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Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Neutron powder diffraction patterns of ZrP after refinement at room temperature. 
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Figure S2. Neutron powder diffraction simulation structure of ZrP after refinement at room 

temperature. 
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Figure S3. EDS (a) and SEM (b) analysis of ZrP. 
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Figure S4. FT-IR spectra of ZrP (black) and ZrP after the time-dependent conductivity measurement 

(red and blue) 
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Figure S5. FT-IR spectra of ZrP (blue) and the film of ZrP (black) used for the fuel cell assembly. 
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Figure S6. TGA and DSC curve of ZrP measured from 30 to 900 °C in the nitrogen atmosphere. 
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Figure S7. Simulated and experimental PXRD patterns of ZrP and ZrP soaked in a variety of solutions. 
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Figure S8. Simulated and experimental PXRD patterns for ZrP and for ZrP soaked in aqueous 

solutions at pH 2-12 for 72 h. 
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Figure S9. Simulated and experimental PXRD patterns of ZrP, ZrP for post-impedance measurement, 

and the film of ZrP (black) used for the fuel cell assembly. 
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Figure S10. Water vapor adsorption isotherms of dispersed crystals of ZrP measured at 298 K. 
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Figure S11. Impedance plots of ZrP at different temperatures under 40% RH. 
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Figure S12. Impedance plots of ZrP at different temperatures under 90% RH. 
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Figure S13. Impedance plots of ZrP at different relative humidity under 90°C. 
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Figure S14.Time-dependent proton conductivities of ZrP at 90 °C and 90% RH. 
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Figure S15. Impedance plots of ZrP at 25 °C and 100% RH. 
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Figure S16. Impedance plots of ZrP at 90 °C and 18% RH. 
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Figure S17. Heating (blue line) and cooling (red line) cycles of ZrP showing almost overlapped 

dependent conductivity values at different temperatures under 90% RH. 
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Figure S18. Impedance plots of ZrP at different temperatures under zero-humidity. 
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Figure S19. Heating (yellow line) and cooling (purple line) cycles of ZrP showing almost overlapped 

dependent conductivity values at different temperatures under zero-humidity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S21 
 

 

 

Figure S20. DFT calculations on the reaction potential energy surface during proton transfer process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S22 
 

 

 

Figure S21. (a) 2D 
1
H-

31
P exchange SSNMR spectrum, showing the intense cross peaks labeled 

between 
31

P 11.42 ppm and 
1
H 13.57 ppm, 7.34 ppm. (b) Line shape analysis of the 1D 

15
N spectrum, 

showing one type of NH4
+
 in the structure. 
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Figure S22. The photograph of pressed circular plate of ZrP for cell performance and durability test. 
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Figure S23. Performance of direct methanol fuel cell. Black and blue lines represent current−voltage 

and current−power, respectively. 
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Figure S24. The SEM photo of pressed circular plate of ZrP for cell performance and durability test. 
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Supplementary Table 

 

Table S1. Crystal data and structure refinement results for ZrP. 

compounds ZrP 

Empirical formula (NH4)3Zr(H2/3PO4)3 

Formula weight 430.26 

Temperature (K) 123(2) 298(2) 

Crystal system trigonal 

Space group R-3 

a (Å) 15.1767(12) 15.177(2) 

b (Å) 15.1767(12) 15.177(2) 

c (Å) 9.6641(16) 9.6641(16) 

α 90.000 90.000 

β 90.000 90.000 

γ 90.000 90.000 

V (Å
3
) 1927.7(4) 1927.8(6) 

Z 2 2 

Dc (g cm
−3

) 2.224 2.224 

μ (mm
−1

) 1.294 1.294 

F (000) 1284.0 1284.0 

GOF on F
2
 1.072 1.029 

R1,
a
 wR2

b
 (I > 2σ(I)) 0.0436, 0.1143 0.0443, 0.1215 

R1,
a
 wR2

b
 (all data) 

CCDC 

0.0634, 0.1208 

1813501 

0.0638, 0.1309 

a
R1 = Σ||Fo| − |Fc||/Σ|Fo|. 

b
wR2 = [Σw(Fo

2
 −Fc

2
)
2
/Σw(Fo

2
)
2
]

1/2
.
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Table S2. Selected bond distances (Å) of ZrP and bond-valence sums (Σs). 

