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1. Materials and methods

1.1 Materials preparation

Chemicals: All reagents used in this study were analytical grade and without further 

purification. All solutions used in this study were prepared with deionized (DI) water 

(resistivity ≥18.2 MΩ, Millipore Milli-Q). Zirconyl chloride octahydrate 

(ZrOCl2•8H2O), benzenetricarboxylic acid (H3BTC), 1H-imidazole-4-carboxylic acid, 

4,5-imidazoledicarboxylic acid were purchased from Aladdin. Ethanol absolute 

(CH3CH2OH), formic acid (HCOOH), N, N-dimethylformamide (DMF) and acetone 

were purchased from Sinopharm Chemical Reagent Co. Ltd.

Synthesis of MOF-808: MOF-808 was prepared with some modifications according 

to the method described in the previous literature.1 ZrOCl2•8H2O (0.97 g) and H3BTC 

(0.21 g) were dissolved in the DMF/formic acid (30 mL/30 mL). Subsequently, the 

solution was transferred into a 100 mL autoclave to heat at 100 °C for 24 h. The 

resulting precipitate was collected by centrifugation and washed with DMF three times 

and acetone three times, respectively. Finally, the sample was dried at room temperature 

on a vacuum oven overnight.

Synthesis of MOF-808-IMC: 1H-imidazole-4-carboxylic acid (1 g) was dissolved in 

the H2O (30 mL) and then MOF-808 (0.1 g) was added into the solution. Subsequently, 

the solution was transferred into a 100 mL three-necked flask and the mixture was 

heated at 90 C under stirring for 48 hours. The resulting precipitate was collected by 

centrifugation and washed with H2O and CH3CH2OH. After drying at 80 C on vacuum 

overnight, the final material was obtained.

Synthesis of MOF-808-IMDC: 4,5-imidazoledicarboxylic acid (1 g) was dissolved in 

the DMF (100 mL) and then MOF-808 (0.1 g) was added into the solution. 

Subsequently, the solution was transferred into a 250 mL three-necked flask and the 

mixture was heated at 160 C to reflux for 48 hours. The resulting precipitate was 

collected by centrifugation and washed with DMF and CH3CH2OH. After drying at 80 

C on vacuum overnight, the final material was obtained.
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1.2 Characterization methods

The powder X-Ray diffraction (PXRD) patterns were recorded on a Bruker Advance 

D8 (40 kV, 25 mA) diffractometer equipped with Cu radiation over the 2θ range of 5-

50 using a scan speed of 0.1 s/step. Thermogravimetric analyse (TGA) was performed 

by Diamond TG/DTA/DSC of American Perkin-Elmer Company. N2 adsorption-

desorption isotherms were measured at 77 K on an ASAP 2020 HD88. The samples 

were activated under N2 stream at 120 °C for 12 h. Morphology analysis of the 

composite materials was examined by a scanning electron microscope (SEM, TESCAN 

MIRA3) at an acceleration voltage of 10 kV. Energy-dispersive X-ray spectroscopy 

(EDS) was also performed with TESCAN MIRA3. Transmission electron microscopy 

(TEM) images and elemental mapping were recorded on a Tecnai instrument with an 

acceleration voltage of 300 kV. The Fourier-transform infrared (FTIR) spectra were 

measured by a PerkinElmer instrument with a scanning range of 4000-400 cm-1. The 

X-ray photoelectron spectroscopy measurements were conducted by a ESCALAB Xi+ 

instrument of Thermo Fisher Scientific company. H2O adsorption-desorption isotherms 

were measured at 298K on a Quantachrome Instruments Autosorb AS-6B. The samples 

were activated under N2 stream at 120 C for 12 hours. The SSNMR spectra were 

performed by a Bruker AVANCE III 600 soectrometer. Elemental analysis was 

performed with Flash 2000 from Thermo Fisher.

