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Ion-exchange capacity (IEC)

The ion-exchange capacity (IEC) of the xerogels was determined using an acid-

base titration method. Approximately 150 mg of each dried sample was immersed in 

20 mL of sodium chloride solution (0.2 mol L-1) for 48 hours to facilitate proton 

exchange. The liberated protons were then titrated with sodium hydroxide solution (C0 

= 0.02 mol L-1) using phenolphthalein as the visual endpoint indicator. Each 

measurement was performed in triplicate, with the relative error maintained below 5%. 

The IEC value (mmol g-1) was calculated according to Eq. (S1):

                                   (S1)
IEC =

V(NaOH) × C0

Wdry

where VNaOH and Wdry represented the consumed volume of NaOH solution (L), and 

the weight of the dry xerogel (g), respectively.

NH3 temperature programmed (NH3-TPD)

The NH3 temperature-programmed desorption (NH3-TPD) experiments were 

conducted using a TP-5076 TPD/TPR dynamic adsorption instrument. During the 

analysis, 100 mg of each sample was pretreated in an air flow (30 mL min-1) at 393 K 

(ramp rate 12 K min-1) for 1 hour, then cooled to 323 K under the same flow. The 

samples were subsequently exposed to 5% NH3 (5 vol% NH3 in He, flow rate: 30 mL 

min-1) for 30 minutes. The physisorbed NH3 was removed by flushing the sample with 

He (30 mL min-1) for 30 minutes. Finally, the NH3-TPD curves were recorded by 

heating the sample in He (30 mL min-1) at a rate of 10 K/min from 323 to 623 K.



Fig. S1 (a) ‘Non-flowing’ gels and (b) Tyndall effect of Zr-FA-hydrogel; (c) the 

mechanical stability testing of Zr-FA-xerogel.

Fig. S2 TGA curves of MOF-801-SC, Zr-FA-xerogel and M/Zr-FA-xerogels.



For all curves, the ordinate axis was normalized to 100% for the solid residual at 

1023 K, corresponding to ZrO2 (grey horizontal line). The complete combustion 

reaction of perfect MOF-801 is as follows: 

Zr6O6(Fum)6(s) + O2(g)→6ZrO2(S) + 24CO2(g) + 6H2O(g)

The molar mass of perfect dehydroxylation Zr6O6(Fum)6 is 1327 g mol-1, and the 

complete conversion of dehydroxylation Zr6O6(Fum)6 would yield 6ZrO2 solid residue. 

The molar mass of solid residue is 6×M(ZrO2) = 6×123.22=739.2 g mol-1.

moles of Zr6O6(Fum)6

moles of ZrO2
=

1
6

moles of Zr6O6(Fum)6 =
moles of ZrO2

6

Wtperfect plat = (
MWZr6O6(Fum)6

6 × MWZrO2

) =
1372

6 × 123.22
= 1.795

The perfect platform of Zr6O6(Fum)6 should be found at 179.5% on the TG trace 

normalized to 100% solid residue. Through the TG curve, the experimental platform 

(Wexp.plat) of Zr-FA-xerogel-0.04 was found to be 148.8% (as highlighted by the grey 

dashed line, Tplat = 368 K), which is obviously smaller than Wtperfect plat (179.5%), 

indicating that defects existed in the material. For the idealized defect-free MOF-801-

SC formula (Zr₆O₆(fumarate)₆), the theoretical weight loss from ligand combustion is 

50.1%. The solvent was removed to calculate the number of ligand defects. The general 

dehydroxylated formula is Zr6O12-x(Fum)x, and the number of ligands was calculated 

according to the following formula:

MWdefected=547.2+192+98X=739.2+98X

Wexp.plat739.2=739.2+98X

X=

(𝑊𝑒𝑥𝑝.𝑝𝑙𝑎𝑡 ‒ 1)739.2
98

= (𝑊𝑒𝑥𝑝.𝑝𝑙𝑎𝑡 ‒ 1)7.54

𝑋= (159.8% ‒ 1)7.54 = 4.51

Therefore, the formula of desolvated and dehydroxylated Ti/Zr-FA-xerogel is 

Zr6O4(OH)6.00(fumarate)4.00.





Fig. S3 S 2p XPS spectra of M/Zr-FA-xerogels.

Fig. S4 IEC values of MOF-801-SC and xerogels.



Fig. S5 NH3 temperature programmed (NH3-TPD) curves of Zr-FA-xerogel and 

M/Zr-FA-xerogels.

Fig. S6 The home-made device of the EIS measurements.



Fig. S7 EIS fitting circuit of Ti/Zr-FA-xerogel.



Table S1 Pore structural parameters for M/Zr-FA-xerogels and MOF-801-SC.