P1-O1 

P1-O2 

P1-O3 

1.529(5) 

1.518(5) 

1.552(6) 

 

 

Σs(P1-O3) 

 

 

1.14 

P1-O4 

O3-O3 

1.477(5) 

2.465 

Σs(P1-O4) 1.41 
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Table S3. Hydrogen bonds distances (Å) and angles (°) of ZrP. 

 N-H 

distance (Å) 

O-H 

distance (Å) 

N-O 

distance (Å) 

Bond 

angle(°) 

N1-H2···O3 0.88(2) 2.37(6) 2.983(10) 127(5) 

N1-H3···O3 0.86(5) 2.01(5) 2.872(10) 176(9) 

N1-H1···O4 0.86(6) 2.44(9) 2.976(11) 121(7) 

N1-H1···O4 0.86(6) 2.22(6) 2.842(10) 129(8) 

N1-H4···O4 0.86(5) 2.02(5) 2.836(12) 158(8) 
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Table S4. Comparison of proton conductivities in representative CPs/MOFs under anhydrous conditions 

(including H2/O2 fuel cell power density). 

Materials 
H2/O2 fuel cell power 

density (mW cm
-2

 )  

Proton conductivity  

(10
-3

 S cm
-1

) 

Conditi

ons 

(°C) 

Ref. 

ZrP 12 1.45 180 
This 

work 

[Zn(H2PO4)2(C2N3H3)2]n  2.8  4.6  120 1 

HCl⊂(C2N2H10)(C2N2H9)2Cu8Sn3S12 / 30.62 165  2 

H2SO4@MIL-101 / 10 150 3 

(EMIm)2[Zn(SO4)2] / 3.80 210 4 

[Eu2(CO3)(ox)2(H2O)2]·4H2O / 2.08 150 5 

[Al(OH)(ndc)]n⊂His / 1.70 150 6 

[Zn3(H2PO4)6(H2O)3]·Hbim / 1.30 130 7 

(Me2NH2)0.6[Eu(L)0.6(HL)0.4]·0.4H2O  / 1.25  150 8 

β-PCMOF2(Tz)0.45 / 0.5 150 9 

 

 

 

 

 

 

 

 

 

 

 



S30 
 

Table S5. List of proton conducting materials reported under high humidity at ambient temperature. 

Compound 
Proton conductivity 

(S cm
-1

) 
Ea (eV) Conditions Ref 

H2SO4@MIL-101-SO3H (3 M) 1.82 0.39 70 °C, 90% RH 10 

BUT-8(Cr)A 1.27 ×  10
-1

 0.11 80 C, 100 % RH 11 

PCMOF2½(Triazole) 1.17×  10
-1

 0.22 85 C, 90 % RH 12 

UiO-66-(SO3H)2 8.4 × 10
-2

 0.32 80 C, 90 % RH 13 

Nafion 7.8 × 10
-2

 0.22 25 C, 100 % RH 14 

TfOH@MIL-101 8.0 × 10
-2

 0.23 15 C, 60 % RH 15 

Fe-CAT-5 5.0 × 10
-2

 0.24 25 C, 98 % RH 16 

{[(Me2NH2)3(SO4)]2[Zn(ox)3]}n 4.2 × 10
-2

 0.13 25 C, 98 % RH 17 

PCMOF10 3.6 × 10
-2

 0.4 70 C, 95 % RH 18 

VNU-15 2.9 × 10
-2

 0.22 95 C, 60 % RH 19 

ZrP 1.21 × 10
−2

 0.30 90 C, 95 % RH This work 

MIL-101-SO3H 1.16 × 10
-2

 0.23 80 C, 100 % RH 11 

CPM-103a 1.0 × 10
-2

 0.66 22.5 C, 75 % RH 20 

(NH4)2(adp)[Zn2(ox)3]·3H2O 8.0 × 10
-3

   25 C, 100 % RH 21 

(Me2NH2)[Eu(L)] 3.76 × 10
−3

 0.38 100 C, 98% RH 8 

UiO-66(Zr)-(CO2H)2 2.3 × 10
-3

 0.17 90 C, 95 % RH 22 
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