2. Proton conductivity measurements

Firstly, the powder samples were put into a self-made mold with a radius of 0.2 cm for 

compression to obtain circular pellets and their thicknesses were determined by a 

vernier caliper. Secondly, the pellets were coated with silver glue on top and bottom 

sides and dried naturally in the air. Thirdly, the pellets were fixed on the sample holders 

with gold wires. The proton conductivities of pellets were measured using a quasi-four-

probe method with an impedance/gain-phase analyzer (Solartron S1 1260) ranging the 

frequency from 1 Hz to 1 MHz with an input voltage of 100 mV. The measurements 

were executed at 30 C under different relative humidities (40% to 98% RH) and under 

98% RH at different temperatures (30 to 70C), respectively. Subsequently, the values 

of proton conductivities were calculated using the following equation 
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𝜎=
𝑙
𝑆𝑅

where σ, l, S and R mean the conductivity (S cm-1), the thickness (cm) of the pellet, 

the cross-sectional area (cm2) of the pellet and the bulk resistance (Ω), respectively. 

The activation energy (Ea) was calculated from the following equation

𝑙𝑛𝜎𝑇= 𝑙𝑛𝜎0 ‒
𝐸𝑎
𝐾𝑇

where σ, K and T mean the conductivity (S cm-1), the Boltzmann constant (eV / K) and 

the temperature (K), respectively. ZView software was used to get bulk resistance by 

fitting the semicircle of Nyquist plots and the values of conductivity and activated 

energy were obtained by calculation following the above equations.
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Figure S1. A typical SEM image of MOF-808.

Figure S2. A typical SEM image of MOF-808-IMC.

Figure S3. A typical SEM image of MOF-808-IMDC.
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Figure S4. A typical TEM image of MOF-808.

Figure S5. N2 adsorption-desorption isotherms of MOF-808 (red), MOF-808-IMC 
(blue) and MOF-808-IMDC (orange) measured at 77 K.
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Figure S6. XPS spectrum of MOF-808.

Figure S7. XPS spectrum of MOF-808-IMC.
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Figure S8. XPS spectrum of MOF-808-IMDC.

Table S1. Mass percents of materials with elemental analysis measurements.

Material C (wt%) H (wt%) N (wt%)

MOF-808 20.03 2.15 0

MOF-808-IMC 27.86 2.13 10.04

MOF-808-IMDC 28.21 1.92 8.49

It is calculated that there are about 6 IMC and 5 IMDC connected to a MOF-808 unit, 
respectively.
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Figure S9. 1H SSNMR spectrum of MOF-808.

Figure S10. 1H SSNMR spectrum of MOF-808-IMC.
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Figure S11. 1H SSNMR spectrum of MOF-808-IMDC.

Figure S12. TGA curves of MOF-808 (red), MOF-808-IMC (blue) and MOF-808-
IMDC (orange).
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Figure S13. Nyquist plots of MOF-808 at 30 ˚C and different humidities variation 
from 40% to 98% RH.

Figure S14. Nyquist plots of MOF-808-IMC at 30 ˚C and 98% RH.



13

Figure S15. Nyquist plots of MOF-808-IMDC at 30 ˚C and 98% RH.

Figure S16. The proton conductivities of MOF-808 at 30 ˚C and different humidities 
variation from 40% to 98% RH.
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Figure S17. The proton conductivities of MOF-808-IMC at 30 ˚C and different 
humidities variation from 40% to 98% RH.

Figure S18. The proton conductivities of MOF-808-IMDC at 30 ˚C and different 
humidities variation from 40% to 98% RH.
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Figure S19. Nyquist plots at 98% RH and different temperatures variation from 30 to 
80 ˚C of MOF-808.

Figure S20. Nyquist plots at 98% RH and different temperatures variation from 30 to 
80 ˚C of MOF-808-IMC.
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Figure S21. Nyquist plots at 98% RH and different temperatures variation from 30 to 
80 ˚C of MOF-808-IMDC.