Materials
SBET

(m2 g-1)

Pore volume

(cm3 g-1)

Pore width

(nm)

MOF-801-SC 646 0.515 0.8, 1.0, 2.6

Zr-FA-xerogel 416 0.397 0.8, 6.6

Al/Zr-FA-xerogel 449 0.492 0.12, 0.48, 6.3

Ce/Zr-FA-xerogel 508 0.811 0.36, 0.8, 9.4

Ti/Zr-FA-xerogel 458 0.536 0.12, 0.52, 7.0

 

Table S2 The number of ligands per formula unit in Zr-FA-xerogel, M/Zr-FA-

xerogels and MOF-801-SC according to TGA.

Materials Wexp.plat

(%)

Number of ligands 

per SUB(x)

Number of 

missing-linker 

per SUB(6-x)

The concentration of 

missing-linker defects 

(=(6-x)/6)×100%)

MOF-801-SC 184.2 6.34 / /

Zr-FA-xerogel 172.3 5.45 0.55 9.2

Al/Zr-FA-xerogel 147.0 3.54 2.46 41.0

Ce/Zr-FA-xerogel 153.1 3.99 2.01 33.5

Ti/Zr-FA-xerogel 153.0 4.00 2.00 33.3

 



Table S3 Spectral fitting results of O 1s for M/Zr-FA-xerogels.

Materials Zr–O–Zr

(% Area)

Zr−μ3-OH

(% Area)

Zr−μ1-OH& R–COO- 

(% Area)

Zr-FA-xerogel 8.2% 33.3% 58.5%

Al/Zr-FA-xerogel 20.1% 44.5% 35.4%

Ce//Zr-FA-xerogel 14.8% 38.7% 46.5%

Ti/Zr-FA-xerogel 19.9% 40.7% 39.4%

Table S4 Spectral fitting results of Zr 3d for M/Zr-FA-xerogels.

MOFs Zr−O−Zr/Zr–COO-R (% Area) Zr−OH (defect) (% Area)

Zr-FA-xerogel 52.42 47.58

Al/Zr-FA-xerogel 46.79 53.21

Ce/Zr-FA-xerogel 50.7 49.3

Ti/Zr-FA-xerogel 49.55 50.45



Table S5 Proton conductivities of MOFs under anhydrous condition.
Proton conductivity (S cm-1 )

Compounds
Min (K) Max (K) Temp range (K)

Reference

His@Zn-MOF-74 4.3×10-9 313-419 [1]
[Co2Na(bptc)2][Emim]3 3.89×10-8 6.33×10-7 343-443 [2]
(NH4)2[ZrF2(HPO4)2] 1.18×10-7 1.1×10-5 363-503 [3]

In-IA-2D-2 2.33×10-5 2.72×10-5 298-363 [4]
[Zn(H2PO4)2(HPO4)]·H2dabco 8.48×10-10 8×10-5 363-433 [5]

FJU-31@Ch 1.17×10-6 8.05×10-5 231-393 [6]
{[(Me2NH2)3(SO4)]2[Zn2(ox)3]}n 7×10-5 1×10-4 303-423 [7]

[Zn(H2PO4)2(TzH)2]n 1.56×10-5 1.2×10-4 318-423 [8]
[Zn(H2PO4)2(HPO4)]·(H2dmbim)2 1.22×10-9 2×10-4 303-463 [5]

β-PCMOF2(Tz)0.3 1.04×10-6 2×10-4 296-423 [6]
[Zn(HPO4)(H2PO4)2](ImH2)2 4.71×10-8 2.6×10-4 298-403 [9]

FJU-31@Hq 1.49×10-5 2.65×10-4 233-398 [6]
(Me2NH2)[Eu(L)] 1.69×10-4 1.25×10-3 303-423 [10]

[Zn3(H2PO4)6](H2O)3(Hbim) 1.4×10-7 1.3×10-3 303-393 [11]
EMIMCl@UiO-67 1.52×10-4 1.67×10-3 373-473 [12]

His@[Al(OH)(1,4-ndc)]n 3×10-5 1.7×10-3 298-423 [13]
[Eu2(CO3)(ox)2(H2O)2]·4H2O 9.48×10-6 2.08×10-3 298-423 [14]

PA@MIL-101 2.5×10-4 3×10-3 313-423 [15]
Im@IEF-11-100 7.03×10-5 3.08×10-3 313-393 [16]

FJU-17 2.9×10-6 1.08×10-2 233-373 [17]
Im@MC-32 1.14×10-5 1.4×10-2 323-393 [18]

Zr/BTC-xerogels-TMSA 9×10-4 1.4×10-2 253-363 [19]
FJU-106 6.45×10-4 1.8×10-2 253-343 [20]

Zr/Fum-xerogel-0.04 5.68×10-4 2.5×10-2 233-433 [21]
Ti/Zr-FA-xerogel 1.9×10-3 5×10-2 233-433 This work
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