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1. Experimental Section
1.1. Materials. All the reagents including ethanol absolute (CH3CH2OH), hydrochloric acid 

(HCl, 36%), methanol (CH3OH), N,N-dimethylformamide (DMF), sulfuric acid (H2SO4, 98%),  

Phosphoric acid (H3PO4, 85%) were obtained from commercial sources and used without further 

purification. Chromium (III) nitrate nonahydrate (Cr (NO3)3·9H2O), Chromium (VI) oxide (CrO3, 

99%), aluminum chloride hexahydrate (AlCl3·6H2O), p-Phthalic acid (H2BDC, 99%), 

Monosodium 2-sulfoterephthalate and 2-amino terephthalic acid were purchased from Aladdin. 

1.2. Synthesis of MIL-101(Cr): MIL-101 (Cr) was synthesized with slight changes to the 

previously reported procedure in literature1. Cr (NO3)3·9H2O (2.0 g) and H2BDC (0.83 g) were 

dissolved in 30mL distilled water. Subsequently, the solution was transferred into a 50 mL Teflon 

reactor to heat at 180 °C for 20 hours. The resulting precipitate was collected by centrifugation 

and washed through stirring constantly with ethanol, then dried at 80 °C for 12 hours.

1.3. Synthesis of MIL-101-SO3H(Cr): MIL-101-SO3H was prepared following the method 

described earlier.2 Monosodium 2-sulfoterephthalic acid (3.35 g), CrO3 (1.25 g) and concentrated 

aqueous hydrochloric acid (0.8 mL, 12M) were dissolved in 25 mL distilled water. The solution 

was transferred into a 50 mL Teflon reactor to heat at 180 °C for six days. The resulting solid was 

collected by centrifugation and washed through centrifugation with distilled water and methanol. 

After drying in air at room temperature, the green powder was further purified in DMF at 120 °C 

for 24 hours and then in the mixed solution of methanol.

1.4. Synthesis of MIL-101-NH2(Al): NH2-MIL-101(Al) was synthesized according to a 

modified procedure.3 A mixture of 2-aminoterephthalic acid (112 mg), aluminum chloride 

hexahydrate (102 mg) and N,N-dimethylformamide (DMF) (8 mL) was heated in a Teflon-lined 

autoclave at 130 °C for 3 days. After cooling to room temperature, the product was separated from 

the solution by centrifugation and washed with DMF and methanol. After re-dispersing in 

methanol and refluxing overnight, the yellow solid was dried under 80 °C for 12 hours.

1.5. Synthesis of H2SO4/H3PO4@MIL-101: H2SO4/H3PO4@MIL-101 were synthesized 

according to a modified procedure.4 MIL-101 (0.135 g) was immersed in the diluted H2SO4 (1.35 

mL, 3M), or MIL-101 (0.5 g) were added to H3PO4 solution (2.5 mL, 3M), and the resulting 

suspension was stirred 30 min at room temperature. The suspension was treated by filtration and 

then the solid was dried at 60 °C overnight to get H2SO4@MIL-101 and H3PO4@MIL-101. 



Figure S1 EDS spectrum of 2M and 3M H3PO4@MIL-101-SO3H 

Figure S2 EDS spectrum of 2M and 3M H2SO4 @MIL-101-NH2.



Figure S3 FT-IR spectra of as-synthesized 1.

Figure S4 FT-IR spectra of as-synthesized 2.



Figure S5 Element mapping images of 1.

Figure S6 Element mapping images of 2.



Figure S7 Nyquist plots of 1 at 75-95 °C and 95% RH. 

Figure S8 Nyquist plots of (a) MIL-101-SO3H (b) H3PO4@MIL-101 at 25-65 °C 
and 95% RH. 



Figure S9 Nyquist plots of H3PO4@MIL-101 at 120 °C.

Figure S10 Nyquist plots of 2 at 75-95 °C and 95% RH. 



Figure S11 Nyquist plots of (a) MIL-101-NH2 (b) H2SO4@MIL-101 at 25-65 °C 
and 95% RH. 

Figure S12 Nyquist plots of H2SO4@MIL-101 at 120 °C.



Figure S14 FT-IR spectra of as-synthesized 1 (black) and 1 (red) after time-
dependent proton conductivity test. 

Figure S15 FT-IR spectra of as-synthesized 2 (black) and 2 (red) after time-
dependent proton conductivity test. 



Figure S16 PXRD patterns of as-synthesized 1 (black) and 1 (red) after time-
dependent proton conductivity test. 

