes Temp. (℃) Hmd. (% RH) Proton conductivity (S/cm) Ref.

P-CNF (-2 h) 80 95 1.2 × 10-1 This work

CNC@PVPA/P-CNF 80 95 9.2 × 10-2 (1)

CNC@PVPA-b-PS /PMMA 80 95 3.1 × 10-2 (2)

CNC@PVPA-b-PS /PC 60 95 1.8 × 10-2 (3)

PSSA/BC 94 98 1.3 × 10-1 (4)

BC/Nafion 30 100 7.1 × 10-2 (5)

BC/Nafion 94 98 1.4 × 10-1 (6)

BC/POMEP 80 98 5.5 × 10-1 (7)

MFC@SSA 25 In water 4.0 × 10-2 (8)

CNC@SSA 120 96 1.5 × 10-2 (9)

AMPS-g-BC R.T. In water 2.9 × 10-2 (10)

CNF@SSA R.T. In water 3.2 × 10-2 (11)

Phosphorylated BC 80 100 1.1 × 10-2 (12)

CNC with residual sulfonic groups 120 100 4.6 × 10-3 (13)

Sulfonated CNF 120 100 3.0 × 10-3 (14)

Carboxylated CNF 30 95 1.7 × 10-3 (15)

CNF with residual sulfunic groups R.T. In water 5.0 × 10-3 (11)

Unmodified BC 80 98 6.0 × 10-5 (7)

Unmodified CNF 100 100 5.0 × 10-3 (13)
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Table S6. Target values and/or guidelines for the properties required of PEMs, along with a comparison of the 

performance of Nafion 212, 115, 117, and P-CNF-2h membrane.
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