Table S2. Comparison of proton conductivities and activation energies of MOF-808-
IMC and MOF-808-IMDC with Nafion and some other representative MOFs-based 

intrinsic proton conductors measured under hydrous condition.

Compounds Conditions σ (S cm-1) Ea

(eV) Reference

MOF-808-IMC
(powder pellet) 80 ˚C, 98% RH 5.04 × 10-4 0.27 This work

MOF-808-IMDC
(powder pellet) 80 ˚C, 98% RH 1.11 × 10-2 0.25 This work

Nafion
(membrane) 30 ˚C, 98% RH 5 × 10-2 0.22 2

IM-UiO-66-AS
(powder pellet) 80 ˚C, 98% RH 1.54 × 10-1 0.20 3

[(CH3)2NH2][In(TTFOC)]
(powder pellet) 70 ˚C, 98% RH 1.69 × 10-2 0.09 4

MFM-300(Cr)-SO4(H3O)2

(powder pellet) 25 ˚C, 99% RH 1.26 × 10-2 0.04 5

EMIM@MIL-101-SO3H
(powder pellet)

70 ˚C, 60%-
80% RH > 1.0 × 10-1 0.22 6

H2DAB-MgNi(ox)3

(powder pellet) 25 ˚C, 95% RH 5.4 × 10-6 0.17 7
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MOF-74(Mg)-Urea
(powder pellet) 25 ˚C, 95% RH 2.64 × 10-2 ~0.13 8

MOF-808-4SA-150
(powder pellet) 60 ˚C, 95% RH 7.89 × 10-2 0.14 9

PMNS1
(powder pellet)

80 ˚C, 100% 
RH 1.52 × 10-1 0.15 10

Figure S22. Arrhenius plot of MOF-808 under 98% RH and in the temperature range 
of 30-80 ˚C.

Figure S23. Arrhenius plot of MOF-808-IMC under 98% RH and in the temperature 
range of 30-80 ˚C.
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Figure S24. Nyquist plots from AC impedance spectra for the heating-cooling cycles 
of MOF-808-IMC under 98% RH: (a) the first heating cycle (30-80 ˚C); (b) the first 

cooling cycle (70-30 ˚C); (c) the second heating cycle (40-80 ˚C); (d) the second 
cooling cycle (70-30 ˚C).
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Figure S25. Nyquist plots from AC impedance spectra for the heating-cooling cycles 
of MOF-808-IMDC under 98% RH: (a) the first heating cycle (30-80 ˚C); (b) the 

first cooling cycle (70-30 ˚C); (c) the second heating cycle (40-80 ˚C); (d) the second 
cooling cycle (70-30 ˚C).

Figure S26. The proton conductivities for the two heating-cooling cycles of MOF-
808-IMC at 98% RH and within the temperature range of 30-80 ˚C.
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Figure S27. Arrhenius plots of MOF-808-IMC for every heating-cooling cycle at the 
temperature range of 30-80 ˚C and 98% RH: (a) the first heating cycle (30-80 ˚C); (b) 

the first cooling cycle (70-30 ˚C); (c) the second heating cycle (40-80 ˚C); (d) the 
second cooling cycle (70-30 ˚C).
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Figure S28. Arrhenius plots of MOF-808-IMDC for every heating-cooling cycle at 
the temperature range of 30-80 ˚C and 98% RH: (a) the first heating cycle (30-80 ˚C); 
(b) the first cooling cycle (70-30 ˚C); (c) the second heating cycle (40-80 ˚C); (d) the 

second cooling cycle (70-30 ˚C).

Figure S29. The time-dependent proton conductivities of MOF-808-IMC measured 
at 80 ˚C and 98% RH.
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Figure S30. The time-dependent proton conductivities of MOF-808-IMDC measured 
at 80 ˚C and 98% RH.

Figure S31. PXRD patterns of simulated MOF-808 (black), as-synthesized MOF-808 
(red), MOF-808-IMC undergoing proton conduction measurements (blue) and MOF-

808-IMDC undergoing proton conduction measurements (orange).
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