Figure S17 PXRD patterns of as-synthesized 2 (black) and 2 (red) after time-
dependent proton conductivity test. 



Table S1 Comparison of proton conductivities measured at moderate 
temperature between our work and reported proton conductors.

Compounds σ (S cm -1) Temperatur
e（℃）

Relative 
humidity (%)

Ea 
(eV)

Ref.

H2SO4@MIL-101-SO3H 0.9×10-1 65 95 0.33 This work
H3PO4@MIL-101-NH2 5.8×10-2 65 95 0.30 This work

P-PA55-PW40 1.0×10-2 25 32 0.15 5

3DGO 3.5×10-2 70 100 0.29 6

ML-UiO-66-(NH2)(SO3H)-5:5 2.8×10-2 80 75 0.20 7

Zr-TCPBP-HCl 1.2×10-3 70 98 0.17 8

Eu3+(Eu[P5W30O110K]11–) 1.0×10-2 95 90 0.23 9

Eu-I-230 3.6×10-2 80 95 0.11 10

Table S2 Comparison of proton conductivities measured above 100℃ 
temperature between our work and reported proton conductors.

Compounds σ (S cm -1) Temperature（℃） Ea (eV) Ref.
H2SO4@MIL-101-SO3H 4.4×10-5 120 0.35 This work
H3PO4@MIL-101-NH2 7.1×10-4 120 0.21 This work

FJU-17 1.1×10-2 100 0.29 11

LiBr@1 1.0×10-2 110 0.36 12

CS/A-6 + B-15 3.8×10-3 120 0.19 13

FJU-31@Hq 2.6×10-4 125 0.18 14

[ImH2][Cu(H2PO4)1.5(HPO4)0.5·Cl0.5] 2.0×10-2 130 1.10 15

[Zn(H2PO4)2(TzH)2]n 1.1×10-4 130 0.60 16

F6-[dema]HSO4-1.5 1.3×10-2 140 0.34 17

H2SO4@MIL-101 1.0×10-2 150 0.42 4

CNC/Im 2.0×10-3 150 0.28 18

CsK-PEG400 1.3×10-4 150 1.80 19

Im@sPMO 7.1×10-3 180 0.17 20

Table S3 Comparison of proton conductivities measured at freezing temperature 
between our work and reported proton conductors.

Compounds σ (S cm -1) Temperature（℃） Ea (eV) Ref.
H3PO4@MIL-101-SO3H 4.4×10-5 -40 0.35 This work
H2SO4@MIL-101-NH2 7.1×10-4 -40 0.21 This work

Im@Td-PPI 2.2×10-6 -40 0.30 21

Im@Td-PNDI 4.6×10-7 -40 0.33 21

FJU-31@Hq 3.2×10-6 -40 0.18 14

FJU-31@Ch 1.2×10-6 -40 0.29 14

H2SO4@MIL-101-SO3H 9.2×10-3 -40 0.21 22

COG-10P 3.8×10-4 -40 0.18 23

Im@sPMO 1.1×10-6 -40 0.50 20



3HPW-HSN@SBA-15 6.8×10-5 -40 0.22 24

CTF-Mx 1.2×10-3 -40 0.13 25

FJU-17 9.1×10-5 -40 0.29 11

Table S4 List of MIL-101 samples featured in this work and their conductivity 
profiles. 

Names Conductivity (S cm−1) Condition 

H3PO4@MIL-101-SO3H(Cr) a 0.9×10-1

7.5×10-5

1.4×10-2

65℃, 95%RH

-40℃

150℃

H2SO4@MIL-101-NH2(Al) a 5.8×10-2

7.1×10-4

2.5×10-4

65℃, 95%RH

-40℃

170℃

H2SO4@MIL-101-SO3H(Cr) b 1.8

9.2×10-3

70℃, 90%RH

-40℃

H3PO4@MIL-101-NH2(Al) a 2.1×10-2

1.5×10-5

65℃, 95%RH

160℃

H3PO4@MIL-101 (Cr) c 1.1×10-2

4.6×10-4

65℃, 95%RH

120℃

H2SO4@MIL-101 (Cr) c 2.7×10-2

2.0×10-5

65℃, 95%RH

120℃
aNew compounds and new conductivity data. bCompounds previously synthesized by 
Lan et al. 22 cCompound and conductivity previously reported by Fedin et al.4; 
conductivity was measured under new conditions.
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